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Abstract

There are ambitious targets in place for the development of large amounts of offshore
renewable energy in the coming years. The offshore wind sector is expected to
provide the vast majority of the projected growthich means large scale and far
from shore projects are likely to become common. The transmission distances
involved suggest HVDC technology is likely to be deployed and analysis to date has
suggested there will be value in deliveringardinated offsha grids as opposed to
simpler radial connection to shordowever, here are numerous technology and
design options available for the delivery of offshore HVDC netwarid, given the
offshore climate can makes access for component maintenance or raefiairgthg,

the reliability performance of different options is an important factor which has not

been explored in much of the existing literature.

This thesisdetails anovel methodology for investigating the reliability of different
offshore grid desigmptions for the connection of offshore wind power to stwre
the interconnection of regionA sequential Monte Carlsimulation methodologis
usedthat allows investigation of realistic offshore phenomena such as the weather
dependency of component rap@mes. A number of case studies are examined and a
full cost benefit analysis is performed which compares the capithloperational
costs, electrical losses and reliabilipperformanceof eachgrid option There is
shown to be clear value in optiofmtinclude a degree of inherent redundaangit

is also shown thadlternative protection strategies which avoid the use of expensive
DC circuit breakers argotentially viable at lower cost and little expense to
performance An investigation of the keydrivers behindoverall offshore grid
reliability is alsomade and it is found that low probabilityigh impact faults such as

transmission branch failurémve the greatest influence.
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1. Introduction

1. Introduction

In recent years there has been a growing global consensus that nations should move
to reduce their dependency on finite and heavily polluting fossil fuel generation to
service their energy needs. To achieve this, ambitious targets for renewable energy
havebeen specified, not least in Europe. In 2009 the European Commission set an
objective thatequires2 0 % of Eur opeds gr os ®befmetrbga I ene
renewable generation sources by 2020 Wind energy is one of the most mature
renewable eneggtechnologies meaning that a large proportion of the targets are due
to be met through rapid expansion of both the onshore and offshore wind energy
sectors across Europe. The proposed expansion of the offshore wind seetayy

brings with it many challeges which must be addressed to enable both reliable and
affordable provision of energy from a previously unexploited resource. Among these
challenges is the task of providing a reliable means of transmitting increasingly far
offshore wind energy to onsheroad centres. This has the potential to stretch
traditional HVAC transmission technology beyond the limits of its capability and so
emerging HVDC technologies are being considered as a means of developing future

offshore transmission systems.
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1.1 Developnent of Offshore Wind Energy Sector
As Figure 1.1 demonstrates, the installed capacity of wind power globally has grown

exponentially over the past two decades frost ju6 GW in 1997 to almost 370 GW
as of the end of 201[2].
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Figure 1.1 - Global cumulative installed wind capacityto 2014[2].

This expansion has been led by developments in Europe, North America and Asia
primarily and the vast majority of installed capacity to date has been realised through
onshore developments. In 2014 China represented 31% of global installed wind
capacity, theUSA 17.8% with European countries supplying the majority of

remaining capacity as illustratedTiable1.1 [2].

Table 1.1 - Breakdown of installed global capacity by country in 20142].

Country MW % SHARE

PR China 114,609 30

USA 65,879 17.8

Germany 39,165 10.6

Spain 12,987 6.2

India 22 465 6.1

United Kingdom 12,440 3.4
(anada 9,694 1.6

France 9,285 2.5

Italy 8,663 2.3

Brazil* 5,939 1.6

Rest of the world 58,473 15.8
Total TOP 10 311,124 84.2
World Total 369,597 100

Offshore wind energy on the other hand has not developed at the same scale or pace
as the onshore sector due to the significant costs and challenges inherently involved.
There arg howewer, a number of advantages associated with locating wind farms

offshore, some of which are listed below with reference in p48jto
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Large areas available for development with limited environmental impact.

High mean wind speeds which lead to high cagdaittors.

Wind turbulence is low.

= =4 A -2

Landfall of cables and points of connection to the power network can be close
to load centres.

1 Avoid visual impact issues that often hold back onshore developments.

The advent of large scale muliW turbines in recent gars offers economies of
scale that bring overall costs down and allows the large offshore wind resource to be
tapped into thugpaving the way for similar future growth in this sector. As stated,
high mean wind speeds in offshore regions are one of theekspns for a desire to
harness wind energy from the otherwise undesirable offshore environment and
Figurel.2, illustrates that the offshore wind resource is comalalg better than most

onshore regions in Europ4)].

Average wind velocity
at hub height
2000—2005 [m/s]
Bl o0-4
B 45

5-6

6=7
o 7-8
B s

Countries outside
subject area

Figure 1.2 - Average measured European windvelocity onshore and offshore 200@005[4].

The offshore wind energy sector has thus far been dominatgdobagh in Europe
with over 90% of the 8.7&W global installed offshore capagiigs of 2014being

in the North Sea, Baltic Sea, Irish SmaEnglish Channe]2]. The UK has led this
growth to date with 4GW of operational offshore wind capacity in UK sads of
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the end of 20145]. There are a number of reasons why the UK has been well placed
to lead the growth of offshore wind, the most obvious of which is it being an island
nation entirely surrounded by seas with excellent wind resource. Additiolzadig,
areas of, for example, the North Sea are relatively shallow with water depth typically
below 100m with some Southern regions below 4@ This means that fixed
installation of wind turbines to the sea bed is both technically and commercially
viableand so a number of relatively close to shore projects have been developed.

Looking to the future there are some extremely ambitious plans for the development
of offshore wind power in the UK and across Europe. The European Wind Energy
Association estimatthat offshore wind capacity in Europe could reach up to 28 GW
by 2020 and 150 GW by 203@, 8]. Such an expansion in development means the
scale and distance from shore of projects is likely to become increasingly large. This
is exemplified by the exterof the UK Round 3 offshore development zones which
were released for tender by the Crown Estate in 2009 as shduguine1.3 [9].

The largest UK wind farm to ¢tiais London Array which has a capacity of 630 MW
and sits 20 km from shofd0]. The Dogger Bank offshore Round 3 development
zone in comparison sits betwe#p5290 km from the UK shorend has an agreed
target for the development of 7.2 GW of wind capafd 1]. This highlights the scale

of planned development which will bring with it many logistical obstacles, not least
the challenge of developing a cost effective and reliable grid infrastructure to deliver

the offshore wind energy to shore.
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Offshore Wind (UK)
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Figure 1.3 - UK offshore wind map[9]
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1.2 The Need for Offshore Grids

To facilitate the expansion of wind energy and other renewable energy sources
across Europe there is also a need to increase interconnection capacity between the
different distinct electrical islands that operate on the continent. Amongst the other
benefis of bringing increased generation capacity to a wider market, a high level of
interconnection helps aid the security of supply in regions with increasing
penetration of intermittent renewable generation. The European Network of
Transmission System Operegopredicts that by 2030 interconnection capacity
within Europe must double on averaff?]. This means that in addition to the
proposed expansion of offshore wind in Europe there are also plans to increase the
level of interconnection between the differalistinct electrical islands that operate

on the continent. The UK already operates several point to point interconnection
projects with two 500 MW links to Ireland, a 2 GW connection to France and a 1
GW connection to the Netherlands and this is expeotad least double out to 2030

[12, 13] New electrical infrastructure in the North Sea is therefore required for both

the connection of wind power and the interconnection of regions.

There is a general consensus that some kind-ofdinated approacts inecessary to

deliver the required offshore grid infrastructure in a -&fctive manner. This is
evidenced by the fact that ten countries are signed up to the North Seas Countries

Of f shore Grid Initiative (NSCOGtegionathi ch
cooperation to find common solutions to questions related to current and possible
future grid infrastruct urld]. Muehvobtheohgime nt s
level analysis on the topic points towards the use of HVDC technology anddtet th

is a strong case for a highly-oodinated design. There are numerous publications on

the topic of an integrated, mutttrminal or meshed offshore HVDC grid, often
termed the Osupergridd which could be cr
offshore renewable generation and providing interconnection capacity between
regions[14-16]. Two of the most obvious benefits of a mudrminal network are

the ability to reroute power under fault conditions and the capacity to share
resources and minimisthe total number of network components requiféd].

There exist, however, some significant barriers to delivering such a concept in terms
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of the vast economic outlay, technological advancements and regulatory alignment
that would be required. A move towds a ceordinated design is also in contrast to

the preferred method of wind farm developers to date, which has been to build
individual projects with simple radial solutions which can be developed relatively

quickly and free from financial, technical arefyulatory complications.

Several European wide initiatives and cooperatives have been established to try and
tackle the issues surrounding offshore grid development and a review of the progress
of these and associated works is presented in this thebiaralerpins the focus of

the work. This process highlighted a number of areas relating to the development of
offshore grids that require ongoing research. It is clear that the technology is largely
available to deliver far offshore grids and it is mokely that an HVDC solution

will be applied. The development of HVDC circuit breakers is one area that is yet to
be fully addressed however with proposed solutions expected to be expensive. It is
also clear that there is as yet no consensus on preferrddtapology and
configuration although a number of options are available. Further to this very few
studies to date are found to have considered the impact of a lifetime of fault
conditions on the overall cost effectiveness of grid options or looked toctérésa

the inherent difficulties of responding to and addressing failure of components in the
harsh and often inaccessible offshore environment. There is therefore an obvious
requirement for a detailed method of assessing the reliability of various reffsho

network design options which this research looks to address.
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1.3 Objectives of Research

This research project looks to address a number of key questions relating to future
offshore grid development through the development of a full cost benefit andlysis o
different offshore network design options. To deliver this the following research
objectives were identified:

1 Technical Review- A thorough literature review is required to assess the current
status of technology development and to gain an understaoflithge unresolved
issues to be addressed to allow delivery of future offshore network options. The
technical review highlights the range of options available to offshore network
developers and unearths knowledge gaps that in turn guide the focus obwhiik f
research project.

1 Develop Reliability Model - The main novelty of this research project is the
application of a comprehensive reliability model to offshore network design options.
The key requirements of the model are as follows:

o0 The model shouldbe capable of handling various offshore network design
options.

0 Realistic faults should be applied to the network options.

0 The appropriate post fault network response and or network reconfigurations
should be applied.

0 Realistic constraints such as the dagency of offshore component repair
times on weather conditions and delays to procurement of vessels and spare
components should be incorporated.

o Calculation of reliability performance should be measured through the
ability of each grid option to meet ithjective of delivering offshore wind
power to shore and providing inter regional transmission capacity if
applicable.

1 Develop CostBenefit Analysis- To deliver a comparison of different grid options a
number of features need to be modelled on top @ibiéty performance to fully
cost each option. Project capital costs are developed through application of
published cost estimates; electrical losses are calculated using published data
relating to component efficiency and estimates of power flows unifierest
operating conditions; and finally a consideration of operational maintenance costs is

made. These features, applied in conjunction with the main reliability analysis allow
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full consideration of the costs and associated benefits of different mketwor

configuration and technology options.

In performing these tasks this research project looks to address some of the key

outstanding questions relating to offshore network development:

I What is the value of having redundant transmission paths in offsheveonk
designs compared with more traditional radial solutions?

1 Are multi-terminal or meshed offshore HVDC grids incorporating the widespread
use of potentially costly HVDC circuit breakers financially viable and are there any
alternative options?

1 Which gid design options provide the most value for money in terms of revenue
potential against capital expenditure and running costs?

1 What are the key drivers behind the reliability of electrical infrastructure in the

offshore environment?
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1.4 Publications

The following publications have been obtained as a direct result of work relating to

this thesis:
Journal Contribution

C. Maclver, K. R. W. Bell, and D. P. Nedic, "A Reliability Evaluation of Offshore
HVDC Grid Configuration Options,” Power Delivery, IEEE Tsagtions on, vol.
PP, pp. 11, 2015.

Conference Proceedings

C. Maclver, K. R. W. Bell, and D. P. Nedic, "A comparison of design options for
offshore HVDC networks through a sequential MeDglo reliability analysis,”
presented at EWEA 2014, Barcelonal20

C. Maclver and K. R. W. Bell, "Reliability Analysis of Design Options for Offshore
HVDC Networks," presented at the Cigré Paris Session, papédB4Paris, 2014.

In the duration of the project the author has also been the main contributor to the

following unrelated publication:
Journal Contribution

C. Maclver, A. Cruden, W. E. Leithead, and M. P. Bertinet, "Effect of wind turbine
wakes on windnduced motions in woeplole overhead lines," Wind Energy, vol. 18,
pp. 643662, 2015.
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2. Technical Review: State of Knovedge on

Offshore Networks

As the offshore wind industry expands into deeper waters that are much further from
shore there will be a need to abandon existing methods of delivering power to shore
and make use of new and untested technologies. This chapiter thesis will give

an overview of the different proposed technologies that could be used to deliver
future offshore grids as well as an examination of the various topology, configuration

and protection options available to offshore developers. Thatedsa discussion of

the regulatory issues surrounding cross jurisdiction offshore networks and a

consideration of the work that has been done to date on offshore network reliability

before a scope of work for the remainder of the thesis is set out.

12
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2.1 Technology Status

This section provides an overview of the key competing and enabling technologies
that are likely to be used in the development of offshore networks. The development
status and readiness for use of technologies is assessed along with gotentiale

advancement.

2.1.1 HVDC vs. HVAC

The vast majority of offshore wind farm installations to date have used conventional
AC connections to shore via subsea cables. For example, in the UK to date, Greater
Gabbard is the operational commercial wind faat is both farthest from shore, 26

km, and in deepest waters, 34 m. It makes use of three 45km long 132 kV HVAC
export cables to transmit power from the 504MW capacity wind fatm However

AC cables are inherently subject to capacitive charging eff@bish limit the
amount of real power that can be transferred over the cable. Over short distances
these effects are relatively minor but as you move to longer circuit lengths the effects
become more pronounced. In onshore applications reactive compensait® can

be used to alleviate some of the capacitive charging effects and free up more of the
cabl ebébs current carrying capacity for
units are placed at either end of the cable route but over long distanses it
sometimes necessary to have compensation placed mid route. This naturally adds
costs and when you go to offshore environments reactive compensation would
require either separate platforms or increased converter platform size. Space and cost
are at a pPmium in offshore applications meaning that reactive power compensation
can be prohibitively expensive. Compensation can be placed onshore alone but the
effectiveness of such regime is severely mitigatedeaning at a certain distance the
economics of usig HVAC transmission for offshore applications become difficult to
justify [2]. Figure2.1 illustrates the limitations of 275kV and 400kV HVAC cabled
transmission adistance increases for regimes with a 50/50, 70/30 and 100/0 split of

onshore/offshore reactive compensation.

13
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Figure 2.1 - Real power transfer vs circuit length for AC cables under different compensation igimes[2]

The alternative to HVAC is of course HVDC, which requires converter stations to
transform AC power to DC for transmission along DC cables and then back again for
distribution to load centres. The base costs of HVDC are higher than that of AC
transmission de to the converter stations but the use of direct current for
transmission means the cables are not subject to the same capacitive charging effects
so cable losses are much lower. The cable requirements themselves are also reduced
due to the move away i 3 phase power transfer. As such, HVDC has been
popular for long distance bulk power transmission and there are sdoptal
standing examples of existing HYDC schemes both onshore and off€itsigore,

these have almost exclusively to date been poirpadint regionalinterconnection
projects such as that between the UK and Frf8jc&here have been several studies
comparing the costs of using HVAC and HVDC transmission methods in an offshore
grid context and all have come to the conclusion that ikeadreakeven distance at
which HVDC projects become more cost effective than HVAC projects. The exact
value of this point differs from project to project and depends on many factors which
have led to different conclusions. Referef¢asserted that HVC becomes more
economic at between 3Mkm offshore whereg®] concludes that HVAC offshore
projects can be feasible up to betweerl@Okm offshore an{b] reported a scenario

where a 1GW HVAC wind farm connection could be pushed as far as 160km

14
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offshore economically. Figure 2.2 outlines how this breakeven point is determined

for a particular project.

Costs
A

Total AC Cost

- Total DC Cost

DC Line

i

AC Line

DC Terminals

A
AC Terminals 1 y
>
Break-Even Transmission

Distance Distance

Figure 2.2 - Example plot of cost comparison vs. distance for HVA@nd HVDC transmission projects[7]
Given that the proposed distances to shore of many future offshore developments
could greatly exceed 100km, it is clear that HVDC technology is likely to be the
most feasible option for electrical transmission in manggas$his presents a huge
challenge in that the use of HVDC technology, until recently, has been restricted to
mainly point to point interconnection between regions. The 400 MW Bard 1 German
offshore wind farm, commissioned in 2013, is the first to be adeddo shore using
HVDC via the+155 kV Borwinl offshore HVDC platfornfB8]. Borwinl is the first

of several HVDC projects planned for the German offshore wind sector with larger
projects such as th#300 kv, 800 MW BorWin2 and th&320 kV, 800 MW
DolWinl schemes due for commissioning in 2015 and bey@nti0].

2.1.2 HVDCConverter Technology: VSC vs. CSC
There are two distinct versions of HVDC conversion methods for connection to AC
systems; current source converters (CSC) which require an external synshA@hou

voltage source for commutation or voltage source converters (WBI(Ch are built

15
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with selfcommutated devices. Within each of these categories there are also
numerous variations on converter design. Historically HVDC projects have been
based on CSQGthnology but the advent of technology advancements has led to the
increased use of VSC technology. This section presents an overview of each of these

technologies, comparing their relative benefits and limitations.

2.1.2.1 Current Source Converter Technology
2.1.2.1.1 Opeation

The first HVDC projects were made possictk
mercuryarc valves. This technology made high power DC transmission
commercially viable for the first time. Thyristor based valves appeared in the early
700s al Isimpler ang scdlable converter designs and since then has been the
technology of choice for CSC projecfdl]. Thyristors are a semiconductor
component that allow current to pass in one direction when triggered by an externally
fed gate signal. They capme arranged to form converter bridges which can be
stacked in series and parallel to achieve the desired voltage and current ratings. CSC
HVDC has been used for long distance bulk power transmission projects using both
overhead linesand underground or sotarine cabling as well as the connection of
independent asynchronous AC systems. Line commutated converters (LCC) are the
most commonly deployed CSC converter type and typically consist of twaulEg
thyristor bridges connected in series as showfignre?2.3.

Power conversion is achieved through a synchronised firing sequence of the thyristor
valves whereby current is commutated from one phase to the next irakesbfuall

wave conversion process. To ensure commutation and avoid voltage instabiity line
commutated CSCs require to be connected to a relatively strong AC grid with short
circuit ratio (SCR) which is typically a minimum of[22]. SCR is defined as the

ratio of three phase AC short circuit capacity to the converter power rating. It should
be noted that in certain applications LCC type CSCs have been successfully operated
in networks with SCR less than 2 and that the capactiormutated converter
(CCC)design variant allows connection to AC grids with SCR as low[4&8]1 The

more commonly used LCCs also absorb reactive power during operation in both

inverter and rectifier mode and this has to be provided by the installation of large

16
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switched capacitobanks or other reactive compensation units. Further to this AC
and DC filters and DC reactors all have to be installed to mitigate the impact of
harmonics introduced on both the AC and DC side via the conversion pfglcess

[ c ) DiC-Reactor
e

FEET

- =

- ] L \ 7
e ik @

l
CRRE T

AC-Switchvard Converter DC-Filter

Figure 2.3 - Typical 12-pulse LCC HVDC converter configuration [11]

2.1.2.1.2 Capability

CSC HVDC as mentioned previously is well suited to bulk power transfer and
interconnection of two asynchronous systems. There are a large number of CSC
installations worldwide and as the technology has matured the voltage levels, power
capability and transmission distances achievable through CSC projects have greatly
increased. Bipolar operation aBOOkV for overhead line (OHL) onshore projects
has been adbved allowing for the implementation of single projects with
transmission capacity of over 7GY8]. In the next few years it is expected that
projects in China could be installed#t100kV with transmission capacity of up to
10GW! [13]. Cable based projechave also advanced in scale with the UK Western
Link project set to be installed A600kV to provide 2.2GW of transmission capacity
[14]. A key advantage of CSC is that it offers a low loss transmission option with the
dominant converter losses saido® in the region of 0.75% per converter for a 1GW
system[11]. CSC is therefore a mature and low risk technology that is a proven
alternative to AC transmission and is highly suited to bulk power transfer over long

distances.
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2.1.2.1.3 Limitations

The need to coratt to a strong AC grid limits the potential use of CSC HVDC for
the connection of relatively weak offshore wind farm AC grids to shore. CSCs also
have a comparatively large station footprint due to the need for a range of
supplementary reactive power sces and filtering equipment. Large station
footprint could significantly add to the cost of installation in the offshore
environment. Reversal of power flow in a CSC converter system is achieved by
polarity reversal which means it is difficult from a poveentrol perspective to use
CSC within a multiterminal system, although there are two examples of three
terminal CSC systems in operatipt}. This same issue also means CSC can only be
used with Mass Impregnated cables and not modern XLPE syssemSe(tion
2.1.3.3 as polarity reversal can lead to the breakdown of XLPE cable insulation
through a space charge phenomena. The fact that thyristor valves relyate a g
signal fed from the operational AC network to allow them to conduct current means
line commutated converters have no inherent black start capdiiity This is
another limitation which makes CSC HVDC largely unsuitable in the context of

connectiona® offshore wind farm networks.

2.1.2.2 Voltage Source Converter Technology
2.1.2.2.1 Operation

The advent of insulated gate bipolar transistors (IGBTs) with comparable power
capabilities to thyristors made voltage source HVDC possible with the first project
demonstrated i1997[15]. IGBTs are solid state seroonductor devices which are,
unlike thyristors, selftommutating meaning they can be switched on or off
independently of the current flowing through them. This feature allows pulse width
modulation (PWM) or multlevel conversion techniques to be applied. There are
numerous versions of VSC converter technologies which apply these techniques in
different forms but a generic VSC st is shown irFigure2.4.
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DC
Converter Reactors
AC Phase (W\___.E;.-..
Transformer Reactor
DC Capacitor
— Y
——=3——-
DC
Cables or Lines

Filter

Figure 2.4 - Typical VSC HVDC system layout[5]

The transformers used in any HVDC system are subject to high electrical stresses
and are specially designed compared with conventional power transformers. The AC
filters along with the phase reactors work to produce a clean sinusoidal AC
waveform at the AQ@rid side. The phase reactors also limit short circuit currents as
well as being the key component that allow VSCs to independently control active
and reactive power. This is because the fundamental frequency voltage across the
phase reactor sets the pavilew between the AC and DC sides. The DC capacitor
acts as an energy store and a low inductance path feoffuourrent as well as
aiding with harmonic filtering of the DC side voltage. Finally the DC reactors

provide smoothing of the DC output to fuer remove harmonids].

The most established VSC configuration is the-texel converter which employs
PWM as the method for synthesis of an AC waveform. Such an arrangement consists

of two devices per phase which allow the voltage to be switched dmtiveo
distinct levels, + Vpc. The switching frequency between the two levels is fixed and

can be as high as 2 kHz but the 6on ti me
to give a fundamental sinusoidal AC output waveform which can then betsdoot

and filtered Figure2.5 gives an example to illustrate this process.

Such a technique allows the direction and magnitude of Real and Reactive power to
be controlled independently of one another making VSC technology much more
flexible than CSC. The high frequency switching however means the on state losses
within such a setip are high compared with CSC technology, around 1.75% per
converter for a 1GW statiofiL6], although the harmonic content is significantly

reduced. This reduces filter requirement meaning the footprint of VSC stations can
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be up to 50% smaller than CSG@tsdtns making them more appropriate for offshore

applicationd5].

One fundamental period

Figure 2.5 - Three-phase twolevel converter and associated single phase voltage wavefoii, 17]

Three level converter seps, also know as neutral point clamped (NPC) systems,
have also been implemented where a third voltage state, 0V, is added. This design,
shown inFigure 2.6, allows for a lower witching frequency which reduces losses
compared with a two level converter but requires more components leading to a

larger footprint and a higher capital cost as trad¢1&ff.
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Figure 2.6 - Three-phaseNPC converter and associated single phase voltage wavefofh2, 17]

Modular multilevel converters (MMCs) are an alternative design option for VSC
transmission and make use of a large number of cascadelridgé IGBT sub
modules which act to construdtet AC voltage profile in discreet steps rather than
through PWM techniquegigure2.7 shows one phase of an MMC configuration and
illustrates how this set up constructs a very close approximation to a sinusoidal AC

waveform using numerous discrete voltage steps.
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Figure 2.7 - One phase of a MMC converter showing IGBT sub module and construction of voltage
waveform [12, 18]

MMCs are a relatively new concept with the first example installed by Siemens in
late 2010[19]. Despite dack of operational history the benefits of such a system
appear clear. MMC technology offers broadly the same controllability features as
PWM methods but the filter requirements are much lower due to the close
approximation of the output sinusoid. The madvantage however is that the
required switching frequency per IGBT is significantly lower meaning losses for
MMC HVDC systems can approach levels close to GgsIems, estimated at 0.9%
per converter for a 1GW station, despite having higher on statesldban two or
three level HVDC converterfs, 11, 12] The use of halbridge converter cells
means that, in the event of a fault on the DC side, current will flow through the free
wheeling diodes leading to high fault currents and voltage collapse eoibh
system. To avoid this scenario, accompanying HVDC circuit breakers (DCCBS)
would be required within a DC grid utilising MMC converters. As explained in
Section2.1.4 the design of affordable DCCBs at the required power rating is a

significant challenge to the industry.
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A number of new VSC design concepts are also under development and this is an
active area of research. One of the most promisancepts is that of an-btidge

based multilevel converter (HBIMC) [20]. The HBMMC makes use of fulbridge
converter sub modules meaning that there are double the number of IGBT units
required which increases both the cost and on state losses gktbm sompared

with the half bridge MMC option. The HBIMC design, however, offers reverse
current blocking capability which would significantly reduce the technical
requirements placed on DC side protection equipment. The alternative arm modular
multilevd converter (AAMMC) [21] option is a proposed design which looks to
deliver the reverse current blocking capability of the-MBIC option but with
reduced system losses. The AMMC uses only half the number of-btidge sub
modules as the HRMMC design andeach arm of the converter only operates over
18C°. Various other options have been proposed as alternatives to existing converter
setups such as hybrid multilevel converters with and without fault blocking
capability which look to reduce station footprimtther. hvestigation of the trade

offs between the most likely converter design options is required to find the most

costeffective approach to delivering offshore grid developments.

2.1.2.2.2 Present Capability

VSC HVDC is a less mature concept than CSC argpitkethe benefits introduced

by IGBTs the power throughput of these devices is less than that of thyristors which
means the maximum size of individual VSC projects is smaller than that of CSC
projects. However, as the technology grows so too does thkildgpend the biggest
single VSC project to date is the 2GW INELFE onshore connection between France
and Spain which has tw&320kV, 1000MW bipoles operating in parallel. The
maximum realised capacity of a single system is the 500kV, 700MW Skagerrak 4
moropole system which implies a 1400MW bipole system could be implemented
with current technology as is planned for the NorGer cable route expected to link
Norway and Germany in the coming yefs$. These figures are likely to increase
further in the futurevith incremental improvements in areas like the current carrying

capability of IGBTS.
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2.1.2.2.3 Limitations

VSC HVDC is a very promising technology with a high degree of power
controllability, black start capability and ever increasing transmission capacity. VSC
technology is clearly the best option for connection of the next generation of far
offshore wind farms and provides flexibility for the development cbbnated
multi-terminal or meshed grids which in the offshore setting could also facilitate
regional nterconnection. The main drawbacks of the technology are its relative
immaturity and the potential need for additional DCCBs which are yet to be
commercially delivered. The reliability of VSC components in the ocean
environment is unknown due to the vemited field experience which can be drawn
upon so best estimates must be made. There are a number of different converter
configurations within the VSC bracket and a suitable trade off must be found in
terms of capital cost, losses and reliability to allmwconfident investment in any
given VSC HVDC based project. Standardisation between different manufacturers
could allow for cross compatibility between separate converter options integrated
within the same grid. Strong indicators of future investmeatishcontinue to drive

industry developments forward.

2.1.2.3 Overview

It has been found that there are viable technologies presently available for future
development of an offshore grid interconnecting large wind farm projects and
European countries with somerifn of VSC HVDC likely to be the preferred
technology. The capability of several technologies and their applicability in an
offshore grid scenario has been discussed and the main findings are summarised with
reference tq11] and[12] in Tables 2.1 and2.2 Given the findings, it is most likely

that some form of modular multilevel VSC converter topology would be preferred

for use within an integrated offshore DC grid.
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Table 2.1 - Overview of transmission capbilities of CSC and VSC HVDC projectsto date

CSsC VSC
Transmission Type OHTL Cable OHTL Cable
Max Voltage Level 800 kV 600 kV 640 kV 500 kV
Max Power rating 7600 MW 2200 MW 1600MW 1400 MW
Max Transmission - Theoretically unlimitecbut for voltage
. Unlimited .
Distance drop over line

Table 2.2 - Summary of performance features of CSC and VSC HVDC topologies considered

Two Three HB- AA-
Features LCC MMC
level level MMC MMC
i Continuous Continuous Continuous Continuous Continuous
Active Power Discrete (100% both (100% both (100% both (100% both (100% both
Control directions) directions) directions) directions) directions)
Reactive Power Continuous Continuous Continuous Continuous Continuous
Lagging only leading and leadingand leading and leading and leading and
Control lagging lagging lagging lagging lagging
Black S't.art None Possible Possible Possible Possible Possible
Capability
H Very Poor
AC Fault Ride (commutation Very Good Good Very Good Very Good Very Good
Through failure a risk)
DC Fault Ride Good Poor Poor Poor Good Good
Through
Fault Current Blocking Blocking and | Blocking and
. . capability None None None Limiting Limiting
limiting/blocking capability capability
. Limited Straightforward | Straightforward | Straightforward
DC Grid Complexit but requires but requires but requires Straightforward | Straightforward
plexity DCCBs DCCBs DCCBs
On State Very Low Low Low Lowy High Medium
Losses
SWItChlng No Very High High Low Medium Low
Losses
Stat|o_n Very Large Large Large Medium Medium Small
Footprint
DeSIQn. Very Complex Rel_atlvely Medium Very Complex | Very Complex [ Very Complex
Complexity Simple
DeS|gn Very Mature Mature Mature New In In
Maturlty Development Development
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2.1.3 Cable Technology

It has been established that offshore power transmission requires the use of cables.
For short distances HVAC solutions can and have been implemented but as the
analysis in Sectio.1.1 confirms, beyond a certain distance HVDC solutions must

be utilised. There are a number of cable technologies that can be used, some
established and some new. This section discusses the status of different cable
technologies and thesuitability for use in potential offshore grid applications.

2.1.3.1 General Cable Structure

Figure 2.8 highlights the constituent parts that go into designing a cabliestiath

robust to the marine environment and capable of large scale power transmission. The
conducting core of most cable types is stranded copper although some applications
will use aluminium due to its reduced weight and cost. Surrounding the conuctor

a layer of insulation and this is generally the distinguishing feature between different
cable types as will be illustrated. A metal sheath is placed outside the insulating layer
to prevent moisture ingress and add mechanical strength to the cabhthek fayer

or two of steel wire armouring, usually helically wound, is also added to increase the
cables tensile strength and ability to support its own weight during the installation
process. Between each layer is some form of insulating screen adhdthieacable is

covered with a hard wearing outer layer of polypropylene j&tn

CONDUCTOR
Aluminum or copper

CONDUCTOR SCREEN
Semi-conductive layer

INSULATION
Cross linked HVDC polymer
or MASS impregnated paper

INSULATION SCREEN
Semi-conductive layer

CONDUCTIVE TAPE

METAL SHEATH

INNER SHEATH
Polyethylene

SINGLE ROUND WIRES OR
DOUBLE FLAT WIRES ARMOR

OUTER COVERING
Polypropylene yarn

Figure 2.8 - Layout of a single core XLPE submarine cable for AC or DC technology (courtesy of
EUROPACABLE)
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2.1.3.2 MassImpregnated Paper (MI)

Mass impregnated paper cable insulation consists of specially treated layers of oil
impregnated Kraft paper as the insulation medium. The technology is very mature
and has been the most common cable type used within marine HVAC and HVDC
applicatons to dat wi t h service wuse dating back
cables are suitable for both VSC and CSC HVDC applications and can operate at
voltages and current levels that currently outstrip the ability of many converter
stations. The maximum temperatumit of 55°C associated with traditional Ml
technology however restricts further developmgjt New technology utilising
polypropylene laminated papers (PPLP) with temperature limits in the region of
80°C enables higher rating and allows for the deliwdrthe +t600kV, 2200MW UK
Western link which is the largest offshore system using MI cables and is due for
completion in 201414]. The industry does not expect major future development
beyond current capabilities although at least one manufacturer exipeici&0kV,
1500MW MI PPLP cables will be available within 15 yefdis, 22]

2.1.3.3 CrossLinked Polyethylene (XLPE)

Extruded XLPE insulated cable is a relatively new cable technology with the oldest
operational example project being the 2002 Cross Sound @Gualhee USA[23].

XLPE suffers from a space charge phenomenon which means that the insulation
becomes polarised after a long period of exposure to a constant electric field as in the
case of HVDC transmission. A reversal of voltage polarity could leachd¢o t
breakdown and failure of the insulation, thus rendering XLPE cable incompatible
with CSC HVDC topologies which use exactly this method for power reversal.
XLPE can however be used in VSC projects and have some advantages over Ml
cable. XLPE cable is genally more physically robust and lighter than MI cable and
the maximum temperature limits are higher. This means the current throughput for a
given cross section of conductor can be higher for XLPE cable. This also means that
aluminium conductors can besed instead of copper to reduce weight and cost for
some projects with equal power rating although copper conductors are still generally
used in subsea applicatior]§]. For land applications XLPE cables can be
manufactured more quickly than MI cables bus is not strictly true of submarine

cables which require time consuming factory joints to be implemented during
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manufacture. XLPE cables are currently limited to lower voltage limits than Mi
cables and therefore the power levels of projects to datewes than for projects
using Ml cable.

The most advanced offshore XLPE project to date ist829kV Dolwinl offshore

wind connection which after completion will have 800MW bipole capacity or 400
MW/cable[24] whereas the onshore INELFE link between Eeand Spain utilises
XLPE technology at320kV and 500MW/cabl§5]. It is anticipated that there are
few barriers to XLPE cables continuing to improve capability and 550 kV systems
allowing capacities of 1000 MW/cable are expected to be available me#rduture

and within 15 years it is expected that XLPE cables will match the expected 750kV,
1500MW that should be available with MI PPLP calyesl6, 22] The sea depth at
which cables can be buried is also expected to increase from a presentdiratraf
500m to 2500nj22].

2.1.3.4 Conclusions and Delivery Risks

It has been shown that both Ml and XLPE cable types will be viable options for
implementation within an integrated offshore HVDC grid. MI cables are
commercially proven and offer high power capitibs already whereas XLPE is a
new technology that is catching up in terms of potential capacity. There are benefits
to either technology and it is likely that a combination of both will be used going
forward. It is expected that technology will be deped to a level that will allow
1500MW single pole projects to be installed in the near fytitBkand beyond this
there is ongoing research looking at the potential for even greater advances in cable
performance with one project looking to develop a@@®/ cable in the long term

[26].

The main risks associated with subsea HVDC cable projects are the fact that there
are very few factories capable of manufacturing the products. This means that if
demand is to be on the scale required to meet 2020 rereeveabkts then supply
chain bottlenecks could emerge. A BWEA report in 2010 suggested this could be a
potential issue given the required 2 year lead time and suggested an increased
number of factories across many supply chain industries including cabléaciame

would need to be installed to meet target®]. Clear, policy driven incentives for
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industry are required to encourage investment and tackle the challenge of supply

chain bottlenecks.
2.1.4 HVDC Circuit Breakers

2.1.4.1 Introduction

Fault currents in mukiermminal and meshed DC grid systems can become very large,
very quickly. This is especially true using VSC technology due to the very low
limiting impedances that are present in the system d¢s&jnin the event of a DC

side fault conventional converterould block their IGBT switches under localised
overcurrent protection. The VSCs then become uncontrolled diode bridges which
allow fault current to feed into the DC grid from the connected AC systems. In
current point to point systems AC side protectiomssd in the event of a DC side
fault to stop the flow of current to the DC grid and prevent damage to converters.
This however leads to the temporary shutdown of the whole DC system. When
expanded to large DC grids this option is likely to be unaccepsabtee effects of
losing the entire grid, when all AC side protection acts, becomes increasingly severe.
To avoid the collapse of voltage on a VSC based DC grid, in the event of a fault,
some form of fast action protection is required. If standard-bralfe VSC
configurations are used and a large midtiminal DC grid is desired then there is a
requirement for fast acting, fully rated DCCBs to be implemented. The requirements
of such a DCCB are sensitive to the converter design and configuration hatnsver
expected that breaking times of less than 2ms are reqiied28] The use of
DCCBs could be avoided, or their requirements reduced,-liridye converter
configurations with reverse current blocking capability are used to block current flow
to the DC grid. This option however comes at the cost of additional semiconductor
components as discussed in Sectibh.2.2 It should also be noted that there is
resarch, such as that ¢29], which questions the need to avoid voltage collapse on
the DC grid and suggests that converters could survive DC side faults with much
slower DC side breaking requirements. A reduction of the stringent requirement
could allow forthe use of cheaper DCCB technology but the prevailing industry
consensus is to pursue the development of high speed DCCBs and this is viewed as a
key technological advance which could facilitate the advent of large HVDC grids.
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Interrupting current in arAC system is inherently simple due to a natural zero
crossing every cycle which enables current flow to be broken by the opening of
simple switches. Onshore meshed transmission systems have thus been designed to
incorporate cheap and reliable circuit bretakat each end of every line allowing
individual circuit sections to be isolated from the network in fault or maintenance
conditions such that the rest of the network can remain operationally intact. In DC
grids the current does not naturally drop to zerd this means extinguishing the arc,
which forms when the conducting path is physically broken, is extremely difficult,
especially at the voltage and current levels expected to be employed within an
offshore DC grid. Conventional low to medium voltage &3 employ current
limiting methods which make use of additional resistive components to reduce the
current to a low enough level for arc extinction however such designs have never
been scaled to higher voltage and current levels meaning they are inadequae

in an HVDC systenfil6, 28, 30] Key requirements of DCCBs are that they generate

a counter voltage of equal or greater magnitude than the system voltage to generate a
zero crossing and that they dissipate the large amount of energy thatdsirstthre

system inductance. It is common, therefore, to have several parallel paths in a DCCB
that share the requirements of the procEggure 2.9 showsa typicaltopology of a

DCCB with a primary branclwith low loss switch a commutation branch and an

energy absorption branch

Energy Absorption Branch

Commutation Branch

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure 2.9 - Typical HVDC circuit breaker topology

The remainder of this section will outé current design options for DCCBs and

discuss their relative merits.
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2.1.4.2 Resonant Circuit Breaker

Figure2.10 shows a typical topology of a resonant DCCB. The nontnaknt path
contains a mechanical switch with low on state losses. Placing the additional breaker
components in parallel paths means that in normal operation #taterlosses of the
breaker are negligible. The commutation path in this design cont@mecitve and
inductive components. Upon opening of the mechanical switch these act to create a
divergent current oscillation between the commutation path and the nominal path
which eventually produces a large enough counter voltage to give a zero current
crossing whereby the current through the mechanical switch is broken and the input
current, §, flows to the commutation branch. The capacitor is then charged and once
its voltage exceeds a set level the energy absorption path operates introducing a
resistve element which acts to bringtd zero as illustrated iRigure2.11[30].

Uce
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le  in Sn Sd
* R -
Maminal
current path
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——e | |—"""— Commutation path
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« & ] Energy absorbtion path

Figure 2.10- Typical layout of a conventional HYDC DCCB [30]

Figure 2.11 - Typical current and voltage levels during operation of DCCH30]
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Devices like the one illustrated have been demonstrated, however maximum ratings
have been limited mainly due to inadequate operating times which can be as high as
60ms[30, 31} It has been established that VSC technology is likely to form the
backbone ofin offshore DC grid and this technology in particular suffers from very
fast current rise under DC faults meaning that resonant DCCBs are not capable of
providing the extremely fast operating times that are required. This essentially rules
out the use ofesonant DCCBs for use within a large offshore grid where fast

isolation is a determined requirement.

2.1.4.3 Solid-State Breaker

A solution that has been proposed to meet the requirement of fast operating time is
that of a solidstate DCCB. This would consistlsly of semiconductor devices
placed in the current patfigure 2.12 shows the basic principle behind the solid
state DCCB where the semmonductor devices operatethe main current path with

an energy absorbing arrestor bank in parallel. The-stdit? arrangement essentially
consists of two reverse parallel inverter legs rated at full DC network voltage via the
combination of series and parallel stacked IGBTissmnductors. It is expected that
the required serrgonductor capability is equivalent to one third of that required in a
VSC converter station for alirectional capability32]. However, the breaker would

not require any of the additional filtering, tsfiarmer, switchgear and controls that
are required in the converter so its overall size would be significantly less than a full

converter station but likely still considerable in its own right.

A e Ve Wl o

Surge Arrestors

Ao

IGBT and diode main path
—

e H

Figure 2.12 - Basic solid state DCCB topology31]

The clear advantage of such a system is that total operation times are likely to be 1ms
or less as opposed to a few tens of ms as offered by a mechanical switch method and
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SO is presently the only available option capable of meeting the proposed
requirements of VSC based DC gri@9, 31] This is due to the fast response nature

of the power electronics which can be switched off almost instantaneously providing

an appropria fault detection scheme is in place. The drawback of such a system
however is that the conducting mode resi
eq for a mechanical S w-stdtecldsses ayesptesdBB]. me ani r
Referencd34] demonstrees a concept with on state losses in the region of 0.4% per
breaker which tallies with other estimates that semiconductor based DCCBs generate
transfer losses in the range of-80% of the losses of a voltage source converter
station[28, 31] The use ofolid state DCCBs throughout a large DC grid would
therefore have a considerable impact on the final deliverable ematigy the

system and the financial implications of that could be considerable meaning

alternative design concepts are being commeygmlisued.

2.1.4.4 Hybrid Solid -State Breaker

Hybrid solidstate DCCB concepts have recently been proposed and prototypes
tested 28, 3537] by both ABB and Alstom which look to merge the requirements of
fast response time and low -state losses. The design byBB, shown inFigure

2.13, utilises a main, IGBT based, sehktate DCCB configuration as discussed
above but removes this from the-state conductingpath as with conventional
DCCB designs.

/" Hybrid DC Breaker

) —Em—

Fast Disconnector Auxiliary DC Breaker

Current Limiting
Reacror

—_— N mﬂ}}—l{mmk s
Residual
{1 =}

DC Current
Breaker | =T
Main DC Breaker

Figure 2.13- Modular hybrid IGBT DCCB [28]

The main conducting path instead consists of an auxiliary DC breaker and fast
mechanical disconnector. Conventional DC@A#&signs are limited by slow opening

mechanical switches however the auxiliary DC breaker of this design is able to
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commutate current to the main DC breaker almost immediately in the event of a
fault. After commutation occurs, the fast disconnector, likelybe made up of
several series connected mechanical isolators, is operated and the main DC breaker
interrupts the current. The residual DC current breaker can finally be used to isolate

the line from the DC grid to protect the arrestor banks from theswesiload.

For application in an offshore grid, operating times of below 2 ms are expected to be
required to avoid the need for excessively big DC reactors in the system and to allow
time for correct fault detectioj28]. For a 320 kV system with 2 kA eat current and

the stated clearance time the proposed breaker is designed to interrupt a peak fault

current of 9 kA which is also within the capabilities of current IGBT technology.

The main advantage of this design is that thestate losses are reduckda small
percentage of those for a full sockthte DCCB because the-state voltage drop
across the auxiliary breaker path is in the range of several volts only. The design is
modular and as such can easily be altered to suit different system \asithgarrent

levels. New advances in technology, such as the use-ofoBe Insulated Gate
Transistors (BiGTs) instead of IGBTs, which can double the maximum current
breaking capabilities of existing designs, are expected to enhance the capabilities of
hybrd solid state DCCBs even furthi@8]. Hybrid solid state breakers do however

face the same high costs associated with the use of a large number of semiconductor

devices.

2.1.4.5 Conclusion

DCCBs have been cited in the past as a potential technological barribe
implementation of meshed HVDC grids however it has been shown that the
technology, in concept at least, does exist at present and it is expected that breakers
rated up to 500kV with 32kA breaking capacity will be available within 10 years
[16]. There is however, as yet, no fully deployed DCCB system meaning it could be

a number of years before the concepts are proven and trusted for widespread use.
Further to this there is a large degree of uncertainty as to the final cost of breaker
devices wih little published material. Assumptions therefore have to be based on
comparisons of proposed designs compared with the cost of full converter stations

given the overlap in equipment requirements. One g8@¢lasserts a cost figure for
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DCCBs of 2030% of the cost of a full VSC converter but until a design is made
commercially available this remains an estimate. As the cost of full VSC converter
station can exceed £100 million it appears certain that the cost of protecting a, pan
European, fully meshed®grid using DCCBs would be considerable. The3R%

figure stated falls within the region found [8&9] to allow for a financially viable
meshed grid which stated a requirement for DCCBs to be at most one third of the
price of a full converter station. Ather study which looked into the cost feasibility

of a meshed DC grid in the North Sea concluded however that costs of breakers
would need to be less than 10% of the cost of a full VSC station so that benefits
brought through additional system redundaanyl availability compared with other
design options are not outweighed by dd€§f. Further to thist must be established
whether or not the introduction of offsleoDCCBs would requiresignificantly
increased offshore pfarm spaceor even separate pfarms entirely which could

again add significantly to overall project costs

It is therefore less than clear that DCCBs will be an economically attractive option
for widespread implementation in offshore grids. There is a clear need to compare
the benefg and costs of DCCB protection against potential alternative options. A
number of protection options are discussed in Se@iB8rand the comparison of
these in tams of their impact on overall system reliability and in turn overall system
costs forms a key part of this thesis.
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2.2 Offshore Grid Topology Options

There are several options available to developers of offshore grids in terms of how to
connect offshore imd farms to shore. These options range from simple radial
connections of single wind farms to shore to the development of a fully meshed DC
grid and a number of recent studies have discussed and sought to make comparisons
between some of the available iopts[40-44]. The range of options and their merits

are discussed in more detail in the following sections.

2.2.1 Radial Connection to Shore

The vast majority of current offshore wind projects are realised with a single
connection to shore or multiple indepentleonnections depending on project size as

illustrated inFigure2.14.

Offshore
Wind farm

LB -

HVDC
converter

- A

Onshore Network

Figure 2.14 - Radial connection of wind farms to shore

This is the easiest method for developers to pursue in terms of project delivery and
financial remuneration because the number of interested parties is minimised, all
expenditure is accountable to the wind farm in development and the incomaeaeve

is clearly defined and solely based on the ability to deliver power to the single
onshore connection point. The regulatory systems that have governed wind farm
developments to date have been built around this format of connection and
developers are austomed to the processes involved. Assuming large distances from
shore, such that HVDC connection is required, all wind farms that are radially
connected to shore require both an offshore and onshore converter station along with

a suitable landing and coection point to the onshore grid. A suitable subsea cable
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route from each wind farm to shore must also be found along with an onshore
transmission route to the point of connection to the grid. In theory it would be
possible to remove the need for a larf§fslmre AC to DC converter station through
the use of an entirely DC network from the point of connection to the wind turbines.
This would instead require DDC conversion techniques to step up the DC voltage
from the wind turbines to a suitable level foansmission. Such methods are
explored in[45, 46]however the design concept is immature and there is no evidence

it is being actively considered by industry so is not discussed further in this thesis.

As the size and number of offshore wind developmexpands, the viability of
using radial connections to each and every wind farm is much reduced. Obtaining
permission for major onshore grid infrastructure developments is becoming an
increasingly difficult task as evidenced by difficult consenting prseeexperienced

by a number of recent proposed projddi, 48] Further to this, finding a desirable
cable route for offshore installations is a considerable task which must minimise the
impact on a multitude of constraints such as shipping routesndiginound and
areas of special protection ahdve suitable seabed composition for fdygng and
trenching of cablepl9]. When considering overall costs, studies have shown that use
of radial connections to shore for each proposed new offshore windsdikaly to

be uneconomical due to this option requiring the maximum possible circuit length
and number of converter statiof#2]. This means that a continuation of the current
principle of independent radial connections of wind farms to shore is likebe
practicably infeasible at the scale required to meet targets and a degree of co
ordination is required to minimise the level of required infrastructure and to reduce
costs. The following sections discuss the different options available in terms of co
ordinated offshore grid design.

2.2.2 Wind Farm Clusters

The first step that can be taken to address some of the issues with purely radial
connections of wind farms is to cluster multiple wind farms, in relatively close
proximity to each other, such that they share a common transmission route and

connection poit This concept is depicted Figure2.15 and forms the basis for the
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idea of grouping large clusters of wind farms in close proximity such as those

proposed within the UK Round 3 development zones.

Onshore Network
-
| S -

Figure 2.15- Wind farm cluster

Limits in converter and cable capacity dictate how much electrical infrastructure can
be shared but even if multiple offshore and onshore converters are still required for a
given project cluster they can least share a common cable route and onshore grid
connection point. It is shown if2] that a wind farm cluster design can be
considerably more cost effective than using individual radial connections, especially
if the wind farms are far from shore anelatively close to the hub point. If each
wind farm is connected radially to the offshore converter then there is still a single

point of failure for each wind farm from shore.

Figure2.15 depicts an additional option which would be to add connections between
the individual wind farms to provide an alternate power route in the event of certain
failures. This can be done using either AC or DC connecti@ithough the ©
option would require multiple offshore converter staticars) inevitably adds capital
cost to the project. However it has been show[#8j that this method can lead to
significant reductions in the amount of curtailed energy that would occur annually
due to fault outages. Such a design would require careful consideration as to the best
way to rate the cables given that some circuits, which would normally be fully rated
to the wind farm capacity, could potentially have to carry output from more than one
wind farm suggesting the need for increased capacity. The optimal leaddiitibnal
system redundancywhen compared to the capital cost involved is a factor which
requires further consideratioiBoth options, however, are still subject to single
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points of failure on the main transmission route that would lead to the inability to

transmit the entire connected wind resource to shore.
2.2.3 Multi -terminal Grid Options

2.2.3.1 Wind Farm Tee-in

A further option for connection of offshore wind farms is to make use eéxisting

point to point interconnection between two regions. The wind farm or wind farm
cluster can be teed somewhere along the interconnector line as illustrated in
Figure 2.16 giving two routes for power transmission. The -iteeoption can
potentially be realised either by addition of a converter station linking to the
interconnector circuits or by a more straightforward DC switching station although
the first reles on the implementation of new technol¢4g].

Offshore Wind
Farm Cluster

| HVDC Converter/ |

Switching Hub

Onshore Network A
Onshore Network B

Figure 2.16 - Wind farm tee-in to existing regional interconnector

This option can have lower capital cost than connecting the wind farm to shore
however opns up a series of regulatory complications. For example there is the
potential in such a scenario for three different countries and/or entities to have a
stake in the project as is the case with the proposed Cobra project investigagdd in
which has loked at the potential for connecting German wind farms into an
interconnector between Denmark and the Netherlands. In such a case it is found that
the project can be financially beneficial but thatozdination and new regulatory
frameworks must be estaited between the participating parties to allow this. There

can also be issues around the distribution of capital cost and remuneration with some
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parties likely to benefit more than others. The other important factor in such a project
is that the transfercapacity for interconnection is subsequently limited after
connection of the wind farm(s) by the level of output from the wind farm(s). This
could potentially lead to a conflict of interest whereby one country may want to
export power but is restricted Itlye presence of wind power on the interconnector.
This again shows the need for robust regulations and prior agreement as to how such

events are managed.

2.2.3.2 H-Grid

Two wind farm clusters with radial connections to shore can be connected together to
form a multi-terminal DC grid. The Hzrid configuration shown ifigure2.17 could

be realised with the connection as an integral part of the original project or as an
addition after the completion of two separate wind farm cluster to shore projects. The
H-Grid configuration also gives the additional benefit of interconnection capacity
between onshore locations A and B, which may be within the same synchronous AC

area or part of two separate synchronous AC systems.

Onshore
Network B

Onshore
Network A

Figure 2.17 - H-Grid connection
In this case interconnection and energy trading between the two locations is not
necessarily the main project driver but can be a relatively simple and cheap
additional benefit on top of providing alternative transmission raotetore for the
offshore wind energy. The value of this extra redundancy when compared against the
additional capital cost to the project is an issue which depends heavily on the
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reliability of the individual grid components and has not been fully imyestd in

the literature to date.

The HGrid configuration provides a degree of modularity that allows simple
extension to additional wind farm connections. The multipk&ritl scenario is
depicted inFigure 2.18 and can be realised in two different ways. The simplest
method is to have a tree like structure with one link between each transmission route.
This provides a degree of redundancy against faults to any tfatsmission links

or onshore stations. A further step would be to have a meshed connection between
each of the wind farms which provides an additional degree of redundancy which
allows power transfer in the event of failures to any of the offshore Iirtks.could

require significantly increased circuit length however so the additional value of this

must be weighed against the high upfront costs of cabling.

(a) (b)

Onshore
Network C
Onshore
Network C

Onshore
Network B
Qnshore

Network B

Onshore
Network A

Onshore
Network A

Figure 2.18 - Multiple H -grid with (a) 'tree’' connection; (b) meshed connection

2.2.3.3 Ring Network

Another option that can be pursued as an advance on-@rmdHopology is that of a

Ring network which would connect additional wind farms into the rteitthinal DC

grid without a bespoke connection to shosedapicted inFigure 2.19. If the wind

farm is added into an existing-@rid network then it may be the case that the total
rating of the connected wind farms excedks total transmission capacity. This
could lead to the need for curtailment of wind energy during periods of high wind
output. It would also reduce the capacity available for interconnection between
regions. If the extension is part of the original dedignthe network then these
issues could be factored in and, for example, additional transmission capacity built in

from the beginning in anticipation of future connections. Such a move requires
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strong ceordination between parties and a willingness taingfront option costs
which allow for expansion down the line. Compared with th&ritl options the
Ring network could be an effective way of minimising the circuit length of
transmission cable and therefore costs. This option can again be achieveabtising

60treed and meshed connections.

(a) (b)

Onshore
Network B

Onshore
Network B

Onshore

Network A
Onshore
Network A

Figure 2.19 - Ring network with (a) 'tree' connection; (b) meshed connection

2.2.4 Meshed Grid
Any of the discussed muiterminal DC grid options could be used as the first
building blocks towards a fully meshed offshore DC grid connecting multiple

offshore wind farms and interconnecting multiple regions as depictedune2.20.

Onshore
Network B

Onshore
Network A

Onshaore
Network C

Figure 2.20 - Meshed grid

The key aspect of a meshed HVDC grid is that it provides multiple transmission
routes to shore for connected offshore generation which facilitates continuity of

supply provided you have branepecific fault detection and clearance and can
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control the poweflow in parallel routeg50]. Once again the meshed grid provides
the opportunity for energy trading between regions although this is again restricted
by the level of wind energy present on the system.

The OffshoreGrid consortiufd2] found that usingiech a system design, as opposed

to the connection of wind farm clusters to shore and separate point to point
interconnection between regions, can lead to infrastructure costs that are 70 to 80%
lower. This is mainly accounted for by a large reduction fal tarcuit length and a
reduced requirement for converter units. It should be noted that other studies have
also looked at cost comparisons between radial and meshedoodicated grid
options and the benefits of meshing were found to be less cleahrciNSCOGI

study looked at a two feasible solutions for a North Sea offshore grid by 2030, one
based on Radial and Interconnector solutions and one using a meshed approach
where possiblg51]. It found that the cost reductions through utilising a meshed
sdution were apparent but marginal at less than 5% for a reference case scenario
with 55GW of offshore wind connection. Only when a very high assumption is made
for offshore wind development of 117GW by 2030 did the cost benefits increase to
around 20% forthe meshed option. Another study looking at the merits of such
designs with specific regard to future UK wind farm cluster connections found that
when including costs of onshore reinforcement, cost reductions through co
ordination were not always appareantd varied from project to proje¢b2]. As
discussed, the dual use of connections for both wind farm export and regional energy
transfer does inherently reduce the system trade benefits that can be achieved with a
link purely used for regional transfer@ffshoreGrid, however, examined three
separate case studies and found that, to a varying degree, in all cases there was a net
benefit with reduced infrastructure costs outweighing reduced trade benefits over the

lifetime of the project$42].

2241 03 Ob A ConoptA 8

Several large studies have come to the conclusion that some formoddicated
multi-terminal or meshed offshore grid is the preferred option for connection of
offshore wind in the North Sea and beyond. As previously discussed the

OffshoreGrid onsortium, consisting of a number of influential industry bodies has
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outlined a belief that a fully eordinated, meshed HVDC offshore grid provides the
most economic method of integrating large scale offshore wind installations in the
North and Baltic seainto European electricity networké2]. Figure 2.21 shows a
proposed network layout for the North and Baltic seas which follows the principles
of co-ordinated muitterminal or meshed connection of wind farm clusters as far as
possible allowing both export of wind power to shore and additional
interconnectivity between the different island networks within Europe.

o ; -.
» \ 1

& 2x Direct Interconnector
.

g close to each other -

Figure 2.21 - OffshoreGrid proposal for meshed North and Baltic Seayrids [42]

Ot her entities such as the O6Friends of t
produced equally wide ranging proposals for the development of HVDC overlay
transmission netwogknot just at sea but across the whole of Euf6pe54] These

both envisage large scale connection of offshore wind energy from predominantly

the North and West of Europe and onshore solar energy from predominantly the
South via a pafturopean HVDC neterr kK o O6supergri do. Th
Supergrid vision for a 2050 HVDC European Supergrid providing the backbone of
future bulk power transmission over the continent is showfigure 2.22. The

43



2. Technical Review: State of Knowledge on Offshore Networks

Desertec plans had even proposed the connection of huge solar energy resources

from North Africa into Europe via HVDC links.

Figure 2.22 - Friends of the Supergrid vision for2050 HVYDC pan European grid[53]

There are also a number of other groups and organisations incorporating both
industry bodies and research institutes that have looked at the viability of
implementing an HVDC offshore grid. One of these is the Twentieggirojhich
includes a number of system operators, industry manufacturers and research bodies
[55]. This is an extensive project with a broad scope looking for specific answers to a
number of questions surrounding how best to facilitate onshore and offsimate
developmentOther more specific projects such as ISLES (18slottish Links on
Energy Study) and the Offshore Transmission Coordination Project conducted by
TNEI on behalf of Ofgenf52, 56] have looked in more specific detail at options for
integrating currently proposed offshore wind projects around the UK in the most cost

effective manner.
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2.2.5 Conclusions

It is clear that a number of studies have attempted to make broad comparisons
between som of the different grid topology options. A general consensus has been
arrived at which suggests there is likely to be clear financial benefits to the use of co
ordinated multiterminal or meshed DC over the business as usual radial connections
plus regioml interconnector scenario. There are however a number of factors which
have not been considered in these studies. For example both the OffshoreGrid and
the NSCOGI reports appear to acknowledge the potential need for DCCBs but
neither account for the potially large additional cost of these. Further to this
neither study makes a consideration of the impact of reliability on the overall
performance of the network in terms of resilience to the fault conditions that could be
expected in a project lifetime.h€re has thus been no clear expression in the
literature of the added value of having redundant transmission paths available for
power delivery in the event of faults although some studies have made consideration

of reliability implications. This will be dcussed further in Sectiéh6.
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2.3 Offshore Grid Protection Strategies

As discussed previously there are numerous ways in which offshore grids might be
protected dpending on the size of grid, available technology, cost constraints and
technical requirements. This section will look to outline the main protection

strategies available for implementing an offshore HVDC grid and discuss the

implications of these in tersnof system control and other design parameters.

2.3.1 HVDC Grid with DC Breakers

A multi-terminal or meshed HVDC grid utilising DCCBs is considered to be the
ideal technical solution for future offshore grids. Such a design would mimic the
high levels of systa performance delivered by the current onshore HVAC
transmission systems. Any individual fault can be isolated locally using the nearest
DCCBs and the remainder of the HVDC grid would be able to carry on unaffected.
The concept of a meshed DC grid is d&ssrd in a number of papdrs 57, 58]as

well as in a number of the reports already discudSigire 2.23 gives a simplified

single line diagram representation dbar terminal grid with DCCBs at each end of
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every line.
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Figure 2.23 - A four terminal HVDC grid protected with DCCBs
All offshore grids will also be equipped with AC breakers at the AC side of each
converter station which would act in the event of converter station faults. The
number of DCCBs could feasibly be reduced in this scenario by removing the
DCCBs that sit at # onshore converter stations and allowing the AC breakers to
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isolate the onshore side from a fault on the DC link. This however would disconnect
the onshore converter station which could otherwise be used to act as a STATCOM

and provide ancillary servicés the onshore systef&9].

To implement such a configuration it must be assumed, first and foremost, that
DCCBs become commercially available within a reasonable timeframe. If they do,
there is the requirement for an effective fault detection and dis@tmon scheme

such that fault location is determined and action taken within only a few milliseconds
as required for DC grid faults as discussed in Se@idmd HVAC transmission
systems rely on traditional distance protection methods to measure the impedance to
a fault and thus determine its location. In a DC grid the line impedance is negligible
in comparison meaning fault current is almost independent ofléaaltion rendering
distance protection unsuitable. As such protection detection and discrimination
methods are an active area of research and a robust solution must be developed
before this grid design concept can be implemented. It is expected thatt curren

differential or directional protection methods could be utiligs] 60}

2.3.2 HVDC Grid without DC Breakers

It was observed isection2.1.4that thke availability and, more so, cost of DCCBs is

an uncertain factor and as such there has been considerable thought put into options
for an offshore DC grid which would not require the large scale roll out of DCCBs.
The first of these is to maintain a simil@C grid structure but instead of DCCBs
there would only be switching stations and isolators based within the DC grid. DC
fault conditions would be interrupted using AC side protection meaning the entire
DC grid would have to power down. The faulted regamuld then be isolated and
power rerouted if necessary through switching arrangements before the DC grid
could be reenergised. This concept, illustratedkigure 2.24 would clear the DC

fault using the AC side protection at all four converter stations before disconnectors
could be used to isolate the faulted grid section. Existing protection technology could
be used which is likely to be substantially cheaper ims$eof capital cost than a

system dependent on the implementation of a number of DCCBs.
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Figure 2.24 - A four terminal DC grid protected without DCCBs

It has been reported in some quarters that the need to shut down the entire DC grid
makes this method unacceptable when applied to a-teutinal DC grid[57, 61]

Some system studies have proposed HVDC links in the order of J6&Which if

lost in their entirety would indeed lead to unmanageable consequences for the
connected onshore AC system. Practically speaking however there are limitations
both technical and practical which indicate that such links would require to be
delivered by a number of galel converter stations and cable systems. The size of
these parallel units would be limited both by the technical capability of the
components implemented as well as the maximum loss of infeed limits of the
connected AC systems as defined in their godes . At present the power capability

of VSC converter stations and cable technology is the limiting factor with links
above 1.4GW yet to be implemented with VSC technology as shown in Section
2.1.2 Even if this were to drastically improve in the coming years maximum loss of
infeed limits would still need to be adhered to which currently stand at 1.8GW for
the UK and 3GW for continental Europ&3, 64] It standgo reason therefore that a
large scale offshore muiterminal DC grid would require some degree of

sectionalisation.

The proposed option therefore suggests that these parallel DC grid sections need not
be electrically connected to each other but woullderaoperate as distinct electrical
networks under normal operating conditions. A fault scenario in this case would only
require one section of the overall grid to be disconnected while the remainder could

remain fully operational. Such a system shouldtdderable so long as each grid
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section was no larger than the loss of infeed limits of the connected AC system
although the implications of whole DC grid skddgwns on overall undelivered wind
energy and the onshore system requires further investig&iven that individual

wind turbines can be restarted within a few minutes of being shut down and that
switching sequences for-penfiguration of onshore networks can be applied within

a few minutes it seems reasonable to assumethbgirocessof grid shud-down,
reconfiguration and restartingan be undertaken in, at most, tens of minthesgh

this has yet to be tested

Other potentially detrimental effects would also have to be considered. For example,
if a whole DC grid section was to be-drergisedinder a fault condition it stands to
reason that all wind turbines connected to that section would be forced into an
emergency stop situation. It has been seefb%} that emergency stops lead to
significant load amplification and can cause backlash eweithin the turbine drive

train, both of which are likely to increase fatigue and so reduce life expectancy of
turbine components. As such, the likely increase in the number of these events that
would occur through use of this protection strategy wouttirte be quantified and
some measure of the implications examined. Nonetheless, such a grid concept has
been suggested by consultancy TNEI in proposals for HVDC grid connections
between Ireland, Scotland and Wales. Their ISLES concepts are outlifé&] G7]

and one option is depicted kgure2.25. This concept is designed to be deliverable
with current technology capabilities and therefore to reuire DCCBs. As
discussed, the design utilises three distinct DC grid sections which are linked at

switching hubs whereby power can bewoated under fault conditions.
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Figure 2.25- North ISLES multi -terminal DC grid concept [67]

2.3.3 HVDC Grid with Reverse Current Blocking Converters

As discussed in Section.1.2.2the advent of fulbridge VSC converters with the
ability to block fault current flowing from the AC grid to the DC grid offers the
possibility of greatly reduced protection requirements on the DC grid side. In the
event of a DC side fault the converters would be controlled to bring the current level
in theDC grid to zero. Cheap disconnectors could then be used to isolate the faulted
grid section allowing power flow to be restored in the healthy grid sections.
According to [59] this process could be achieved in the order of hundreds of
milliseconds rather #n the minutes or tens of minutes proposed for AC side
protected DC grids. This potentially would allow offshore wind farms to avoid
emergency shutdown procedures assuming suitable fault ride through could be put in
place and so avoids the accumulationuafielivered wind energy. However it is
possible that the loss of a large HVDC grid for even a few hundred milliseconds
would be unacceptable to the connected onshore systems.

It has also been proposed therefore that this protection strategy could bm used
conjunction with a reduced number of strategically placed DCCBs for larger DC
grids [59]. This would allow the grid to be rapidly split into smaller sub sections

using the fast acting DCCBs to separate healthy grid sections from the protection
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process. This would give similar functionality to the proposal of having separate
parallel grid sections ptiault in that a fault on one grid section would not influence
neighbouring grid sections. The DCCBs could be placed such that a large DC grid is
essentially split into a number of stdections each with capacity that is within the
required loss of infeed limit of the connected AC systems, the loss of which for a
short period would therefore be manageable. It would also be possible to re
configure thenetwork such that healthy parts of the affected grid section could be

reconnected back into the overall system ffasltt. A depiction of such a concept is

[< - DCBreaker
@ - Disconnector
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given inFigure?2.26.
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Figure 2.26 - A four terminal DC grid with full -bridge converters and limited DCCBs

2.3.4 HVDC Grid of Independent DC links

Another suggestion that has been made is that of a DC network that dgsentia
consists of a number of AC collection hubs interlinked by independent point to point

DC links. A depiction of such a concept is giverFigure2.27. The Friendf the

Supergrid consortium discussed $ection2.2.4.1is one of the entities that has
considered such an optionodved@ hbdihreg cpmape
[53]. Figure228s hows a graphi cal depiction of tfF
separate point to point DC links connecting intcAss. with the previous option, the

main advantage of this design topology is the fact that it could largely be

implemented using existing and proven technology.
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Figure 2.27 - A four terminal grid with independent DC links
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The concept uses a series of point to point DC interconnections which have a long
established track record and would be protected via the AC hubs using existing,
proven and relatively cheap AC circuit breaker technology. This option would also
avoid the cets associated with DCCBs, however, crucially the system would require
between 1.5 and 3 times the number of converter stations than the other two options
as highlighted iff4]. Converter stations are a significant contributor to both system
costs and sysm losses so in terms of total expenditure and system performance such

a design could be significantly less cost efficient than the others.

Although the protection equipment used for such a topology could be established
technology the protection philosoplhowever would require new innovations. The
offshore low inertia AC hubs would be a new and untested entity with unanswered

issues surrounding how they would actually be controlled and protected. This is
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therefore an area that is actively being researctoecdexample in68], and before

solutions are proven there remains a small degree of uncertainty surrounding the
overall feasibility of such a design. Another issue that could hamper deployment of
such a concept is that wind farms are connected intdtceu per node 6 vVvi a
cabling which has been shovim Section2.1.1 to become both uneconomical and
technically problematic beyond a certain distarGe&ven the distances involved in
bringing together offshore wind farms even within the same round 3 zones (Dogger
bank has an east to west span of 16%&8j) the feasibility of using AC cables to
connect into a O6super nodedHquastpnableowdetheri mi t e
this design method could be described as a true DC grid however there is little doubt
that it could be implemented for connection of certain offshore wind clusters to

multiple onshore AC systems.

2.3.5 Additional Requirements for DC Gr id Operation

Control of power flow in a true DC grid configuration as described in Sei@ns

2.3.3is governed by the voltage differential between each node on the system and by
the power injections of each converter ydjt A common control methodology for a
multi-terminal DC grid is for one converter to act as thedidek bus whereby it acts

to maintain a constant reference voltage. All other converters act in power control
mode whereby they regulate the power injected or withdrawn from the DC grid at
their bus via the local bus voltage. The slack bus maintains id@ejerence voltage

by setting the power injection at the slack node to balance all other node injections
and the losses in the DC gfidD].

Such a control methodology however leaves the grid vulnerable to the loss of the DC
slack bus converter meanimpme means of fast acting communication would be
required to set a new system slack node in this scenario. An alternative method has
therefore been more recently proposed which suggests a shared voltage control,
analogous to distributed slack bus contmlAC systems, through poweoltage

droop characteristic control which allows local measurements to be used for control
at each convertddl]. In this method the voltage sebints are set locally to control
power flows based on linear DC voltage to powslearacteristics. For a meshed DC

grid however powerflows and voltages around the DC grid cannot be solely
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managedy control of the terminalandadditional branch controls of some kind are
required as was noted jB0]. As highlighted, control of mukierminal DC grids is
another active area of research with methods in development as opposed to being
fully commercially tested. Again a robust solution must be developed in order that a
true, large scale DC grid could be implemented in reality. Furththid@ consensus
would need to be reached on who would run and control the DC grid with a single
independent entity probably preferred to avoid a conflict of interests between the
different individual TSOs that would be connected to it. A grid of indeg@nDC

links would manage each link separately but would also requiadinated high

level control to manage power flows.

There are also a number of pexjuisites which must be met if an offshore HVDC
grid is to be implemented. Logistically speakihgsivery likely that any offshore DC

grid would be developed as an incremental build out based on the premise of
expansion of existing HVDC projects. Compatibility between projects is a key
enabler and a common voltage level would be a fundamentaltéstis allow for
staged build out of DC grids. To date, suchocdinated forethought has not been
evident and many existing offshore wind farm installations operate at unique system
voltages making them incompatible for future connection without the fuB&€ do

DC converters which could add considerable expense to the system. For two systems
with relatively similar but not identical voltage levels it may be possible-tesegn

one of the systems to operate at the same voltage level as the secondymgdhen
transformer on the AC side and altering the voltage control set point and certain
components in the converter, however this would likely lead to-optimal
operation relative to the design of the altered section. To facilitate a future DC
Osupedd without eworkiegsoEeistieg installaions tbere israe
need for future wind installations to -codinate voltage level especially for larger
projects on the scale of UK Round 3 projections and there is an active Cigre working
group currently investigating recommended voltage levels for HVDC diid$ A
counter argument to this is that imposing-prescribed voltage levels could negate
the ability for optimisation within certain projects so there is a tdfieo be made

between dsign freedom and design compatibility.

54



2. Technical Review: State of Knowledge on Offshore Networks

Further to a common voltage | evel it is
be capable of incorporating different converter topologies and other infrastructure
provided by a number of different supplierfiefe is the need for common standards

to be developed and followed such that connection between different VSC converter
topologies is not hampered by conflicting control algorithms or unwanted dynamic
interactions. Compatibility should also be presenterms of protection systems,
harmonics and communications systems all of which calls for the development of a
comprehensive DC grid code which has not as yet been devéthid. It could be
argued that the use of a grid with independent DC links warttes/hat negate the
need for strict caprdination between different offshore projects in terms of voltage
level and component compatibility. This could make such a concept more attractive
for potential investors but the high costs of additional convertdioss are still

likely to be prohibitive.

2.3.6 Conclusions

It has been shown that there are numerous options available as to how offshore DC
grids might be protected and the choices around these are also interdependent on the
choice of technology employed dmetgrid. Each of these choices will have a varying
degree of impact on the overall cost and performance of the offshore grid and there is
a need for a comprehensive comparison to be made between the different options to
better understand the trad#fs involved. This has yet to be covered in the literature.
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2.4 Converter Configuration Options

Another consideration which has a large impact on the cost and performance of an
offshore DC grid is the exact configuration of converters and cables used. There are
again, a number of different options available to developers and these have been
discussed in a number of studig§ 16, 7274]. The remainder of this section
discusses the merits of some of these different options with illustrations reproduced
with refererce to[16, 74}

2.4.1 Asymmetric Monopole Systems

The simplest and cheapest method of implementing an HVDC grid would be through
the use of the single cable asymmetric monopole arrangement as shéwurin
2.29(a) with a ground return path.

+

(a)

|—©— Conv. 1 Conv. 2 —@—| Conv. n —@—|

m

+

(b)

Figure 2.29 - Asymmetric monopole grid configuration with (a) earth return; (b) metallic return

The system isolidly earthed at each converter station so current flows through the
high voltage cable and returns through earth. In European waters however, due to
interference with existing infrastructure and environmental concerns, the use of a
ground return pathsigenerally prohibite@i7, 16]. Even the simplest HVDC projects
therefore require a metallic return conductor, which can be solidly earthed at just one
location, meaning a minimum of two cables are required as shokigune2.29(b).

The low voltage earth return may not however require the same level of insulation as
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the main high voltage cable so could be realised at lower cost. There is inherently no
redundancy builinto a monopole system, however, meaning a fault anywhere within
the system, either on one of the cables or converter stations will result in loss of full

power transfer capability of that grid section.

2.4.2 Symmetrical Monopole Systems

A popular grid configwation in existing VSC based HVDC projects has been the
symmetrical monopole configuration which connects the DC side of converters
between two high voltage cables of the same magnitude but of opposite polarity as
illustrated inFigure 2.30. This configuration offers double the power rating of an
asymmetric monopole system with the same voltage magnitude and can be achieved
without additional insulation requirements. this configuration the earth reference

can be provided in several ways, including the connection of the DC capacitors
midpoint to earth or via high resistance inductors on the AC side of the converters
[16].

|—©— Conv. 1 Conv. 2 —@—l Conv. n —@—I

Figure 2.30 - Symmetrical monopole grid configuration

In the symmetrical monopole configuration power is transmitted through both
conductors but in the event of a fault these cannot operate independently as there is

no directly available earth retupath for monopolar operatidi4].

2.4.3 Bipole Systems

In situations where it is desirable to have a high level of availability or the power
requirement exceeds the capability of a single pole system, use of a bipole system is
generally desirable. This confication makes use of two converters connected in
series at each terminal, one connected between the positive pole and the neutral
midpoint and the other connected between the midpoint and the negative pole. In

balanced operation no current flows throughrthdpoints which are connected via a
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low voltage metallic return conductor. The configuration, showhkigure 2.31, is
preferable to the use of two separate monopgdtems for equal power transfer due

to the need for only one return conductor.

Conv. na

:

—@— Conv. 1a Conv. 2a

a2
a0

:

Conv. nb

—@— Conv. 1b Conv. 2b

Figure 2.31- Bipole grid configuration with metallic return

For a given rated pole voltage and rated current the power transfer of a bipole is
double that of the asymmetric monopole and equal to that of the symmetrical
monopole. However, bipole systems provide an inherent redundancy allowing for
continued but redwd transmission capability to be utilised by switching to
monopole operation under certain fault or maintenance conditions. The benefits of
this redundancy need to be investigated and weighed against potential additional
infrastructure costs. For exampldigole configuration requires the implementation

of specially designed transformers capable of withstanding a DC voltage offset that
is inherent to the configuratidi5]. To avoid damage to both pole cables occurring
simultaneously, for example via ancéor drag, and gain the benefit of possible
operation in monopole mode it may also be necessary to lay the cables in separate
trenches which would again incur additional costs compared with, for example, the
symmetrical monopole system which could be dgkd through bundled conductors

laid together.

The bipole system shown provides 50%, plus overload, transmission capacity in the
event of either a single pole converter or pole to ground cable fault through a transfer
to monopole operation via the healtpple and the metallic return. The bipole

system could be also be implemented without the low voltage dedicated metallic

return conductor which would reduce costs but means monopole operation could
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only be utilised if a fault were to occur on a single pmaverter unit allowing the
healthy pole to be used in monopole configuration with the high voltage cable of the
damaged pole being switched to act as the low voltage return conductor. Any cable
faults in such a configuration however would entail the reaho¥ full transmission
capacity. This option is the chosen design for the subsea Western HVDC Link
project due to provide additional transmission capacity between the Northern and
Southern areas of the GB transmission sygfieth

Multi-terminal or mesh® DC grids could conceivably be constructed via an
amalgamation of different grid configuration&igure 2.32 shows how both
asymmetric and symmetrical monopole comeeconfigurations could be connected
into a bipolar grid with a metallic return path meaning this configuration is a

promising option as it would allow flexibility for future expansion.

—@— Conv. 1a Conv. 3 —@—| Conv. na

—@— Conv. 1b Conv. 2 —@—I Conv. nb

:

:

Figure 2.32 - Bipole grid configuration with symmetrical monopole and asymmetric monopole tappings

2.4.4 Conclusion

It is clear that the choice of grid configuration is another key element that will impact
on both the costs and performance of any future offshore DC grids. Tlite ofer
these options should be explored in conjunction with the implications associated with
utilising different protection strategies, choices of technology and overall network

topologies.
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2.5 Regulatory Issues

Previous sections have highlighted the techhbarriers that need to be overcome to
facilitate an offshore DC grid in an environment such as the North Sea. However,
just as important to delivering the end goal is the need to overcome parallel
regulatory, policy and financing issues. The technicgliments have shown that in
terms of delivering a cost optimised offshore grid, there should be a degree of co
ordination between projects and that early investors in the offshore grid should
develop assets that allow for incremental future expansionnrodslar a fashion as
possible. Although this approach is desirable and manageable in terms of technical

delivery it raises a number of practical issues that need to be overcome.

2.5.1 Anticipatory Investment

Anticipatory investment is the concept of early depers of the offshore grid
investing in and installing infrastructure that, although not necessarily directly
relevant to their own project delivery, facilitates future modular connections of
further projects. The lack of such investment does not preblitdes expansion but

it does mean the overall costs are likely to be much larger. Important investment
decisions made by early developers include the choice of DC voltage level, the
amount of extensibility built into offshore platform designs and the ngiate
oversizing of transmission routes to allow future connection of additional projects
[76]. The choice of converter configuration could also influence future connections
as demonstrated in Secti@¥.3 Entities carrying out anticipatory investment will

not necessarily benefit directly from it and are also exposed to the risk of future
pl anned projects being cancell edriskeffect,]
comes in addition to the naturally high risk premiums already associated with the
implementation of relatively unproven offshore grid infrastructure which means
securing the necessary level of investment in offshore projects is already likely to be
a substantial task. It appears clear then that appropriate incentives are necessary to
allow investors to be suitably remunerated for any anticipatory spending. Where this
remuneration comes from is another issue given that the later projects that would
bendit most from the anticipatory investment may not occur for several years

meaning, at least initially, the developers of these cannot be expected to contribute.
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Governments and regulators therefore have a duty to develop remuneration methods
that incentivee lowest cost grid development overall and there may be a need to
socialise some of the expenditure in an offshore grid. However, the risk of some
assets being stranded due to 4sompletion of the projects they are designed to
facilitate would also neetb be considered. Organisations such as the previously
mentioned NSCOGI collaboratidi@7] could potentially enable the development of
common policy and finance initiatives to help deliver an offshore gnd the
European Commission began to tackle sorhéhe issues relating to how these

investments can be delivered[#8].

2.5.2 Design and Ownership of Offshore DC Grids

Early development of offshore wind assets have followed the simplest constitutional
arrangement whereby offshore wind farm developers (OWEsE designed and

built the transmission infrastructure for their project. For large projects there may be
some incentive to develop a degree of redundancy or connect into neighbouring
projects but more often than not the main incentives would be to meicapital
expenditure and reduce exposure to outside influences and secure a risk free project
as far as possible. However, such an arrangement is likely to incentivise the
development of numerous simple radial transmission solutions and not necessarily
co-ordinated approach. The concept of an offshore transmission owner (OFTO),
responsible for design, build and operation of the offshore transmission asset was
therefore introduced in the UK which in theory could incentivise morerdmated
design. Thé is dependent on the type of remuneration they receive, however. If the
OFTO is paid a fixed income regardless of their assets then minimisation of costs is
the clear incentive, potentially at the cost of reliability in terms of access to shore for
generted offshore energy. If they are paid in relation to their assets then the

i ncentive i s per haps [76].cCurerd aramgerests igthed t h e
UK mean OFTOs are remunerated based on availability tafg@iswhich may
incentivise some optireation but the system may for example still penalise designs
that can operate at reduced transmission capacity even if actual energy curtailment is
minimised. Due to fears around the speed of tendering and development of OFTO
built transmission projects ithe UK, wind farm developers have successfully

lobbied for the right to build their own transmission assets. They are then obligated
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to sell these onto an OFTO to operate and manage. This arrangement again seems to

be at odds with an ambition for-oodination in offshore grid design.

If a large scale North Sea offshore grid is eventually implemented then a further
issue arises relating to the overall management and control of such a system and
what overriding objectives it should be governed by. Any gsidikely to be
connected to several onshore systems so
share of the operational responsibility although the roles of each would need to be
clearly defined. Another possibility is the creation of an indepenadli#stiore TSO
specifically tasked with managing the offshore DC grid. Either way, there will be a
large number of conflicting objectives whereby a grid dispatched to deliver overall
societal benefit will inevitably leave some parties as winners and akelesers.

How this is governed and how remuneration is fairly divided are matters that require

further investigation but fall outwith the remit of this thesis.

2.5.3 Financial Arrangements

Another issue that will inevitably need to be overcome to facilitatentagrated

North Sea grid is how financial support schemes for offshore wind energy are
delivered across Europe. Currently there are a number of different schemes in place
with some countries using fe@adttariffs, others using certificate schemes and some
with hybrid schemef2]. If multiple wind farms, potentially with multiple different
project owners connect into the same transmission infrastruetithe links to
multiple shoresa number oftomplications surely arise as to who pays for both the
transmssion infrastructure and the produced energy and who benefits most from this

The ISLES project looked at this issue and discovered that traditional market
boundaries do not necessarily provide the best incentive for development. For
example, a small coumt like Ireland, in the case of ISLES, could not feasibly be
expected to subsidise the cost of infrastructure and energy production of offshore
wind farms built in its waters but connecting to both Ireland and the UK. The much
larger market of the UK on ¢hother hand could more easily socialise those costs so
a proposal was made whereby the UK market boundary for offshore renewable
projects in the region would be moved to the shores of Ireland. Such a scenario
would give both parties the opportunity fof@atlable investment to provide mutual
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benefits, namely interconnection to the UK for exports for Ireland and an affordable
means of reaching renewable targets for the[&8§. To drive investment in projects
inventive solutions like this may need to berfdwacross Europe.

Clear rules will also be required to determine how the dual functionality of both
delivering offshore wind power to shore and providing cross border trading are
handled and remunerated. At present, with regards to the GB system, dlmost a
interconnectors are merchant projects with the sole purpose of trading with other
synchronous AC systems, although elsewhere in Europe this is not always the case. It
is likely that energy trading on an integrated offshore grid would be viewed as a
secandary function to power delivery so the management of this and the markets

which drive its use will require careful consideration.

2.5.4 Conclusion

It is clear that one of the main obstacles to delivering integrated offshore DC grids in
Europe is the need tdteact large sums in capital investment. The regulations that
have driven the offshore wind market to date allow for investment but tend to favour
i ndividual, clearly defined p-ordnagtercaf s and
design. Studies such @dfshoreGrid and Tradewind?2, 81]have asserted that there
are large overall cost savings to be made througbrdimated design so there is a
need for regulatory issues to be resolved such that the barriersotdication are
removed and there areealr market incentives for delivery of the lowest overall cost
options. Providing the opportunity and incentives for an offshore grid design
authority to implement offshore connections as opposed to individual developers
could drive more optimised solutioas could incentivising early grid developers to

build extensibility into projects to allow for later expansion.

A strong governmental role is likely needed to drive such policies and there are other
areas of offshore grid development that are likelyegadbpendent on policy driven
incentives. For example, supply chain bottle necks can be envifé@jedithout
sufficient investment by governments in the required industries and development of
essential infrastructure like the upgrading of ports. It iarckhat the regulatory
concerns involved with the delivery of an offshore grid have at least been recognised
although there are still many challenges to be overcome.
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2.6 Consideration of Reliability

There are a number of differences between proposed offBl@teansmission grids

and existing onshore transmission systems. The latter have generally been designed
to serve two main purposes, namely to provide access to the most economic
generation sources which may be remote from load centres and also to ghkance
reliability of supply to load centres through connection to a variety of generation
sources. This has driven investment in highly meshed, interconnected systems with
extremely high reliability for the end user. As such onshore transmission systems are
often designed such that demand remains connected and system limits unaffected
even under the loss of a full transmission cir¢8@&]. Offshore networks in contrast

have the same purpose in terms of connection of remote generation sources but are
unlikely to carry substantial demand on the system. From a wider system
perspective, offshore grids could be viewed as equivalent to generators on the
onshore system in so much that they serve onshore demand and could therefore be
expected to be managed in a sanibss of infeed limited manner. In addition to this,

as has been discussed, the costs associated with the implementation of offshore grids
is substantially higher, as is the likely cost of protecting that network in a similar
fashion to the onshore syste The main drivers in an offshore sense are ability to
transmit offshore wind energy reliably to shore and perhaps the ability to transmit
energy between regions but a key driver would also be to achieve these goals in a

manner that is economically vialded so minimises upfront costs.

Conversely, it is also true that the offshore environment is far more challenging and
problematic than onshore which has profound implications for system reliability.
Failures in offshore grids are inherently more diffidioitgain access to and repair
meaning there is a much longer time and cost penalty associated with failed offshore
infrastructure. This could then in theory be a driver for increased upfront capital
expenditure if the lifetime cost savings were to be heiaf It is clear then that a
balance must be struck between the level of capital expenditure invested in offshore
grids and their relative reliabilityand it is unlikely that an offshore grid can

justifiably be designed with the same levels of reliability as is customary in onshore
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networks. Research to determine the costs and savings associated with reliability in

offshore grids, is therefore vital tesess such tradsfs in detail.

Although reliability of offshore wind turbines and by association wind farms is an
area that has attracted a large amount of research attention the same cannot be said
for reliability of offshore grid options. Only a handlfof studies have considered in

any depth the issue of reliability when considering offshore networks. Major reports
such as OffshoreGrid and NSCOGI that have sought to compare different grid
options do not include reliability within their calculations dhds compare only on a
capital cost and market benefits levgl2, 51] The ISLES study includes
calculations of system adequacy and security which highlight the value of the
redundancy built into their designs but make no comparison of their chosen desig
with other options[67]. Another study[83] has looked at options around the
connection of a single offshore wind farm involving the costs of introducing
increasing levels of redundancy in the offshore transmission link and within the wind
farm interarray design. This study used a methodology which looked at the trade
offs between cost of installed redundancy against lifetime costs of undelivered
energy for a number of reliability scenarios. This allows not only an assessment of
which options provide gabvalue under good reliability performance but also which
options provide least regret under poor reliability performance allowing a decision to
be based on knowledge of a range of possible outcome scenarios. This study,
however, is limited in that it addsses the impact of single faults separately and does

not account for the existence of overlapping faults.

Two large studies have been working to address to some extent the gap in research
on offshore grid reliability. The REMARK software tool, develogedpart of the

wider Twenties study has recently published initial findings of its study into the
comparison of radial versus meshed North Sea grid topol¢4es84] Another
study, l ed by a dedicated Cigre wadnrking
has yet to publish its findings. Both these pieces of work have been carried out either
partially or fully in parallelto the work in this thesis so have not been drawn upon to

a meaningful extent.
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The REMARK software is based on a market simulatiorthef whole European
network that uses an optimal power flow based solution to determine power flows
from hypothetical offshore grid scenarios to sophisticated models of the onshore AC
networks. It is comprehensive in that it considers the level of undetiveffshore
energy, electrical losses, fuel consumption and @@issions to make an economic
assessment of the viability and potential benefits of different grid scenarios. It
considers, however, only radial grids with and without varying degrees of
interconnector capability with a particular, not necessarily optimal, ftartinal

grid with particular levels of transmission capacity. The mrtaltminal grid is
realised through a DCCB approach only and no intermediary solutions or alternative
protectionmethods are explored. The reliability study is based on assequential
Monte Carlo analysis which means the impact of the offshore environment on overall
reliability can only be estimated by making the assumption that repair times in winter
are higher thn summer rather than directly quantifying this based on actual

constraints.

The main findings of the REMARK study are that although there are significant
benefits to be gained through the use of the rteithinal grid in terms of delivered
offshore enegy and reduction in COemissions the benefits of these do not
necessarily outweigh the significant costs required to implement the meshed grid
using DC breakers. The study found that the radial solution, which includes a degree
of co-ordination at wind fem level, with an intermediate amount of merchant
interconnector projects was the most cost effective solution overall although the
benefits in terms of delivered wind energy and,@dissions are significantly less.
The study concluded that further woik dptimise the design of the mutérminal
offshore grid may yield different results meaning it is difficult to state, one way or
another whether or not a mutérminal approach is better than a radial approach for
offshore HVDC.
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2.7 Scope of Work

A thorough review of the present state of the offshore transmission industry has been
presented and a number of findings have been made. A summary of the key issues

raised can be found below:

For connection of far offshore wind farms HVDC technology is liketyunesd.
VSC converter technology is likely to be preferred in the offshore setting due to its
small footprint and flexibility for use in multerminal DC grids.

i There are a number of converter configurations that can be adopted each with
different implicdions for the overall cost and performance of the DC grid.

1 There are presently limits to the capacity of converter and cable systems although
this is increasing as time goes on meaning that in the future-@G\Wtprojects will
be realisable offshore.

1 DCCBsare not yet commercially viable but it is likely that they will be in the near
future although they are likely to be bigger and more costly than their AC
equivalent.

1 There are various topology options for delivering DC grids ranging from radial to
meshedsolutions.

1 There are obvious benefits to-oodinated designs with redundant transmission
paths, although there is as yet no clear determination as to how this compares against
potential additional costs under different scenarios.

1 There are a number of &ifent protection strategies that could be employed for
offshore grids with varying need for DCCBs, the relative costs and benefits of these
are yet to be explored in detail.

1 There are different methods for configuring DC grids with monopole solutions
minimising costs but bipole solutions introducing the opportunity for inherent
system redundancy.

1 A number of regulatory barriers remain to be overcome to allow for cost effective
development of offshore DC grids.

1 Reliability of components in the offshore &edttakes on much greater importance
than in onshore networks due to limited access for repairs leading to potentially long
down times.

1 Only a few published studies have considered reliability of offshore grid options in

any detalil.
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It is clear from theihdings that there are a host of options relating to how offshore
DC grids might be delivered and that an investigation of reliability in the context of
the offshore setting is an area that could add to the published knowledge base. It has
been found thathere are competing issues that will drive the development of
offshore DC grids with the task of minimising upfront costs through reduced capital
expenditure on expensive infrastructure being weighed against the desirability for
high reliability to mitigaé the impact of potentially long down times in the event of

component failure. The remit of this thesis was therefore decided as follows:

Develop a bespoke reliability analysmodellingtool and use it tocompare the

performance of differentfishore DC gid options through a codtenefit analysis.

A number of key parameters were defined as being important requirements to allow

for a meaningful comparison of offshore DC grid options.

1 The model should be capable of handling various offshore networkndestipns
including different technology options, protection strategies, grid topologies and
converter configurations.

Realistic fault conditions should be applied to the network options.
The appropriate pogault network response and or network reconfidgions should
be applied.

1 Realistic constraints such as the dependency of offshore component repair times on
weather conditions and delays to procurement of vessels and spare components
should be incorporated.

1 Reliability and associated cost benefits should be measured through the ability of
each grid option to meet its objective of delivering offshore wind power to shore and
providing interregional transmission capacity, if applicable.

1 Detailed cost modellinghould include the capital cost of network infrastructure, the

cost of electrical losses in the system and O&M costs.

In performing these tasks thikesis shouldaddress some of the key outstanding

guestions relating to offshore network development:

1 Whatis the value of implementing increasing levels of redundant transmission paths

in offshore DC grids compared with more traditional radial solutions?
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Are multi-terminal or meshed offshore HVDC grids incorporating the widespread
use of potentially costly OCBs financially viable?

What are the costs and penalties associated with alternative protection strategies that
avoid the use of DCCBs?

Which grid design options provide the most value for money in terms of revenue
potential against capital expendituredannning costs?

What are the key drivers behind the reliability of electrical transmission

infrastructure in the offshore environment?
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3. Methodology

This chapter willoutline the methodology used to develop a bespoke reliability
software tool the additional analysis undertaken to allow for abmwtfit analysis

of various options for the delivery of offshore DC grids. A review of available
modelling options is undeiktan before a comprehensive overview of the chosen

methodology is presented covering the model inputs, processes and outputs.

At various points in this chapter reference will be made to discussions with industry
experts. These discussions took place spoaiig throughout the duration of the
project and included face to face meetings, telephone calls-arail @xchanges.
There were two main industry contacts involvedhe project, one of whom works
for a major power systems consultant and the otheraforoffshore wind farm
developemwith direct experience of the operation and maintenance of offshore wind

farm transmission systems.
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3.1 Reliability Modelling Options

3.1.1 Reliability Metrics

The inherent lack of studies into the reliability of HVYDC grids means that guidelines
need to be taken from comparable studies. As such, the study of reliability in the
context of onshore AC transmission systems provides a good reference place for the
devdopment of modelling methods relating to future offshore scenarios and the
definition of key metrics can be clarified. Reliability, for example, although used
thus far as a broad reference to the performance of the whole system, has a generally
accepted daition as the probability that an item or system will perform a required
function under stated conditions for a stated period of f{tbhe When applied to
power systems there are typically two required functions which relate to the ability
the netwok to provide uninterrupted electric power and electric energy to users with
acceptable quality and required quantithis study does not look to consider the
issues of power quality delivered from offshore grids which would require detailed
modelling of he dynamic operation under fault conditions and instead focuses on
determining the static reliability of the grid options. Given the key purpose of an
offshore grid is to deliver energy to one or more onshore systems, the main reliability
assessment metrig this thesis is to quantify the expected value of energy, in terms
of offshore generation or interconnection transfer, that is not delivered due to forced
or scheduled system outages. To achieve this assessment of undelivered grergy, E
a probabilist assessment is made of the occurrence and duration of component
outages. The method for calculating the mesidefined in percentage terms for a
given period in Eqn. 3.1.

YE OTWENQQa Qb "QEEAM®E Qi "Qw (3.1
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Availability is the probability of finding an individual component in an operational
state but can also be used in reference to the overall systems ability to transmit
power. The availabty of individual components is determined by two separate
parameters, namely the Mean Time to Failure (MTTF), which is the inverse of the
oft quoted component failure rate, and Mean Time to Repair (MTTR). Availability is

determined using Eqn. 3[2].
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(3.2

Availability in reference to the overall offshore grid system is perhaps more difficult
to define given that the analysis would need to account for not only the obvious
extreme positions of full andero transmission capacity but also the potential for

periods of reduced or partial transmission capacity depending on the system design.

A number of alternative reliability indices are often utilised within studies of onshore
networks such as the loss @ad probability (LOLP) or the system average
interruption duration index (SAIDIJ3]. These approaches are applicable when
trying to evaluate the economic impact to customers of lost load but are not
considered further in this study. In the offshore emhelectricity consumers, in the
main, are not directly connected to the offshore grid so it is considered that the single
clear method of evaluating the economic impact of reliability is to take the
perspective of the offshore wind farm developer andsicen the costs associated

with undelivered generation.

3.1.2 Analytic Approach

There are a number of methods that can be used when assessing the reliability of
electrical systems, the simplest of which is the analytic, state enumeration or
frequencyduration method as discussed2h and demonstrated in various forms in
[4-8]. Thisapproach makes use of probabilistic methods which calculate anpual E
based on a wind power frequency curve which is used to determine available energy
and estimations of the failure and repair rdteseach of the system components.
Figure3.1 shows a sample wind power frequency plot whereby the delivery of power
from a wind farm over a year is sectionalised into bins ranging from zero to full
power output. Such a chart has beenegated by the author by combining the

Weibull distribution of wind speeds with an appropriate power curve.
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Figure 3.1 - Generic wind power/frequency curve

The power frequency curve can then be utilisecdconjunction with Egn. 3.3 to

calculate the contribution ,,q Of any single component outage:

0 0& 80 88 "Y'YY (3.3

WhereP, is the Power interruptedy, B the power in bin b, s the number of hours

per year spent in bin lis the failure rate of the compent and MTTR is the mean

time to repairof the component. Applying this methodology to all componants
conjunction with Capacity Outage Probability Tables (COPT), agitescin[3] to
determine the probabilities of overlapping faults, can yeltbtal average annual

Euwg figure for the network in question. For relatively small systems this
methodology is said to be advantageous in terms of computationHonever the
process does not lend itself to detailed analysis as the chronology of events and so
the interdependencies of certain features, for example the influence of weather on

time to repair cannot be modellg].

3.1.3 State Sampling

For larger systems a state samgliapproach is often used also known as-non
sequential Monte Carlo simulation. This method differs from the state enumeration
approach in the manner in which fault outages are simulated for the system. Whereas
the state enumeration approach takes eachipp@simult outage and applies an
average failure rate and MTTR, the regruential Monte Carlo method generates

system states by randomly sampling component states, and then evaluating the
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system impact of each sampled combination of component §@tdsach system

state is independent of the previous state but knowledge of average repair time can
be used to calculate values for the required reliability metrics. The process of
evaluating new system states continues until the number of sample system states
gives convergence on a pilefined stopping criteria, for example the variance of
undelivered energf2]. This method is less computationally intensive for very large
systems than the state enumeration method but still suffers from an inability to
accuraely model chronology of events and so incorporate dependence on previous or
parallel variables. The REMARK software developed as part of the TWENTIES
project[10] makes use of this process as part of wider analysis of the reliability of
offshore grid desigs within a zonal electricity market and does consider seasonal

implications but only by estimating a longer repair rate for winter months.

3.1.4 Sequential Monte Carlo Approach

When it is necessary or desirable to incorporate historical dependencies athdetail
effects of seasonality and weather dependencies it is necessary to use a sequential
Monte Carlosimulation[11]. This is also known as the state duration technique and
works by generating a sequential time evolution of each system state for each
comporent in the system. The inputs to such a method ars1Tig- andMTTR of

each component from which time to fail (TTF) and time to repair (TTR) values can
be generated based on a given distribution. This method also requires a stopping
criterion such thatdr each component type the average value ofesletpted TTFs

and TTRs convergmwardsthe MTTF and MTTR values used as inpnd the final
reliability metrics such a&,,q are accurate within a specified confidence interval.
Concurrent weather time sesi can be incorporated to help calculate reliability
metrics and also to influence parameters, for example incorporating the dependence
of repair time on appropriate weather windows. As such a far more detailed analysis
can be performed with a sequentidbnte CarloprocessHowever the tradeoff for

the level of detail is a high level of computational intensity. No published studies into
offshore HVDC grids have so far incorporated a sequeMiahte Carlobased
reliability study within their analysiglthough studies have used this approach in

relation to, for example, wind turbine and wind farm reliability analy$2s13]
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3.2 Overview of Chosen Methodology

Given the discussion in Secti@l, reliability in the context of this thesis has been
defined as the ability of a chosen grid design option to perform the task of
transmitting offshore renewable energy to shore and if afiypidacilitate the cross
border trading of energy. This will be measured through an evaluation of the level of
undelivered energy due to outages on the offshore transmission system based on the

appropriate modelling of failure and repair rates of individyatem components.

Considering the available reliability modelling options and given the stated aims of
the project the Sequential Monte Carlo simulation methodology was chosen as the
most appropriate solution. This allows for a more detailed leveleb&bility
modelling that is capable of not only providing a means of comparing the overall
reliability of different offshore grid options but also a way of investigating some of
the underlying interdependencies and drivers behind the reliability of odfgmimls

as set out in the project scope discussefiaction 2.7Key to this is the ability to
investigate the dependence of offshore reliability on weather conditions given that
access to faulted components and the ability to carry out repairs in ftheref
environment often requires persistent periods of favourable wind speed and wave

height conditions.

The final methodology used to investigate offshore grid reliability meets a number of
requirements to ensure it handles a range of input scenarios and generates results that
consider not only the reliability of different options but also the associatéd e

overall methodological structure of the reliability study, as described in the following
sections, is illustrated irFigure 3.2. A number of system inputs amequired,
including the offshore grid design being explored, a representation of weather at the
site in question and a knowledge of the failure and repair rates of the sub
components in the system. This information is fed into the main Monte Carlo
analysiswhich runs through time chronologically applying faults into the system.
Several functions have been developed to appropriately handle the fault situations by
restoring the network to a new operating state and to determine the length of time

required to epair the system. Online calculations are made of the level of
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undelivered energy and other performance metrics such as the level dbamss

energy trade if applicable to that network.

1 s ial M Carlo Reliability Model
| e e e e e e e e e e e e e e e e e M M M M M M e M e e e
System Inputs System Processes System Outputs

|
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Figure 3.2 - Overview of sequential Monte Carlo reliability methodology

Each aspect of the methodology is described in detail in Se@i8+3s6 along with

a description of any underlying assumptions that have gone into the modelling
process. Section8.7 and 3.8 describe the accompanying calculations of project
capital expenditure, operational costs and electrical losses which together with the
outputs of the reliability analysis can be used to datex a full costbenefit analysis

of each grid option.
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3.3 Model Inputs

3.3.1 Network design

Figure 3.2 shows that a number of inputs are required as a basis for thelitgliabi
software tool. The first of these is the input network design. This study makes use of
PSSE load flow software for the design and representation of all network inputs.
The availability of a purpose built Python extension allows for easy interaction
between the Monte Carlo reliability tool developed in Python and RB&E
network [14]. Although PSSE is a comprehensive package that allows detailed
design and modelling to be performed on a variety of grid designs there are a number
of issues relatingotits use for detailed studies of HVDC grids and in the context of a
reliability study. For instance, the package does not, at the time of use, support the
flexible modelling of all the individual components within an HVDC grid. This
means that an HVDC cwarter station and associated transmission branch are
represented as a lumped component. For the purpose of assigning faults to these
components separately an alternative approach is reqB8SIE, or other detailed
modelling packages could be used tokmanline calculations of load flow and
therefore electrical losses under each new system state within a sequential Monte
Carlo simulation. It is found, however, that this would add a level of computational
complexity that is incompatible with running seeios over a sufficiently large time
period to reach suitable convergence on the reliability metrics being investigated so
is not pursued. For reference the final-tume of a single Mont&arlo reliability
analysis in this thesis 40-120 minutes depeimf on the grid design in question and
other variables. To introduce a full PSSE load flow analysis at each time step would
be expected to increase this runtime by an order of magnitude or more. Given this
issue, and the difficulty involved in modellingdiridual failure events the package

is instead used to define the physical components that exist within each DC grid
scenario and the purpose built Python reliability tool performs all other calculations.

Modelling of offshore grids down to wind turbinespdution is possible. However, to
enable investigation of DC grid compositions and compare the main DC grid design
options, it is desirable to reduce the complexity of the grid and thus model wind

farms as a single lumped input parameter. The reliabifityfishore wind farms to
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the point of connection to their offshore transmission grid is not the focus of this
investigation and it is assumed that their design is common to each of the main DC
grid options being compared. The design of wind farm colleatays is the subject

of many other studies and can be considered in the modelling of energy output
derived from the wind farm as explained in Secti@B.3 The néwork
representations developed for final investigation are therefore accurate in that they
represent each of the main physical components present in each grid scenario
(offshore wind farms, converter transformers, converter stations, transmission
branchesand circuit breakers or switches/isolators) and a number of key attributes
such as voltage ratings, transmission capacity and transmission branch length. The
application and handling of faults, calculations of transmission capacity and any
associatedE, g as well as the calculation of electrical losses are all handled within
the Python reliability model or through offline external calculation. This provides a
large degree of flexibility and for the investigation of DC grid options that cannot be

accuratelynodelled in available licensed software.

3.3.2 Simulated Weather Time Series

To allow for a thorough investigation of the influence of weather conditions and
seasonal variations on the reliability of offshore grids the Monte Carlo analysis relies
upon accuratanodelling of wind speed and wave height time series. There is a
paucity of long term weather monitoring campaigns in the offshore environment that
provide data on both mean wind speeds and mean significant wave height for the
same location and with an aptable resolution. An exception to this is the FINO 1
offshoremeteorologicalmast[15]whi ch has over eight year s
wind speed and wave height data from an offshore site situated in the vicinity of the,
Alpha Ventus, German offshore wirfarm and is publicly available material. The
wind speed data gathered for use is taken from the highest available measurement
height of 80m which corresponds to a typical hub height of existing offshore wind
installationg16].

The data habeen processed using a Multivariate A&egressive approach (MAR)
outlined in[12] which captures not only the trends and attributes of the data itself but

also the crossorrelations between the wind and wave height output. This is used to
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generate largy setsof concurrenwind speedandmean significantvave height time
seriesthat maintain theharacteristicof each dataset, in terms of seasonal trends,
mean values and variancas well as the crosrrelations observed between the
wind speed timeesies and the wave height time seri€Bis study makes use of 100
year®worth of simulated wingpeedand wave height time seriedish are repeated
throughout the much longer Monte Carlo simulation pracélss resolution of the
data is 1 hr and as sutihis is the resolution used for the entire Monte Carlo process.

To enhance accuracy it is possible to model the spatial variation between wind speed
and wave height data between different wind farms connected to the same offshore
grid. Mesascale weathemodels such as the COSME) model[17] or the Weather
Research and Forecasting Mofle#] as used in the OffshoreGrid modelling process
[19] can be used to determine the cross correlation between wind speed time series at
different locations. These take atber data as input and can be used to generate
wind speed data for heights ranging from 100km to 1km above ground. This data can
then be transformed to hub height and the correlation between wind speed time series
at different locations can be determin8@dme studies have looked at regional cross
correlations and shown that some areas of Europe have strongly correlated wind
speed profiles whereas as others do not. It stands to reason that the closer two
locations are to each other the more likely it iatttheir wind speeds at any given

time will be highly correlated with one another however the OffshoreGrid study
concluded that direction is also important. They found that over the whole of Europe
there were strong correlations between wind speeds ind®ést locations but that
correlations dropped when considering locations in the North compared with the
South. Work by Houghton et dlL0] however found less strong relations and

concluded this was an area requiring further research.

To implement such method for wind speeds alone would have been possible but to
maintain the cross correlations between mean significant wave height and wind
speeds and the cross correlations between each of these respectively across different
sites is a task that is highhallenging, especially given the difficulty of getting
access to appropriate cresaidated wave and wind data, and was therefore deemed

out of scope for this project. In order to make what is judged to be a reasonable first
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pass assessmerttjg assurad that the windpeedand waveheightinput time series
applyequally b all wind farms within each case study examined. For a Dogger Bank
style case study such as that describeSection 42 the effectof this are likely to

be minimal as the wind farnin question are tightly clustered anyway and would
likely experience high crossorrelation between wind speed time series. However,
for the study of offshore grids with highly dispersed offshore generation it would be

preferable if this issue were adsgsed in any future work.

It is also of interest to study the effects on reliability of applying weather time series
from a range of geographical locations which may have significant variations in their
overall characteristics such as mean wind speed aadosal variations. An
investigation of the reliability is therefore performed using data obtained from
existing operational offshore wind farm sites. The results of this are presented and
discussedn Section5.3. Additional sources of concurrent wind and wave height data
from locations with potentially harsher conditions than FINO were sought but none
found with comparable resolution and quality so the comparison is confined to
locations with calmer conditions th&NO.

3.3.3 Wind Speed z Wind Power Conversion

Another input that is required to accompany the wind data is a means of converting
the wind speeds to appropriate wind power out@inen that the FINO wind speed
data used is taken from 80m height it is assufoethis work that this is a suitably
typical representation of the hub height for offshore wind farms so no further
conversion has been performed. Future offshore wind farms may well have
increasingly high turbine hub heights and so it is possible toeasidhis issue by
conversion of the existing data through one of two main methods. The first method is

the log law transformation which determines the wind shear profile as follows:

Ya o Ya —% (34

where U(z) is the wind speed at hub height, z, YJ(® wind speed at input data
height, z and z is the surface roughness length, a subjective measure based on the

physical surroundings of the area in question which is naturally very low in offshore
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applicatons [20]. Another method is the empirical simplified power law which can
also be applied as shojai]:

Ya  Ya & (3.5

where| depends on the surface roughness lengtiftze power law, unlike the log

law has no physical basis and is anp&ical solution that is not recommended for

use in most situations. It was argued2f], however, that the Power law provides
accurate results in the higher 98% of the atmospheric boundary layer (ABL) whereas

the log law seemed to prove accurate inltveer 35% of the ABL. Turbine hub
heights typically Iie in the upper regio
ABL to be between-2km thick, meaning accuracy of either method is questionable.

If available, wind speed data taken at a rangeeajtis from the source met mast

can be used to validate the results derived from either method.

After obtaining a representative wind speed time series it is necessary to develop a
method of translating wind speed to wind power. At the individual turlewe it is
possible to make use of published manufacturer wind speedind power

conversion curves such as that showRigure3.3.
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Figure 3.3 - Siemens SWT3.6-107 power curve (reproduced from23])

When looking at wind farm level power output the use of individual wind turbine
power curves is no longer suitalsle anumber of factors could contribute to reduced

power output ovea full wind farm when compared with an individual turbifidese
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include wake effects, wind speed variation across the site, sydéatnicallosses

and system fault®s such it is desirablto have a wind farm power curaad sich a
curve wagdevelopedor a generic offshore wind fartyy Garrad Hassan, now part of
DNV GL, andpublished as part of therddewindproject [30]. The derivation of this
power curve however has not been publishetias such it is uncleAow many and
what contributing factors have been considefeden the nature of this project is to
investigate reliability it would be desirable to have a power curve that is known to

reflect only internal wind farm loss factoret make certain there

accountingdé of unsupplied energy. Some
out some of these contributing factors in the offshore settif@dinfor example and
other methods to convert wind speed to wind poveata dhave also been explored
including the use of historical information for concurrent wind power output and
wind speed data to build statistical models as used2%) but no definitive
conclusions have been arrived at in terms of how to derive an acoffidtiore wind
farm power curve. A method of synthesgsiwind output over a large aréarough
knowledge of the site wide wind speed distribution curve and the individual wind
turbine power curves was developed26] and gives a similar smoothed restalt

that developed in the Tradewind projech the absence o& more refined or
transparent alternative for the specific offshore daseTradewind power curve,
recreated irFigure 3.4, is used in this thesist shows that the maximum expected

power output from the wind farm is just 89% of the installed capacity.
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Figure 3.4 - Generic offshore wind farm wind speed wind power conversion curve[27]
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3.3.4 Reliability Input Assumptions

Reliability data for offshore DC grid infrastructure is generally sparse due to the fact
that many of the proposed technologies are either new or relatively young meaning
dat a s i mpeAisyin sbroeecasesdit has not been gathered over a long enough
time period to be considered robust. Where established technology is to be used there
are some publicly available sources of fairly robust reliability data relating to
onshore performancdhe direct application of thesehowever,when considered in

the harshmarine environment is questionable. There araumber ofsources that

have published reliability dafar offshore grid componentsith Cigré providingthe

most consistent publication bbth existing real system data as well as projections as
to future reliability expectation$§28-32]. Given the infancy of the industry the
figures are likely to be ever evolvinglong with Cigr, a number of other studies
have attempted to estimate thdiataility of individual component subystems for
offshore HVDC gridsTables3.1-3.6 show the MTTF and MTTR estimations from

five separate sources that have each attempted to attribute reliability figures to some
or all of the major constituent componerg#ed suksystems that will make up
offshore HVDC grids. The Twenties REMARK stufB88] also estimated reliability
figures but based the figures on @&glata so this is not included to avoid double
accounting from single sources. Best case and worst sas@tes are shown where
given and are equal where only one estimate is offered. All results are translated into

MTTF and MTTR values and given in hours.

Table 3.1 - Published reliability estimates for onshoe converter system

Reliability Estimates - Onshore Converter

MTTF (Hours) MTTR (Hours)
Source Best Worst Best Worst
1: Cigre 2015[31] 17532 17532 24 24
2: SKM 2012[34] 8766 2922 14 14
3: Hodges 201335]
4: ISLES 2012[36] 8766 4383 13 44
5: Linden 2010[29] 5930 5930 4 4
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Table 3.2 - Publishedreliability estimates for offshore mnverter system

Reliability Estimates - Off shore Converter

MTTF (Hours) MTTR (Hours)
Source Best Worst Best Worst
1: Cigre 2015[31] 17532 17532 168 168
2: SKM 2012[34] 8766 2922 14 14
3: Hodges 201335] - - - -
4: ISLES 2012[36] 8766 4383 13 44
5: Linden 2010[29] 5930 5930 4 4

Table 3.3 - Publishedreliability estimates for onshoretransformer system

Reliability Estimates - Onshore Transformer

MTTF (Hours) MTTR (Hours)
Source Best Worst Best Worst

1: Cigre 2015]31] - - - -

2: SKM 2012[34] - - - -
3: Hodges 201435] 461368 438300 1440 4320
4: ISLES 2012[36] 876600 438300 1440 1440
5: Linden 2010[29] 365250 365250 2160 2160

Table 3.4 - Publishedreliability estimates for offshoretransformer system

Reliability Estimates - Off shore Transformer

MTTF (Hours) MTTR (Hours)
Source Best Worst Best Worst

1: Cigre 2015[31] - - - -

2: SKM 2012[34] - - - -
3: Hodges 201735] 461368 292200 2160 4320
4: ISLES 2012[36] 292200 292200 4320 4320
5: Linden 2010[29] 365250 365250 2160 2160
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Table 3.5 - Publishedreliability estimates for HYDC transmission cables

Reliability Estimatesi HVDC Transmission Cable

MTTF (Hours/100km) MTTR (Hours)
Source Best Worst Best Worst
1: Cigre 2015]31] 245448 245448 1440 1440
2: SKM 2012[34] 168577 168577 1560 2160
3: Hodges 201235] 417428 5844 - -
4: ISLES 2012[36] 438300 109575 720 2160
5: Linden 2010[29] - - - -

Table 3.6 - Publishedreliability estimates for HVDC circuit breakers

Reliability Estimatesi HVDC Circuit Breaker

MTTF (Hours) MTTR (Hours)
Source Best Worst Best Worst
1: Cigre 2015]31] 175320 175320 50 50
2: SKM 2012[34] 584400 584400 192 192
3: Hodges 201335] - - - -
4: ISLES 2012[36] - - - -
5: Linden 2010[29] 116880 116880 4 4

As Tables3.1-3.6 show, most studies looking into the topic of HVDC reliability have
considered some or all of the six distinct componentsystems identified. These
represent the major constituent components of future offshore DC grids and are the
components modelled thin the reliability analysis of this thesis. It is known that
auxiliary systems such as cooling systems for transformers can often be major
contributors to component downtime rather than failure of the major components
themselves however precise data doxiliary systems is not available and as such
these are not explicitly modelled. It is assumed that auxiliary system failures are to a
great extent factored into the existing published projections in any case, i.e. when an
auxiliary failure leads to an tage of the primary equipment, this is reflected in the
primary equipment MTTF and MTTR data. Some components have an inherent
degree of redundancy such as MMC VSC converter designs which can tolerate a

degree of module failure before the converter catonger transmit energy. Again
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there is little in the way of specific data to break down the causes of failure and it
must be assumed that the published data already factors in this inherent attribute

meaning all converter failures are assumed to removentire unit from service.

The spread of results within the estimationsables3.1-3.6 is substantial so it is
necessary to consider a range of potential reliability scenarios. It was therefore
undertaken to make use of all the compiled estimationagakith discussions with
industry experts to develop a unique set of reliability inputs based around three
scenarios giving a central case, a best case and a worst case estimate of failure rate
and repair times. These discussions led to some of the Ipedblidata being
disregarded and also gave an indication as to the figures that seem most plausible.
For example, the worst case MTTF for transmission cables given in source 3 was
found to be an extreme outlier and leads to extremely poor reliability perceras
highlighted in previous work done [87]. It is stated i{38] that cable failure rates

are often highly skewed by individual cases of badly engineered or installed systems
and on reflection it is concluded that this estimate is likely to have been based on a
cable system that experienced a serial defect and as isuatonsidered
unrepresentative and is not considered in the final worst case scenario that is
developed. The three scenarios form the basis of the studies performed in this thesis
and the central case is also used as the basis to examine a range vitgahsidies

which investigate the impact of a number of individual contributory factors. The

unique scenarios developed for use in this study are outlineabies3.7-3.9.

Table 3.7 - Central case reliability scenario

Central CaseReliability Scenario

Comporents | MTTE (Hoursy) | "L
Fixed Delay Repair time
Onshore Converter 6480 (10 nonths) - 6
Offshore Converter 6480(10 nonths) - 6
Onshore Transformer 438300(50year$ 2160(3 months) 72
Offshore Transformer 350640(40 yeary 2880(4 months) 120
HVDC Transmission Cable 219150(25 year} 2160 (3 months) 144
DC Circuit Breaker 219150(25 year} - 6
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Table 3.8 - Best case reliability scenario

Best CaseReliability Scenario

Comporents | MTTF (Hoursy) | 020
Fixed Delay Repair Time

Onshore Converter 17532(2 yeas) - 3
Offshore Converter 17532(2 yeas) - 3
Onshore Transformer 876600(100years 1440 (2 months) 48
Offshore Transformer 438300(50 year} 1440 (2 months) 96

HVDC Transmission Cable 438300(50 year} 1440 (2 months) 120
DC Circuit Breaker 525960(60 year} - 3

Table 3.9 - Worst case reliability scenario

Worst CaseReliability Scenario

Comporents | MTTF (Hoursy) | 000
Fixed Delay Repair Time

Onshore Converter 2880(4 months) - 24
Offshore Converter 2880(4 months) - 24
Onshore Transformer 350640(40years 2880 (4 months) 96
Offshore Transformer 262980(30 yeary 4320 (6 months) 144
HVDC Transmission Cable 109575(12.5 yeark 2880 (4 months) 168
HV DC Circuit Breaker 131490(15 year¥ - 24

It can be noted frormiables 3.73.9that instead of using MTTR values as input to the
reliability study, repairs are based on time to repair (TTR) values which are split into
two separate categories. Each component has a specific repair time which relates to
either the number of hours reqed to physically carry out a repair (onshore/offshore
converters onshore transformer and circuit breaker) or the size of the relevant
weather window required to carry out a repair (offshore transformer and transmission
cable). This reflects that differe component types are subject to different repair
modelling as described in detail in Secti8.3 Transformers and transmission
cables are also subject to aeiikdelay which relates to the time period required to

acquire both a replacement component (assuming spares are not readily available) as
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well as access to the specialist vessel required for the repair. The final TTR values
and fixed delays used are aridvat through discussion with industry experts but are
also broadly reflective of the MTTR values given in the literature.

Transmission cable MTTF values are given per 100km of cable section. This makes
the assumption that cable failure rates are dirgotbportional to cable length.
Although this is perhaps an oversimplification, given that cable faults can often be
located at section joints or at platform connecti@%, there is evidence to suggest
that a large proportion of subsea cable faults aresed by external factors like
anchor drags or by fishing nef88, 40, 41] The likelihood of these events does
increase proportionally with cable length lending the assumption a degree of
credence, although other localised and unique factors such gsnghigctivity
around a particular project are also likely to be important. This thesis also makes the
assumption that the main DC grid case studies utilise a symmetrical monopole grid
configuration as outlined irBection 24.2 meaningthat the transmissiomoute
consists of two separate cables. It is assumed that these are laid as a bundled unit
meaning that the reliability figures for a single cable are still applicable. In this
configuration all cable faults remove the entire transmission branch frontceserv
Case studies involving the bipole grid configuration outlined in Section 2.4.3 are also
examined whereby the transmission branch would consist of two main cables which
would be laid a significant distance apart. In this scenario faults on eachwoaibdie

be independent of one another so each cable is subject to its own failure rate.
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3.4 Features of Main Sequential Monte Carlo Model

As Figure 3.2 shows the main futionality of the reliability software tool is
delivered through a sequential Monte Carlo simulation methodology which draws
upon a number of distinct Python developed modules which allow for modelling of
system response to a lifetime of fault conditionsisTsection gives an explanation of

the workings behind each of these functions in relation to a generalised example that

is used to explain the simulation process.

3.4.1 Stop Criterion

A starting point for any Monte Carlo process is to define the criteriatbghwthe
process, once running, will be terminated. There are numerous methods which can be
used to accomplish this including simply setting a fixed time period for the number
of Monte Carlo years you want to simulate. It is more beneficial, howeverfite de

the length of runtime by calculating a specific convergence criterion and terminating
the simulation once a threshold target has been reached. The performance metric
used as the stopping criterion in this study is the level of unsupplied energy as a
percentage of total deliverable energy or gy as described in Eqr8.2. Under
Central Limit Theorem as the number of trials, n, tends to infinity so the distribution
of the trial means approximates a normal curve. Using procedure outlifd?] #3]

it is therefore possible to estimate the confidence limit, L, for the accuracy Bf.the
calculation, that is, how close it is to the unknown t&yg value,, that would be
derived from an infinitely long Monte Carlo simulation.bifis the estimat®f Eyng

from N Monte Carlo simulated years then the probability that theByuevalue lies
between the intervadNL i s calculated with the degr

following:

~

[0 , : p ® (3.6
The confidence limit L is calculated from Eqn. 3.7 withy given by the 4

distribution with 1 degrees of freedoand"Ybeing the sample variance.

0 0y ? = (3.7
This study usegs, therelative confidence interval as calculated in Eqn. 3.8, as the

parameter on which to base the stop criterion.
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29
s S

(3.9

To ensure a high degree of accuracy in the final calculated valuég,fdhe stop
criterion placed on the Monte Carlo simulation is set,a0.01 (or 1%) withJ=0.05

giving a 95% confidence that the calculakggy value is accurate withitil% of the

true figure. This is a stricter value than th&% figure suggested for @sn [44].

This allows an extra degree of certainty to be given when comparing different grid
options which give similar reliability performance but does mean several hundred
thousand Monte Carlo simulation years are typically required to reach convergence
on the networks investigated. As such, much of the modelling work looked to
minimise the computational complexity of the reliability tool and so the runtime.

3.4.2 Time to Fail Calculation

At the beginning of the process all system components must be givauedorathe
expected time to fai(TTF), i.e. to change from the in service state to the out of
service state due to a forced outaghkis is also required each time an individual
component fails and is then repaired so a new TTF value is assigned evey ti
component renters the in service state. A wkilown model of the time variation

of failure rates in electrical and mechanical components is represented by the

Obathtuboé fail ur eFigdre3dt ri buti on as shown |

Failure intensity function, Af

Early failures Intrinsic failures Deterioration

L4

Operating life, time

Figure35-6 Bat ht ub6 curve showing failure inf4gnsity func
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The Obathtubd cur venormalypassegaed with repahrable e
machinery. These are wearin period that reflects an increased propensity for
component failures in early life often due to unforeseen issudsnganormal
operating period where failures grerelyintrinsic and led to a constant failure rate;

and a weaput period which represents an increase in failure rate feet of
componergreach the end dheir naturaloperating life. In reality the composition of

this failure rate distribution will differ from componet® component with, for
example, mechanical components typically having a much shorter normal operating
period and a much longer gradual weat period than electrical components which

typically more closelyfollow the bathtub curve as illustrated in Figu8.5 [43].

Without detailed knowledge of failure rate distributions it is typical in reliability
studies to disregard the wearand weaiout periods and model only the constant
failure rate normal operating life period. This study makes the same [@gsus an
attempt to model failure distribution in more detail requires more detailed data than
IS publicly available and also a more intensive computational, and therefore time
consuming, analysis which is incompatible with the long Monte Carlo runtime
required for convergence. This is considered a valid assumption in that the major
mechanical component modelled in the system are cable failures which are mainly
caused by random external faults and not often mechanicaloueap all modelled
componentxan be assumed to have a long normal operating life period. Further to
this, if it is assumed an appropriate scheduled maintenance regime is in place then
components can essentially be kept in the normal operating life state for the duration

of their deplgment and not allowed to enter a weart phase.

On top of these typical time related reliability factohere is some published
evidence to suggest that fauledating to offshore wind turbinemay be more likely

to occur in extreme weather conditipathough the correlations found are relatively
small and a matter of ongoing reseaf46, 47] Given that there is little in the way

of published evidence to corroborate that similar phenomena would apply to offshore
transmission infrastructure this thesdoes not attempt to model any seasonal
variation in failure rates although the issue is highlighted as an area for future

investigation if robust evidence were to become availaBd@asonalimpacts are
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however modelled in terms of how they affect commbmepair timesas explained

in Section3.4.3 The failure ratep; of a component is inversely proportional to the
MTTF (Eqgn. 3.9) so the input MTTF values arswased to be independent of time
and are utilised to generate new TTF values for each component when negessary
Eqgn. 3.10.

o "y'yol (3.9
YYO 0 Y'Y 7Y (3.10)

where, TTF is the component time to fail as calculated at the beginning of each
simulation trial and each time you move from the out of service state to the in service
state, MTTF is the given mean time to fail of the component in question and R is a
randanly generated number. This results in the random generation of TTF values
which, when taken as a whole for each component type, have a mean value equal to
the MTTF and are exponentially distributed around the MTTF meaning they adhere
to the constant failerrate assumptigd8].

3.4.3 Time to Repair Calculation

When considering the operation and maintenance of offshore assets the ability, when
necessary, to get to and carry out component repairs becomes a much more critical
factor in terms of overall reliabilitthan in traditional onshore systems. A number of
additional practical barriers have to be negotiated and considered including physical
distance from shore, increased likelihood of adverse weather conditions which limit
access to assets and the potengé&dito acquire specialist vessels and equipment to
carry out repairs. As such, the modelling of repair times for components is a central

focus of the reliability study.

Instead of using a method similar to that used for the generation of failure times, as
outlined in Sectior8.4.2 repairs for offshore components are instead calculated with
reference to the weather conditions encountered from the point of fatudestated

by the input concurrent wind speed and wave height time series, as well as the time
needed to actually carry out a repair and the weather constraints that impact the
ability to work. Consideration is also given to the fact that the repair tss@cated

with some serious fault conditions such as the need for cable repair or transformer
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replacement are driven by delays relating to the time required to source new
components and the need to obtain specialist vessel and equipment to arrange and
carty out the repair. With this in mind repairs are split into a number of different
categories relating to whether or not the component is onshore or offshore and also
the main drivers behind repair time for each component. Each category has a repair

procesghat is modelled separately as described in Seci@gh8.13.4.3.3

Onre element of modelling that remains constant between each of the repair
categories is the calculation of working hours. It is assumed that repairs are carried
out during normal working hours with the onshore shift length set to 12 hours and the
offshore sift length 15 hours with a 7 day working week. After any failure occurs
the first calculation that is made is that of the number of hours until the beginning of
the next available shift to begin the repair process. The working day starts at 6am so
any rep& will be delayed initially by at least the number of hours before the next
6am. Further to this the time required to travel to offshore sites is accounted for

within each offshore repair strategy.

3.4.3.1 Minor Offshore Repair

This category relates to offshore component failures which require only minor repair
and can therefore be managed by a small number of personnel travelling on a
standard transport vessel. For relatively near shore operations a crew transport vessel
(CTV) is likely to be used. For maintenance much further than 70km offshore it is
likely that helicopter access would be required due to the length of transit time
required using a standard CT@5] or that a permanently manned offshore
maintenance hub would bertstructed to allow quicker access to offshore platforms.
For this study offshore converter and DC circuit breaker faults fall into this category
whereby it is assumed a relatively short and simple operation can be performed to
replace power electronic subodules or otherwise and bring the converter or
breaker back online. The ability to perform this operation is weather dependent and
relies on the ability of personnel to safely transfer from the CTV to the offshore
platform. The industry standard criterfar safe transfer states that the mean
significant wave height should not exceed 1[8&]. For far offshore case studies as

examined in this thesis it can be assumed that helicopters would be used for access or
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that CTV access is possible via a centeglisffshore maintenance hub. If the former

is assumed the access criteria would be based on visibility and wind speed as
opposed to significant wave height. From discussions with industry experts it is
found that there is anecdotal evidence of a high @egfrerossover between periods

of CTV and helicopter access restrictions. Visibility data for use in conjunction with
wind speed and wave height data is lacking so modelling helicopter based repairs in
detail is difficult. As such it is assumed that CTVwsaheight restrictions apply to

all minor offshore repairs in this thesis regardless of mode of transport.

As the offshore converter is likely to be fully housady work that is carried out on

the converter subystem is assumed to be unaffected by @rrtheather constraints
andsoisbankedd and the repair is completed
equal to the TTR value given in the reliability input data associated with the
component in question. The repair methodology works by assuming tperfec
forecasting of wave conditions and thus looks forward into the wave height time
series associated with the next available working day and determines the largest
available weather window where wave heights are consecutively below the access
threshold. Ifthat weather window is larger than a minimum threshold then a certain
number of hours are banked towards the component repair. This repeats through each
working day until enough hours have been banked and the total time from point of
failure to point of reair is calculated. The minimum threshold is defined as the total
travel time to and from the repair site plus a minimum number of working hours
which make the travel worthwhile. The minimum number of working hours is
assumed to be 2 hours such that airdpat is located 1 hour from shore requires at
least a 4 hour weather window for any maintenance to be carried out on that day. If
two weather windows are available within a single shift then it is assumed that the
maintenance team would make use of dhylargest single weather windokigure

3.6 shows an example scenario which yields two plausible weather windows within a
single shift. Thesimthismsbeaariownidld bé éqaahtdteedsige h o u |
of the largest window minus the travel time to and from site. If however the number
of hours required to carry out the full repair is reached before the weather window is

complete then the process is stoppedi the final repair time reported.
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4 hour weather window restricted access 8 hour weatherwindow
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Figure 3.6 - Access example for minor offshore repairs

3.4.3.2 Major Offshore Repair

Major offshore repairs are taken to be repairs which require the procurement of a
specialist vessel and or a replacement component. In this study replacement of
offshore transformer units and the replacement of a section of damaged offshore
transmission dale come under this category. Transformer replacement is likely to
require use of a heavy lift vessel (HLYY5] whereas cable repairs also require a
specialist vessel or a vessel modified with the appropriate equipment to carry out the
repair so long ag iis capable of storing the replacement section of cable, typically
500m worth, and the associated jointing house, cranes and winches that are required
[49]. It is considered that repair time for major offshore repairs are significantly
driven by delays t@rocurement of the required vessels and replacement components
as well as the weather constraints related to the actual repair process. Given this, a
fixed time period is associated with each repair under this category which represents
the minimum time rguired to carry out all preliminary work up to the point where

you are ready to go and repair the component. As represeniedles 3.7-3.9 this

period is typically in the order of a few months. After that point it is determined that
major repair operatins require a fixed weather window under which to perform the
entire operation which, again frofables 3.7-3.9, is likely to be in the order of

several days.

For cable repairs relatively calm seas are required to carry out the repair process
which requies locating the two damaged ends of the original cable and jointing each
end to a new cable section. Any periods of rough weather could lead to the loss of
work already carried out so using expert opinion the same 1.5m wave height criteria
is applied. Fotransformer repairs it is assumed that either an HLV or a large field

support vessel (FSV) with suitable crane is used to carry out the repair. These vessels
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also operate to maximum safe wave height criteria although this is less strict and is
set at 2nj45].

As with the minor offshore repair category perfect forecasting is used to search out
into the significant wave height time series from the beginning of the first shift after
the fixed delay period. In this scenario, however, the repair is not cochpietd a

single weather window is found that is suitably large to perform the entire repair
based on the given reliability input figures. It is assumed that travel time to and from
the repair site are included in the repair window. A degree of leevimylisnto the
process such that if 1 hour in the time series is only slightly above the threshold then
it is not considered to have breached the criteria. This is realised through the use of a
rolling three hour average to determine whether or not the Wweight is below the
allowed threshold. Both offshore repair categories are able to capture, by virtue of
the weather modelling, the fact that repair times are likely to take significantly longer
to carry out over the winter months than during the sumasedetailedn Section

4.3.2. Thisshould give a more representative reflection of tdigly than a
methodology which does not consider seasonal influences on repair times.

3.4.3.3 Onshore Repair

Onshore repairs relate to onshore converter and transformeresadund are not
considered to be influenced by weather conditions. As such, the same process of
Obankingdéd hours worked during each shift
complete, as described for minor offshore repairs, is used. There ariéena to be

met so onshore repairs are comparatively short compared with offshore repairs,
although in the case of onshore transformer repairs a fixed delay period to account

for procurement of the replacement component and appropriate equipment to
facilitate the repair is applied. However, it should be noted that such a delay could be

mitigated to an extent by the holding of spare components.

3.4.4 Fault Interruption

The reliability tool works by applying a c t i v dodthe fgigen loftstsore grid
networks s it is necessary that fault interruption, isolation and grid reconfiguration
are sufficiently modelled. &ult current interruption is assumed to be successfully

achieved using the nearest available circuit breakers or, in the cases without DC
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circuit bre&ers through actions taken at the terminals of the DC grid either through
use of AC side protection or the use of fault blocking VSCs such as those described
in [50]. Initial network reconfiguration is then assumed to occur such that the
faulted componenis isolated by the opening of appropriate isolators or circuit
breakers, whichever succeed in minimising the number of components, other than the
faulted one, that are also isolatd&the objective of the fault handling algorithm is to
identify the pointf isolationand it is assumed that this occurs instantaneously in all
network cases. In cases where circuit breakers are not present and there is the need
for subsequent actions to-cenfigure and renergise the network, this process is

assumed to occwvithin the minimum one hour time resolution of the simulation.

A recursive algorithm is used which steps through the network from the component
that has failed until the nearest circuit breakers on either side are reachegened

In the case wherthe DC grid is protected via AC side circuit breakers or actions at
the converter terminals, this action is assumed to occur on the fault inception such
that fault current is blocked and the full grid section isolated. The recursive
algorithm, in this casdanstead searches for and opens the nearest isolators on either
side of the fault to allow the remaining healthy network to be reconfigured as
discussed in SectioB.4.5 if necessary, and 4#nergised, after a suitable delay. In
both cases, the algorithmorks by running through each branch that is adjacent to
the fault. If that branch is a circuit breaker or an isolator, the function will open that
element and cdimue searching along any remaining branches but if the branch is not
a circuit breaker or isolator the function will continue on to the next bus and generate
a new list of branches that are connected to this bus and will only stop once a circuit
breaker oisolator are reached or the end of the line is reached. All buses that have
been passed on the way are removed from service along with any connecting
branchesTo enable this functionality, when a fault or repair occurs the code is used
to alter the compnent attributes such that the state of each component can be
identified. Figure 3.7 shows the flowchart that is then implemented within the code
to derive the list of buses that lie between the fault and the nearest circuit breakers,
isolators or DC grid terminals and so require to be switched out in relation to any

given fault.
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Figure 3.7 - Flowchart of fault propagation function
Given that minimising the program runtime is a key driver in the model design, the
calculation of the buses to be removed for each individual fault is madeecditid
the results tabulated. This loalp table is then used within the Monte Carlo process
when required as opposed to repeating the recursive process each time a component
fails. When multiple faults are present any overlaps are handled such that

comporents remain switched out until all faults that influence them are repaired.

With the exception of DCCBs the fault interruption code is initiated at the point of
failure as dictated by the previous time to fail calculation made for that component.
In the @se of DCCBs, however, it is assumed that failures relate to instances when
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the circuit breaker is called into operation to isolate another fault condition but fails

to act for some reason. 't i s possible t
during normal system operation but no data is available as to the nature of offshore
faults and this work therefore follows the precedent s¢81h and assumes that

DCCB failures are only made visible when they fail to respond to a separate fault
condition. To allow this functionality circuit breakers are denoted as having been

failed, like other components, when they reach their next calculated TTF. However,
DCCB failures are considered to be O6hidd:
failure, the metwork is assumed to be unaffected and the fault interruption code does

not act. DCCB faults instead only become apparent at the point at which the breaker

is next called upon to isolate a nearby fault whereby the recursive algorithm does not

stop its seanh if the circuit breaker it reaches is in a failed state. The next available
DCCB or grid terminal is thus called upon to take action to isolate the fault in
guestion and so DCCB failures can be regarded as acting to increase the impact of
other fault coditions. However, it is unrealistic to assume that DCCBs, especially in

critical locations for backup, would sit in a roperational state for several years

without detection so it is assumed that the annual scheduled maintenance program,
discussed in Sion 3.8.2 acts to detect any O6hiddeno

return them to an operational state each summer.

3.4.5 Grid Reconfiguration

Offshore grid designthat make use of circuit breakers throughout or rely solely on
radial connections can be considered static in that they do not change structure under
fault conditions but rather the fault is cleared and isolated and the remaining healthy
sections of the gt are unaffected and continue to operate uninterrupted, with the
only consideration being whether or not the remaining connected generation can be
transmitted in fullFor offshore network designs that do not employ circuit breakers
and instead act as arges of sectionalised DC grids as descriime8ection 2.3.2t is
necessary to calculate the most approprgiid reconfiguration that should be
applied for each fault scenari@his is achieved through an optimisation based
method that tests every @ilsle switching arrangement. To do this a number of

criteria are set on which to judge the appropriateness of each configuration and so
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choose the optimal solution. The factors used relatethto ability of each

configuration to

1 Deliver wind power to sher
T Minimise the need for curtailment and

1 Allow for energy trading between regigiifsavailable

Given that some faults in particular can be expected to take a long time to fix, the
assumption is made that any grido@nfiguration could be in place forsignificant

period of time. This allows the optimisation to be based on the expected earnings
from each configuration option given the average yearly cumulative distribution of
power output at the site in question. As such the objective fundtidior the

optimisatian process is set out in Egn. 3.14 via Eqns.-3.18

O O © (3.1)

f f f (3.12
YUY Y (3.13

QD OWO zh Y ozq (3.19

wherethe delivered energyEqe, is the amount of energy expected to be generated
over the time periadEge, minusthe expected engy curtailment over the period,
E.urail; the value of financial support available per unit of generated energy, e.g. in
GB, via either the renewable obligation for offshore wind generation or the newly
devised contracts for difference schefb&], psunsisy @nd the wholesale electricity
market pricepmarket 2are combined to give thital vaue of generation per MWh,
pmwh thetotal trade capacitylcap iS the amount of trade capacity that can be utilised
at any time Tym, plusthe amount of trade capacity that can be utilised when wind
output is not using the cable capacifyex and prade iS the average price difference

between the two markets in question.

To allow the optimisation process to occur, the input details for the objective
function first have to be calculateBor every conceivable switch arrangement the

grid status algorithmet out in Sectior8.4.6is used to determine the state of the
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entire system under each arrangement for a given fault scenario and thus allow the
optimisation procss to test for the most favourablea@nfiguration optionlf more

than one network configuration results in the same expected earnings the number of
switching operations that are required to get to that configuration from the previous
state is used as faurther decision making factor. The contribution of all valid
electricalsubsystemswithin the wider networkis added together for each possible
configuration scenario and the optimal solution identifigétis is again a time
consuming algorithm so cal@ailons of the optimal grid reonfigurations are made
offline for each conceivable combination of component outages and stored in look up

tables for use in the main Monte Carlo simulation.

3.4.6 Grid Status Identification

Once a fault has ocawd and the faulbandling algorithm and, if required, grid-re
configuration algorithms have completed ttesk of switching outall affected
component@and reconfiguring the grid if necessarg, further function is applied in
order to understand the new state of theesystThis function acts to locate any
distinct and valid electricaridsthat are functionalithin thewider network It uses

a very similar methodology to the fauiterruptionalgorithm highlighted previously.

The same recursive technique is usedep strough the systerthis timefrom each
conceivable start poinThere is howeverno stop criteria other than the fact that the
function will not continue if it reaches a bus or branch that have been removed from
service The function is allowed to ruthrough the entire system until all buses
connected to the start point have been identified. If a wind farm converter bus and an
onshore converter bus or two onshore converter buses are found to beapsirghé
connected gridthen this is a valid et#rical subsystem which allows either
transmission of wind power or cross regional trading. The fundSorepeated
starting from all conceivable DC grid entry poinistil all suchsubsystemshave

been located. Buses which have not been identified beuptirt of electrical islands
that are disconnected from shore connection poi@ind so cannot transfer power.
Thesebuses are removed from service andount can be made of the number of
wind farms that are no longer connected to active elecsidasystemsFigure 3.8

shows the flowchart that is implemented to locate the electricadysibms.
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Figure 3.8 - Flowchart for grid status identification function
After the components connected to all valid electrical-sigbems have been
identified it is possible to collate the relevant information, including the level of
connected generation and the level oflmre transmission capacity, for each-sub

system to determine the new status of the overall system and allow calculation of any
potential undelivered energy.
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3.5 System Outputs

3.5.1 Calculation of Undelivered Energy

As explained previously the leading metric athis used to evaluate the reliability of
a given offshore network is tHevel of offshore generation not delivered to shore
due to the impact of faults on the offshore transmission system. This |ekglyof
calculated in the course tfe MonteCarlo simulationsuch thatan evaluation of the
reliability of the networkand further estimations of the financial implications of that
can bemade. The total availablgeneratedenergy Eaai, for each network is
calculated bymultiplying the wind speed, tak from the input mean wind speed
time series, with the appropriatonversion factgrderived from the input wind
speedwind power curveshown inFigure 3.4, and the total available capacity of the

systemfor each time steps shown iregn. 3.15:

0 OO z2Yz@m (3.15

wheren is the total time of the simulation in houl&/Fe,, is the total capacity of
wind farms in the systent); is thewind speed at time and x; is the conversion

factor for the wind speeat timet, to wind power.

To determine the level d g a calculationis made at each change in system state
during the simulation If the previous system state includes dalf wind farm
disconnectionghe energynot transmitted due to thes€,nq out, IS calculatedusing
Eqgn. 3.16based on the capacity of any disconnected wind farM(B).;, along with

the hourly wind speedsl; for the period between the point of calculati®p., and

the point the system entered that stdigy, and the conversion factog. If the
previous system state alternatively had a situation where any vatitlicge sub
systems had more generation capacity than transmission capacity then a calculation
of the level, if any, oknergy lost due toequirement forcurtailmentof generation
Eund_art, USING Eqgn. 3.18 is performe&gn 3.18is only invoked wherthe power
output at timet, P;, of any valid electrical subystem, as calculated from Eqn.3.17,

exceeds thavailable transmissiocapacity of that suystem Pji,.

108



3. Methodology

o ®0 z2VZ @ (3.19

0 wO z7Yzw (3.1
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C

0¢D 0 ¢ O (3.18

A further calculation of undelivered energy is required for any network scenarios that
require any grid sections to be temporarily shut down in the event of component
faults. Thisrelates to the time required to shut down the effected grid section, isolate
the faulted region, reonfigure the network if appropriate anderergise the healthy

parts of the system. Given that individual wind turbines can be restarted within a few
minutes of being shut down and that switching sequences foonfeguration of
onshore networks can be applied within a few minutes it seems reasonable to assume
that this process can be undertaken in, at most, tens of minutes. As a conservative
estimate this work assumes the process accounts for one time step in the simulation,
i.e. 1 hour.As such the level of energy not delivered due to the process of grid re
configuration,E,ng rcs Can be calculated from Eqn. 3.19:

o 0 2z (3.19

wherelc,pis the capacity of wind farms on the disconnected elecsidasystem U,

is the average wind speed andhe conversion factor at the time,that the fault
occurs.On compleibn of the Monte Carlo simulation the total level of undelivered
energy is derived through the summation of all previéug at, Eund_art aNdEung ret
calculations and this can then be compared against the total level of available
generationEavai, to give a final figure for the percentage Kf,4 for each network

scenario as described in Egn. 3.20.

B O B O B ©
0

zpmnn  (3.20
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3.5.2 Assessment of Tradable Energy

For offshore networks that incorporate the ability for cross border trading between
two or more regions it is necessary to calculate the level of trade capacity that is
available over and above the energy that is generated at offshore wind farms
connected tohte grid. Tradable energy can be separated into two categories, the first
of which is termed firm trade and relates to the amount of spare capacity that is
always available on a grid or grid section that is always free to be used for cross
border energy tiding. The second category of tradable energy is termed flexible
trade and relates to the amount of tradable energy that can be utilised when wind
output is below maximum output meaning there is spare capacity on the éables.
illustration of the tradablenergy is given irFigure 3.9 which looks at the annual
cumulative power output from an offshore grid that has 800MW of wind farms

connected to two separate shoreasith 1000MW capacity.

11T B S S S —

750 +

Flexible Trade
500 -

Generation (MW)

250 Energy Generated

0 8,766
Time (Hrs)

Figure 3.9 - Annual cumulative wind power output and tradable energy example

As is shown, the amount of firm trade energy is a fixed block between the maximum
transmission capacitgnd the maximum wind power output. The amount of flexible
trade at any one point in time is given by the difference between the maximum wind
power output and the actual wind power output. The level of firm and flexible trade
energy, like undelivered energw calculated at each change of system state for all
viable electrical susystems. The grid status identification output of shore capacity

and generation capacity are used to determine the level of firm trade capacity
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available on each stdystem connded in the previous system state and a
calculation of the available firm trade over that period can be obtained by
multiplying by the length of time spent in that state. For flexible trade energy a
calculation is made for each hour the system was in iwiqus state which
calculates the level of flexible energy as the difference between the maximum
generation output and the real generation output. These values are summed over the
full duration of the simulation to generate a total value and then divigleitheb
number of years in the simulation to obtain an average annual value for the

availability of both firm and flexible trade energy.
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3.6 General Overview of Methodology

Figure 3.10 can be used to illustrate the overall procedure undertaken through the
Monte Carlo analysis. In this example two components are shown from an example
offshore grid for a 350 hour snapshot of time to highlight how the wind speed and
wave heght weather inputs are integrated into the reliability modelling. Component

1 is an offshore converter transformer associated with an offshore wind farm (WF1)
that begins the example in a failed state meaning a portion of the fixed delay time
associated uh offshore transformer failures, as discussed in Sec@i@¥4 has
already elapsed. Component 2 is an offshore converter associated with another wind
farm conneted to the example grid and begins the example in functioning state with

a time to fail that has been padetermined by the method set out in Sec8ah2

Component 1 - Offshore Corwerter Transformer W1

z
Z ONp
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g : :
I Fireddelay 1 o Weather dependendant TTR -
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=
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Wind Speed (mds)
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a : a0 : 100 150 200 250 1300 350
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Figure 3.10 - Example illustrating methodology
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The model determines the next time to change (TTC) by comparing against the fail
and repair times derived for all other components. Rather than stepping through time
hour by hour and assessing all facets of the system state at each time step, the model
makes substantial computational savings by stepping straight to the next TTC value,
denoted TTC1 in the example. At TTC1 the model recognises that component 2 has
reached a fail state so immediately invokes the fault interruption function to isolate
the fault and switch out any necessary components, followed by the grid
reconfiguration function to allow any alterations to the system configuration, if
available. The grid status identification function can then be used to determine the
new status of the systei®ince component 2 is now in a failed state it is necessary to
calculate a repair time so the time to repair methodology associated with offshore
converter faults, as described in Sect®#.3.1 is used. In this example around 50
hours elapse before conditions allow enough working hours within daytime shift
periods to be carried otid repair the component using the access criteria of 1.5m
significant wave height. Ais calculated TTR value is compared against all other
system components and is confirmed to be the next TTC value, TTC2. Before
moving to the next time to change it is necessary to assess any impact on reliability
due to the previous system state. In #wample we know that the previous system
state had the failure of component 1 associated with it which would prohibit wind
power export from WF1. The calculations described in Se&ibriare thus applied

to determine the level of undelivered energy associated with this fault given
knowledge of the wind speed time series between TTC1 and the previous change in
system state. If cross border trades are possibldv@métwork then the level of

traded energy will also be assessed as per S&ban

At TTC2 the model recognises that component 2 has reached a repair dtattsan

to reconnect all the components that were switched out at TTC1. A new time to fall

calculation is then made for component 2 and compared with all other component
failure and repair times before determining the next TTC. The level of any cross
borde trade and undelivered energy is then calculated, as before, for the period
between TTC1 and TTC2, noting that the output of two wind farms in the network

were compromised during this period. This example also illustrates the methodology

used to calculatéhe repair time of major offshore component failures such as the
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failure of an offshore transformefigure 3.10 shows that at a little before 100 hours

the fixed dehy period, required to procure the replacement component and
appropriate repair vessel has elapsed and so the weather dependent portion of the
repair time is calculated. The example shows a further 200 hours elapse before a
sufficiently large calm weathgreriod is obtained, as dictated by the reliability input
criteria for offshore transformers and the component is repaired at TTC3 before the
process of calculating the level of undelivered energy and any cross border trade
potential between TTC2 and TTC8undertaken. The process continues on until the

stop criterion is satisfied.

The methodology as described allows for failures and repairs of individual
components to be implemented independently and means that overlapping fault
conditions can be modelled’his means that potentially high impact conditions
where two or more faults are present on the system simultaneously can be
investigated to determine the importance of such scenarios to overall reliability
performance. This is a feature that is not miedelin processes which restrict
investigation to the impact of individual failure events. An extension of the ability to
model multiple overlapping faults would be to include the possibility of single events
leading to the outage of more than one compomethte system. This would be more

akin to traditional N2 fault modelling whereby, for example, an extreme weather
event might simultaneously lead to the loss of service of two system components.
However, there is no data relating to such a phenomertbe wffshore transmission
setting so this has not been considered this thesis although it may be an issue that

could be considered in any future work on the subject.
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3.7 Electrical Loss Modelling

To precisely calculate electrical losses within HVDC grids accurate models could be
produced and full load flow run within a program suchP&SE for all possible

fault scenarios and generation conditions. This would require modelling of the
electrical néworks to a greater degree of detail than has been undertaken in this
project which instead focuses on modelling of aspects most important to overall
reliability and response to fault conditions. To make a calculation of electrical losses
at each time stepithin the Monte Carlo simulation would also add substantially to
the system runtime so this approach is avoided. It is however possible to make
offline estimates of the likely degree of electrical losses by applying published
efficiency data for certainomponents and by calculating the copper losses in subsea
cables and applying the results within the Monte Carlo simulafiale 3.10
illustrates the assumptions thaave been made in terms of electrical losses relating
to the technologies most likely to be used in future offshore HVDC grids using
published figures fronj28, 31} In reality the quoted figures for losses associated
with VSC converters and DCCBs apptyoperation at rated capacity and losses may
well be lower for a substantial portion of the time. This is because some of the losses
associated with the converter station, such as those associated with switching remain
relatively fixed proportionally regdless of power throughput whereas conduction
losses will be proportionally lower at lower levels of power transfer. However,
without detailed understanding of the converters deployed and their loss mechanisms
the modelling in this thesis makes the firgisp assumption that the published
converter station loss figures apply at all power ratings and therefore loss

calculations can be assumed to be a conservative estimate.

Table 3.10- Electrical loss parametes

Electrical Loss Parameters

Component Electrical Losses Comments
500MW 1000MW Losses reduce with power rating
VSC Converter Station 1% 0.9% Assumes MMC converters used
HV DC Circuit Breaker 0.01% 0.08% Assumes hybrid concept used
HVDC '(I':r:tr;lsémlssmn 0.0 0.01q Calculatefrom Rys=I’R
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The level of electrical losses on a network, nevertheless, varies with the amount of
current in the system due to copper losses, with proportionally higher losses as the
grid approaches full utilisation. To estimate average losses, it is possible teeuse th
wind power frequency distribution as showrHigure3.1 which gives the frequency

of time spent in each of a range of power output bins. By considering how power
flows are likely to be controlled in the system, for any given level of generation the
expected level of electrical losses at each element in the network can be determined.
Given knowledge of the amount of time spent at each generating level and the level
of expected losses associated with each level a calculation of the average annual
electrical losses you would expect to occur on an intact netitkinact, OvVer the

range of expected operating conditions can then be made. This can be applied using,
Egn. 3.21, to the level of generated energyi, as calculated in Eqn. 3.15 within

the Monte Carlo simulation to give an estimate of the level of deliverable energy,
Eqeiiveranle associated with each network opti@yeiverabie IS therefore a measurd o

the total generated energy minus the expected electrical losses associated with the
offshore DC grid if it remained in an intact state.

O prmpbO b 20 (3.2)

When included, electrical losses are also accounted for within the calculation of
Eund_at: Eund_art @nd Eung_rcf Dy calculating the average expected losses associated
with each of the most common system states and applying as appropriate within the
Monte Carlo simulation. For full wind farm outages this is achieved by reducing the
calculated level of energy derived from Eqns. 3.16 and 3.19 respectively by the
average intact losses of the systdfigsinact: This accounts for the fact that the
calculatedE g values would have been subject to these losses and ensures that the
undelivered energy is not overestimated. For curtailed energy it is assumed that
curtailment does not occur until the power outpytminus electrical losseBjosscurt,

are more than the grid transmission liniz;,. The value 0Essscurt is derived from

the losses calculated only when generation is high enough to cause energy

curtailment and so is greater than the intact systesses. The modelling of
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electrical losses therefore reduces the level of calculated energy curtailment by
effectively increasing the threshold level of generation output before curtailment is
required.To summarise, when system losses are included Eqfs 317 and 3.19
should be adjusted as shown in Eqns. 822 such that the final calculation of

Eunae @as shown in Eqn. 3.20 includes a consideration of losses at all stages.

o pmmpO b 200 2z (3.22
0 pmrmbO b ZWO 2z (3.23
o p mmbO b 20 27z (3.29

Introducing faults into the network inherently alters the level of system losses
experienced compared with the intact network so it is necessary to account for this.
This change in system losses during periods when the network is in various faulted
statescan be thought of as influencing the level of energy actually delivered to shore.

It is accounted for using the average system losses calculated for each of the possible
system states to derive an adjustment that can be made to the level of deliverable
enggy as calculated in Egn. 3.21. This is calculated as the difference between the
losses that would have been present in the intact Baienact and the losses that

are present in the faulted stalfuss yo,, multiplied by the level of generatashergy

during the outage period as shown in Egn. 3.25.

O O b O b 201 QATYZ (3.25
wheregridcon is the capacity of connected generation. The level of adjusted energy is

calculated after each new outage state and summed to give a total value which can be

used to evaluate the level of delivered eneEgyivers, USINg Eqn. 3.26.
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(0 (0 (0 (3.26

As the size and complexity of the offshore grid design increases so does the number
of possible system states. As such, it becomes increasingly time consuming to make
the manual offline calculations e in this representation of system losses and the

use of a more automated electrical loss model is desirable and would be considered

as an area for future development.
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3.8 Cost Modelling

To inform on the broader implications of the various reliability comparisons made in
this project it is necessary to determine the overall financial consequences related to
the reliability or unreliability of different grid options. To achieve this, aitistaost

model has been included which estimates the cost of undelivered energy due to faults
and electrical losses as calculated within the Monte Carlo reliability model. In
addition to this, included in the model is an estimation of the expected ctist of
required operations and maintenance work undertaken to repair faults. The capital
cost of each network design is also calculated and together with the other grid costs
can be used to determine the total cost of generating electricity from each grid
configuration. The details of the cost analysis are explained in the following section.

It is assumed that all grid options to be investigated are designed such that onshore
loss of infeed limits are not breeched in any scenario and so there is no need to

account for the cost of additional onshore system security of supply measures.

3.8.1 Cost of Energy

The Monte Carlo simulation is used to deliver values for the expected annual level of
undelivered energy due to both fault conditions and system electrical fossas/

given project. The monetary value of that lost energy can be assumed to be
equivalent to the value of energy that is actually delivered to market. For offshore
wind power the cost of energy for the consumer is given as the cost of subsidy plus
thewholesale price of electricity. In previous years, the subsidy cost of offshore wind
generation was derived from the renewable obligation system which awarded
offshore wind two ROCs (renewable obligations certificates) on top of the wholesale
price of eletricity. Thus, assuming the price of both ROCs and wholesale electricity
to be in the region of £50/MWh, the total value of offshore wind under this system is
around £150/MWh. This system has recently been superseded in Great Britain by a
CfD (contracts fo difference) system which sets out a series of annual maximum
available strike prices for the next five years beginning in 2014. This work assumes a
value of £150/MWh for the price of energy which is the median maximum strike
price over the 5 year periahd is in line with the previously used ROC sys{ém

52].
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A straight application of the cost of energy to the expected annual undelivered
energy values gives the expected annual cost. It is important however to assess those
costs in the context of theverall project and so a discounted cash flow calculation is
performed on annual costs over the estimated project lifespan to give the net present
value (NPV) of the lifetime costs. This can then be added to the other system costs
such as upfront capital pgnditure required for the network option to give an
estimate of the total investment costs associated with the project. The NPV

calculation used is given in Eqn.3.27:

L (3.27
p i

wheren is equal to the project lifespan yearsy is the discount rate associated with

the time value of money arfhhual, iIs the annual value of the undelivered energy
being evaluated. This study assumes the project lifespan for offshore networks to be
25 years which is in line with the exgied lifespan of individual offshore wind
deployments and is equal to the figure used the OffshoreGrid study of future offshore
electricity infrastructur¢53]. The annual discount rales an important influence on
overall costs and a number dfifferent studies into offshore transmission
infrastructure have used figures ranging between 2% and[@0%0, 19] A central
estimate of &o is therefore usedhowever, as the discount ratan have a large
impact on the calculated project costthe impact of vaing this value isstudied

within the sensitivity analysign Section 5.5asis the impact of varying the cost of

energy

3.8.2 Cost of Operations and Maintenance

The cost of offshore OBl is a major consideration when looking at the offshore
wind farm development sector. The costs of vessel hire, procurement of replacement
components and payment of maintenance crew to carry out the repair of components
are significant to the overall finaimg of the project and this is an active area of
research some examples of which are cited later in this section. When applied to
offshore transmission systems the impact of individual faults is much higher than

faults occurring on individual turbines lacse the transmission system faults often
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lead to the curtailment of whole wind farms or grid sections. The costs associated
with these large scale outages in terms of undelivered energy are likely to be
significantly higher than the costs of repairing faalt. As such the costs of O&M

are less likely to be a major driver behind overall project costs in relation to offshore

transmission systems however the costs can still be significant and have been

modelled for completeness.

3.8.2.1 Direct Repair Costs

O&M cogs directly relating to component repairs are modelled within the Monte
Carlo simulation alongside the calculation of component repair time. A number of
details are required to estimate the cost of O&M for a particular fault such as the cost
of any replacment components, the number and cost of personnel required to carry
out the job and costs of the vessel required for the repair. A number of studies have
addressed these costs in relation to offshore wind farm Q&2&] 45, 54]and

offshore transmission cqmonent costs are addressed5]. By combining the data
published in these sources it has been possible to derive a set of cost parameters that
can be used to describe the various failure modes in offshore transmission networks.

The values used are shownTable3.11

Table 3.11 - O&M cost matrix

Operations and Maintenance Cost Parameters

. Offshore Offshore Transmission Onshore Onshore

Failure InpUt Platform Transformer Cable DCce Converter Transformer
Required 3 5 5 3 3 5
Personnel

Personnel Cost £100/hr £100/hr £100/hr £100/hr £100/hr £100/hr

CTV/ CTv/
Vessel Type Helicopter HLV FSV Helicopter ] ]
£1500/ £1500/
Vessel Dayrate £12500 £150000 £10000 £12500 - B
Mobilisation ) £500000 . - - -
Cost
Fix;deg;ft of £1000 | £2500000 | £500000 | £1000 £1000 | £2500000

The total O&M cost for any repair is simply the addition of all the relevant costs as

outlined. To further inform the decision the number of working days required to
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complete the repair is calculated within the repair time function. This allows the total
personnel cds to be calculated by multiplying the number of days worked by the
appropriate shift length and the costs and number of personnel. The personnel costs
are not meant to represent the actual individual payments but are rather inflated to
represent the costsf keeping a substantially sized operations crew on standby to
respond to faults as and when they occur. The total vessel costs can also be
calculated by multiplying the day rate by the number of days worked and then adding
the mobilisation cost of the gsel. The fixed cost of repair relates to the actual cost

of replacement components and for converter and DCCB faults these are in line with
the minor fault costs used [B4] whereas the costs of transformer and replacement
cable sections are derived frddb] assuming that a 500m cable section is required

for repair[38]. The total cost of all repairs can be summed for each Monte Carlo run
and then divided by the number of Monte Carlo years to give an expected annual cost

of O&M directly related to the pair of faulted components.

3.8.2.2 Scheduled Maintenance Costs

In addition to this it is also assumed that a scheduled annual maintenance regime is in
place such that the previously stated assumption of constant failure rate remains valid
overthe fullcourseaf he assetsd6 | ifespan. The cost
calculated by applying a fixed cost to each of a number of maintenance categories
and so varies with the number and type of components in each grid. The costs are
taken as central estimatesrn [56] and are outlined ifable3.12. Referencd56] is

based on the expected ®&costs for a 500MW offshore wind farm so all costs
calculated in this thesis are scaled to reflect the rating of the components in each of
the grids investigated. Transmission cable O&M relates mainly to surveys of cable
burial depth so costs are scaled @ per km basis assuming that the O&M cost
quoted in[56] are true for a wind farm that is 50 km from shore. The annual
scheduled maintenance costs related to DCCBs are taken to"bef e O&M

costs for a full offshore platform in line with the cgsbjections outlined in Section

3.8.3
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Table 3.12- Scheduled O&M cost parameters

Scheduled Operations andVaintenance Cost Parameters

Cost/Unit/

Unit Base Comments
Year

A Inspections o#lectrical and

Offshore Station | £125000 500 MW structural infrastructure
Paint and steelwork repairs

A Inspections oflectrical
Onshore Station £60000 500 MW infrastructure

T - A Surface or ROV based surveys of
ransmission £125000 50 km burial depth
Cable A Integrity testing

A Inspections o€lectrical

DCCB £20833 500 MW infrastructure(1/6" cost of full
offshore station applied)

After the total annual scheduled maintenance costs are determined an NPV
calculation, as described in Secti®8.1, can be performed to obtain a representation
of the combined scheduled and unscheduled project lifetime O&M costs for direct

comparison with the capital expenditure and lifetime costs of undelivered energy.

3.8.3 Capital Cost Modelling

Many of the technologies that are likely to be deployed as part of an offshore grid are
both young in the context of offshore applications and subject to variability in cost.
This makes cost estimation of different network options a difficult task although
there is some literature to guide analysis. Major reports by National Grid and
ENTSOE [55, 57]have published projected cost data for offshore grid infrastructure
based on the same findings whilst a number of Cigré Technical Brochures discuss
potentialcosts of various offshore grid componef8, 58] The data if55, 57]has

been garnered through purchase experience and historical costs where possible and
otherwise through discussion with industry suppliers and the most up to date
published figures cabe used with reasonable confidence to form the basis of capital
cost analysis within this project. Costs are given for a wide range of offshore
equipment but those relating to the most likely technology options for offshore

HVDC applications areummaried inTables3.133.17.
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VSC Converter

Specification

Unit Cost (Emillions)

500 MW 300 kV 681 84

850 MW 320 kV 8971 110
1250 MW 500 kV 10871 136
2000 MW 500 kV 1317 178

Notes

Price excludes platform
cost

Prices for larger rated
stations are indicative
projections of costs for
6next gener a
technologies.

Table 3.14 - Transformer costs

Transformers

Specification

Unit Cost (Emillions)

240 MVA - 132/33/33 kV 1.26-2.09
120 MVA - 275/33 kV 1.26-1.68
240 MVA - 275/33 kV 1.57-2.09
240 MVA - 400/132 kV 1.88-2.3

Notes

Price excludes civil works.
Civil costs can
approximately double the
total installed bay cost.
Material costs are subject
to fluctuation based on
relevant commodity
indices.

Table 3.15- HVDC XLPE subseacable costs

HVDC XLPE Cables

Cross Sectional Area Unit Cost (£/m) 320kV
(mm2)
1200 314i 471
1500 3467 471
1800 314i 524
2000 366i 576

Notes

Prices can vary widely
based upon market
supply/demand and
commodity fluctuations.

Table 3.16 - Subsea cable installation costs

Subsea Cable Installation

- Total Cost per km
Installation Type (Emillions)
Single cable, single trench 0.31-0.73
Twin cable, singletrench 0.52-0.94
2 single cable, 2 trench (10m apart) 0.63-1.26

Notes

Prices affected by many
factors- seabed, route
length, cable crossings,
landing sites, natural
environment etc.
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Table 3.17 - Costs for different DC platform designs

800 MW or 1000 MW VSC DC Platform

(+300 KV or +500 kV- 8000 tonnes) Notes
Structure Unit Cost at 30- 50 m (Emillions) | 1- Price notincluding
electrical equipment costs.
Topside 60- 80
Jacket 20-25
Install 271 35
Selfinstalling 1207 145

A major proposed component of some offshore grid designs, as discussed)@ the
circuit breaker Section 2.1.Z4xplainshow this is a burgeoning technology that has

yet to be delivered in a commercial sense. As such there is no cost data available for
DCCBs meaning an estimate is required based on knowledge of the proposed design
solutions. A hybrid option using a full p@&w electronic branch as the means of
current interruption, as proposed[59] is one such design option. It is stated58]

that for unidirectional breaking, power electronic DCCBs require only to break the
pole to ground voltage of the VSC converterd aso can be realised using the
equivalent of one valve of the 6 pulse group that handles the pole to pole voltage of
the converter. This suggests that fordectional interruption capability a DC
circuit breaker would require one third of the powercetmic capacity of a VSC
converter. DC circuit breakers would not require the same level of additional
components such as the filters and transformers that are associated with a VSC
converter station. Cost estimates vary however {gith estimating thathe cost of a

DCCB would be 2B0% of anequivalent sized converter station whereas the
Twenties study set the cost of DC breake
estimates compared to the projected costs of VSC converter s{@@pn&iven that

power capacity is shared in bipolar grids this study assumes that the cost of each
DCCB is 1/8" of the cost of the VSC converter station it is associated with meaning
that each breaker pair in the two cable system i¥ 118 cost of its equivalent
convater station. It is also assumed that this estimate factors in any additional
expenditure that is required to accommodate DCCBs such as increased offshore
platform space.
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The capital costs associated with case studies used in this thesis are based on mean
values taken from the above input data with the exception of the ISLES case study,
the costs of which were estimated within the original s{édy. Where components

have ratings that do not match any of the quoted data a linear extrapolation is used to
infer costs based on the two nearest quoted figures. The above costs are assumed to
apply to all grid scenarios unless otherwise stated, whereby a justification for cost
variation is given.
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3.9 Conclusion

The chapter presents a novel methodology for assetbsngliability and associated
cost of future potential offshore grid scenaridssequential Monte Carlo modelling
process has been developed that takes in a number of input parameters, models
failures and repairs on the network in question and calsutlagelevel of undelivered

energy as a measure of overall grid reliability.

The system inputs include the network design being assessed, which can be of
varying grid topology and converter configuration as well as failure and repair data
relating to eachamponent in the grid. Three distinct reliability scenarios have been
developed each with a unique set of component failure and repair rates based on the
spread of available published data and a degree of expert opinion. Simulated mean
hourly wind speed anddave hei ght time seriesd which

existing data from an offshore wind farm site are also used as model inputs.

The Monte Carlo process chronologically applies faults randomly into the system
based on the input failure rate datatleé reliability scenario being investigated. A
number of processes have been developed which are able to isolate the faulted grid
component by following an appropriate protection strategy and if the grid has the
ability to be reconfigured to an improvedystem state then an optimisation process

is implemented to determine and implement the required changes. After all network
reconfigurations have been applied the new status of the network is determined and
using knowledge of the time spent in the new sysséate and the wind speeds over
that time a calculation can be made of any undelivered energy. The main novelty of
the process is the treatment of component repair times which are modelled with
reference to realistic constraints relating to procuremeshi@gistics delays as well

as weather, specifically wave height, based access restrictions following any faults.

Electrical losses, O&M costs and the capital costs of implementing each grid option
are also modelled along with the potential for any crosddy trade, if applicable, to

allow a full costbenefit analysis to be performed. Chapters 4 and 5 of the thesis will
make use of the methodology that has been outlined to investigate a number of case

studies and sensitivities.
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4. Evaluation of Grid Design Options

To evaluate and compare the reliability and thus overall cost effectiveness of
different offshore grid design options, a number of case studies are investigated. The
first set of case studies, outlined $ection 4.1 are developed from the ISLES
project which suggested a means of connecting 2.1GW of wind energy between the
islands of Ireland and Great Britain whilst also providing interconnection between
the regions. The second set of case studies, discus&stiion4.2, is developed

from a generic offsore wind farm development connecting 2.4GW of wind capacity

to shore and is akin to the expected early phase developments in UK Round 3
offshore sites such as Dogger Bank. This chapter presents the high level results and
analysis from the reliability imstigation and cost modelling performed and assesses

the importance of the weather dependent reliability methodology.
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4.1 Case Study I Northern ISLES

4.1.1 Development of Grid Options

The ISLES study advanced proposals for the development of HVDC offshore grids
between Great Britain and Ireland. One of those, the Northern ISLES concept,
proposed a sectionalised mttkrminal HVDC network topology without the need

for DCCBs that could incorporate 2.1GW of offshore wind generation as well as
providing the opportuty for crossborder energy tradinflL]. This proposal is used

to derive the base case DC grid design option for this investigation, with two further
design options proposed for comparison. The first of these represents a version of the
ISLES network thaincorporates DCCBs across the network and can thus be realised
as a single DC grid rather than separate sectionalised grids. The final case study
represents a semi-@avdinated design approach which clusters some wind farms but
relies upon radial connectis to shore and does not offer any interconnection
between the sectionalised grid elements and thus has limited redundant transmission
paths for rerouting power flows in the event of faults.

The base case grid option is showrkFigure4.1 and utilises a sectionalised DC grid
topology which negates the need for DCCBs in the clearance of DC side faults and
avoids the breach of any onshore loss of infeed limits. Theonletis made up of

three 500MW and two 300MW offshore wind farms with two 500MW connections

to the lIrish grid at Coolkeeragh and Coleraine and three connections, two 1000MW
and one 500MW, to the GB grid at Hunterston. The offshore network is comprised of
three distinct DC grid sections which are connected at a number of central switching
hubs. In the normal prawult operating state the three grids operate independently of
one another and the level of wind energy connected to each grid section is below the
maximum infrequent loss of infeed limit for the GB and Irish netwdrkshe event

of a fault an entire DC grid section will be temporarily shut down but the network
can be reconfigured to an appropriate new operating state via switching operations.
The grid reconfiguration methodology outlined $ection 3.4.6 is useh determine

the new operating state which is applied after an assumed delay of one hour, equal to
the minimum time resolution of the Monte Carlo simulation, as outlinegection

3.4.3.
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Figure 4.1 - Single line representation of ISLES base case DC grid scenario derived frd@]

Figure 4.2 shows the reconfiguration process that occurs after a fault has occurred on
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the transmission branch between Coleraine hub and Hunterston.
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Figure 4.2 - Example postfault grid reconfiguration for ISLES base case
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The algorithm tests all possible solutions before settling on a new grid configuration
which delivers two separate grids. Each of these has at least as much onshore
transmission capacity as connected wind generation, such that there is no
requirement for energy curtailment, and there is the ability to transfer power between

the two regions when wind output is reduced.

To determine the level of impact on overall reliability of using the sectionalised DC
grid topology, a second case study investigated which utilises DCCBs. This
topology, shown inFigure 4.3, is realised as a single contiguous DC grid as it is
assumed fast acting DCCBs are availableconjunction with an appropriate
protection strategy which allows individual faults to be isolated locally, without

disruption to the wider grid.

SOOMWI
2 - DC Breaker

|
500MW -
Argyle
Hub Hunterston
500MW Y]
1000Mmw |\ @
. GB Onshore
% 1000Mw | "/
1

¥ 1
Coolkeeragh £ X % % Coleraine
Hub Hub
300MW — -I | |
Coolkeeragh | 500MW 300MW Coleraine
500MW |2 l 500MW

l I
Ireland
Onshore

Figure 4.3 - Single line representation of ISLES DCCB gridscenario

It is assumed that DCCBs are not required at the end of transmission lines connecting
into converter stations and that AC side protection is instesati Additional
DCCBs are however placed at the DC hubs to add a degree of backup protection
such that the impact of a DCCB failing to operate is reduced. Although this adds to
the cost of the network, discussion [B] suggests that a degree of protection
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redundancy is expected to be built into HYDC schemes with options including
Obreaker and a halfé switchyard schemes
representative of current thinking. In accordance with the methodology set out in
Section 3.8.3 theost of DCCBs is taken to be one sixth of the cost of the equivalent

rated full converter station.

The final option investigated, shown kigure 4.4, is that of a adial+ design which
incorporates clustering of wind farms and a degree of shared infrastructure but does
not include interconnection between DC grid sections and instead is realised as three

completely independent DC grids with radial connections to shore.
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Figure 4.4 - Single line representation of ISLESRadial+ DC grid

The radial+ grid option operates with the same protection strategy as the base case
grid option whereby AC side protection is used to shawrdthe entire DC grid
section in the event of a DC side fault. DC isolators are available however, such that
faulted grid components can be removed from service and healthy grid sections re
energised after a short time delay. This option reduces the diotaiit length
deployed but does so at the cost of redundant transmission pathsdoting power
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in the event of faults. This allows an investigation to be made of the-dfade

between capital expenditure and reliability.

All the ISLES case studieare assumed to use a symmetrical monopole grid
configuration with halbridge MMC VSC converters, such that the impact of both
redundant transmission paths and the choice of protection strategy on overall
reliability can becomparedFigures 4.1-4.4 are tlereforesimplified representations

of the investigated options meaning the number of cables and DCCBs/isolators is
actually double the number shown. The DC grid voltage is sEB@Q kV and the

distances and ratings of transmission routes are outlinEabies 4.1 and4.2

Table 4.1 - Distance and rating of transmission routes for Base case and DCCB grids as giverj2h

SystemParameters- Base case and DCCB grids

Transmission Route Distance Rating
WF1i Argyle Hub 0.1 km 500 MW
WF2i Argyle Hub 77 km 500 MW

Argyle Hubi Hunterston 256 km 500 MW

WF31 Coolkeeragh Hub 0.1 km 300 MW

Coolkeeragli Coolkeeragh Hub 53 km 500 MW
Coolkeeragh Huld Coleraine Hub 53 km 600 MW
WF41 Coleraine Hub 28 km 500 MW
WF51 Coleraine Hub 0.1 km 300 MW
Colerainei Coleraine Hub 41 km 500 MW
Coleraine Huli Hunterston (1) 174 km 1000 MW
Coleraine Huli Hunterston (2) 174 km 1000 MW
Argyle Hubi Coleraine Hub 101 km 1000 MW

Table 4.2 - Distance and rating of transmission routes for Radial+ grid as derived fronfi2]

SystemParameters- Radial+ grid

Transmission Route Distance Rating
WF1i Argyle Hub 0.1km 500 MW
WF21i Argyle Hub 77 km 500 MW

Argyle Hubi Hunterston 256 km 1000 MW

WF31 Coolkeeragh Hub 0.1 km 300 MW

Coolkeeragh Coolkeeragh Hub 53 km 500 MW
Coolkeeragh Huld Hunterston 227 km 500 MW
WF41 Coleraine Hub 28 km 500 MW
WF571 Coleraine Hub 0.1 km 300 MW
Colerainei Coleraine Hub 41 km 500 MW
Coleraine Huli Hunterston 174 km 1000 MW
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4.1.2 Capital Costs

Component costs for the ISLES network options are taken difeattythose given

in the ISLES study which themselves are largely derived from the same resource as
outlinedin Section 3.3 as well as iFhouse databas¢4]. The costs of DCCBs are

set at one sixth the cost of a VSC converter station of equivalent rating and have thus
been extrapolated from the VSC converter costs gimehable 313. TheDCCB
breaker costs and cable costedisor each power rating are givenTiable4.3 and

the resulting overall capital expenditure required for each grid option is given in

Table4.4, including £60 million for the extension of onshore substations.

Table 4.3 - Unit cost input parameters for ISLES case studies

Cost Parameters for ISLES (£ millions)

300MW 500MW 600MW | 1000MW
Cables (Em/km) 0.75 0.88 0.88 1.50
Offshore Converter Station 70.50 98.30
Onshore Converter Station - 50.34 - 110.00
DCCB 10.43 12.67 13.79 17.99

Table 4.4 - Cost breakdown of ISLES grid options

Project Capital Expenditure (£ millions)

Base case DCCB case Radial+ case
Offshore Converter 437.9 437.9 437.9
Stations
Onshore Converter 431.0 431.0 431.0
Stations
Offshore cables 1081.2 1081.2 980.5
Onshore cables 56.7 56.7 56.7
DCCBs - 500.7
Total 2006.8 2507.5 1906.1

The cost of implementing DCCBs across the entire ISLES DC grid is found to be
some £500 million which makes it 25% more expensive than the base case option.
This highlights the large impact that the use of DCCBs will have on the overall cost
of grid optiors that implement a protection strategy that requires their use, if the
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current best estimate for the cost of DCCBs holds valid. The radial+ option on the
other hand comes in at almost exactly £100 million cheaper than the base case option
which can be atifouted to the removal of around 100 km of offshore DC cable from

the design when compared to the two midtiminal grid options.

4.1.3 Electrical Losses

Electrical losses are calculated using the parameters and mdtfods] in Section

3.7. The losses calcated are defined as the losses which are associated with wind
energy generation only, so are distinct from losses attributable to traded energy
between regions. To calculate losses for thefqu# network configurations it is
assumed that power would marily flow into the GB network which allows the

flow along each branch under the full spectrum of wind power output to be
determined. A consideration is also made of the fact that the losses within the HVDC
system will increase in the presence of add#@iaegional power transfers. A steady
transfer of 200 MW is therefore assumed to be injected from both the lIrish shore
connections, which together are equival e
regional transfer that can be accommodated above thiedkewend capacity in the

base case and DCCB cases. It should be noted that this transfer is an illustrative
attempt to consider the impact of energy trading on electrical losses and does not
necessarily reflect a realistic interpretation of insgionalpower flows between the

GB and Irish grids.

In reality electrical losses will fluctuate according to particular system state, for
example reouting of power along a longer transmission path in the event of faults
would increase losses. It is considehenivever that the majority of time is spent in
the normal prdault operating state and that the impact of these variations on the
overall losses, compared to those calculated for théapitoperating state only, are
negligible. This assumption is valia in the findings of Sectiof.2.3where losses

in each system state are considered for a simpler network scenario.

The losses calculated for each network scenario are giveabie4.5 and show that

there is only a small difference in the level of losses that can be expecteetdhe

base case and DCCB case grid options. The difference can largely be attributed to
losses in the DCCBs which are small but accumulate to give a total of 2.98%
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expected annual electrical losses compared with the 2.95% expected for the base case
grid option. The radial+ grid option on the other hand is a more straightforward
design with fewer branches meaning that the overall losses are expected to be

noticeably lower at 2.82%.

Table 4.5 - Expected annualelectrical losses for ISLES case studies

Electrical Losses

Base Case 2.5 %
DCCB Case 2.98 %
Radial+ Case 2.82 %

The impact of the level of traded energy on the overall losses is chaRepie4.5

which shows that losses would be noticeably lower if no traded energy is considered
in the calculation. The losses as a percentage of the generated energy increases
linearly with the level oftraded energy considered to be present on the system for
each of the grid options although the Radial+ option is influenced to a slightly lower

extent than the base case and DCCB grid options.

3.10%
3.00%
2.90% -

2.80%

% Electrical losses

2.70%
2.60%

2.50% T
0 50 100 150 200 250

Constant Traded Power From Each Irish Converter Station (MW)

==t==Base Case ==m==DCCB Case Radial+ Case

Figure 4.5 - Influence of traded energy on electrical losses

The financial implication of the difference in expected electrical losses between the

grid options is investigated by applying a price to the level of generated energy from
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the offshore wind farms in thegsgem. This is set at £150/MWh which corresponds

to the median maximum strike price that could be awarded to UK offshore wind
farms in the period 2032019([5]. This assumes that losses are valued at the same
level as delivered energy although it shoulchbeed that in reality the price attached

to losses is dependent on where the metering point for wind energy is placed as is
discussed furthein Section 6.3 for futurework. The average annual expected
generation from the wind farms in the system is fotmde 7.79 TWh based on the
100 years of wind input data and the wind speed to wind power curve used. The
annual cost per year of electrical losses from each grid is found by applying the
percentage loss estimates to this figure and multiplying by the wdlwind energy,
defined previously to be £150/MWh. The NPV of this over the project lifetime can
then be determined using the methodsosietin Section 3.8.1. Resulise shown in

Figure4.6.
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Figure 4.6 - NPV of electrical losses for ISLES case studies

Despite there being only a marginal difference in the losses between each of the
designs, this equates to a £23liom difference in the value of expected losses over
the project lifetime between the DCCB and Radial+ grid options showing that
designs with low electrical losses have the potential to substantially increase the long
term overall energy delivery and tieéore project value.
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4.1.4 Reliability Performance

The reliability performance of each grid option is determined by investigating the
level of undelivered energgue to component outages under a number of reliability
scenarios. The key results are shown Higure 4.7 which gives the annual
undelivered energgsa percentage of the annual deliverable energy, defined as the

generated energy minus the electrical losses.

The resilts show that the reliability performance is highly sensitive to both the level

of system redundancy and the input assumptions used. Under the best case reliability
scenario the overall expected level of undelivered energy is small and ranges from
0.88% br the base case grid to 1.45% for the radial+ grid option. For the central case
reliability scenario the level of undelivered energy increases to between 2.35% and
3.93% which although significant is still a manageable level. If however, the worst
case rbability scenario is assumed undelivered energy rises to between 7.66% and
11.05% which represents a very significant portion of the deliverable energy and
would have serious financial implications on the overall project.

12.00% -
11.05%

10.00%

& 8.00% -
g " 7.66% 7.86%
=
T
5 6.00%
B
o]
=
£
= 4.00% B 3.93%
B
% B 2.45%
2.00% W 2.35% 6
® 1.45%
® 0.88% + 0.90%
0.00%
ISLES Base ISLES DCCBs ISLES Radial+
Grid Option

¢ Best Case M Central Case Worst Case

Figure 4.7 - Annual expected level of undelivered energy due to system faults
Comparing the three grid options against one another it can be shown that there is
little difference between the performance of the base case grid and the DCCB grid
option. The base case and radial+ grid options suffers from the need to temporarily

shut davn entire grid sections each time a fault occurs. The reconfiguration process
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required to bring healthy grid sections back online is assumed to take one hour in the
model and despite this being considered an upper limit it is found that the impact on
overd undelivered energy is small. This is highlighted Tiable 4.6 where the
contribution to overall undelivered energy of using an AC side protection strategy is

givenfor both the base case and radial+ grid options.

Table 4.6 - Contribution of grid shut down protection method to overall reliability

Contribution of Grid Shut Downs to Undelivered Energy

o Base Case Radial+
Rellabll!ty Total Total from Total Total from
Scenaro undelivered grid shut || undelivered | grid shut
energy downs energy downs
Best Case 0.88% 0.02% 1.45% 0.02%
Central Case 2.35% 0.05% 3.93% 0.05%
Worst Case 7.66% 0.13% 11.05% 0.11%

Despite the additional energy curtailment associated with using AC side protection
the results actually show that the DCCB grid option has a poorer expected overall
reliability performance. This can be accredited to the fact that the use of DCCBs adds
anoter layer of components into the system which are susceptible to failure
themselves. DCCB failures can lead to the slown of large grid sections as
alternative DCCBs further away from the fault location would be required to open.
The model found that éhimpact of DCCB failures and the associated periods of
disruption add proportionally more to the level of total undelivered energy than
utilising AC side protection does which explains why in each of the scenarios
investigated the DCCB option has a maadjy poorer reliability performance than

the base case option. More complex breaker arrangements could be deployed, than
those modelled, to mitigate this affect further. Breaker and a half arrangd@jents

for example have been suggested. However, asosteof DCCBs is relatively high

the addition of enhanced redundancy in the protection system is likely to lead to a
corresponding increase in capital expenditure that outweighs the small gains that

could be made in terms of reliability.

The importance ohaving redundant transmission paths in an offshore grid scenario

is clear from the results with the radial+ option having significantly higher levels of
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undelivered energy than the two muéirminal grid options which both have the
inherent ability to reoute power under certain fault conditions. This means that
despite being the lowest capital cost option, the radial+ grid suffers from much larger
levels of expected energy curtailment due to fault conditions and the corresponding
value of energy delivedeto shore will be significantly reduced over the project

lifetime.

The financial implication of varying levels of undelivered energy are analysed by
calculating the NPV of energy that each grid could be expected to successfully
deliver to shore over its project lifetime and the results are showigume4.8. This

can be defined as the total potential generated energy, calculated from the installed
wind capacity, the wind speed time series and the wind speed to wind power curve,
minus the electrical losses and energy curtailment due to component outages. An
annual discount rate of 6% is again applied assuming a value for generated offshore
wind energy of £150/MWh and a project lifetime of 25 years yielding a maximum
value for generate@gnergy for each grid option before curtailment and losses of
£15.84 billion.
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Figure 4.8 - NPV of delivered wind energy for each grid option over project lifetime
It was shown irFigure4.6 that the value of energy lost to electrical losses was in the
region of £456E470 million over a project lifetime. The additional value of energy
lost due to component outages can therefore be observed and is shown, for the best

case reliability scenariap add around an additional £135 million for the two multi
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terminal grid options whereas the figure rises to £224 million for the radial+ grid
option. Due to the lower J of the radial+ grid option, however, the increase in the
value of lost energy ovall for the radial+ grid option is only £60 million compared

to the DCCB case and £67 million compared to the base case. For the central case
reliability scenario the value of energy lost due to outages for the base case, DCCB
and radial+ grid options resptively are £361 million, £376 million and £605
million. This brings total cost of lost energy to over £1 billion for the radial+ case
which is around £204 million more than the DCCB case and £222 million more than
the base case grid option. If the wocsse reliability scenario were to be realised
then the lifetime value of Jkq associated with component outages rises to £1.18,
£1.21 and £1.70 billion respectively for the three grid options discussed. This leads
to a difference in the final value of detired energy of £468 million or £502 million
when comparing the radial+ option to the DCCB and base case grid options

respectively.

4.1.5 Value of Trade Energy

For offshore grid scenarios which include the possibility of providing cross border or
inter-regionalenergy transfer it is important to also consider the value of energy that
can be traded on that grid when considering overall financial viability. To accurately
model the amount of traded energy that would likely be utilised, a market based
approach inclding knowledge of onshore energy demand and regional pricing at
each time step is required. Such a model is complex in its own right and is deemed
beyond the scope of this project. However, it is possible to calculate the spare grid
capacity available fomter-regional transfers if it is assumed that delivery of wind
generation is prioritised. As describedSection 3.5.2, two calculatiomse made to
determine the level of trade capacity offered by each grid option. Firstly, the level of
firm trade capaty which is available at all times for any given grid configuration
based on the spare transmission capacity above the maximum level of wind farm
output is determined. In addition to this the level of available flexible trade capacity
is also calculatedybdetermining at each hour the difference between the maximum
level of wind output and the actual level. The addition of the calculated firm and
flexible trade capacity yields a figure for the total available trade capacity that could

theoretically be utised if desired. The level of available trade capacity from each
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category is given iMable4.7 and the associated maximum value of the theoretical
combined trade capay for each option is outlined iRigure4.9. The values reached
assume, as before, a 6% discount rate and a 25 year project lifespan with an average
price differenial between the two regions of £8/MWh which is derived from looking

at typical spot market price differentials between the GB and Irish markets in 2014
[6]. The actual value of trade that would be realised would be scaled up or down by
the actual price fferentials experienced and would be scaled down by the level of

utilisation of the available trade capacity.

Table 4.7 - Calculated annual average firm and flexible trade capacity of grid options

Annual Average Trade Capacity of Grid Options (TWh)

Grid Best Case Central Case Worst Case
Option Firm Flexible Firm Flexible Firm Flexible
Base Case 3.55 4.26 3.57 4.02 3.63 3.40
DCCBs 3.51 4,28 3.47 4.07 3.41 3.53
Radial+ 3.50 3.62 3.47 3.43 3.44 2.92
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Figure 4.9 - Value of tradable energy between the GB and Irish markets over project lifetime
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Compared to the value of wind energy the value of traded energy is less important to
overall project value but stihas the potential to add a maximum value of almost
£850 million over the lifetime of the project for the best performing grid option and
best case reliability scenario. It is evident that in each of the reliability scenarios
there is only a marginal ddéfence between the trade value that could be utilised
between the base case and DCCB grid options and this is in line with the difference
in reliability performance they experience. In each case the radial+ grid option has
less spare trade capacity avaléalt can be shown that this can almost entirely be
accounted for by a reduction in the level of flexible trade energy that is available
showing that the addition of redundant transmission paths not only minimises the
impact of system faults by allowingimd power generation to be-reuted but also
maximises the trade potential available on the grid. The difference in the value of
transmission capacity between the radial+ and nterdthinal grid options is in the

range of £6075 million for the three redibility scenarios.

It is also observed that the difference in the overall trade value in each of the grid
options between the best case and worst case scenarios is not as dramatic as the
difference between, for example, the undelivered energy figuresadh of these

cases. The trade value calculated for each grid option for the worst case reliability
scenario are around 90% of those calculated for the best case reliability scenario.
This is perhaps reflective of the fact that, although some systemdantigions will

inhibit the ability to trade energy, other fault conditions, such as the loss of
connection of a wind farm will actually allow an increased level of trade energy to

occur as it frees transmission capacity on the system.

4.1.6 Operations & Maint enance Costs

A final consideration to be made when assessing the overall project costs of different
grid design options is the cost of O&M throughout their lifetime. As explained in
Section 3.8.2 the costs associanath each repair action are calculatesipart of the
reliability analysis. In addition to this, scheduled maintenance costs are also applied
annually based on the composition of the grid. The annual cost of scheduled O&M
for each of the three grid options is shownTiable 4.8 taking into account the

number and rating of components and cositined in Table 32 TheNPV of this
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is again calculated by applying a 6% discount rate overyeabproject lifetime. It
is found that the DCCB based grid has the highest scheduled lifetime maintenance
costs at £54.8 million due to the additional presence of the DCCBs themselves
whereas the costs are £13 million lower for the radial+ grid optionhatas a lower

circuit length that reduces the need for cable inspection.

Table 4.8 - Scheduled O&M costs for ISLES grid options

Scheduled O&M Costs(£ million)

Base case DCCB case Radial+ case
Offshore Subdations £0.525 £0.525 £0.525
Onshore Subdations £0.420 £0.420 £0.420
Offshore cables £0.239 £0.239 £0.214
DCCBs - £0.708 -
Annual Total £3.338 £4.047 £3.085
25 Year NPV £45.234 £54.832 £41.813

The NPV of total O&M costs for each of the ISLBE8tworks is derived by applying

the same discounted cost calculation to the average annual expenditure directly
related to repair works, calculated from the reliability studies, aufding to the
results ofTable4.8. The total O&M costs under each reliability scenario are shown

in Figure4.10.
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Figure 4.10- NPV of O&M costs for ISLES grid options
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While the costs associated with scheduled maintenance remain constant in each of
the reliability scenarios the costs associated directly with repairs vary significantly
depemling on the reliability scenario. The repair costs are largely similar between the
grid options for each of the reliability scenario although again the DCCB grid option
has slightly higher costs due to the increased number of components susceptible to
failure and the radial+ grid option has lower costs due to the reduced length of
installed transmission cable. In the best case reliability scenario the lifetime costs
associated directly with component repairs are around%ghillion whereas in the

worst cae scenario the figures are around £38 million.

The main point of note is that overall lifetime O&M costs are low in comparison to
the project capital expenditure and the value of undelivered energy, at only around
£56 - 64 million for the centraleliability scenario which is around 3% of total grid
capital expenditure. It is clear that O&M costs are likely then to play a much less
significant role in overall project expenditure for offshore transmission grids than
they do in, for example, an offsteowind farm where turbine O&M can account for
upwards of 20% of the overall project co$®. This can be explained by the
relatively low number of system components and low failure rates of the components

in an HVDC grid compared with a fleet of turbine

4.1.7 Overall Value of Grid Options

By combining the results highlighted in the previous sections it is possible to
generate a final assessment of the overall value of each grid option investigated given
each reliability scenario. The NPV of each grid opti®mnletermined by adding the
value of energy that each is expected to deliver to shore in its project lifetime, after
electrical losses and component outages are accounted for, to the maximum value of
traded energy before subtracting the capital costsudtlibg each grid and the
operational costs associated with maintenance operations. The final results are given
in Figure4.11. It can be shown that when the fulldeapotential of the grid options is
included the ranking of the grid options is the same under all three scenarios with the
base case option giving the best value for money, followed by the radial+ option with
the DCCB option being the least favourable.
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Figure 4.11 - Overall NPV of ISLES grid options

Under the best case reliability scenario with a low number of system faults and fast
repair times, the lowest cost radial+ option gives almost the sameloxadued for
money as the base case option, despite its poorer reliability performance. In fact, if a
utilisation factor of 50% is applied to the trade potential then the two grid options
have identical net worth, such that the savings made by not burlilngdancy into

the radial+ option are exactly balanced by the extra costs associated with relatively
poor reliability performance and reduced trade potential. The DCCB breaker option
has an overall value which is £519 million less than the base cas$kerargie which

is dominated by the additional cost of implementing the DCCBs across the system.

In the central case reliability scenario the base case is clearly the mestfecste

option with an NPV of £192 million more than the radial+ grid optiond £534

million more than the DCCB option. This shows that the cost of implementing
redundant transmission paths in the mtdtminal base case network is lower than

the added value that can be expected to be achieved in terms of reducing undelivered
erergy. If the worst case reliability scenario is assumed then the value of the radial+
option drops further still, due to high the level of undelivered energy in this scenario,
to just £85 million higher than the DCCB option despite a £600 million differenc
capital expenditure between the two project options. The base case option is clearly
the most favourable option in this scenario with a value £470 million above the

radial+ option.
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In general the results show that under all the reliability scentdr@vs is significant

value to be gained from building an offshore grid in the region under the price
assumptions used. The way in which this value is distributed between the different
market actors however is fundamental to gaining the required investmemdke

such a development a reality. Given that the difference in value between the best and
worst case reliability scenarios is upwards of £1 billion over a 25 year project for any
of the grid options it is clear that reliability is a hugely importaotdiain the overall
profitability of an HVDC grid and there is a clear benefit to be had in minimising the
impact of system faults. The value of system redundancy has been demonstrated with
the reliability performance of the mutirminal grid options faoutstripping the

lower cost radial+ option. It is found that for all but the very best case reliability
scenarios the cost of implementing this redundancy through an additional
transmission link is lower than the gains that can be expected through toreduc
undelivered energy. For this scenario a ragtminal solution is therefore preferable

to the radial+ option so long as the capital cost is not excessive. For the multi
terminal option using DCCBs the capital costs are found to be high and this ca
almost entirely be attributed to the costs of implementing the breakers themselves

across the grid.

To avoid this issue it has been shown that an alternative protection strdteiy

uses multiple HVDC grids operating in parallel, protected via AC sglépment

and with the ability for reonfiguration in the event of faults is a financially
preferable solution. Such a grid may bring with it additional issues which are not
factored into this study. For example, it has been noted previously thatidudiihgit
downs would lead to the need for the emergency stoppage of offshore wind turbines
which could have a detrimental effect on long term internal wind farm reliability. It
must also be considered if there would be any unwanted localised impactssmterm
stability issues or otherwise on the AC systems which connect to the DC grid
through the sudden loss of potentially large sums of generation, even if this remained
within loss of infeed limitsTable 4.9 investigates the number of full DC grid shut

downs that could be expected to occur per year on average.
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Table 4.9 - Number of DC grid shut downs per yearfor ISLES AC protected networks

Average Number of Grid Shut Downs perY ear

Reliability Scenario

Grid Option
Best Case Central Case Worst Case
Base Case 5.32 12.67 29.93
Radial+ Case 5.31 12.62 29.56

It can be shown that in the best case reliability scenhedrequency of faults and

therefore grid shut downs is low at only around 5 per year on average. For the central

case scenario the frequency of grid sthodvns rises to a little over 1 per month

whereas in the worst case scenario the frequency of stwaisde higher still at close

to 30 per year on average. The grid operator would need to make a decision as to

what risks the expected level of shut down procedures might entail and whether or

not this was acceptable.
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4.2 Case Study 2 Dogger Bank Scenario

4.2.1 Development of Grid Options

The second case study which has been investigated is based on options around the
early phase development of UK Round 3 offshore development zones. Dogger Bank
is the largest potential development zone and furthest from shoees $eén used as

a reference for the case studies examined in this section. Unlike the previous case
study this scenario does not look at the possibility of cross border trade options but
rather focuses on a number of different DC grid options which coelldsed to
connect four separate but clustered 700 MW wind farm developments to shore. To
evaluate the impact of added redundancy in a simple offshore grid scenario a number
of different DC grid configurations are posed starting with the simplest solut@an o

fully radial option with four direct cable links to shore as showRigure4.12.
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Figure 4.12 - Single line representation of fully radial grid option

The remaining scenarios consider options which make use of shared infrastructure to
transmit power down two high power transmission routes with varying degrees of
interconnection between the offshore wind farms. Aiala option is considered
which consists of two separate DC grids each with two wind farms transmitting
power down a single transmission path. A mtdtminal DC grid scenario adds a

link to the radial+ option, providing a redundant transmission pathdeer transfer

in the event of fault conditions and creating a single offshore grid. A meshed system
is considered next by adding a second link such that the wind farms are connected in
a ring configuration with redundant transmission paths available &ach wind

farm. The control of a meshed DC grid is not trivial, as discussed in Section 2.3.5,
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but for the purposes of this study it is assumed appropriate power flow controllers are

available. The three grid options discussed are showigure4.13
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Figure 4.13- DC Grid configurations: i) radial+; ii) multi -terminal and iii) meshed

Two variations of the mulierminal grid option are also considered-igure4.14to
investigate the feasibility of different protection strategies. One option dmssa
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minimum breaker scenario described in Section 2.3.3 which omgploys DCCBs

on the link between the two transmission paths and makes use -MM@ full

bridge converters, discussad Section 2.1.2.2, with reverseurrent blocking
capability. Arother option considers a sectionalized DC grid protected on the AC
side, whereby the link between the two main transmission paths is switched out
under normal operation but can be connected in the event of-gaplisthutdown.

This grid mimics the funainality of the ISLES base case grid option investigated

previously and discussed in Section 2.3.2.

Onshore 1

|; _I {; m} WE 2
@— Onshore Offshore

AC grid _D.Q

_% - WF 3

Onshore 2

Onshore 1 |_
|; *I I_ {; W} WF 2
@— Onshore Offshore

ACgrid |__

- I_ WF 3

Onshore 2

Figure 4.14 - Alternative DC grid protection methods: i) minimum breaker; ii) AC protected

DespiteFigure4.12-Figure4.14 showing simplified single line representations of the
grid options, all the networks are again assumed to be configured in a symmetrical
monopole configuration with two bundled cables operating at opposite voltage
polarity. This also means the actual number of DCCBs required is double that shown

in the graphic. Ahough providing bipolar operation, symmetrical monopoles do not
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provide the inherent redundancy of a true bipole configuration which utilises a
metallic low voltage (LV) return conductor to provide partial transmission capability
in the event of poleart cable faults and converter station faults. A final version of
the multiterminal grid is therefore explored, Figure 4.15, which models bipole
operation in the twonain transmission paths and assumes 50% transmission capacity

remains in the event of the fault conditions discussed.
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Figure 4.15 - Multi -terminal DC grid with bipole transmission links
A more accurate representation of how the bipole grid option is configured in reality
is given inFigure 4.16 and shows how the two symmetrical monopole links from
wind farms 1 and 4 could connect into the bipole configured connections to shore.
Not shown is the ability to switch the power flow between the positive or negative

pole and the LV return pole to allow monopole operation in certain fault conditions.
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Figure 4.16 - Detailed representation of bipole grid option
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The diagram shows how the bipole transmission links are modelled with two
converters and two transformers at each station. The voltage differential héheee

two poles is the same for both the bipole (wind farms 2 and 3) and symmetrical
monopole configurations (wind farms 1 and 4) so an equal number of MMC modules
are present in each of the wind farm converter stations. As such the failure rate
applied toeach of the single pole converters modelled at wind farms 2 and 3 is half
that of the other offshore converters so that the reliability of the whole converter
units are equal. The main reliability differences are therefore that the two pole cables
on eachbipole configured transmission path are assumed to be buried separately so

fail independently as well as the presence of the LV return cable which allows

4. Evaluation of Grid Design Options

operation at half capacity along the two bipole links for certain faults.

A number of key input parasters for the grid options are outlinedTiable 4.10.

The transmission parameters are taken with reference to a similar scenario

investigated in[8] and the distanceare realistic estimates based on the likely

geography of early phase developments in the Dogger Bank zone as dB8n in

Table 4.10 - System parameters for Dogger Bank grid options

SystemParameters

DC Voltage Rating

+ 320 kV

Transmission Limits

Radial:
All routes: 700 MW

Radial+
WF1-WF2 and WF4ANF3: 700 MW
WF2-Shore and WFShore: 1400 MW

Multi -terminal (all):
WF1-WF2 and WF4ANF3: 700 MW
WF2-Shore, WF3Shore and WRVF3: 1400 MW

Meshed:
All routes: 1400 MW

WF1-WF2: 15km
WF1-WF4: 35km
WF2-WFE3: 20km

Distances WF3WF4: 15km
WF2-Shore: 200km
WF3-Shore: 200km

Cables 350 MW and 700 MW XLPE

Expected Annual
Wind Generation

7.79 TWh
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4.2.2 Capital Costs

Unlike the ISLES network scenario there are no published capital cost estimates
directly relating to Dogger Bank developments so the method outlined in Section
3.8.3 utilising the cost estimates mad¢li@] is used to determine an overall cost for
each gid option. As estimates are not always given directly for the power ratings of
the developed scenarios, linear interpolation has been used to extrapolate costs from
the published data and the costs associated with each of the components are outlined

in Figure4.17 and explained in more detail Table4.11.
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Figure 4.17 - Capital cost breakdown for Dogger Bank HVDC grid scenarios

The cost of onshore converter stations is constant throughout the grid options, apart
from theradial option which has four 700 MW converters as opposed the two 1400
MW converters deployed in all the other options. This equates to an increase in costs
of £54.5 million for the radial case over the other options. All the offshore converter
options hae equal cost with four 700 MW converters stations and it is assumed that
8000 tonne jackip platforms are deployed. The single exception to this is the bipole
grid option which requires specialist transformers to be used which are capable of
handling theDC voltage offset introduced by the bipole configurafibh]. Publicly

available estimates of the cost implications of this are lacking so it is assumed that
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Table 4.11 - Capital cost breakdown of Case Study 2 grid options

Capital Cost Breakdown for Dogger Bank HVYDC Grid Design Options
. ) . Multi - Min imum AC .
Rating Radial Radial+ : Meshed Bipole
(MW) terminal Breaker Protected
Component 700 | 1400 | 700 | 1400 | 700 | 1400 | 700 | 1400 | 700 | 1400 | 700 | 1400 | 700 | 1400
No. Units 4 0 4 0 4 0 4 0 4 0 4 0 4 0
Offshore Em/ 54.69 - 54.69 - 54.69 - 54.69 - 54.69 - 54.69 - 54.69 -
Platform
Converter cm/
Stations | corverter || 8% - 81.94 - 81.94 - 81.94 - 81.94 - 81.94 - 90.13 -
Total (Em) || 546.51 - 546.51 - 546.51 - 546.51 - 546.51 - 546.51 - 579.29 -
No. Units 4 0 0 2 0 2 0 2 0 2 0 2 0 2
Onshore em
Converter converter | 8194 - - 136.64 - 136.64 - 136.64 - 136.64 - 136.64 - 136.64
Station Total (Em) || 327.76 - - 273.28 - 273.28 - 273.28 - 273.28 - 273.28 - 273.28
Circuit km 830 0 30 400 30 420 0 485 30 420 30 420 30 420
£”2/'k”ni;a” 0.73 - 073 | 073 | 073 | 073 ; 073 | 073 | 073 | 073 | 073 | 073 | 095
DC Cables Ergk%(;St 0.39 - 039 | 047 | 039 | 047 ; 047 | 039 | 047 | 039 | 047 | 039 | 047
Cables/ 2 - 2 2 2 2 ; 2 2 2 2 2 25 25
Circuit
Total (Em) || 12575 - 45.45 | 668.80| 45.45 | 702.24 - 810.92 | 45.45 | 702.24| 45.45 | 702.24| 51.34 | 8807
No. Units 0 0 8 0 8 8 8 20 0 4 0 0 8 8
DCCBs £m / Unit - - 14.9 - 14.9 21.4 14.9 21.4 - 21.4 - - 14.9 21.4
Total (Em) - - 119.2 - 119.2 | 1713 | 119.2 | 428.2 - 85.6 - - 119.2 | 171.3
Total Cost 2131.7 1653.2 1857.9 2178.1 1653.1 1567.5 2075.1
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converterstation costs are 10% higher than the other options considered. There is
considered to be no variation in converter costs between networks using DCCBs and
those reliant on AC side protection. Current AC protected systems often make use of
oversized diodeso handle high fault currents induced into the DC network in the
event of a fault before the AC breakers have time to open. If DCCBs are used it
could be argued that this would reduce the requirement on the diodes within the
system. It is likely howeverhat some provision would still be made to protect the
converter in the event of a DCCB failure therefore there is unlikely to be converter

cost savings associated with using DCCBs.

The major differences in capital costs between the grid options can ibatatirto

the amount of DC cable required atite number of DCCBs deployed within the
system.The radial grid option has by far the highest total circuit length and so cable
costs, assuming symmetrical monopole configuration with two cables that are buried
as a bundled unit, amount to a very large £1.26 billion. The radial+ grid option on the
other hand has total cable costs of £714 million which is some £543 million lower.
As the level of interconnection increases so too do the overall cable costs with all
three standard multerminal options costing £748 million and the meshed grid
option costing £811 million. The bipole mutérminal grid option requires an
additional dedicated low voltage return cable to be implemented to allow for
continued monopolapperation in the event of certain fault conditions. Again, there
are no published estimates of the cost of such a conductor however it is assumed that
due to greatly reduced insulation requirements that the return conductors are 50% of
the cost of the fujl insulated high voltage cables. This along with increased costs to
bury the two pole cables apart leads to comparatively high overall cable costs of
£932 million.

As with the ISLES scenario the cost of DCCBs is again shown to have a major
influence on theoverall project capital expenditure. The AC protected network
avoids the use of DCCBs and so has the lowest overall cost closely followed by the
minimum breaker solution that greatly reduces the number of deployed DCCBs
leading to a total additional cosf just £86 million. The radial+ option is also

similarly low cost as it has relatively low breaker requirements with additional costs
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of £119 million but reduced cable costs. As the interconnection in the offshore grid
increases however so too does thmber of required DCCBs and this is reflected in

the fact the breaker costs for the mtdtiminal and bipole grid options come in at

£291 million and for the meshed grid option the costs rise to some £547 million
making it the most expensive option overdlhe radial and Bipole grid options are

both almost as expensive as the meshed grid whereas the overall costs reduce as the
number of DCCBs and circuit length of cables in the systems reduce.

4.2.3 Electrical Losses

The same offline process is again used to calculate the losses that can be attributed to
the various Dogger Bank network scenarios. It is assumed that the two onshore
converter stations are ¢ocated at the same onshore grid connection point so there is
no interregional trade consideration. In light of direct information for component
losses at the exact ratings used in this scenario the standard figures outlined in

Section3.7 are appliedo the Dogger Bank scenarios as showhable4.12.

Table 4.12 - Electrical loss parameters applied to Dogger Bank grid scenarios

Electrical Loss Parameters

Electrical Losses
Component
700MW 1400MW
MMC Converter 1% 0.9%
AA-MMC Converter 1.15% 1.035%
DC Circuit Breaker 0.01% 0.08%
DC Transmission Cable 0.0 0.01g

The losses applied to the AMMC converters of the AC protected grid option are
15% higher than those assumied the standard MMC converters assumed for the
other network optionswhich is in line with the findings of12]. The annual
expected, préault operating statesystem losses for each grid option are given in
Table 4.13. The results show that there is little difference in the expected level of
losses for each of the grid option in the-faelt operating state with all grids apart
from the radial and minimum breakeptmns having losses of around 2.80%. The

small differences that are present are related the number of DCCBs in the system or
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the rating of transmission branches. The radial grid option has higher expected losses
of 2.85% which reflects use of less effitidower power transmission cables. The
minimum breaker grid option utilises converters with 15% higher losses than other
grid options which leads to overall losses which are around 10% higher than the

standard multterminal grid option at 3.07%.

Table 4.13 - Expected annual electr¢al losses for Dogger Bank grid options

Electrical Losses

Radial 2.85%
Radial+ 2.80%

Multi -terminal 2.80%
Minimum Breaker 3.07%
AC Protected 2.79%
Meshed 2.79%
Bipole 2.80%

The expected lifetime project costs associated with electrical losses is calculated
using the standard discount methodology discussed previously and the results are

given inFigure4.18.
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In reality the networks do not remain in the-faalt operatingstate throughout their
lifetime and as faults armtroduced into the system the level of electrical losses
associated with the remaining operational grid will fluctuate. To calculate the impact
of this directly as part of the Monte Carlo simulation would add significantly to the
already large computatiahdemands of the program. For relatively small networks,
like the Dogger Bank case studies, it is possible though to estimate the impact of this
feature by determining what the average annual losses would be for each of the
potential grid operating statesd applying the results to the calculation of losses
each time a new state is entered. The expected losses for each state are calculated
offline using the same method that is applied to calculate thfapiteoperating state
losses and the results ahen applied within the Monte Carlo processoutlined in
Section 3.7 The total energy adjustment that should be made to account for the
system being in different operating states can then be estimated tlitgugh3.25

and 3.26 which accounts for thdfdrence between the expected loss figure of each
new state and the figure for pi&ult operating state losses. The results are converted
to costs through the usual NPV analysis and reportEdjure4.19.
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Figure 4.19- NPV of electrical loss adjustment for Dogger Bank case studies

It is found that the overall deviation in electrical losses due to fault conditioesyis
small in value compared with those calculated for thefgut operatingstate only.
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For the Best case reliability scenario the deviations result in lessttBarmillion

worth of delivered energy depending on the grid option whereas for the cardral
worst case reliability scenarios the change in lifetime NPV increases to ardithd
million and £ £5 million respectively. The radial grid option simply operates in
functioning or norfunctioning states so there are no deviations from thdaoie
operating state electrical losses. The other grid scenarios however have multiple
possible operating states. The radial+ grid option is found to have a negative lifetime
loss adjustment which means the real losses are lower than those calculated solely for
the prefault network. This suggests that this grid option spends more time in states
where the losses might be proportionally lower than normal. An example of this
would occur if an entire wind farm is out of service. In this situation the proportional
losses associated with the remaining connected wind farms on the network is
lowered because the loading on the HVDC transmission cables is reduced meaning
copper losses are lower. All the symmetrical monopole based-tewttinal and
meshed grid options ohe other hand give a positive loss adjustment value meaning
losses are higher overall when compared to those calculated for tHaulpre
operating state only. This suggests that more time is spent in states with
comparatively high losses, an example oficehwould be if one of the long
transmission links to shore is out of service. In such a scenario the remaining
generation output on the grid isde&ected down the single remaining transmission
route and the copper losses are pushed up as this linkiexpeataor closer to full
capacity. This result is validated by the findingfsSection 5.2which looks at the

time spent in different system states and shows a high percentage for such a scenario
in these grid options whereas the radial+ grid option hasbiliby to reroute power

down other links. The bipole grid option shows negative losses but at a lower rate
than the radial+ grid which tallies with the fact that this grid option is less likely to
be effected by the removal of a full transmission liok Ibng periods of time than

the other multterminal grids meaning that the reduced losses associated with wind
farm shut downs outweighs the increased losses associated with restricted
transmission capability. Given that the final adjustment losses danbouess than

1% of the overall losses calculated for the-fan@t operatingstate even for the worst

case reliability scenario, it suggests that this calculation can safely be regarded as
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negligible and so can reasonably be ignored in other studiessathe case for the

ISLES case study investigated previously.

4.2.4 Reliability Performance

As with the previous ISLES case studies the reliability of each of the Dogger Bank
grid options is evaluated through an assessment of the annual levedaivered
energythat can be expected under the three reliability scenarios outlined in Section
3.3.4. The headline results are showrfFigure 4.20 as a percentage of the annual
deliverable energy for each grid option, defined as the generated energy minus the

electrical losses.
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Figure 4.20 - Annual expected level of undelivered energy due to systeiauts

The sensitivity of the final reliability performance to input assumptions is even
clearer for the Dogger Bank Case studies than for the ISLES case studies. The
percentage of undelivered energy in the best case reliability scenario ranges from
0.74% b 1.94% depending on the grid option whereas in the worst case reliability
scenario this increases to between 7.05% and a huge 15.59%. This is likely a
function of the fact that there are fewer routes to shore in the Dogger Bank case
studies and that theimd energy is concentrated in larger wind farms meaning the
impact of certain system faults is likely to be proportionally higher. The central case
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reliability figures range from 2.14% to 5.46% with the mtgtiminal and meshed
options giving around 3.5%ndelivered energy. This level is clearly much more
acceptable than the worst case reliability figures which are upwards of 10% for all
but the bipole grid options. The ability to deliver performance close to the best case
or central case reliability estates would therefore be very important to the project

viability if any of the grid options were to be implemented in reality.

The value of having system redundancy in the form of alternative transmission paths
to shore is also apparent in the results it two radial solutions susceptible to
significantly higher levels of energy curtailment than the mahininal and meshed
options. For each of the reliability scenarios the level of undelivered energy is around
50% higher in the radial grid options th#he symmetrical monopole based multi
terminal and meshed options, which highlights again the significant benefits of being

able to reroute power transmission in the event of certain system faults.

A comparison can also be made of the three options whikike a multiterminal
solution via different protection strategies and it is found that there are only small
differences in their respective reliability performance. As was shown in the ISLES
case study the introduction of an additional layer of coraptminto the system
actually negatively impacts the reliability meaning that the DCCB protected- multi
terminal option has marginally higher expected levels of undelivered energy
compared with the two alternative protection methods using the same grid
configuration. The minimum breaker option which utilises full bridge-MMC
converter technology and a reduced numbe
AC protected option removes it completely. The AC protected option, however, is
subject to temporary peds, after each system fault, in which an entire grid section
is removed from service and the impact of this in terms of additional energy
curtailment means that the minimum breakers option has the best reliability

performance of the three mutérminalgrid options.

Adding the additional complexity of the meshed option further reduces the amount of
curtailed energy. However, in this case study the impact is relatively small with only
marginally better performance than the mtdtiminal grid options. Ithe wind farms

were more dispersed or the system more complex, the value of a meshed grid would
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likely be more apparent although the cost of implementing it would also increase, as
is explored furthein Section 5.4. The resultsr the Bipole grid optionhowever,

show dramatically improved reliability performance compared with the symmetrical
monopole grid solutions with undelivered energy reduced to arow¥®%0of the

best performing symmetrical monopole solutions. This highlights the vulnerability of
the symmetrical monopole configuration to certain fault conditions even when an

alternative transmission path is present in the system.

The financial impact of system reliability and system electrical losses is examined
through an evaluation of the NPV expected delivered energy over the lifetime of
each of the grid options and the results are giverigare4.21. This is defined as

the total potential generatedexgy, calculated from the installed wind capacity, the
wind speed time series and the wind speed to wind power curve, minus the electrical
losses and energy curtailment due to component outages. Applying an annual
discount rate of 6%, a value for genedatédfshore wind energy of £150/MWh and
assuming a project lifetime of 25 years yields a maximum value for generated energy
for each of the Dogger Bank grid options, before losses, of £21.12 billion.
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Figure 4.21 - NPV of delivered wind energy for each grid option over project lifetime

Figure4.18 showed that electrical losses account for a reduction in NPV of between

£58 and £647 million depending on the grid option so lookingigiire 4.21 it is
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possible to determine the additional impact of grid reliability on overall finandss. It
found that the best performing grid under the best case reliability scenario accounts
for a reduction in NPV of delivered energy of only £152 million over the project
lifetime but that the worst performing grid option under the worst case reliability
study would account for a reduction in NPV of some £3.20 billion. This not only
shows there is a large gulf in the performance of the different grid options but that
the monetary impact of reliability performance is highly dependent on the input

scenarios ssumed.

It is clear from all three reliability scenarios that the low curtailment levels of the
bipole grid option mean it would be expected to deliver the greatest level of wind
energy to shore over the project lifetime and given electrical losses aparediie

with other grid options this option has the highest NPV of delivered energy in all
cases. This financial advantage amounts to £106 million over the next best grid
option for the best case reliability scenario but increases to £273 and £689 for the
central and worst case reliability scenarios respectively. The meshed grid option is
the next best in terms of value of expected delivered energy in all three scenarios but
holds only a marginal advantage over the meitminal and AC protected grid
options with which it shares similar electrical losses. The Minimum breaker grid
option using higher loss full bridge converters, on the other hand, shows an NPV that
is around £50 million less than the AC protected grid option for the central reliability
case which shows that an increase in electrical losses can have important

implications on the financial viability of the grid option.

The results also highlight the financial benefits of having redundant transmission
paths with the two options that rely on pyreadial shore connections having a
significantly lower NPV for expected delivered energy over their project lifetime.
Under the best case reliability scenario the significance of the added redundancy is
relatively minor with a difference of around £130llimn between the radial+ and
multi-terminal grid options. However, if the same comparison is made for the central
and worst case reliability scenarios then the difference in NPV values are much more

apparent and are in the region of £370 million and £88lon respectively. There
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is little difference in the value of delivered energy between the radial and radial+ grid

options.

4.2.5 Operations & Maintenance Costs

A considerationis againmadeof the cost of operations and maintenance throughout
the lifetime of each of the grid optionsAs explained in Section 3.8.2 the costs
associated with each repair action are calculated as part of the reliability analysis
with an additional scheduled maintenance cost calculated based on the composition
of the grid The £heduled maintenance costs for each grid option are calculated with
referenceao Table 312 andare given inTable4.14 while the total NPV of scheduled

and unscheduteO&M costs for each of the three reliability scenarios are presented

in Figure4.22 using the standard discount calculation.

Table 4.14 - Scheduled maintenance costs for Dogger Bank case studies

Scheduled O&M Costs(£ million)

. . Multi - Min. AC .
+ .
Radial | Radial terminal Meshed Breaker || Protected Bipole
Offshore £0.70 £0.70 £070 | £0.70 | £0.70 £0.70 £0.70
Substations
Onshore £0.34 £0.34 £034 | £034 | £034 £0.34 £0.34
Substations
Offshore £2.08 £1.08 £113 | £121 | £113 £1.13 £1.13
cables
DCCBs - £0.23 £047 | £082 | £0.12 ; £0.46
Annual £3.11 £2.34 £263 | £3.07 | £227 £2.16 £2.63
Total
2|5\l;$/ar £42.16 | £31.77 | £35.61 | £41.53 | £3086 | £20.28 | £35.61

It is found that the radial grid option has the highest lifetime scheduled maintenance
costs at £42.16 million largely due to the extra transmission cable used in this design.
The remaining grid option costs all vary depending on the circuit length afl@ust

cable and the number of DCCBs required for the design. The meshed grid solution

therefore has the highest number of breakers and an increased circuit length leading
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to high lifetime maintenance costs of £41.53 million compared with the AC protected

design which avoids the need for DCCBs and has costs of just £29.28 million.
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Figure 4.22 - NPV of O&M costs for Dogger Bank grid options

It is again found that lifetime O&M costs are very low in comparisothe project
capital expenditure and the value of undelivered energy for each grid option. The
Dogger Bank case studies contain fewer individual components and reduced total
circuit length than the ISLES case studies so the additional maintenance costs,
directly related to component repairs, are found to be lower adding aroungi0£9
million for the central case reliability scenario for each grid option with the exception
of the bipole grid. This option shows O&M costs which are almost 50% higher than
the other grid options. This is a function of both transmission cables and transformers
being modelled separately for each pole in the bipole scenario whereas a single
transformer and bundled cable system are assumed for the symmetrical monopole
grid configuations. The overall O&M costs vary between grid options with the more
complex meshed system with high number of DCCBs and the radial option with
significantly higher circuit length showing the highest costs in each of the scenarios.
The bipole grid optioralso has high costs, especially in the worst case reliability
scenario where the direct repair costs are comparatively high. The relatively basic

radial+ system and those with reduced DCCB requirements, such as the AC
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protected network show the lowest t0$n each reliability scenario. For a far
offshore development like the one investigated it is highly possible that an offshore
mai ntenance base would be developed to
housing personnel, transport vessels and equipmembuld make operational sense

for the OFTO to also operate out of such a base and thus take on some of the cost
burden but it is difficult to estimate the exact level of this. It can be considered that
the cost would apply to all grid options investigasedsuch an additional cost is not

included in this study.

4.2.6 Overall Value of Grid Options

By combining the results highlighted in the previous sections it is possible to
generate a final assessment of the overall value of each grid option investigated given
each reliability scenario. The NPV of each grid option is determined by subtracting
the capital costs of building each grid option and the operational costs associated
with maintenance operations from the value of lifetime energy that each is expected
to deliver to shore after electrical losses and component outages are accounted for.

The final results are given Figure4.23.
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Figure 4.23 - Overall NPV of Dogger Bank grid options

It is clear from the results that capital expenditure and grid reliability are the two

major influences which affect the overall ranking of the grid options in terms of total
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NPV. Under both the best case and central case reliability scenarios the lowest cost
AC protected grid option is the most favourable in terms of overall NPV. Despite
delivering the most value in terms of delivered energy by a clear margin, the
increased costs saciated with bipole grid option balance out this benefit to a
varying degree depending on the input reliability scenario. In the best case reliability
scenario the advantages of high reliability are less obvious and the high costs make
the bipole grid ont the fifth most favourable option out of seven with an NPV that is
£403 million lower than the AC protected grid option. In the central case the
importance of reliability increases and the bipole option is the third most favourable
option but still has alNPV that is £231 million lower than the AC protected option.
However, in the worst case reliability scenario the reliability offered by the bipole
solution makes it the most favourable option with an NPV that is £209 million higher
than the AC protectedrigl option. It should be noted that in this investigation the
bipole grid option uses the relatively high cost DCCB based protection strategy
which suggests the option would be even more favourable if it could be developed in

conjunction with one of the Veer cost protection methods.

The meshed grid option also shows good value in terms of delivered energy but the
huge costs associated with implementing extra transmission capacity and DCCBs
throughout the grid to facilitate a fast acting, low impact praiectrategy severely
reduces the favourability of this grid option. In both the best case and central case
scenarios it is the second least favourable option and in the worst case scenario it is
the third least favourable option. In all scenarios the egkgirid option is less
favourable than the multerminal grid option which shows that in this case study the
costs of delivering an additional layer of redundancy on top of that provided by the
multi-terminal grid option are not balanced by the benefits.

The multiterminal, minimum breaker and AC protected grid strategies all use the
same general grid structure but deploy differing protection strategies and underlying
technology. Despite the fact that the delivered energy under each of these options is
found to be broadly similar irfrigure 4.21 the large discrepancy in capital costs
highlighted inFigure 4.17 means that the AC protected option ranks significantly

better than the other two options. The highest cost #taitiinal grid option ranks
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the lowest of the three with an NPV that is between £301 million and £346 million

lower than the AC protected grid option depending on the reliability scenario. The
NPV of minimum breaker option on the other hand is only between £127 million and
£143 million lower than the AC protected option and therefore ranks as the second
most favourable option in the best and central case reliability scenarios and third

most favourable in the worst case reliability scenario.

The radial+ grid option is delivered ateatively low cost which means it compares
well in the best case reliability scenario where its relatively poor performance is less
important to overall costs. As such it is the third most favourable option under this
scenario but as the level of componegitability drops the financial competitiveness

of this option is heavily curtailed and it is only the fifth and sixth best option under
the central and worst case reliability studies respectively. The radial grid on the other
had suffers from both pootreliability performance and high capital expenditure

meaning it is the least financially rewarding option under all scenarios.

Another important point that can be observed from the cost analysis is the spread of
results under different reliability scenagidor each of the grid options. This again
highlights the benefits of investing in grid reliability as the highly reliable bipole
option shows the lowest level of difference in NPV between the best case and worst
case scenarios at £1.31 billion. This comggawith differences of £1.89 billion,
£1.97 billion,and £2.77 billion, recorded for the meshed, migitminal and radial+

grid options respectively. This means that although in the best and central case
scenarios the potential rewards of using the kigoid option are lower than some of

the other grid options there is also less risk associated with uncharacteristically poor
reliability performance. This could be an important factor when deciding upon which
grid to use as investors may prefertofinaace opti on t hat provi de
over an option that may deliver good performance under central case conditions but

poor performance if close to worst case reliability figures are realised.

The Dogger Bank scenario features two grid optionslwvbperate without DCCBs
or full bridge converters such that DC side faults are protected using AC side circuit
breakers alone. As was done for the ISLES case study, the frequency of temporary

sub system grid shut downs is measured to give an indicatitm the extent of
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potential issues that may arise through fatigue damage during turbine emergency stop
procedures or otherwise. The results are givehaible4.15 andfor the radial grid

option are similar to those found for the ISLES network whereby a temporary
shutdown of one of the four radial grid links can be expected a little under once per
month for the central case reliability estimate. This result changesughly once

every three months in the best case reliability scenario or once every two weeks for
the worst case. In contrast the AC protected grid shows much reduced propensity for
grid shut downs with roughly a third fewer in all scenarios which cantbleuaed to

the reduced circuit length and number of components in this system compared with

the radial option.

Table 4.15- Number of DC grid shut downs per yearfor Dogger Bank AC protected networks

Number of Grid Shut Downs per year

) _ Reliability Scenario
Grid Option
Best Case Central Case Worst Case
Radial 4.27 11.12 22.98
AC Protected 3.18 7.55 17.80
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4.3 Importance of Weather Dependant Reliability Analysis

One of themes of this thesis is that the overall-besiefit of different grid options
depends on reliability performance, and that to quantify this accurately depends on
modelling the effects of weather on curtailed wind energy and access to an offshore
site to effect repairs. In this section, the sensitivityhef costbenefit analysis results

to the modelling of weather is explored. &splained in Section 3.4.3 thiepair of
offshore components is modelled to comply with access restrictions that are
dependent on the input mean significant wave height time series. Sdc8dn
analyses in detail the seasonal trends in the wind speed and significant wave height
input time series used in this analysis, derived from the FINO offshore dataset.
Section4.3.2then investigates the level of impact these seasonal trends hawe on t
overall reliability and expected levels of undelivered energy for the network options

in question by comparing against a case where seasonal influences are ignored.

4.3.1 Wind Speed and Wave Height output

This section outlines the characteristics of thenrme@d speed and mean significant
wave height time series, derivedSection 33.2 from the offshore FINO dataset and
applied to the case studies examined in this chapter. The histogram for the offshore
wind speed data is shown kilgure4.24 and provides a mean wind speed of 9.87 m/s
and an annual expected wind energy yield, before electrical losses or outages, of 7.79
TWh.
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Figure 4.24 - Histogram of wind speed inputtime series (Bin width: 0.5 m/s)
The histogram fothe mean significant wave height tirseries is given irFigure
4.25. Theaveragamean significant wave height is 1.49 m which is just below the 1.5
m safe access threshold deployed for many offshore repair operations.
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Figure 4.25 - Histogram of mean significant wave height input time serie@Bin width: 0.1 m)

The seasonal variation in each of the time series are also calculated and shown in
Figures 4.26 and 4.27. These represent the average wind speed or wave height for
eachoftt mont hs of the year wusing the 100 vy
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Figure 4.26 - Simulated mean hourly wind speed by month
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Figure 4.27 - Simulated mean hourly significant wave height by month

The results show a strong seasonal trend in both the wind speed and wave height
time series with average monthly wind speeds in Decembedamaary reaching
upwards of 1lfn/s compared with a low oéround &n/s in June. The wave height
time series shows an equally strong seasonal trend whicls p¢akn average of

close to 1.tn for Novemler before falling as low as Irilfor June.

These figures show that there is likely to be a large seasonal vaiatioe amount

of time it takes to carry out repairs with delays likely in the winter months especially
due to wave height access restrictions. As this also corresponds to the periods when
wind speeds are highest the use of the sequential Monte Carlodwietio will

inherently model the increased level of expectgd that this suggests.

4.3.2 Influence of Seasonal Trends on Reliability Calculation

There are two main offshore repair categories and the features associated with each
are summarised imable4.16. Major offshore repairs relate to cable and transformer
faults whereby specialist vessel and calm sea states are required to carry out the
repairs. A fixed length comuous weather window needs to be available before a
repair is allowed on these components. For cable faults, a stringent weather window
criterion is applied such that the hourly mean significant wave height must not be
forecast to breech 1.5m for the duwa of the weather window. For transformer
faults the wave criterion is less stringent at 2m. Offshore converter and DC breaker
repairs are based on offshore platforms and are not fully reliant on continuous good

weather so a criterion is applied thatoals work to be carried out on these
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components incrementally during shifts so long as there is an available weather
window large enough to allow for transportation to and from the fault location and a
set minimum number of hours work to be carried out. fitmaber of hours worked

on a repair is banked at the end of the working day until enough hours have been

worked to carry out the repair.

Table 4.16 - Offshore repair category characteristics

Of f shor eaReggGhrayr a&t er i s

Maj or Of Mi nor Of
cables, converters,
Component transformers DC breakers
Weat Wendow continuous non- continuous
o Hs<1.5m*
Weather Criteria Hs<2m* Hs<1.5m

* cable faults ** transformer faults

Firstly, an analysis is carried out to determine the seasonal variation in component
repair times using the two methods. Using the same repair windows as set in the best,
central and worst case reliability scenarios for offshore cable, transformer and
conwerter/DCCB failures, mock repairs are carried out assuming a failure occurs at 6
am each morning for the full input significant wave height time series. The results

obtained inFigures 4.28-4.30 are grouped into monthly average failure times.
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Figure 4.28 - Monthly average repair time for transmission cable faults
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Figure 4.29 - Monthly average repair time for offshore transformer faults
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Figure 4.30 - Monthly average repair time for offshore converter and DCCB faults

The results show a distinct variation in the repair time of faults depending on the
time of year in which the fault occurs. Cable tauhre shown to have by far the
longest repair times when not accounting for fixed procurement delays with faults
occurring in September, October and November having the highest average repair
time. For the central case scenario the average repair tinfaults occurring in

October is four times higher at 72 days than the average of 18 days for those
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occurring in June. This reflects the fact that the months following these have the
largest average significant wave height values and therefore are thékiglgsto

have sufficiently long weather access windows to allow component repair.

A similar pattern can be found for offshore transformer failures which, like cable
failures, require a fixed length weather window to allow repair. The threshold mean
significant wave height for offshore transformer repairs is more relaxed however at
2m rather than 1.5m and this is reflected in significantly shorter average repair times.
The highest average repair time for the central case scenario is for faults occurring in
November at 27 days which is three times higher than the average repair time for
faults occurring in June at almost 9 days. Offshore converter and DCCB faults are
based on a different repair strategy and typically have much shorter repair times
however aseasonal trend is still apparent in the results with a fault occurring in
November likely to take a little over 3 days to repair compared with just 1 day for

those occurring in June.

To determine the extent to which modelling this seasonal trend inflsieneazall

results a comparison is made between the chosen weather window based reliability
methodology and a method which does not consider any seasonal influence. The
alternative methodology simply operates by calculating a randomised repair time
based ora fixed MTTR value using the same process that is used for the generation
of failure times in the main methodology as outlinedSection 3.4.2The MTTR

values used are based on the average annual repair values generated using the
weather window based rtmdology such that the failure rate and average repair
times generated using each of the methodologies is equal. A comparison is made
between the results obtained using both methodologies for a selection of grid options
from both the ISLES and Dogger Bahksed case studies and the results are shown
in Table4.17. The same stop criterion as describe&ection 34.1is used suclhat

the results should be accuratenithin +1%.
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Table 4.17 - Comparison of undelivered energy between weather window based and randomised repair
methodologiesfor central case reliability scenario

Comparison of Undelivered Energy (Centralcase)

Network Case Repair Methodology MWh/year 25 Year
Study VV\\//(ienadtg\?vr Random | Difference Diffl\cle?;ce
ISLES Radial+ 3.93% 3.82% 8412 £17,097,834
ISLES DCCB 2.45% 2.33% 9161 £18,620,699
DB Radial+ 5.48% 5.38% 9480 £19,268,909
DB Multi -terminal 3.65% 3.52% 12945 £26,311,955
DB Meshed 3.46% 3.36% 10168 £20,666,332

The results show a clear difference between the two methodologies with randomised
repairs generating undelivered energy estimates that are typic&fy ss than

those generated by the weather window based repair methodology. It can be shown
that the impact is proportionately higher for muétiminal and meshed grids
compared with radial based options although in real terms the difference in the level
of calculatel undelivered energy is only marginally higher due the underlying
difference in reliability performance. It is found that outages in the +tautninal or
meshed grid options tend to be more clustered around the winter months using the
weather window basechethodology which increases the likelihood of high impact
overlapping faults occurring which acts to amplify the increase in undelivered energy
when compared to the random methodology. In the radial+ grid options long outages
on for example one of the tramission links can effectively take one whole grid
section out of service. The modelling process effectively assumes that other
component failures within that grid section that may have been due to occur during
such a period are postponed until the gadti®n is operational again. In the weather
window based methodology this assumption could have the effect of shifting some
fault conditions outside the winter months and away from periods with highest wind
conditions and thus reducing the difference betwihe two methodologies. A more
thorough future investigation could look to determine the validity of this assumption
and to ascertain whether the phenomena is an accurate representation of reality.
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Although the 25% difference is relatively small overaill clearly shows that there is
value in modelling and understanding the fact that faults occurring in winter not only
take longer to repair but that they occur at periods when wind farm output is likely to
be high and thus leads to proportionally higBgfs. To illustrate the impact of this a
calculation is made of the difference in the expected level of undelivered energy in
MWh/year and in turn the impact this has on the estimate of overall project value
through a 25 year discounted NPV calculatiorcah be shown that the difference
typically equates to around 10 GWh in the expected level of undelivered energy and
that over the lifetime of the projectthe use of a purely randused repair
methodology will underestimate the projected value of undeld’energy by around

£20 million compared with the weather window based methodology so the difference
is significant in monetary terms. The fact that the computationally faster random
method gives results that are only a few percent different does homeaer that

such an analysis method may be considered adequate if time constraints are a factor
or if a high degree of accuracy is not required. In such a scenario it may be desirable
for some form of correction to be applied to simpler and faster caladabiased on

the results of studies like this one to adjust results to more accurately account for

seasonal impacts.
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4.4 Discussion

In section 2.7 a numbef questions are posed relating to the financial viability of
different offshore grid development options. The results of the two case studies

presented in this chapter help address several of these questions:

What is the value of implementing increasliegels of redundant transmission paths
in offshore DC grids compared with more traditional radial solutions?

The first question looks at the value of added system redundancy in offshore
networks through the implementation of alternative transmission fttisthe case
studies that were examined found that there is substantial added value in using multi
terminal or meshed grid topologies over radial solutions in terms of increasing the
level of energy that the offshore grid can be expected to succeskflillgr to shore.

The financial value of this increased reliability is calculated for a range of offshore
component reliability scenarios and it is found that the additional benefits of
redundant transmission paths do outweigh the costs of implementirglditeonal
infrastructure under certain scenarios. If the central projections for component
reliability are realised then the additional reliability benefits are found to outweigh
increased CAPEX in both case studies. In the ISLES case study the bagedase
option essentially contains an extra 100 km of offshore DC cable when compared
with the radial+ grid option which allows -reuting of power at a capital cost of
roughly £100 million. The NPV of additional delivered energy that can be expected
howeve equated to around double that figure. In the Dogger Bank scenario the cost
of moving from two separate radial+ transmission grids to a single integrated multi
terminal grid using DCCBs is found to be £205 million but under the central case
projections tle added benefits in terms of reduced energy curtailment of doing this
amounts to some £373 million so it is clear that in certain situations there is a strong
case to be made for increased up front capital expenditure to allow for greater long
term reliabiity. In contrast, however, it is found that the additional benefits of
increasing reliability further through implementation of a meshed DC grid option
only adds marginal financial benefits whilst adding substantial additional costs. If
component reliabily is found to be worse than the central case projection then the

financial case for a highly reliable system increases further but if reliability figures
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approach the best case projections then the need case for a reliable but complex
system design is nah weaker. In fact under the best case reliability scenario the
results of the Dogger Bank case study show that the radial+ option is preferable
financially to the multterminal option whereas in the ISLES study there is very little

NPV difference betweethe base case and radial+ grid design options.

Redundancy can also be introduced through other means such as the ability to
operate at partial transmission capacity under certain fault conditions as is the case
with the bipole grid option of Case Study Rimilar results are found if the same
analysis is applied to this scenario whereby investing the high costs associated with
delivering the more reliable grid, only makes sense if the level of unreliability in
offshore grid components is around or beydhd central case projections. If,
instead, the best case component reliability is approached then the added CAPEX
would not be redeemed over the project lifetime and the investment in the more

complex grid system would not make financial sense.

Are multiterminal or meshed offshore HVDC grids incorporating the widespread

use of potentially costly DCCBs financially viable?

Given the expected cost estimates derimeHection 3.8.3 for DCCBis is found that

the widespread use of these devices is likely to add significantly to the capital cost of
offshore grid projects. Ithe ISLES case study the breakers in the DCCB grid option
account for 20% of the £2.5 billion capital cost. This meams ghd that uses
DCCBs to allow for a single large muteérminal grid configuratio is found to be

25% more expensive than the base case option that uses an almost identical grid
topology but adopts a protection strategy that splits the grid into thpaease sub
systems which rely on AC side protection. Equally in the Dogger Bankstadies
DCCBs account for 25% of the total cost of the meshed DC grid option which
requires the highest number of DCCBs making it the most expensive grid overall
despite ther designs having significantly higher cable or converter costs.

In both case studies the NPV of all grid options are high and positive however these
figures relate only to the value of saleable or tradable energy that is facilitated by the

grid designm question and therefore does not represent the remuneration that would
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necessarily be returned to the project developers or owners. As discugd&dl in
actual regulations for remuneration are 1stendard across different countries and
may or may not bedinked to the physical delivery of energy to consumers. For
example, offshore wind farm operators may not be exposed to the performance risk
of the offshore transmission asset if their output is metered at the offshore rather than
the onshore connection ipb Offshore transmission owners may also be
remunerated based on availability targets rather than delivered energy.

What the results do show is that DC grid options that incorporate large numbers of
DCCBs are likely to be significantly more expensiveewltompared to other grid
options that have been shown to deliver similar or in some cases even better
reliability in terms of delivered energy. Although it is possible that such grid designs
could be delivered in a profitable manner it is likely thatuke of DCCBs to create
offshore HVDC grids that can be operated and protected in a similar manner to
onshore HVAC transmission systems would reduce the financial viability of a given

offshore grid development.

What are the costs and penalties associateti aiternative protection strategies
that avoid the use of DCCBs?

Within the two case studies examined it has been made apparent that alternative
protection methods to the use of DCCBs can be delivered at lower cost and even with
marginally improved reliabty. Sectionalised DC grids utilising AC protection in
particular can be delivered at significantly lower cost than fully integrated DC grids
with DCCBs, so long as the DC grid sections are kept within loss of infeed limits.
The need to temporarily shdown entire grid sections each time a fault occurs does
contribute to increased curtailment of energy in comparison to grids that can act to
isolate faults instantaneously. However, the impact of this on reliability is found to
be marginal and is in factubweighed by the additional unreliability that DCCBs
themselves contribute to the system. The grid-douins may, however, have other
consequences that have not been accounted for such as increased fatigue of offshore
wind farms through increased emerggrstop procedures or potentially localised
issues on the connected AC grid associated with the loss of potentially large power
input. However, the frequency of grid shut down events are not considered to be
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unreasonably onerous for the grids investigatath wne or fewer per month
occurring in the central reliability scenarios, only some of which are likely to
coincide with high wind output and therefore have increased potential to cause

issues.

The other protection option which is investigated throughntimimum breaker grid

is the use of full bridge AAMMC converters in conjunction with a greatly reduced
number of DCCBs. This option is found to have higher electrical losses and upfront
converter costs but delivers the best reliability performance ahtiee options and

has lower overall costs than the mudétrminal optional due to the reduced DCCB
burden. This means that overall, like the AC protected grid option, it is found to be
financially favourable when compared with the DCCB based protectiategy.
Although this grid option has a lower NPV than the AC protected option it
potentially removes the need for offshore wind farm shut downs and the loss of
whole grid sections so might be considered favourable from an operational

perspective as it dgkrs functionality much closer to a fully DCCB protected grid.

Which grid design options provide the most value for money in terms of revenue

potential against capital expenditure and running costs?

Although the two case studies looked at in this ingasbn reveal a number of key
performance characteristics relating to each of the different proposed grid options it
is not possible to definitively state which provide the best value for money as this
depends on many variables. The ranking of DC gridooptin terms of NPV is
found to be highly dependent on the level of failure and repair rates achieved on an
individual component level. By investigating best, central and worst case reliability
scenarios it is possible to gain an understanding of howgratitompares under a
range of conditions and gives a fuller idea of the risks and rewards associated with

each design choice.

There is found to be clear value in utilising increasing levels of system redundancy
with the meshed grid layout providing goaaliability performance. Use of a bipole
grid configuration as opposed to a symmetrical monopole solution has also been

shown to bring significant benefits in terms of increased reliability and therefore
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revenue potential but there are higher costs agsdoveth implementing these more
complex designs so the business case depends on a number of factors and improves
as the expected reliability performance of the system components gets worse.

The results to date also show that alternative protection gigatesuch as a
sectionalised DC grid approach with AC side protection can be delivered at low cost
with minimal impact on reliability although there may be a need to consider some
operational side effects relating to this. Equally, it is found that agtiantestrategy
utilising full-bridge reverse current blocking converters and a reduced number of
DCCBs can be delivered at relatively low cost and with good reliability performance.
Given the same grid topology, both of these alternative options are toymdvide

better value than a system utilising fast acting DCCBs throughout.

Project capital expenditure is found to be a main driver with high costs associated
with both additional transmission circuit distance and implementation of DCCBs.
Grid optionswith either of these features are likely to be significantly more costly
than alternative options and so to remain cost competitive must provide significantly
improved reliability to balance out the additional CAPEX. Long term O&M costs are
found to be les influential as these are relatively low compared with the system
CAPEX and the difference between different grid design options is also marginal.

What are the key drivers behind the reliability of electrical infrastructure in the

offshore environment?

A closer interrogation of the results obtained and further investigations are required
to determine what the main drivers behind offshore grid reliability are. The results of
Section4.3 do however show that the reliability of offshore grids is significantly
impacted by a dependency on weather and that there is value in modelling accurately
the seasonal variations in component repair times. The following chaptevokilat

a number of sensitivity studies, further specific case studies and provide a deeper
investigation of the high level results presented in this chapter to provide an insight
into the main drivers that dictate the final reliability performance of oftsstbC

grids and add additional understanding to the conclusions that have been made thus

far.

186



4. Evaluation of Grid Design Options

4.5 References

[1]
[2]
[3]
[4]
[5]
[6]
[7]
[8]
[9]

[10]
[11]

[12]

[13]

ISLES, "lIrishScottish Links on Energy Study (ISLES): Executive Summary," 2012.
[Online] Available:http://www.islesproject.eu/isles.

ISLES, "IrishrScottish Links on Energy Study (ISLES): Route Development and
Cost Estimation Report,” 2012. [Online] Availabletp://www islesproject.eu/isles

i/.

Cigré Working Group B42 "HVDC Grid Feasibility Study," 2013.

ISLES, "lrishScottish links on Energy Study (ISLES): Economic and Business
Case Report," 2012. [Online] Availablettp://wwwislesproject.eu/isles.

UK Department of Energy & Climate Change, "Investing in renewable technologies
I CfD contract terms and strike prices,"120

European Comission, "Quarterly Report on European Electricity Markets: (third
quarter of 2014)," 2014.

P. TavnerOffshore Wind Turbines: Reliability availability and maintenauwck 13:

IET Renewable Energy Series, 2012.

Cigré Working Grop B4.60, "Designing HVDC Grids for Optimal Reliability and
Availability Performance," in print 2015.

Forewind. (2013).Offshore Works Plan Available: http://www.forewind.co.uk
/uploads/files/Creyke Beck/Application_Documents/2.4.1_Offshore_works plan_k
ey_plan- FOFCMA-803.pdf

National Grid, "Ten Year Statemernfppendix E: Technology," 2013.

J. P. Kjaergaard, K. Sogaard, S. D. Mikkelsen, T. P&ualéson, A. Strandm, B.
Bergdah] et al, "Bipolar operation of an HVDC VSC converter with an LCC
converter,” in HVDC and Power Electronic Systems for Overhead Line and
Insulated Cable Applications Collogiyr8an Francisco, 2012.

M. M. C. Merlin, T. C. Green, P. D. Miheson, D. R. Trainer, R. Critchley, W.
Crookes et al, "The Alternate Arm Converter: A New Hybrid Multilevel Converter
With DC-Fault Blocking Capability,'Power Delivery, IEEE Transactions owgl.

29, pp. 316817, 2014.

K. R. W. Bell, L. Xu, and THoughton, "Considerations in design of an offshore
network," presented at the Cigré Paris Session, pap206,1Paris, 2014.

187



5. Sensitivity Analysis and Drivers of Offshore Grid Reliability

5. Sensitivity Analysis and Drivers of Offshore Grid
Reliability

This chapter looks to evaluate the keywdrs behind offshore grid reliability and
give further understanding of the results presente@hapter 4as to the value of
different grid options. To do this a number of sensitivity studies are perfaanad
further offshore grid scenarios investigateddetermine how sensitive final results

are to the variation of certain input parameters including:

The failure and repair rate of individual offshore grid components
Offshore wind speed and wave height time series
The distance to shore and distance betwaffshore nodes

Key component costs and accounting assumptions

=A =/ =4 =4 =

The temporal distribution of failures

A deeper analysis of the existing results is also undertaken to determine how
different failure states impact on the overall reliability performanacdiftérent grid

options.
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5.1 Sensitivity to Individual Component Reliability

To better understand the key drivers behind the reliabilityofeshore grids a
sensitivity study is performed to look at the impact of individual components on
overall reliability. The analysis looks at what the impact would be on the overall
undelivered energy metric if both the failure and repair rates of various components
are varied from the central case reliability projection. Results are obtained for various
network examples ah show the impact on overall reliability of individual
componentso failure and repair rates var
case estimates. For the repair rate calculation both the fixed delay time and the
required length of weather window oepair time are altered, as applicable. A
number of the Dogger Bank case studies are investigated to determine the different
sensitivities associated with varying grid layouts and converter configurations
followed by a comparison with two of the ISLES gragptions to show how

sensitivity varies under contrasting offshore grid scenarios.

5.1.1 Dogger Bank Case Study
The sensitivity to failure and repair rates for the Dogger Bank 4tautiinal

network is presented Figures5.1and5.2
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Figure 5.1 - Component sensitivityto failure rate for Dogger Bank multi-terminal grid scenario
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Figure5.1 shows that, in this scenario, theerall grid reliability is most sensitive to
variations in the failure rate of transmission branches. A doubling of the failure rate
leads to a 40% increase in the overall level of undelivered energy rising from a
central case figure of 3.65% to 5.09%or®ersely, if the failure rate is halved the
level of undelivered energy reduces by one fifth to 2.91%. The -teuftiinal grid
option is also found to be sensitive to the failure rate of both offshore transformers
and converters. The impact of doubling tfailure rate for each of these components

is similar and leads to a 22.5% rise in the expected level of undelivered energy for
offshore transformers and 21.3% for offshore converters at 4.47% and 4.42%
respectively. Similarly a halving of the failure eator offshore transformers and
converters leads to 12.3% and 11.7% reductions in the overall undelivered energy

respectively.

In the case of transmission branches and offshore transformers these results reflect
the large repair times associated with thiesdt types and show that faults of these
components account for much of the expected undelivered energy. For offshore
converter faults the results reflect that the frequency of failures for these components
is already high meaning that they too accowamtd large proportion of undelivered
energy despite having relatively fast repair times. It must also be noted that failure of
an offshore transformer or offshore converter automatically leads to a loss of power
output from the wind farm in question. This not necessarily the case for
transmission branch faults due to the availability of an alternative transmission path
for certain faults in the mulierminal grid option. The results also show that
variations in the failure rate of onshore componentsia@Bs have a much lower
impact on the level of undelivered energy. Onshore transformer faults do still have a
relatively long repair time associated with them so a doubling of the failure rate leads
to a small increase in the overall undelivered energgrofind 6.5% whereas a
halving of the failure rate reduces the level by almost 4%. For both onshore
converters and DCCBs the influence of variations in the failure rate is smaller still
showing that the overall results are not particularly sensitive tmphe values used

for these components. For all the components the undelivered energy can be broadly
said to vary linearly with failure rate as would be expected with the repair parameters

remaining fixed for each scenario.
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Figure 5.2 - Component sensitivityto repair rate for Dogger Bank multi-terminal grid scenario

Figure 5.2 shows the sensitivity of the grid rdbiity performance to individual
component repair rates and again it is found that transmission branches are the most
influential component followed by offshore transformers. Given the nature of major
offshore component repairs, a strong #iaear trend $ apparent in the results for
these components which reflect the fact that as the size of the required weather
window increases there is an exponential increase in the corresponding average
calculated repair time for these components, as evidenced irorsec8.2. To
illustrate this, results are taken for repair rate variations at 50%, 75%, 150% and
200% of the values used for the central case reliability study. For transmission
branch failures an increase in repair calculation input values to 150% oértral

case leads to an increase in the overall expected undelivered energy of 27%, up from
3.65% to 4.64%. If, however, the repair values are doubled in relation to the central
case then the undelivered energy increases to 6.34% which is 74% hightrethan
central estimate. When repair values are halved there is a 23% reduction in expected
undelivered energy which is significant although less severe than the increases
observed at higher repair values due to the exponential component of the trend. For
offshore transformer faults the trend is not as severe due to the less stringent mean
significant wave height threshold applied for such faults. Nevertheless, a doubling of

the repair requirements for offshore transformers leads to an extra 27% expected
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undelvered energy whereas a halving of repair requirements reduces the undelivered

energy by almost 13% for the mulérminal grid option.

It was found that altering the frequency of offshore converter faults had a significant
impact on overall reliability de to the fact this leads directly to the loss of all output
from a single wind farm but this is not the case to the same extent for repairs
whereby a doubling of the repair requirements leads to a less significant but still
appreciable 6% increase in ufidered energy. This is due to the fact the central case
average repair time for offshore converter faults is comparatively very small so
repair times for these components are dominated by the time taken to safely gain
access to the repair rather than thpair time itself. A much larger increase in the
actual required repair time would therefore be required to have a meaningful impact
on overall results. Onshore transformer faults are found to have a similarly low
impact on overall reliability but the reans for this are firstly due to the very low
occurrence of such faults which means even large changes in the repair rates of such
components have a relatively low impact overall and also that onshore converter
faults do not necessarily lead to undeliveregkergy due to the availability of
alternative transmission paths. The overall grid reliability is found to be particularly
insensitive to both onshore converter and DCCB repair requirements with variations

in both having negligible impact.

The results inFigure 5.2 are based on changes to both the TTR values relating to
each component but also the fixed delay which is applied to transmission branch
repairs as well asffshore and onshore transformer repairs. To assess what impact
each of these separate repair time components has, the analysis is repeated such that
the procurement delay associated with these three component repairs is fixed at the
central case reliabily estimate and only the TTR values are altered. The results are
given inFigure5.3. It is found that the actual length of time it takes to carry out a
repair from he point at which all procurement delays are satisfied is the dominant
feature for transmission branch faults but that for offshore and onshore transformer
faults the procurement delay itself has a larger influence. This is evidenced in the
results wherebya doubling of the required repair window only for transmission

branch failures leads the expected level of undelivered energy to increase to 5.30%
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from 3.65%. This accounts for 62% of the total increase that is found when the

procurement delay is also daad.
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Figure 5.3 - Component sensitivityto repair time with fixed procurement delay

The influence of offshore transformer repair time is found to be less critical to
overall results with a doubling of thequired weather window leading to a more
modest increase in overall undelivered energy to 3.86%. This change accounts for
only 20% of the total increase found when both procurement delay and the repair
weather window are doubled. The repair time of orshoansformers is found to
have only a very small influence. These results are a reflection of the fact that the
procurement delay is longer for transformer faults in the central case reliability
scenario but also more importantly that the stringent mepnifisant wave height
criteria associated with offshore transmission branch repairs has a large impact on
repair time especially as the required weather window increases. This in turn has a

major influence on the results that are produced from the muglgltocess.

To see how the sensitivity to different
depending on the chosen grid topology, the sensitivity study is also performed on a
number of other grid options. The results for the Dogger Bank radial -otimh

are shown irFigures 5.4 and5.5.
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Figure 5.4 - Component sensitivityto failure rate for Dogger Bank radial+ grid scenario

Looking at the sensitivity to component failure rate for the radial+aptns it can
be shown that transmission branch faults are again a dominant factor in the overall
undelivered energy and to an even greater extent than in thetenodinal grid
option. A doubling of the failure rate for transmission branches leads5@a
increase in the undelivered energy up to 8.25% from 5.48%. In reals terms this is
almost double the increase in undelivered energy reported for thetenmitnal grid
option. This reflects the inability of the radial+ grid teroaite power after a Bnch
fault occurs which means all faults lead to energy curtailment and it highlights how
the introduction of even a modest level of transmission path redundancy can help

mitigate the impact of an increased level of unreliability.

In real terms the addital undelivered energy due to offshore transformers and
offshore converter faults is roughly the same as for the 4tewitinal grid option
although compared with the central case result the changes are proportionally lower
due to the high starting point the radial+ grid option. This is to be expected as each

of these fault types generally impacts on a single wind farm only, regardless of the
grid design. Onshore transformers and onshore converters, like transmission
branches, have the potential to imp#ee ability to deliver energy from multiple
upstream wind farms so given the lack of redundant transmission paths in the radial+

grid option it is no surprise that the level of undelivered energy is more sensitive to
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variations in the failure rate of tbe components than for the mua#rminal grid.

Sensitivity to DCCB fault rates is also marginally higher in the radial+ case.
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Figure 5.5 - Component sensitivityto repair rate for Dogger Bank radial+ grid scenario
The radial+ grid option is also found to be particularly sensitive to variations in the
repair requirements for transmission branch faults as illustratdedgimre 5.5. A
doubling of the repair requirements increases the overall undelivered energy by
almost 90% up to 10.37% of the deliverable energy. As with the failure rate, the
impact of varying the repair requirements of offshore transformer and offshore
converter faults has a broadly similar impact on the overall undelivered energy in
real terms compared with the metiérminal grid option whereas variation in onshore
transformer, onshore converter and DCCB faults have a comparatively higher impact
than forthe multiterminal grid option. However, the overall sensitivity to onshore
component and DCCB repair rates remains relatively small compared with offshore

component repair rates, especially transmission branches.

The bipole Dogger Bank grid scenariodkso investigated to determine how the
additional level of redundancy introduced through this method impacts on the
sensitivity of the grid to different component reliability performance. The results are

given inFigures 5.6 and5.7.
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Figure 5.6 - Component sensitivityto failure rate for Dogger Bank bipole grid scenario

The bipole grid option is found to offer not only lower central case undelivered
energy figures but a lower spread of results in real tditas the symmetrical
monopole based muiterminal grid option with the same high level topology. The
proportional variation of results with failure rate for each component in comparison
to respective central reliability predictions is found to be broadhjilar for each

grid option with, for example, a doubling of transmission branch failure rate
increasing undelivered energy by 45% in the bipole option and 40% in the multi
terminal option. Offshore transformer faults are, however, found to have a bbticea
larger proportional impact in the bipole scenario whereby a doubling in failure rate
leads to a 32% increase in overall undelivered energy compared with the 22.5%
increase found in the multerminal grid option. This can likely be attributed to their
increased number in this grid option, although it should be noted that in real terms
the increase is actually lower in the bipole scenario due to the inherent redundancy in

the system design reducing the impact of individual faults.
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