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ABSTRACT :

This paper presents the results of a network aisalgé the UK's electrical distribution network. A
mathematical network model was developed which d@iulate the network’s response to the effect of
natural disaster. This model was then used to led&sthe topological properties of the network amdulate the
effects of a disaster by randomly removing linkd andes from the model. The model was construcset

a map of the transmission system of the Nationatl ®f the United Kingdom. The nodes in the model
represented the power stations and substationtharlohks the transmission lines. The final moagresenting
the network contained 55 large power stations, dfiSstations and 313. Topological properties, sickha
clustering coefficient, of the network were caltath In addition to calculating network properties
algorithm was developed which independently remadirgks at random from the network. 2000 simulations
were conducted to assess the vulnerability of teevork. The results of the study show that the UK’
electrical distribution network has a clusteringiticient of 0.14, which is slightly higher tharetivalue of 0.1
calculated by Watts P& Strogatz (1998) for the Nakimerica power grid. This suggests the UK'’s eleat
distribution network is likely to be more robustAlso, the average number of links that can be rexddefore
failure is estimated to be 6, implying that on a¢g, 6 links (high voltage transmission lines) widuve to fail
simultaneously or shortly after one another befommmunity or region loses electricity supply. aAsesult

of this analysis it is proposed that by adding saveritical links to the network its robustnesanche
significantly increased and the vulnerability ofteén nodes can be greatly reduced.
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1 INTRODUCTION

One of the greatest technological challenges oftious is to protect society and vital infrastruetdrom the
consequences of disasters; whether they are redwdteatural hazard, or induced by human activiitig clear
that disasters represent a widespread problemghout the world. Although natural hazards have géva
posed a formidable threat to mankind, there is goowing evidence that as we proceed into the twérgy
century, vulnerability to disaster is increasinguard the world. Industrialization, urbanizationyieonmental
mismanagement and global warming are all thoughietdactors leading to this heightened vulnerabildf
particular importance to the stability of commugstiis the continued operation of lifelines. Lifigls tend to
be interconnected and are often interdependenst this interdependence and interconnection thatema
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lifelines particularly vulnerable to disaster ay déneak in the system could hamper the operatiaiefvhole
system.

This paper presents the results of a study of tiheevability of the electrical distribution netwodf the UK to
natural disasters.

Using an approach based on the understanding opleanmetworks this paper endeavours to determiee th
robustness and vulnerability of such critical netwoto random and targeted hazard. To achieve @htase
study was undertaken on a idealised model of this Electrical distribution network and conclusiairawn on
how the design of such systems could be enhanaetptove their disaster performance.

2 NETWORK MODEL

In recent years, following the pioneering work o8 & Strogatz (1998) and Barabasi & Albert (1999)
complex graphs have been used successfully to nrmdey technological networks. The simplicity oésle
network models make them particularly powerful $tudying systems that are too complex to represéht
conventional process based models. Albert eRAD4) suggest that producing an analytic representaf a
network’s entire electromagnetic processes would Bdaunting, if not impossible task’. Therefore in this
paper we have resorted to developing a mathematicalel which can be used to simulate the network’s
response to the effect of natural disaster. Molal® been built representing the North Americangragvid as

a network but so far no models exist of the UK&céiical distribution network. Using such a modetould be
possible to analysis the network by calculatindafgological properties and simulate the effecta disaster by
randomly removing links and nodes from the modend&usions could then be drawn of the overall rifess
of the network and the most vulnerable nodes ifledti

The UK'’s transmission system (2005/2006) considtsl®l large power stations, a 400kV and 275kV
transmission system (and 132kV transmission sygteStotland) and 14 distribution systems. It inelsidver
11,500 circuit kilometres of 400kV overhead linesl ainderground cables, around 9,800 circuit kiloesett
275kV and 5,250 circuit kilometres at 132kV or loweltage (National Grid 2005).

The model of the UK'’s electrical distribution netlkovas constructed by firstly producing a netwofkttee
electrical infrastructure and secondly assemblimgnaident matrix of this network. The network peoties
were based on a map of the 2005/2006 transmisgsters obtained from the National Grid (see Figure 1
The nodes in the network represent the power swmtand substations in the network, and the links th
transmission lines connecting them. The network giawlified as much as possible, containing onlgda
power stations (those defined as having a generaapacity of over 30 MW) and the two main 400k\d an
275kV transmissions systems. The majority of thegdapower stations are directly connected to the
transmission system; however, some are embeddéihwite lower voltage distribution networks and aver
therefore omitted from the model.

The links in the Figure 1 represent high-voltagesmission lines or pylons that connect the povatios to

the substations. Although the UK’s electrical digttion system is split into two main transmissgystems, a
400KV system and a 275kV system, for modeling psepall links (transmission lines) were assumeubie

the same properties.

The model considered the UK’s electrical distribatnetwork to be a single connected componentdiath
exists from every node to every other node (Wild®96)). This means that any substation can receive
electricity from any power station anywhere in thetwork. This is an idealization of the real disition
system as in practice there will be many other taimds on the system.

The final network, representing the electrical ritisition system, contained 224 nodes (represeri¢arge
power stations and 169 substations) and 313 limdésenting the high voltage power lines.
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The power stations included in the model have @ g#neration capacity of 69099MW, approximatel§yo90f
the total generation capacity of the actual syst€he majority of the generation capacity omittednirthe
model is produced from wind farms and hydroelegidaer stations, mostly in Scotland, which aredigctly
connected to the high voltage distribution systerd with output capacities less than 30MW. Sevged
power stations were also omitted as they were eddzbdithin the lower voltage distribution networkhich
were not incorporated in the model.

As this work only considers large scale disastath@r than failure due to poor maintenance for gtejrany
two power stations located at the same site wembowed. For example Sizewell A nuclear Magnox pamd
Sizewell B nuclear power station were represeniedrie node having the combined output capacityobh b
plants. For the purpose of assessing the netwarkisstness and vulnerability it was assumed thapatential
disaster, such as an earthquake, severe storndwstiral explosion, would affect both power stasian any
same site.

In urban areas, particularly in the centre of Landod Glasgow where the network is highly compéidathe
model was further simplified by combining substatidthat were within very close proximity of eachent

The power stations and substations were then ctethday links representing power lines. All linksear
represented by single straight lines and are agtumearry the same voltage. Again, the physicévaek
generally has two parallel transmissions lineofeihg the same route and these were combined imdukel.

Once the network was developed, it was transforméal an incidence matrix, where rows and columns
represented the power stations and substationghendinks (transmission lines) were representedobgs
within the matrix.

a) UK electrical distribution network, National iG2005) b) Network Model

Figure 1 UK Electrical Distribution
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3 RESULTS

Once the matrix was assembled, the topologicaleptigs of the network could be calculated.

3.1 Average Node Degree

One of the simplest topological properties of avoek is its average node degree <k>. The degrefeaknode
is defined as the number of links connected to Ttherefore the average node degree is the suneafabrees
in the network divided by the total number of nadeBEor this network, the average node degree wiss 2.

As expected, the average node degree <k> is venjasito the value of 2.67 calculated by Watts &o§atz
(1998) in their study of the North America poweidgr

3.2 DegreeDistribution

The second important topological property of a mekws its degree distribution as this is an intaaof how
the elements of a network are connected. Figurdn@vs the degree distribution for the UK'’s electrica
transmission system. As expected the distributidiovi/s an exponential:

P(K) = exp(-0.55k)

Where P(K) is the probability that a node (substgtivill have k links (transmission lines).

Degree Distribution

Figure 2 The Degree Distribution for the UK’s Elgzdl Transmission System.

This exponential function form agrees with resolt¢éained by Albert et al. (2004) for the North Aisarpower
grid and also with Crucitti et al. (2004) who sedithe Italian power grid. The network is classifiés a
single-scale network because, as predicted, alidkdes have roughly the same degree.
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3.3 Clustering Coefficient

A slightly more complicated property of a netwaskits clustering coefficient C. Originally definbgt Watts &
Strogatz (1998) the clustering coefficient measuhesfraction of triples in the network that haveit third
edge filled to complete the triangle. Although ttecept was initially developed for use in sociefworks it
has been widely accepted by many as a measurerhehistering or transitivity within many other typef
network. It is relevant to this study as networnsgitivity (the presence of triangles in the netyads closely
related to its robustness.

C = 3 x number of triangles in the network/ numbileconnected triples of nodes
Where a “connected triple” is a single node wittké running to a pair of other nodes (Newman 2003).
For the UK’s electrical distribution network thaustering coefficient C, is calculated to be 0.1HisTis slightly

higher than the value of 0.1 calculated by Watts B®ogatz (1998) for the North America power grid
suggesting the UK'’s electrical distribution netwashikely to be more robust.

3.4 Network Robustness Random: Link Removal

As well as calculating the networks propertiesatyorithm was developed which independently remdids
at random from the network until one of the nodesdme completely isolated from the rest of the agtwTlhe
computer algorithm was run 2000 times with the afrassessing the number of links that could be weti@n
average before the network fails. The results logva in figure 3.

Robustness of the UK's Electrical Distribution Sysém -
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Number of links removed before failure

Figure 3 Histogram Representing the Minimum Nundfdrinks That Can Be Removed Before Failure.

By modelling the distribution as a frequency cuthie average number of links that can be removedréef
failure is estimated to be 6. According to the eidtiis means that 6 links (high voltage transroisdines)
would have to fail simultaneously or shortly aftere another before a community or region losedratay
supply. The probability of six disasters happenaiga similar time is very unlikely, making the netk
generally very robust; however, for the case ofialiya correlated disasters, such as an earthqoalsevere
storm, this level of failure may be possible.
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As a result of this analysis it is proposed thatliging several critical links to the network idbustness can be
significantly increased and the vulnerability ofteén nodes greatly reduced. In order to test théory the
computer algorithm that was designed to removeslimkrandom was re-run on the modified network thed
results compared. Figure 4 shows the location efrtew proposed links highlighted in red. They take
account geological constraints such as river estsiand national parks.

Link 1

Link 2

Link 3

Link 7

Link 9
Figure 4 Modified Transmission Network.

In total nine new links were added onto the netwodanecting, where considered feasible, the notdegified
as being vulnerable. Links 1-3 proposed in Scdtlanuld also connect a series of hydro-electric ggow
stations up to the high voltage network. As witk tiriginal network the computer algorithm was r@o@

times and a frequency curve plotted. Figure 5 shmvsthe network is now approximately 3 times mmuteust
to random hazard than previously.

obustness of the UK's Electrical Distribution Sysém (Modifie
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Number of links removed before failure

Figure 5 Histogram Representing the Minimum Nunmdfeemoved Links Before Failure (Modified Network)
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Table 1 Network Properties

Network Nodes| Links | Average | Clustering Links Nodes
N m Degree | Coefficient| removed removed

<k> C before before

failure failure

UK’s Electrical Distribution| 224 313 2.79 0.14 6 6
System

UK’s Electrical Distribution| 224 322 2.88 0.15 18 6

System (modified)
North America power grid| 4941 6594 2.67 0.10 - -
after Watts and Strogatz

(1998)

3.5 Random Node Removal: Random Node Removal

A second important measure of a network’s robustrissits node-connectivity. This is defined as the
minimum number of nodes (or vertices) that candmeaved before the network fails. In the case &f thodel a
failure is defined as when there is insufficiergotficity generation to meet demand. Although théamal
demand of electricity varies considerably dependinghe time of year, the peak demand in the ye@s/2006

is estimated to be 62600MW according to the Nati@rad’'s seven year statement (2005). Ignoring Esges
the surplus capacity in the model is thereforeutated to be:

Surplus Capacity (Model) = 69099 — 62600 = 6499MW.
A computer algorithm was created to randomly remusges (power stations or substations) from thevorit

The algorithm considered the output of each powation by subtracting this output capacity from tbeal
capacity of the network until the surplus fell belaero. The algorithm was run 250 times giving tbsults

shown in Figure 6.
Robustness of the UK's Electrical Distribution Sysém
Number of nodes removed before failure

Figure 6 Histogram Representing the Minimum Numdfédodes That Can Be Removed Before Failure.
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The results show that, on average, six power stsitieuld have to be isolated from the network e=fomajor
electricity shortage occurs. The link-connectiwfythe network can be seen to be 3 (i.e. minimumiver of
nodes that must be removed before failure) butptiebability of this occurring, according to thisadysis, is
0.04. When considering targeted attacks on thearkthowever it is apparent that the removal of saiveower
stations has a much greater effect on the system.

4  Conclusions

The network model presented in this paper is topkd to make definite claims about the real belragidhe
UK’s electrical supply network; however the anaylsas shown that the robustness and vulnerabifliifetne
networks is strongly dependent upon their topolégy. the network model of the UK’s electrical distition
system it has been demonstrated that by incre#singustering coefficient C, a measure of netwoaksitivity,
by 0.01, the robustness of the network to randaharéacan be increased by a factor of 3. The UHexteical
distribution network is considerably smaller th&e North America power grid, but was found to haeey
similar topological properties. Both networks aemerally very robust to random hazard but, as lygted in
this study, there are often nodes situated ardumouter perimeter of the network that are pooslynected and
potentially vulnerable. The analysis clearly showleat pendant nodes have a great influence onedtveork’s
robustness to random hazard; significantly redudmg@erformance. With regards to node removal {#ilere
of power stations) the robustness of the UK netvgm&ms to be inherent to its topology which coult bre
easily addressed without significant investment.atVis apparent though from this study is that hgwn
network reliant on a series of hubs (i.e. large @ostations) makes the network much more vulnertiaa
having numerous smaller power stations integrdisxlighout the network.
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