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lFurther explanation for understanding density plots is in Appendi x E

2The density plot of rate of change of Lows across other boundaries a
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signilcantly exceed t he Cugd et g max g muang | evel of

individual generator permitted ramnina within the Grid
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1000 MW, and 40MW/ min for to south direction when ther
more [3]. Flexible resourc¢ deneration aster
woul d be needed to respondi Reyerse Low from south to nc
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The increasingly vol atil . a
requirement for further Increaaneg .conne.cted I nter
Reactive power required t genefamon,.llke W'”?' a%%e?c
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of Lows in a transmission A Variahl e i nterconnector acjpd
power Lows can | ead to a | pafEur opean mar ket signaéBt c
for reactive power whi ch changes to regional Lows.
traditionally switching t he static devices. Aut omat ed
dynamic reactive power supMeordcommparneededé et o efgd winlailt alt @
such rapid changes i n Lowounldar Bgst ém ODpkirabi Wi hg day
Framewor k 2016, we have hibhusnhtatrednnectnan ilomwl day i
requirement for dynamic reacltanveamdwleowsiuppercombeoat o3
GVAr/ hour is necessary to inmihitaime t hee voltage | evel i n
typical day in 2016, while this requirement increases
8GVAr/hour in 2024. The high wind output drives t
to south across most boundar |
Fmu gq pc‘_argtc QUIERE P ngroégtf’gtl](é:ér{trated in Scotland
_CEEar Gl | a.f—lec'illustrated in Figure 5(b) |
WhEIn th_e power L;)w i s lOW’m(t)Pt%_ tvroalngrliﬁsel ogsltltnhee/re i s mo
ca e is capacitive, generatin extra cti_ve
power and | ifting the voltca%mpfaégveedl.tQI'hlzséfnge'ed-gh?hgarylng
System Operator t o faC|I|F§)ttrél})suotrept§8ntgfStIHencreaS'ng
extra reactive power, e. g. switching on a shunt
reactor. When the power ©Lhe se&l eritghd hingkh sol ar day i
transmission l'ine/cable tbeaomers ssiin@onctdievieaend. There ar
absorbing reactive power fwrhoimc it har aetwolr &t iahd, across t |
reducing the voltage levelghdWhs ineeds gturee SYEEEM The hi
Operator to facilitate genﬁb@vteironLdj\X/er‘?‘btniVseOLPPWert'o nort
such as switching on a caplal((‘)lctaotreabann the south in the d
) ) system boundaries such as B4,
Demand forecasting wild/l bec?mq_ moreflmportant at i
[ I l evel in future ar.s 0svlvsnccé égru? toé nreegdalétvleo
reg|ona_ y(Jeur|ng t ' h'e daaytin?e. p_
t he regional Lows woul d critical t'o qguanti fy t he
reauired texibility and voydage, yPpRELr cYRRELERL Mo s
demand forecasting wild.l I’e(]eUI efxtra Lexi ble resource
| o%h a L'ows asf shhown i n FT 9
and vo t_age s_upport. Impro hdg; r?tcecrucré”lncﬁlecotort t?ehdae\(meas_ndto
forecasting wildl l ead to the c.oréect |l evel o f ||_;eX|b|I|t
. ) of” win out put . The LCows " acro
held which wild.l help control &osts, ) .
Wi n profle; they drop rapidlI
| h @ f inclrease to a dhigh l evel dur i
Pl ease see t_ e Net wor EDeSvCe1 ObpenheanvtesRcfan r?ahpe reverse wa
further details of how these challené;es re being, met |
iFnterconnectors i n soutth 'coas

*Net work Development Roadmap was published in May 2018. Tod dt weekgr e
needs and regional vol tage chal l engneest.wowek wsiollluth eo ncso napcar roislosg t tinheent W rore akn-
works. This roacdcdmapsi:gd /awwvawi. Inaalli e natl gr i do g toiradsnsde /s pnntednitéea twied ncso/mee tywoourrk v
the proposals and you camaonemiascti oms edlyc@nathemavigai d. com

“More detailed case study results are included in Appendi x C.
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synchronous® g€Eher deitanl|l ed | metgheo doy roghyr oinso u s generator s.
described in Appendix A.2.increase from 2022 to 2024. T
he gap bet weemmitsise ormdieng of
S$<I°iWsting synchronous generato
ew synchronous generators.
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We used the Gini coefl cient analyse and represent t he
unequal di stribution of regional synchronous generatior
in the eleven regions. BoKipdwrntes SHhavbowsesem her anaxi mom i
show the distribution of Giymichcoerblsi gaher @tviean tihre yneeax
decade in Consumer Power sttl@marSitieaay sShtoamne i scEngui e. T
78. The horizont al l i ne i ncdaehfel cmiechd!l evadfues hat r ebtapgime
represents t he medi an valamned o0. 7t7lbe r @ismpie ctcioed Il x.i entn y
throughout the year, whil esytrmhehrhoxousangenesafi om tcloanelsr
guartile of the Gini coeflvbi éet i ho20B@ ohner d5QqQWacomeef
75 %) . The top whisker repmNeseéeémt Wetsh e &maMeismu nMiwd lained s a |
reached and t he bottom wlies ktehe rmeepstesemesguatlhedi stri|
mi ni mum value. generation. I n East Mi dl ands
total synchronous generation.
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t !

ics to express the inequalit¥] he weal dlﬁtrlbu-
) . . ) e e atlon mean t at mo st Sy
tion of a nationés resident . A Gini coeflcient of

. e GB network tends t o conce
one represents maxi mal inequal ity, e. 0. one ﬁer-
son owns all the wealth ofandnta'i]feor{esltn ﬁﬂé epoyr§tem wo

a Gini coeflcient of one Hn?arﬁsyntchharto@lppstrgt,ﬁnseynat'0”-
chronous generations cC 0 me from one region

alone. A Gini coeflcient dfoazder duragriesrentcsurmnwiens - of t he

mal inequality, e.g. everyopacthasorswe!l gveméthtimonm in th

nation. In this report, ityemeaingt it§at ithefpynchseiected

nous generation is spreadggpqhlYe AEA8WH A'MWECgane obser v

grons. the percentages in North Scot

] ) areas are increa3|ng due to t

There i s a trend of i ncreasi,n d|spar|tey q regi on.al

i synchronou’s rati on n- fut

synchronous generation as jndicat.ed r}/ increas ip

X ) S decreasing atl al t rend. r

Gi ni Coeflcient from 2018 II:.o 2025 as showH |n Figure. 7

) ) gl-an ar , 1T here 1 sYa sighn

This is the result of c¢closure ,and | ess frequ ent .runni hc

of "t he “closure fP'"ssynchronous

5synchronous generation in ERegional synchronous generateom@smecti om
net work and supplying power to the network

Boxpl ots of Gini coeflcient in all the four scenarios are illustrate

"Further explanation of | oad durlaeadoducativenisupvesidedalih Appensceaené
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A Vol atile regional Lows ha
As discussed in the Eregionale@oiwee rhorwe Lseexcithiloen,r etstoealr
vol atil e regi onal Lows driAve Thddirtaipardalacdyinvaemi go weorl t B @
support. This is very Ilikelymbpe haptpemati exd rdeygn aonmmisc W heear
th;ere i s high penetration otf o imat @t mi ht e Mie rregieovmall ev
ge;’neration but Il imited synfkhriomporuosy egdeneegitooal Ifrnrtehase
Dgcéespc 78 Ncpaclr_ec md pcegml _j gwl af pml msq eclcp_rgml rm rfc | _rgml

m 2018 = 2022 = 2027

© North Scot]l East Mid South Wales and Greater Lamdon
(0]

(@)

(U 4

c

(]

o ‘

(]

0 ‘ _L ‘ ‘

Percentage of regional synchronous generation to the



System Operability Framework 8 Regi onal Trends
June 2018

out put and solar out put o pWworUglndyg p S HPPBG T & mtwhes |
network operation with goyjatddg POWEIhLOWSus Machi

http://www. smarternetwor ks.
I ncreasing disparity of reghoenalhgsypegbhronous generatiol

o

rives the following areasy7ofnhPPreina@Rdrl djte/otl AwHOME gk HIG 8

A Low fault l'evel-operudtdi ong y@fe | Bk podnast e s / @li-wed pici ty

protection systems and powele &hiddi p¥ioenS WEsent van d vy
A Low system strength coulsd n€ERUSEmpSNBIE bt wer

< instapility . transmission

A Dynamic reactive power s are needed to i
deal with the rapid act|i/eutpuorweer0fl;_otelvasl.-4lhht:_E'g/servIces

www. nationalgrid. com/uk/ el
servi cebsdlIfadoeirmwg c e s

National Grid together witd gtRg oW o rbBihitpherPameRErF

active in addressing these V\P\/\P\/\P.rnaabtii'ointaylq?ﬁ‘%'.'e%'?ng‘il?(-/pQHF

Enhanced Frequency Control %%%"i‘%}bhﬁﬁﬂ-w&(l?je‘:t ai ms

devel op new source of LeXif’dE’eirtfyor[m4a]n'c-ETohoeker%Vléeerequ_%taes’btdi

project aims to obtain VOItégﬁvéPhpté’trOpgsétwaV\f.on"étqiosntarligbrqtde.

energy resources [5]. Virtygal, g%nahrean b uMeshiNehase

techniqgue has been investigaztoqdootpq,/ozcququAq_.L-pea>fibiIity

converter based resources [6]. Nati onal Grid is also

partner in Phoenix project [ 7], which aims to provide

Lexibility and dynami c support from synchronous

compensator technology.

Ther e ar e known technol ogi cal and commer ci al

solutions to the i ssues we éve highlighted her e and

known risks and benelts to using them. Pl ease read

Net wor k Development [2] and Product roadmaps [8] for

information on how we plan to bring these forward.

wi || coll aborate with transmission network owners

di stribution network operators to explore the change

system strength in both transmission and distribution

net wor ks. We al so pl an t o coll aborate wi t h

manufacturers/ developers to further understand the

of converter instability.

References

1. Future Energhyt tSpcse:n/a/r i os
wWww. nationalgrid. comdmu&r/ pwblications/ future
-scenafreisos
2.Networ k Opti onhst tAssss:e/s/s ment
www. nati onalgrid. com/-uk/ publications/ networ k
0 pt i-aosnsse s snnoean t
3.Grid Qaoades://www.nationalgrid.com/ uk/
el ectri ci tcy/deed?derse/rguriiedv
4 Enhanced FrequencyhCopsr ol Capability
www. national grid-acnedm/ uk/ i nvestment
innovation/inoperbahonysalysoem
e n h a nfcreedg ucearctyr o |
5.Power Peolitetngd:a/ll/ www. national grid.com/ uk/
invesamédnnhovation/innovation/ system



https://www.nationalgrid.com/uk/publications/future-energy-scenarios-fes
https://www.nationalgrid.com/uk/publications/future-energy-scenarios-fes
https://www.nationalgrid.com/uk/publications/future-energy-scenarios-fes
https://www.nationalgrid.com/uk/publications/network-options-assessment-noa
https://www.nationalgrid.com/uk/publications/network-options-assessment-noa
https://www.nationalgrid.com/uk/publications/network-options-assessment-noa
https://www.nationalgrid.com/uk/electricity/codes/grid-code?overview
https://www.nationalgrid.com/uk/electricity/codes/grid-code?overview
https://www.nationalgrid.com/uk/investment-and-innovation/innovation/system-operator-innovation/enhanced-frequency-control
https://www.nationalgrid.com/uk/investment-and-innovation/innovation/system-operator-innovation/enhanced-frequency-control
https://www.nationalgrid.com/uk/investment-and-innovation/innovation/system-operator-innovation/enhanced-frequency-control
https://www.nationalgrid.com/uk/investment-and-innovation/innovation/system-operator-innovation/enhanced-frequency-control
https://www.nationalgrid.com/uk/investment-and-innovation/innovation/system-operator-innovation/power-potential
https://www.nationalgrid.com/uk/investment-and-innovation/innovation/system-operator-innovation/power-potential
https://www.nationalgrid.com/uk/investment-and-innovation/innovation/system-operator-innovation/power-potential
http://www.smarternetworks.org/project/nia_ngso0004
http://www.smarternetworks.org/project/nia_ngso0004
https://www.nationalgrid.com/uk/electricity/balancing-services/future-balancing-services%20
https://www.nationalgrid.com/uk/electricity/balancing-services/future-balancing-services%20
https://www.nationalgrid.com/uk/electricity/balancing-services/future-balancing-services%20
https://www.nationalgrid.com/uk/publications/system-operability-framework-sof
https://www.nationalgrid.com/uk/publications/system-operability-framework-sof
https://www.nationalgrid.com/uk/publications/system-operability-framework-sof

System Operability Framework 9 Regional Trends and |
June 2018

Appendi x A

A.1

cus
Gri
pl o
s el
(Bo
B6) .
(Bou
Sout

c O - QO D ~+

We
cal
acr
dec
Nat i
tion
mi s s
powe

®Q O O =T

Met hodol ogy for ERegi om@dn pawarlybkewé& sMeudiyave compa

Lows in each season of every
he ERegional power LkoéOQsoefssmrb%tpeevé ﬁg\ggoml P
d on Si x transmissi Chba uInf Ol’fl hefrpoﬁwef\lattio(‘fvr?alhave

d
€s Electricity Ten Yeﬁpo"étélhgm e'nt a(tI'£+Y§)y orfd 3. o
ed the power Lows acro‘g@ (frhemn" efrbcuqeti'ia h\69v|att'heIt
cted boundaries which _ak} PABE "t hE 3% s tOnSSScor}el asned
ndary B4), Scotl and to'.nEngn.aehed %a%'|%sc?%%%'nd%r¥‘"”d
North t o mi dl ands PBSUnbaWrCé’g‘)”,e“L nd Op\W day .

ndary B14), South Wales (Boundary SW1) , and
h Coast (Boundary SCl)A'Z Met hodol ogy for ERegional

study

ave used the BID 3 model and FES 2017 data to
ulate the hourly valuaw &toal ybed actiéeé veapaooietri ektso Wsf
ss the ETYS transmissiijom boumgdgiroes Q@yeshdWwe haxtFi g
de. BI D3 is an economiwd t i stphaet crhe griogdnes fusreds Pyt em
onal Gri d. Details ar eopreqoviBdeDd3 imo dteh e aMealt wohrek FOEPS
s Assessment [2]. The ptrioadrumal hcoounrsityr av anltise sofoftranps
ion network are consi dhearcdd yi n nt kachaleygl ehion. The
r Lows across the selected six boundaries have

Appendi x B

B.1

Detailed description of density plot

Dgespc @ 8 Bcr_gjcb bcgapgnrgml md bcl ggrw njmr

The most common
value is 0 GW hour
v

tthe curve
ilbuti on of rate
er Low

The area under
shows the dist
of change of p

The maxi mum value is

The mini muBnh val ue
: 3.8GW/ hour

4GW/ hour

Rate of Chan e nf L awe [ W/ h)
Distribution Cu: ve wowwu g The val ueskiof atrhee njot shown

show the spread of condltlonsbecause they do not have any
across each year outside of strict mathematica



System Operability Framework

June 2018

B.2 Density plots of

Dgespc

<
11]

B6

B8

B14

Swi1

SC1

10

rate of change of

@ 08 P_rc md af_lec md nmucp | mu
L L
10 5 0 5 10 10 5 0 5 10
A A
10 5 0 5 10 10 5 0 5 10
A A
10 5 0 5 10 -10 5 0 5 10
A A
10 5 0 5 10 10 5 0 5 10
J
10 5 0 5 10 10 5 0 5 10
A y e
10 5 0 5 10 10 5 0 5 10
2018 2022
Rate of change of

Regional Trend

Low via all

&EU-f msp' gl Amlgskcp

10 5 0 5 10
1
10 5 0 5 10
JL
10 5 0 5 10
A
10 5 0 5 10

10 -5 0 5 10
S 0 5 10
2027
power Low (GW/ hour)

s and

t he

Nmuc p

(



System Operability Framework 11 Regional Trends and |
June 2018

; l ose to or at its boundary |

A ndi X ©
ppe d C out put . The positive Lows ac!
C.1 A high wind day supply the central areas of E

complementing each other to m

For the Two Degrees Scenars'toantth?ur‘hrﬁ@t'f’&ﬁ' Jﬂqgv %(N‘irll;eo%vs

in a high wind day in 20182er20022n a2n018202n a2r0e22' thtrlatt

ed in Figure C. 1. The d'SpbaJtChW|th|tnranSs"M S'Ornancgoennaercotu\

ed wind and transmission doefmaBan Loq/vstré%sde Stcrl q;ewgaasfe a

are also included. Low from north to south and t
to central Engl and area.
The three selected high wind days are occurring in win-
ter with lTow solar output.,,4% ?‘8§$0W5Pd[86vg‘sb8‘£8me°rﬂor
centrated in Scotland and Horggs QIAEI |gla{1|g|ie cpv? acrgoss
wind output drives the pov%er thOWSvettrrloénbl rﬁgwéotﬁPHhBh
across most boundaries. intermittent out put from winc¢
Lexibility and dynamic reacti
For al | three year s, we OE’SeBXthQS & ¥V§usascéa°SSeBolr
(Lg‘ndon area) to be broadlg¥oﬁ8|Ia‘é’lmﬁﬂdtgﬁdn?éb ] (131 d\ﬁ|
ma®d prolle as the London arh?@rt'fntpr?g 'H'urbqﬂr{t|f3§/ dtheverne<
by "demand. The power Lows aahcdrosesacl%qvaencb &/%ragﬁpab;t
5 .

o
Dgespc A,/ 8 Djmuq bspgle fgef uglb ncpgmbg

= B4 = B6 = B8 B14 = SwW1 SC1
_,\/-Jk\ L e jr/\ | ‘\/“/J\\/_\/\'\/’-
" ‘ ‘A\/ V/x-/v
B - T~
—_ - TN TSN

transmi ssiNan i demandvi @WoRe piuan gIGW) ower

Nati onal

2018 2022 2027
Run Year



and

Trends

Regi onal

12

Framewor k

System Operability

June

2018

d

south coul d

n

concentrated

day

ar

high sol

A

regional

The
and

ustrated

e

ar

2027

Tl

T >
o O o c
hSdnCdO_ T
+— < enS|eO

o ¥
%]

t
cCg, VB0 =< _
-e© ¥ — O
n_—S_ Oc 2
Lan—c>p3" N_
=

» -0 nE
= ]

— c—xX =

=00, Q-
c n- Q@
o, c3 cE .
aa e () — +—
2. -0 OcTE @n
d—
o - c [+ o rW ()]
-c o —=—+0c
Q- nl..lf. D >,
OB Og— SPO
© S— 32 Om 0
c+0rc o~ VU~
w9 o 9S.ox

VOSmme T - O
QD CO»—

d

n_.vhh.l O &C—-—G_0

u

+— Cpn
T ° _
—
Sn.lu.ﬂl
» n S o
= o
v o _
O — ®© S
m - Whis
o o + )
o= ()
opawhrr
— oD o g
P - S
T S5 o O..I.n
c o_ ©c S
D = - - - 0O
O 3 o0 W — 2
n o o — <o
o — ©
P e. e
O @ T =~ T > +—
S _ c o0 c = o
O 0@ Cc @ O O
o nw € - E > _

tional active pow

tradi

he

t

o m — () 4P|v
= m.l ! Inc|..l0n ShOV ©
O oy N eW
S = tas..l.ev . o
Ve >0 v, 08T
cov_—0nzPz ~.=. 0c
7
0w 3-Tc o T <
Co~no— b
o e M0 g EIdgr ®
o]
=} —_— c -
bertOO on = au %)
- -~ o m — (O] N~
£ P Y oga - N
a3 e ¥Eo0-C 0 © N
O e..l. n|n|| O o
= o
n penu:lsa.l.s ..I.W Wmsr (] ﬁ
—n ocogec® ‘=° Jo o
n c — 00
TCOgcn OOV-ao dD.thW © |
>p0 3 9<°_ 0 v o o ?
oL . OCdn STLED >N g
——p e Toom? S..m &
bces Sprea5|nh %
-0 S o, - © o0E _ g
[75] c —
I th.Ulre Oee = ~— =
wS _c o errgm |nSWC © o
0> 0_©_>_+00 ocu—Cu © P
- =g OgONEC o O—.e Q_ N
L < =
= O C ® — < =]
o - — - o
0 S
© © w © - =z o
o n
v T < : o " r
e = n > o
> g © - - ®
© - < _
o DO v o — >
o & v =~ o — M .M o
o W c 0+~ .- o %)
o >0 o o
n < c @© ©c @
2] = < %) o
o v © - =}
_ £ c c O - S 1
- L S c® 3> = 2
o Lo - @ > o e m
. O T £ O - < ©
o~ c - 9 =35 -
C = 0 o N - o
0O ®DT S 0 E ® c V%
- _ c - —_ 0 o o
- ® - ® o o o E W
o E E E > 0 0 o °
- 0o oo s @MMa) Moz Jamdeo Jeuoadliay (WS Jopudgwap IUBNSS lWwsuelJ]l |BUO | IEN
v T - 0 T - = « o



