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EXECUTIVE SUMMARY

This report presents scenarios for electricity danand generation for the UK in 2030, to indicate
how very high levels of decarbonisation of eledtyisupply could be achieved with a high fractidn o
generation from renewable sources and without neVdtuclear, while still retaining a secure
electricity system. It is generally accepted tioatthe UK to meet the emissions reductions deemed
essential by 2050, electricity supply must be Igrgecarbonised by 2030.

Two scenarios for electricity demand in 2030 areettgoed: the Central demand scenario assumes
electricity demand reduction measures in broadesgeat with figures produced by DECC and the
Committee on Climate Change, and the Ambitious agenassumes a greater level of demand
reduction due principally to very significant lifgke changes, based on results produced by UKERC.
Both scenarios include the effect of significargogdification of heat supply and transport by 2030,
with the result that in the Ambitious scenario, @arelectricity demand (338 TWh) is similar to tgda
(340 TWh), and is substantially greater in the @drdécenario (425 TWh). Therefore the result of
substantial demand reduction efforts is that dldttrconsumption is similar to or greater thanapgd

but also supplies a large part of the energy requéints for transport and heating.

Demand reduction is shown to bring significant bighe For example, compared to the Central
demand scenario, the Ambitious demand scenaricesdine total capital cost of generating capacity
and interconnections to other systems by the @@i£40 billion.

Due to the large fraction of demand for heat aaddport anticipated by 2030 (around 20%), it is
shown that the shape of the diurnal (daily) eleityridemand curve is likely to show smaller peaks
than at present. This is because a large parmetheat load is expected to be ‘deferrable’ over
timescales of hours, particularly as domestic amdmercial buildings and hot water systems become
better insulated. Almost all the electricity demdar transport is expected to be for electric card
vans, and much of this demand is also expectea tdefferrable within-day. Maximum demand is
around 70 GW in the Central scenario and aroun@®®6 in the Ambitious scenario, compared to
59 GW today. Previous studies have stated condhatshese new electricity loads will make net
electricity demand more variable, but it is conelddhere that these new loads will increase the
amount of deferrable demand. The economics oftrediég generation are likely to result in a
significant part of this deferrable demand beingead throughout the day, and in particular being
deferred into the night-time ‘trough’, thus redugiariations within the day.

However very little of this demand can be deferoadionger timescales, and so variability between
days could increase, compared to the present.

Other studies have also raised concerns aboutrieldaating and transport demands introducing
greater levels of uncertainty (as distinct fromiahitity) in electricity demand forecasting, butist
concluded here that these loads are inherentlyes® predictable than the current mix of electricity
loads.

The renewable energy resource available to the $Jikhiown to be very significantly larger than
electricity demand in 2030. The limit on renewatpmeration capacity is therefore economic, rather
than the resource. In particular, with a high it of variable renewable generating capacity sagh
wind, there will be increasing periods where highewables production coincides with relatively low
electricity demand, causing electricity prices &tl.f Therefore it becomes progressively harder to
justify further expansion of renewables. The paintvhich this effect becomes significant cannot be
estimated at present, because of uncertainty dbue fuel prices (particularly gas), carbon psics
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equivalent, future costs of renewables technologies competing generating technologies, and the
interconnection capacity to other systems (to akaports in times of surplus).

For this reason, it is not credible to try to pacbowest-cost mix of renewables for the purposeb®f
study. Instead, a mix is selected based on thergng capacities that could credibly be instabgd
2030. This includes a large fraction of onshore affishore wind. It should be noted that the meci
mix of renewables is not crucial to the conclusiofghis study, as many of the renewables (wind,
wave, tidal, solar) share broadly similar charasties for resource size, capacity factors and
variability. In these respects wind is perhapsléast ‘grid-friendly’ of the renewables technoleg)i

so a mix with a high proportion of wind represeatsonservative approach to the issues of system
security.

As an approximation it is assumed here that itcenemic to build renewables capacity in the UK
approximately equal to UK peak demand plus thetiegianterconnection capacity. This results in
annual electricity production from renewables afierd 60% of UK annual electricity demand.

The rates of construction for this level and mixrefhewables by 2030 appear achievable, when
compared with construction rates suggested in Gowent studies and by the renewables industries.

Previous work on security of electricity systemshva high fraction of variable renewables have been
reviewed, with some new analysis, and it is conatuthat the principal problem is coping with an
extended period of low renewables output. In resrihEurope, the worst case is expected to be a
prolonged period of anticyclonic weather, particlylan winter, causing low output from wind
generation and wave generation, with low tempeeatwausing high electricity demand for heating,
and low output from run-of-river hydro due to frozgroundwater. These extreme conditions are
expected to occur infrequently. The principlefa$tstudy is that, if this issue can be resolviedntall
other system security issues with variable reneggaaie also likely to be resolved.

For an extended period of low renewables productieferrable demands are of little benefit. There
are no significant electricity demands that canneadically be deferred by several days or weeks.
Similarly, there is no energy storage technologyently available within the UK which can store a
large part of UK electricity demand for several slaynd weeks. In fact, there is an argument theat th
duration of the critical extended period of low eambles production could be defined not by days or
weeks, but ‘until the deferrable demands and ensgi@yage run out'.

There are two remaining potential solutions to tkssie:
* interconnections to neighbouring electricity system
e conventional thermal generation kept as a reserve.

Both options are analysed.

From other published work on interconnections, eéliglence is that large-scale interconnections to
continental Europe and Scandinavia provide veryit@nt benefit. In effect, the problem is no
longer the security of the UK system: the problemgsdmes the security of the combined European
electricity systems. In particular, interconneatito Scandinavian hydro resources and solar
generation in southern Europe and North Africa mewiversity and storage. New technology makes
substantial subsea interconnections to Norway arnthern Spain entirely feasible. Interconnection t
geothermal power generation in Iceland is alsoipless

The use of hydro and pumped-storage capacity wbatme very significant in this context, and
particularly Norwegian hydro for the UK. CurrenbiWegian hydro reservoir capacity is understood
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to be of the order of one quarter of UK annual teleity demand, and this could be increased
significantly by conversion of existing installat® to pumped storage. However there are several
other countries with eyes on Norwegian hydro.

The alternative to interconnections, i.e. convargiahermal generation, is assumed here to beljarge
gas, with Carbon Capture and Storage (CCS) fittedezessary to meet decarbonisation targets. Gas
is the most flexible of the conventional generatiechnologies, which is beneficial in coping with
variable renewables. It is shown that a securetriddy system with high levels of renewable
generation can be provided, and (assuming that C&% be made to work technically and
economically) can achieve high levels of decarkaiios. The total UK thermal generation capacity
required is significantly less than the capacitjetp

‘Stretch’ scenarios are also considered, wherebyatiitional interconnection capacity is assumed to
permit substantial exports of renewable electrifitym the UK, thereby increasing the amount of

renewable generation capacity which is economicplltified. In these cases, UK renewable

generation output reaches around 87% of annuatieigcdemand.

To summarise: there are several feasible waysdduse a secure electricity system for the UK in
2030, with a high fraction of variable renewabld8$e most important issues for further investigatio
are economic, rather than technical.
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1 INTRODUCTION

WWF UK has contracted GL Garrad Hassan (GLGH) tmpce scenarios for electricity demand and
generation in the UKin 2030. The aim of the work is to address thestjon:

How could the UK meet electricity demand in 203@ anhieve near decarbonisation of the power
sector by that same date, without endangering sgcof supply, relying on new nuclear capacity or
the use of unsustainable biomass?

The aim of ‘near decarbonisation’ is defined asi@ghg a carbon intensity of electricity generation
of no more than 50 gGfkWh.

The work has been structured as follows.

Section 2develops two scenarios for electricity demand08@ the Central and Ambitious demand
scenarios.

Section 3reviews the issues of security of electricity dypp a situation with very high penetration
of variable renewables. It is shown that the ppilecdifficulty is dealing with extended periodstiwi
very little renewable generation. In the casehef /K, this would be due to extended anticyclonic
conditions in winter, with low temperatures andldit production from wind, wave or hydro
generation. Two solutions are proposed: very ekterinterconnection with other electricity systems
and gas-fired electricity generation.

Section 4analyses the renewable generation capacity tifaagble by 2030. It is shown that on an
annual basis, the practicable resource is welkaegs of UK electricity demand. It is also showatt

the limits to renewable generation capacity arenegoc rather than technical, in that as penetration
increases, there will be increasing periods whegctetity prices are low or when supply exceeds
demand (for example, during periods of high windd éow demand). Therefore the economics of
further renewable generation plant become lesactitte. This applies whether renewables are funded
through a market mechanism such as ROCs, or sommieamesm more directly driven by Government,
such as feed-in tariffs.

Within the scope of this work, and because of tleaguncertainty about the costs of the renewables
technologies in 2030, it is not possible to deteemthe economic limit on renewables capacity.
Therefore total renewables capacity is assumea tinbited to peak UK electricity demand plus the
capacity of existing interconnectors to other systgto take account of exports during periods of
surplus). This is a general assumption but issketl to be in the right area.

Within this limit, a mix of renewable generationpeaity is developed for each of the Central and
Ambitious demand scenarios, which takes accourgsafurce and likely build rates.

! Climate change and energy policy is a UK issuewéi@r the electricity system of Northern Irelandséparate from the
Great Britain (GB) system, and together with the Répuf Ireland is operated as one electricity spstavith only limited
connections to the GB system. In this report, glgtst demand and generation figures are for the Sg&em. Therefore
there is a small approximation in assuming thasehend their related emissions are representatitreedJK. However, in
comparison with other assumptions and approximatimecessary when considering the period to 20&0eftect will be
small.
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It is shown that the electricity system can be smdfithere is:

» Either a very significant increase in interconnatsi to other electricity systems. This
assumes that the resulting combined electricitjesyss itself secure.

* Or a substantial quantity of gas-fired generatitioigh still significantly less than current
UK fossil and nuclear generation).

Combinations of these two alternatives are of aaprssible.
Four scenarios are analysed and compared:

« Electricity system security ensured by gas-firedegation:

o0 Central demand scenario (termed Al)
0 Ambitious demand scenario (A2)

» Electricity system security ensured by gas-firedegation plus additional interconnection to
other electricity systems:

o0 Central demand scenario (termed B1)

0 Ambitious demand scenario (B2)
Sections 5, 6 and tonsider these options in more detail, and compagescenarios. Table 11
summarises the main results for the four scenarios.

Two ‘Stretch’ scenarios (C1, C2) with substantidtigher renewable generation capacity are also
analysed.

Section 8summarises the main conclusions.

Additional information and detail is included in pgndices.

Garrad Hassan & Partners Ltd 5
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2 ELECTRICITY DEMAND SCENARIOS
2.1 Methodology

Estimating electricity demand twenty years into theire is subject to considerable uncertainty. In
order to deal with this uncertainty while avoidingaking many detailed assumptions, this work
defines two separate scenarios for electricity dema

* A ‘Central’ scenario based on robust publishedsigl chosen to be uncontroversial.

 An ‘Ambitious’ scenario, i.e.with greater demandwetion than assumed in the Central
scenario. The purpose of including this scenaritm ishow to what extent aggressive demand
reduction will reduce the need for electricity gexting capacity of all types.

For the Central scenario, publications by and fBOD? and CCC have been reviewed.

For the Ambitious scenario, work by UK Energy ReskaCentre (UKERC) on possible demand
reduction given extensive ‘lifestyle’ changes hasrbused [13]. These changes are assumed to occur
in the forms of energy use most directly controldthe individual: the residential and transport
sectors. Energy use in the home is assumed tecueed by behavioural changes such as reducing
internal temperatures, reducing use of hot watestalling better insulation, and buying low-energy
appliances. Transport energy use is assumed tedueed by many factors, including teleworking,
videoconferencing, car clubs, and changes in th@lsacceptability of flying, large cars, and sieg|
occupancy car journeys.

2.2 Central scenario
2.2.1 Targets

Electricity demand in the UK in 2030 will be drivday emissions reduction and demand reduction
targets. Several studies have concluded thaherimescale to 2030, the electricity sector is ohe
the areas where progress on emissions reductionsecenade most rapidly, at relatively low cost, and
with relatively low uncertainties.

No target for emissions or for electricity demarat gxists for 2030. The UK is legally bound to
reduce its greenhouse gas emissions in 2050 l®ast 80%, compared to the 1990 baseline level of
777 MTCQe *. Based on this obligation, the CCC publishedFtsirth Carbon Budget report in
December 2010 [7]. This is advice to Governmenemissions targets which should be adopted for
the period 2023-2027, and policies to reach thagets. As part of the work for this report, the@©
has produced estimates of emissions reductions ghauld be achieved in 2030. The main
conclusions for 2030 are:

2 UK Government Department of Energy and Climate Chamip://www.decc.gov.uk/

3 Committee on Climate Chandettp://www.theccc.org.uk/ An independent body set up to advise UK Goventme

4 MTCO,e: Million tonnes of C@equivalent. A unit for emissions, which includamissions other than G®y equating
them in terms of their effects on climate changewever for the power sector, the vast majorityhef effect is due to CO
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Greenhouse gas emissions should be reduced byt6(60 MTCQe. To put this in context:

0 The UK target for 2020 should be set at 37% reduagtio 486 MTCO2e per year
(average for 2018-2022 carbon budget period [7]).

0 The 2050 target for 80% reduction equates to 15&8E per year.

This ‘indicative’ target is termed the Domestic et figure, and should be achieved without
making use of international trade in emissions.

A second ‘Global Offer’ target of 63% can be usedpart of international climate change
negotiations. For this, some use of internatitrzale in emissions would be permissible. The
UK could offer to shift to this target, if this aidnternational agreement on climate change.

The electricity sector should be almost completidgarbonised by 2030 (average emissions
intensity figures forecast to be of the order ofg&IDe/kWIT).

2.2.2 Annual electricity demand

GLGH has found four studies which provide estimatfeslectricity demand in 2030:

DECC 2050 Pathways Analysis report, July 2010, withsequent revisions in March 2011
[8]. This defines several ‘pathways’ by which tB850 target could be achieved. The
pathways are presented in order to indicate thgeraf possible solutions, without decisions
on which is preferable. The figure in Table 1 reided by the detailed spreadsheet which
underpins the report, and is available on the saeissite.

CCC Fourth Carbon Budget, Dec 2010 [7].
Poyry Energy Consulting, “Options for low-carbonwms sector flexibility to 2050”, Oct
2010 [5]. This was produced for CCC and used pstito the Fourth Carbon Budget. The

electricity demand assumptions were provided by CCC

Redpoint/Trilemma, “Electricity Market Reform, Anals of Policy Options”, Dec 2010 [11].
Again, demand assumptions were provided by CCC.

These documents are closely related, in that theey similar or identical tools and assumptions.
However the electricity demand estimates they predtor 2030 are not identical. They are
summarised in Table 1, which is followed by additibdetail.

Current UK electricity demand is around 340 TWhyear. The figure for 2010 is 328 TWh [36], but
this is assumed to be affected by the economicsseme, as explained further in Section 2.3.1.

® gCO2e/kWh: grams of CQequivalent per kWh of electricity.

Garrad Hassan & Partners Ltd 7
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DECC | CCC | CCC | CCC | Poyry | Poyry | Redpoint | Redpoint
Pathway | Low Med High CF1 CF2 | Central High
Alpha

Annual 519 385 425 435 328 399 375 500

electricity

demand [Twh] | Notel

Made up of:

Electric heating 100 24 51 51 34 90 - -

[TWh]

Electric transport 41 15 30 43 4 16 - -

[TWh]

Other electricity 378 346 344 341 290 293 - -

demand sectors Note 2| Note 2| Note 2

[TWh]

Note 1: The DECC figure is understood to include awgeneration, i.e. electricity demand supplied from
generation on-site. CCC estimate this as 40 TWh i2030. This is excluded from the other estimated o
annual electricity demand.

Note 2: Calculated by subtraction of other items fom Annual Electricity Demand.

Table 1: Comparison of electricity demand estimatesr 2030
Note that ‘demand’ is the electricity delivereddonsumers. The total electricity generated will be
greater; the difference is principally the losseshie electricity distribution and transmissionteyss
(7% in the DECC figure8) Net imports and exports will also have an effdwbugh currently this is

very small.

In Table 1, electric heating and electric transpante been specifically identified as sub-elemehts
electricity demand, where known, because:

* Both could be important in responding to variapjliespecially of renewable generation.
This is considered in Task 2.

» Both could substantially affect total electricitgrdand, in response to policy decisions.

® Given the uncertainties in demand estimation B2@he relatively small impact of transmission aistribution losses has
not been taken into account in subsequent calookati

Garrad Hassan & Partners Ltd 8
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Note that ‘electric transport’ is almost entirelyedto road transport, principally cars and vans.
Electricity consumption by rail is very small inraparison. The ‘Other Electricity Demand Sectors’
category is equivalent to the range of uses oftiddy in the present day, principally residential

lighting and appliances, commercial or public selighting and appliances, and industrial use.

The DECC figures are for Pathway Alpha, which isdghon an even spread of effort between the
low-carbon generation technologies, energy efficygmeasures, and behavioural change. Most of the
other pathways show similar total demand figure2f80.

The CCC analysis distinguishes between Low, Medamd High Abatement scenarios. These
scenarios illustrate the effects of increasingllewé effort to reduce emissions.

The Poyry report considered two cases for 2030n€ofactual 1 and 2. CF1 assumed a demand mix
similar to today’s, with no significant additionalectrification of heat or of transport, wherea2CF
assumed reasonable volumes of electric vehiclespeaovision of heat using heat pumps.

The Redpoint figures are based on demand assummgtiavided by CCC. The difference between
the Central and High figures is due to differerstesptions regarding heating and transport.

In this report, the CCC Medium case is taken asC#tral scenario, for the following reasons:

* [Each of these studies appears to use self-cornise$samptions, methodology and analysis,
and therefore there is no justification for ‘picfirand choosing’ different elements of
electricity demand from different studies.

e« The CCC report is more recent than the DECC 20%56vReys report. Also, the CCC report
notes that the DECC study is ‘supply-focused’ pamticular, the DECC study was intended to
show how demand could be satisfactorily met, antdmdit include demand reduction as an
option in any form of optimisation.

« The electricity demand assumptions used in theyPéyd Redpoint reports are stated to have
been provided by CCC.

* The CCC Medium Abatement case is the case where has been the greatest emphasis on
attempting to meet emissions targets at lowestaastrisk, though it is recognised that such
judgements are made in the context of substantiegtainty. In contrast, other studies have
been designed to illustrate the range of alternatases.

As noted earlier, the DECC figures include lossethé distribution and transmission systems (around
7%), and also the effect of autogeneration. Gittem relatively small effect compared to the
uncertainty in demand estimation in 2030, the Gérdemand estimate is assumed to include the
effect of losses, i.e. it is the net demand.

Note that other work for WWF [10] on electricityrdand for cars alone estimates 29 TWh/y in the
very demanding ‘Stretch’ scenario. The CCC figof&0 TWh/y adopted here also includes electric
vans. Therefore this is compatible with but lesmdnding than in [10].

Appendix 1 shows the demand duration curve.
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2.2.3 Evolution of electricity demand to 2030
The CCC study predicts a gradual increase in @dgtdemand between now and 2030, as shown in

Figure 1. Applying the same general trend to tleat@l demand assumption results in a trend as
shown in Appendix 8.

Figure £.17: Electricity demand (1950-2030)

00 Outrorn
450 L === Medium scerania
4100 ot
A ey
-
A —— = S
- = e —
30 e
£ 0
[
150
10

1340
s
T
F5h

| GER

Hkld

PIEE

o

Figure 1: CCC Fourth Carbon Budget estimate of eldcicity demand growth (from [7])

2.2.4 Diurnal demand curves

Figure 2 shows variation in electricity demand 2009/10 [20], for days of maximum and minimum
demand, and ‘typical’ days in summer and wintel. were weekdays, except for the day of minimum
demand, which was a Sunday. Maximum demand w&®8/ and minimum demand was 19.6 GW.
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Figure 2: GB daily demand profiles, 2009/10 (fromZ0])

Figure 3 shows these profiles scaled up for 2030.
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Figure 3: Daily demand profiles for 2030, excludingdditional demand management and the
effect of electrification of heat and transport
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The scaling is done by the ratio of total 2009/ ticity demand, i.e. the area under the curvihén
figures in Appendix 1 (316 TWh), to the ‘Other dtemty demand sectors’ figure in the Central
demand scenario (CCC Medium case in Table 1, 344)TWhe resulting profiles are an estimate of
daily demand profiles in 2030, excluding electafion of heat and transport, with no demand
management beyond what is currently achieved, asdnaing no significant changes in relative
importance of different load types and consumegniieiur.

Figures 4 and 5 show the effect of simple assumstibout inclusion of the electric heating and
electric vehicle charging for the Summer Typicall &dinter Typical days in 2030.
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Figure 4: Summer Typical day for 2030, with addition of electric heating and transport demands

For summer, it is assumed that:
+ Electric heat demand is 20% of the annual eleb&®t demand.

» Half of this electric heat demand (principally datie and commercial hot water in well-
insulated tanks) can be scheduled during the raght early morning, with the other half
required effectively continuously. The schedulisgmost likely achieved by time-of-day
tariffs, or possibly direct control by electricisuppliers responding to short-term electricity
price signals.

» Electric vehicle charging demand is equally spiestiveen summer and winter.

» 20% of the electric vehicle charging demand ocduréng the day (i.e. workplace charging)
and the remaining 80% is constrained to the petfa@0 to 07:00, again most likely by price
signals.
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It is important to note that these assumptionsreladively crude, for simplicity: in reality it ibkely

that management of these loads will be much magplisticated. Nevertheless, the assumptions used
here are believed to give informative results, withover-optimism. It is unwise to assume that all
consumers will respond in an economically ratiomay at all times, so complete smoothing of peaks
cannot be assumed.

The following points are apparent from Figure 4:

« The electric vehicle and heating demand are togeithle to approximately fill the night-time
trough. If managed optimally, this eases the gdimr scheduling task and improves
economics of base-load generation.

e There are critical periods around 6am and 7pm. eMtelligent management of these loads
(especially the heating load) than is assumedimdimple analysis would allow these peaks
and troughs to be smoothed further, although ftoisat all clear how important drivers will
feel it is to charge their vehicles immediatelyreturning home.

Note also that forecasting of the electric vehahel electric heating demand is in principle no more
difficult than forecasting of components of eledtsi demand at present. These loads are affegted b
a number of factors (such as temperature, houdaidiess, holiday periods, late-night shopping, and
sporting events) which are already taken into astwudemand forecasting.

It is important to assess the effect on variabiifydemand. The Fourth Carbon Budget Report [7]
notes that:

Decarbonisation will also increase the level anc thariability of demand, through the
electrification of heat and transport. In particulalemand for electricity from the heat sector
could add significantly to the need for flexibillly increasing the variability, seasonality and
peakiness of electricity demand.

However, this statement does not take into acctintieferrable nature of these loads. It is dgtire
reasonable to assume that a large part of theds Isaleferrable within-day, particularly as builgk
become more energy-efficient. Given the very digaint economic advantages of smoothing the
diurnal demand curve, in particular in future whaost generation is likely to be high-capital-cost
(i.e. with strong cost advantages in maintaininigigh capacity factor), it is highly likely that tbe
loads will be deferred within-day. Therefore witiday variability is likely to beeduced. There will
however be increased variability between daysuérfted by factors such as those listed above. This
should not make demand significantly less predietab
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Figure 5: Winter Typical day for 2030, with addition of electric heating and transport demands

For winter, it is assumed that:
» Electric heat demand (space heating and hot wiat86% of the annual figure.

» Half of this electric heat demand (principally datie and commercial space heating in well-
insulated buildings and hot water in well-insulated tanks) can beedated during the night
and early morning, with the other half requiredeefively continuously. For instance, this
might include heat pumps used to heat older bugklivhere insulation is poor.

» Electric vehicle charging demand is as for summer.
The following points are apparent from Figure 5:

* The assumed electric vehicle and heating demanchare than enough to fill the night-time
trough.

e The critical periods around 6am and 6pm are mote®e in winter than in summer. Again,
more intelligent management of the EV and heatoag$ than is assumed in this simple
analysis should allow these peaks and troughs tentmothed considerably. Note that this
would result inlessof the deferrable demand actually having to bewedl into the overnight

" Therefore if building insulation levels do not irope substantially, the job of managing the eledteating load becomes
harder.
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period, i.e. a greater fraction of the electric tmegpand electric vehicle charging demand
would be provided during the day.

2.3 Ambitious scenario

2.3.1 Annual electricity demand

Table 2 below shows the Ambitious demand scenamm for comparison the Central demand
scenario as described above.

The Ambitious demand scenario is based on worlhbyuK Energy Research Centre [13]. As noted
earlier, this included a scenario (termed LS-LCgrehthe effects of significant lifestyle changeseve
assumed, beyond the changes likely to be causedllny decisions. Total electricity consumption in
this scenario is 338 TWh, which is 80% of the tdtal the Central scenario. This appears to be a
reasonable estimate to take as ‘ambitious’.

To provide a point of comparison, UK annual primanyergy demand (i.e. all energy, not just
electricity) in the Ambitious demand scenéris 1767 TWh [13], compared to around 2500 TWh
today [8].

Table 2 also shows 36 TWh for electric transpothg Ambitious scenario. This is taken direct from
the UKERC LS-LC scenario. In contrast to the otkectors, this is higher than in the Central
scenario. This is because a very substantial tshdtectric transport is assumed.

There is no figure in the UKERC results which dilesummates all electric heating loads, so in
Table 2 this is assumed here also to scale lineaillliis means that there is less electric hedtiag

in the Central demand scenario, which should bd asameaning that electrification of heating loads
has been accompanied by substantial reductiortahtieating requirements.

The figure for ‘Other’ is obtained from the totat subtraction.

Present-day electricity demand is around 340 TWHfy The latest figure is 328 TWh/y for 2010
[36], but this is affected by the recession. Theay well be a ‘bounce back’ after the recession, s
340 TWh is a more robust figure. Therefore thet@emlemand scenario figure of 344 TWh in 2030
indicates no significant reduction in ‘other’ derdasectors. The CCC Fourth Budget report makes it
clear that this is the result of the combinatioranficipated demand reduction measures, and ireseas
in population, number of households, and individnebmes.

8 The CCC analysis behind the Central demand scenag®rit include an equivalent figure for comparison.
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Central demand scenario Ambitious demand | Factor
(CCC Medium) scenario
Annual electricity demand [TWh] 425 338 0.80
Made up of:
Electric heating [TWh] 51 41 0.80
Electric transport [TWh] 30 36 1.20
Other electricity demand 344 261 0.76
sectors [TWh]

Table 2: Derivation of ‘Ambitious’ demand scenariofor 2030°

The load duration curve associated with this seensushown in Appendix 1.

2.3.2 Evolution of electricity demand to 2030

As for the Central demand scenario, the trend 8028 shown in Appendix 8.

2.3.3 Diurnal demand curves
Figures 6, 7 and 8 are similar to Figures 3, 4,%rfdr the Ambitious demand scenatrio.

As before, Figure 6 shows an estimate of daily dearofiles in 2030, excluding electrification of
heat and transport, and assuming no significamgdsin relative importance of different load types
and consumer behaviour. Figures 7 and 8 showfteet of the simple assumptions about inclusion
of the electric heating and electric vehicle chagdior the Summer Typical and Winter Typical days
in 2030 (as defined for the Central demand scehario

Conclusions are similar to those discussed un@e€Ctntral demand scenario. However, note that the
relative size of the deferrable demand in wintendsv greater, so that simple assumptions about
scheduling of these loads actually lead to peakaghehoccurring overnight. Clearly this is counter-
productive, and in reality less of the deferrabéamdnd will be deferred into the overnight period,
leaving a smoother diurnal demand curve than isvaho Figure 8.

% As noted in Section 2.2, these estimates are asbtorinclude the effect of losses in transmissiod distribution systems.
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Figure 6: Daily demand profiles for 2030, excludingeffect of electrification of heat and transport
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Figure 7: Summer Typical day for 2030, with addition of electric heating and transport demands
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Figure 8: Winter Typical day for 2030, with addition of electric heating and transport demands

2.4 Conclusions

The heating and transport loads become very sigmifi It is very likely that much of these loads ¢

be deferred within-day, particularly as buildingscbme better insulated. Economics are likely to
drive much of these loads into the night-time ttougnd the magnitudes are such that a substantial
flattening of the diurnal demand profile is possijble. a substantial reduction in within-day vaoia.

The very simple assumptions used here about trerdebf the heating and electric vehicle demands
highlight that the most problematic times are kk& be early morning and early evening. More
intelligent scheduling of these loads should remiine short-duration peaks in demand shown here.
The ability to defer these loads provides a ustgal in helping to adapt demand patterns to the
intermittency of some renewables.

As will be seen later, the estimated peak demasdiheery strong effect on the difficulty and thetso

of ensuring a secure electricity system. Therefoemnagement of electricity loads, especially heat
during the winter, is an important area for dethifgudy. If this cannot be achieved, it may be
sensible to retain gas for providing ‘peak heather in conventional central heating or in didtric
heating systems [35].

Deferral of these loads may be achieved by timdeyf-pricing, or by responses to short-term
wholesale electricity price signals.
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It is important to note that, although heating atettric vehicle charging loads are variable, they
driven by known factors, and in principle shouldaseforecastable as electricity demand is at ptesen

Although within-day variability is reduced by thedeferrable loads, variability between days wilt no
be reduced. In fact it is likely to increase irrqemtage terms, principally because heating demand
becomes a bigger fraction of total demand, an@msiive to air temperature, wind speed and cloud
cover.
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3 SYSTEM SECURITY

3.1 General

The term ‘security’ in this context is a measuretltd robustness of the electricity system, i.e. its
reliability in the face of failures in the transiiisn system, or non-availability of generators.eTh
transmission system is the network of high-voltagerhead lines and underground cables which
transmit power from areas with a concentration efiegators to the major load centres, principally
cities. Distribution systems then take the powetosver voltage and distribute it to individual
consumerS. Although distribution systems are more extensive are the greatest contributor to loss
of supply to customers, ‘security’ in this contelikdes not include the distribution systems. This is
because individual failures in distribution systeaféect only small numbers of consumers for
relatively short periods, and do not compromiseitkegrity of the whole system.

Detailed analyses of the security of electricityteyns assuming high penetration of variable and
intermittent renewables (principally wind) have beandertaken for several years now, with
increasing levels of detail. A review is providad23].

The main conclusions of these and similar studE}§9][12][14] can be summarised for UK
conditions, as follows.

Variations in output power

Variability of output power from renewables, pauterly wind, is often cited as a problem for power
system operators. The discussion below is spadlifitor wind, but similar arguments will apply for
wave and solar PV.

On timescales of seconds, the output power fronmirna fiarm of several wind turbines varies very
little, due to the averaging of wind speed acrbgsrotor disk of each turbine, and across all hebi
on the site. Even the most extreme changes ayesuall.

This smoothing effect is more pronounced for vdeéaipeed turbines (now the dominant technology),
because the variations in aerodynamic torque itgtite rotor are further smoothed by acceleration
and deceleration of the large rotor inertia, réisgltin smaller variations in torque input to the
generator.

On timescales of minutes or tens of minutes, th&tran in output power from a single wind farm
can be larger, but the variability of the summatatput of geographically-distributed wind generatio
is very small

On timescales of around 30 minutes or an hour,rtegavorst-case changes for the summated output
power of wind farms distributed across an areasihe of the average European nation are no greater
than around 20% of the installed wind generatigpacdy. Figure 9 shows a frequency distribution

011 a future with a large amount of microgeneratiois likely that power will occasionally or magteven often flow back
‘up’ from distribution systems into the transmissgystem. This does not affect the fundamentaitpof this report.
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for two years of data collected by National Grid émound half the wind generation capacity in'&B
[24]. The change in output from one half-hour pério the next has been analysed. On 35 occasions
in two years (i.e. 0.1% of the time) the changeeexed 10% of installed wind capacity. The most
extreme recorded change is 22% in half an hour.

Frequency distribution, half-hour changes, 2009 & 2010
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Figure 9: Frequency distribution of half-hour changes in summated output power from UK
wind farms

On timescales of 12 or 24 hours, total wind productan vary from zero to full power. The most
extreme cases are when wind farms are operatiffigilgtower in high winds, and the wind speed
increases further, to the point where the windihe® shut down to protect against high mechanical
loads. Experience from Denmark is that changewimd speed such as this are due to weather
systems, which take several hours to move acr@ssdhe size of European countries [25], so the
most extreme summated effect seen by a nationetrieiey system is still only of the order of 20%
per hour.

These extreme events can be forecasted (see belompre correctly, periods when there is a risk of
extreme events can be forecasted. This allowsftlets to be mitigated, as discussed below.

1 n fact, most of the wind farms represented is thitaset are the larger projects located in Swhtko the results will not
capture the full effect of geographical smoothikgoas all wind generation in GB. Therefore the ltesare likely to over-
estimate the most extreme rates of change.
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Even including mitigation options, the net effedt the variability of wind (and other similar
renewables) increases the requirement for systdanding services. The costs of this have been
analysed [23]: they need to be taken into accoomt,are not large, even at high penetrations of
variable renewables.

Forecasting
Forecasting of power production from multiple wifadms is well-established and is used by system
operators and electricity traders.

Mean errors for a few hours ahead are of the avtlarfew percent, becoming greater for longer time
horizons [29].

Periods where rapid changes in wind output ardylikan be foreseen, and the wind production can be
gradually reduced in advance in order to mitighte rapid changes. This causes loss of production
and therefore economic losses. Such events arecexpto occur very infrequently when wind
penetration is low or moderate. As wind generatiagacity becomes very high, the changes in wind
production become greater in MW terms, and so théltebe more events where it is necessary to
reduce wind production to mitigate rapid changes.

Note also that for rapid rises in wind productidime effect can be mitigated without reliance on
forecasting, by imposing a ‘ramp rate limit' on @imgenerators (again implying some economic
losses). If necessary, this function can readiyniplemented in wind farm controllers.

Sudden failures
Sudden failure of a complete wind farm due to dt faw the wind farm electrical system is as feasibl
as the sudden loss of a large conventional gendmatthe same reason.

However a large conventional generator also hasr atbn-electrical failure modes which can cause
the loss of all generation suddenly. The unit sizeiind turbines is very much smaller than thet uni
size of conventional generating plant: of the orde5 MW, compared to the order of 500 MW.
Thereforeindividual wind turbine unit failure makes fewer deands on the system

‘Fault ride-through’

As wind penetration has increased, system operhsms become concerned about the possibility of a
single event causing multiple wind farms to shuwvdat the same time. The main concern is a major
fault on the transmission system, which resultshm voltage over a wide area of the transmission
system suddenly reducing substantially until theltfas cleared, a period of several hundred
milliseconds. Such a voltage dip could cause v@mchs over the entire area to shut down suddenly.
Conventional power stations use synchronous gemsratvhich are less affected. The system
operators therefore defined ‘fault ride-throughitemia for wind turbines, and modern wind turbine
technology can now meet these criteria satisfdgtori

Other factors which might cause simultaneous fedwf wind farms (for example, sudden frequency
drop) are well-defined, and wind turbines are d@bleespond as well as, or in some cases better than
conventional generators [26].
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Transmission system

The majority of wind generation in GB, currentlydaim the future, will be located in areas without a
concentration of existing conventional generatdks. appreciable fraction of this will also be dista
from the major load centres. Therefore there bdlla need for a more extensive transmission system,
which might increase the vulnerability to disturbes. However, in this work it is assumed that igis
dealt with by normal transmission planning pradjcand the transmission system can be made as
reliable as the current system.

Interconnections
Interconnection to other systems is seen as vefulis dealing with variability of renewables, kst
not the only solution [1]. This is considered ione detail in Section 5.

3.2 Implications for this study

The effects of wind generation have been discuabede. Other variable renewables (tidal, wave,
solar PV) have been less studied, but the effeet®xpected to be the same or less marked than for
wind. For example, the output of distributed wageaeration is expected to vary more slowly than the
output of distributed wind generation. Tidal geaiem is variable but extremely predictable.
Biomass and geothermal are of course entirely tibphale. Therefore, the net output of a mixture of
renewable generation technologies will be lessatéeithan for wind alone. In this respect, assgmin
that the future renewables mix is ‘all wind’ is @nservative assumption.

The conclusion for system operators, from the issliscussed above, is thatalh respects bar two,
intermittent renewable generation is (or can be neatb be) no different in its effects on system
security than conventional generationThe two principal differences are:

e Variations in total output on timescales of halfteour and longer, which can be forecasted
adequately a few hours ahead, but which the syspamator cannot effectively influeriée

* Output is set by the wind, not by contracts or reaikices.

There have been extensive studies, on the GB symtdon other systems, on the effects of these two
factors. This often involves detailed modellingtbé additional costs imposed on the electricity
system in dealing effectively with these two issumstime-series modelling of the behaviour of asto

in an electricity market, using real wind and eledy demand data, and including the effect of
randomised failure events. Within the scope of #tudy it is not feasible to repeat this kind of
analysis. Instead, this work is based on the foratdal point that the preferred options for dealing
with the second of these issues are also liketletd with the first.

In particular, the requirement to be able to swean extended period (several weeks) of extrent col
weather in winter, due to an anticyclone, duringalttime the output of wind, wave and run-of-river
hydro will be close to zero, means that deferral@dmand alone will not be a solution. ‘Deferrable

12 Given the administrative powers and the commuitinat equipment, system operators can limit the wugower of
individual wind farms or groups of wind farms veejfectively and rapidly, in order to limit rapid ahges in output.
However the economic cost of the lost productiombdde substantial, so this is in effect a measéitast resort.
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demand’ includes control of domestic, commerciad andustrial space and water heating,
refrigeration, and electric vehicle charging. Ttés be a very useful tool for moving demand within
day (for example, charging of electric vehiclesroight, or electric heating of domestic hot water i
the early morning). However very little of thisndand can be deferred by more than a day, and
certainly not for a period of a week or more. %amy, any storage technology to overcome this
problem needs storage capacity of several dayseksv

The ECF 2050 roadmap for Europe [9] identified ¢hneain solutions to the problem of variability of
a high penetration of renewables:

e Greater interconnection between countries, inclydpossible connection to large solar
installations in southern Europe or North Africa.

e ‘Backup’ generation

* Energy storage.
The ECF study found that greater interconnectiaudint the greatest benefits at the lowest cost.
The current study investigates two means of pragda secure electricity system with high
penetration of variable renewables. Based on oukieowledge, these two means are very likely to
be the most attractive for the UK:

¢ Interconnection;

* Gas-fired backup generation.

Both the above options will cope with extended omddin periods, and both can also adjust output
over a wide range on timescales of half an hostawer.

It should be noted that in reality, the economidiroapm is likely to include some mixture of
interconnection, storage, backup generation aner otteasures.

3.3 Energy storage

Energy storage (beyond pumped-storage hydro) icomsidered here, because storage technologies
capable of large-scale energy storage for seveased dr weeks are not yet commercially available.

As noted earlier, within-day deferrable demand tipalarly heat®, and electric vehicle charging) is

expected to become very important. This is likelyoffer ‘storage’ benefits at lowest cost, butlwil

not provide much benefit for periods beyond a diayeffect, this deferrable demand provides begefit
very similar to pumped-storage hydro.

13 This does not assume installation of heat stare®inestic and commercial buildings, except fommirhot-water supply.
Well-insulated buildings have significant thermadga which provides some thermal storage.
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Developments in longer-term storage would offensigant benefits in reducing generation capacity
and improving security, but the technologies cutygoroposed suffer from high costs and significant
energy losses. Further R&D in this area couldraffgnificant benefits.

3.4 Other required functions

It is assumed here that the renewable generatitin bwi 2030, have the capability to provide all
necessary ancillary functions required for operatid an electricity system. These functions are
currently provided principally by conventional ges#on.

This statement is already true for hydro and geothk generation, which can use conventional
synchronous generators directly.

Modern wind and PV technology uses power-electramioverters to interface with the electricity
system, and these can provide all voltage contndl fault current functions. The main remaining
issues are:

* Frequency response: the ability to increase ancedee output automatically in response to
changes in system frequency, in order to contribugitomatic control of frequency.

» Inertia: conventional electrical machines are syobus, and so imbalances in generation
and demand result in energy flowing into or out af the spinning masses (inertias)
connected to the system. This contributes siguifly to the response to sudden
disturbances.

Both of these functions are already available tmes@xtent from wind generation at prestrand
there is no reason why these cannot be provideguatiely in future, at acceptable cost. The same is
true for all renewables generation with rotatingeyators.

PV devices and possibly some wave devices may ealbe to provide the equivalent of inertia.
However these are expected to be a relatively spaatl of total renewable generation, and it is not
necessary for all generation in operation to be &ibprovide this function.

It is concluded here that it will in future not becessary to run conventional generators simply to
provide these services.

The rates of change in output of wind generatioreraeen discussed above. As noted in Section 2,
electricity demand in 2030 is expected to contaiarge element of deferrable demand, which can be
used to reduce the variability of net demand ¢(leenand less renewables production) which has to be
met by interconnection and gas-fired generation.

1 The dominant wind technology is variable-speedgigiower electronic converters. These do not pewhe inherent
contribution to inertia of synchronous generatotdowever it is established that the same functian m principle be
provided using control functions implemented in tindine controller.
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4 RENEWABLE GENERATION IN 2030
4.1 Meeting the target

This section defines the mix of renewable genenatiecessary to achieve effective de-carbonisation
of UK electricity supply in 2030. The aim is fdret carbon intensity of electricity generation tonloe
more than 50 gC&ZkWh in 2030, as recommended by the Committee ana@¢ Change [7].

Note that this methodology does not attempt tostigate whether this mix of renewables is the ‘best
way to achieve decarbonisation, as compared tdisofuincluding proportions of thermal generation
with CCS, nuclear, and ‘unsustainable’ biomasseéks to demonstrate that this is possible, andt'wh
it might look like’.

4.2 Renewable resource

Estimates of the total ‘practicable’ UK renewabheigyy resource for electricity generation have been
made by DECC and CCC [7] [8]. The term ‘practieabs important, as it includes assumptions

about costs and public acceptance, for which theeesignificant uncertainties, some of which are
noted by DECC and CCC. However, in the contexthi study, these figures are the best available
and are generally adequate for this purpose. ®seurce is summarised in Appendix 2, with

comments on applicability for this study.

Note that the DECC 2050 Pathways analysis [8] qiterto show the effects of differing levels of
effort in implementing changes, from Level 1 (ngnsiicant effort beyond that already proposed) to
Level 4 (a ‘heroic’ level of effort). Full defindns are given in Appendix 4.

Appendix 2 shows, not surprisingly, th#te total ‘practicable’ energy resource is enormous
compared to electricity demand: almost four timée tCentral demand scenarioOver half of this is
offshore wind.

Table 3 sets out the renewable energy resourcamassin this study to be available for development
in 2030. Subsequent sections estimate how muthiimay actually be developed. The decisions
behind the mix of renewables assumed in Table 8 beken account of the substantial uncertainties in
the size of resource for some of the technologied,their relative costs.

Further detail is in Appendix 2.
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Resource Capacity [GW]| Output [TWh/y]
Offshore wind 82 310
Onshore wind 30 80
Tidal stream 2

Tidal range 4

Wave 3 7
Hydro (run of river) 3 10
Hydro (reservoir) 1 3
Solar PV 18 15
Geothermal 5 35
Biomass 12 95
Total: dispatchable 22 141
Total: non-dispatchable 138 429
Total 160 570

Table 3: Renewable energy resources assumed avaikaim 2030

The table shows the dominance of wind, especidfshore. Compared to this, uncertainties in the
development of the wave, tidal stream, tidal raage hydro resources by 2030 are almost irrelevant.
In other words, Table 3 is robust to different asgtions for resource development by 2030, except
for wind.

Solar PV is an exception, as the resource coutddut to be larger than onshore wind, and there are
indications of possible substantial reductionsdstc A conservative estimate is used here.

Biomass is also an exception: the resource couftitiple be as large, in energy terms, as onshore
wind. But given the scarcity of sustainable biom@dsemass that meets sustainability criteria) it is
assumed here that the use of bio-energy is firslloprioritized for those sectors of the economy
where there are fewer alternatives such as aviathipping, and high grade heat for heavy industry.

4.3 Achieving a secure electricity system
Section 2 developed a Central demand scenarioKoelectricity demand of 425 TWhly.

Comparison with Table 3 above shows theider these assumptions, there is sufficient renébea
resource available over the year to more than miéd$ annual electricity demand It is also seen
that as wind forms the majority of the renewableotgce, there will be some positive matching with
demand on a seasonal basis. However there willebeds with a surplus of renewable generation
over demand, and periods with a substantial defiéié noted earlier, this study considers optiohs o
interconnection and gas generation to meet thiicalify.
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The target is to achieve a carbon intensity of astn®0 g/kwh in 2030. If electricity demand is
425 TWh, this implies maximum permissible carbonissions from the electricity sector of
21,250,000 tonnes of carbon dioxide. For comparf@arposes, the equivalent output of alternative
forms of fossil generation are shown in Appendix Bhis shows, as expected, that unabated coal
cannot provide any meaningful contribution. Unabagas could provide around 10 — 13 % of annual
electricity demand without breaching the carbormnsity target, assuming all other generation has
zero emissions, and gas with CCS could meet 10G#outi breaching the target.

For the CCS options, the Fourth Carbon Budget td@bishows that the unit costs of electricity for
all options for gas and coal generation with CCS& estimated to be roughly equivalent, within the
uncertainties in the future prices for fuel and &sitins, and for CCS technology. As Appendix 3
shows that gas with CCS allows significantly mooeentional generation without breaching the
emissions target, as gas options are likely to beerfiexible in operation than coal options, andhes
unit costs of the gas options are less sensitivewwdoad factors than coal options, coal with CiE€S
ignored as an option here.

The conclusion is that substantial volumes of g&S@eneration could in principle be used in
conjunction with renewables, without breachingehgssions target for 2030. This of course assumes
that CCS for gas-fired generation can be made t& atocommercial scale well before 2030.

Clearly however, there are benefits in prioritisiegewables to minimise the amount of abated gas-
fired generation; improving energy security, mirsing use of finite C@ reservoir capacity,
minimising the environmental effects of gas eximctand carbon dioxide storage, limiting the
required build rates for CCS facilities during 2@20s, and limiting the consequences should CCS fai
to deliver the expected benefits in the quantiiesimescale anticipated. Depending on how costs
develop in future, there may also be cost savings.

The question therefore becomes:

Given the available renewable generation shown imble 3, how much interconnection
capacity or gas generation capacity is requiredeiosure the UK electricity system is robust
and secure at all times?

This can be approached through the issue of sgafrgupply. Full evaluation of security of suppl
issues is complex and requires probabilistic amalyslowever a simple yet robust evaluation of the
question can be achieved by considering in padictihe case of peak electricity demand in
conjunction with sustained cold anticyclonic corais in winter. As noted earlier, if a secure
electricity system can be maintained in these qufemt and extreme conditions, other challenges of
dealing with high penetration of intermittent reradles are also likely to be satisfied. Recent DECC
work [8] includes a ‘stress test’ where cold lowadiiconditions are assumed for 5 days. In thisystud
a more severe test is applied: in effélsgse conditions are assumed to persist for long@wyh that

all forms of deferrable demand and conventional ege storage can make no substantial
contribution.

4.3.1 Central demand scenario

From Section 2, it is seen that electricity demantikely to be considerably smoother over the day
than it is now. However there will be substantatiation over the year. Figure 5 shows that m th

typical winter day, demand in 2030 may peak aroemdsW, and from Figure 3 the peak winter day
may be 5 GW higher, i.e around 70 GW. Althoughtingademand in 2030 is expected to be more
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sensitive to low temperatures than at presenteti@t be some scope for deferring this demand at
peak periods. Therefore 5 GW is considered a rnedide estimate.

Note that the renewable resources in Table 3 dostantially greater than peak demand (160 GW
compared to 70 GW). Therefore it will be very diffit economically to justify building all this
renewable generation capacity by 2030. Determinimagv much will get built, and which
technologies, requires detailed economic modelliagond the scope of this study. Such economic
modelling would in any case be subject to substhuaticertainties about costs and other factors.

Therefore in this work, the renewables capacitynéef in Table 3 has been scaled pro*faso that

the total renewables capacity assumed to be catastr@pproximately equals the peak demand plus
the interconnector capacify This is an estimation of the amount of renewalsigpacity that might
prove economic in 2030.

The result of the above assumptions is shown ineT@bwith further detail in Appendix 7.

Resource Capacity Contribution at Notes

[GW] peak demand (in

anticyclonic
conditions) [GW]

Peak demand 70
Required capacity of 77 Includes plant margin of 10% above
generation plus peak demand, to cover for plant
interconnectors failures. Plant margin is from [27].
Total renewables 73.6 13 See Appendix 7. Totdbminated

by biomass, wind and geothermal.

Pumped storage 5 5 GLGH assumption. Current UK

capacity is 2.8 GW. A further 0.6 to
1.2 GW is actively under development
by SSE. Further developments are

likely to 2030.
Contribution from 3 3 Existing interconnectors are 2 GW tp
existing interconnectors France, 1 GW to Netherlands [17].
Gas generation or 56 56 By subtraction, so that the output of
additional renewables, pumped storage,
interconnection capacity interconnections and gas meets the
required for system required capacity including plant
security margin.

Table 4: Meeting peak demand during anticyclonic caditions: Central demand scenario

15 Except for reservoir hydro, as scaling pro-ratikidy to reduce capacity below that already émigt
16 This assumes that around times of high renewalieduption, the interconnections are used for expbis clearly
assumes a market for the electricity at the othdraf the interconnector.
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Note that Table 4 assumes substantial use of tkahbie biomass, for electricity generation (~5 GW)
If instead the available sustainable biomass resois used to meet other needs, the combined
interconnector capacity or gas-fired generatioracyp required increases to around 61 GW.

The figure for interconnection capacity or gasdimgeneration capacity can be compared with the
current UK total for fossil and nuclear generatoapacity of around 76 GW, i.e. substantially more
than will be needed in 2030. A forecast for futges generating capacity is provided by CCC in [7].
Current capacity is 24 GW. Substantial additiogas generation capacity is currently proposed,
consented or under construction, and based orCtB( assumes that there could be 35 to 40 GW of
gas capacity by 2020. This includes assumptiowsitatetiral rates of existing plant. The outcome
will of course depend on electricity market corah, gas prices and carbon prices. No forecast for
2030 is stated, but clearly a further 15 to 20 GW2B30 is a feasible build rate. In [7], it is@ls
shown that around 20 GW of the existing capaciguisable for the addition of CCS plants.

Table 4 assumes no substantial increase in pumpeage (PS) capacity in the UK, beyond that
already existing and proposed. This is partly heeaof concern about availability of sites, bubals
because the storage capacity of PS is typicalthebrder of a few tens of hours at full outputs the
diurnal demand curve is expected to be fairly ifta2030, due to deferrable loads (as shown earlier)
there is only limited opportunity to recharge P&eayation during daily troughs in demand. Therefore
during extended anticyclonic conditions, the cdmttion of PS would be limited, even if further PS
capacity was built. Another way to look at thigasrecognise that PS and deferrable demand serve
approximately the same functions. This is an @nea will require detailed investigation as further
experience is gained with high penetrations ofrinitent renewables.

4.3.2 Ambitious demand scenario

The same process as for the Central demand scdeajplied in Table 5. The annual electricity
demand in this scenario is 338 TWh. Peak demarun(frigures 6 and 8, and assuming more
sophisticated management of the deferrable dentaadsis shown in Figure 8) is likely to be around
51 GW on the typical winter day, and around 56 GWe winter peak.
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Resource Capacity| Contribution at Notes

[GW] peak demand (in

anticyclonic
conditions) [GW]

Peak demand 56
Required capacity of 62 Includes plant margin of 10% above
generation plus peak demand, to cover for plant
interconnection failures. Plant margin is from [27].
Total renewables 59 10 See Appendix 7. Total midated

by biomass, wind and geothermal.

Pumped storage 5 5 GLGH assumption. Current UK
capacity is 2.8 GW. A further 0.6 tg
1.2 GW is actively under
development by SSE. Further
developments are likely to 2030.

Contribution from 3 3 Existing interconnectors are 2 GW to
existing interconnectors France, 1 GW to Netherlands [17].
Gas generation or 44 44 By subtraction, so that the output of
additional renewables, pumped storage,
interconnection capacity interconnections and gas meets the
required for system required capacity including plant
security margin.

Table 5: Meeting peak demand during anticyclonic caditions: Ambitious demand scenario

Adding 10% plant margin produces a total requireneér62 GW. Following the same process as in
Table 4 results in a requirement for additionakiobnnector capacity or gas-fired generation of
44 GW, or 48 GW if biomass is not used for eleitrigeneration.

4.4 Costs of renewables

For both scenarios, indicative costs for the rer@gcapacities listed in Tables 4 and 5 are shiown
Table 6. The costs are taken from a recent rédppBECC [18], except where noted. The case used
here assumes a discount rate of 10% and projattista017 (Case 5 in the DECC study), as this
includes some learning effects and is more apptpfor generation capacity running in 2030 than
other cases studied.

It must be emphasised that these costs are onigatinee. For a full understanding of the factors
affecting cost estimates and the wide ranges pessibe [18]. Particular care must be taken when
comparing costs from different studies.
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Technology | Costof | Capital Notes
electricity cost
[E/MWh] | [E/IMW]
Offshore 142 £2.0m | Arup [37] anticipates very significaapital cost reduction:
wind the figure here is the median for large projecteuiiRl 3),
real cost assuming financing in 2025. There isyver
significant uncertainty in future offshore wind t®sso the
out-turn could be very much higher or lower thadi¢ated
here.
Onshore 86.3 £1.5m | GLGH considers this reasonable for 203@rees closely
wind with Arup median figures [37].
Tidal stream| 140-250] £5m From [7] and [28] (GLGH calculations). Verarge
(200 uncertainty on capital costs (more than factor Jof Broad
assumed) agreement with [37].
Tidal range 275 £3.4m| From [7] and [19], for SevBarrage, at social discount rate
(3.5%) and including optimism bias. Wide range.{£2
4 m/MW). In [37], range is 2.0 to 3.5 m/MW.
Cost of Electricity figure is taken from [37].
Wave 180-250 £4 m From [7] and [28] (GLGH calculations). Verarge
(210 uncertainty on capital costs (more than factor Jof Broad
assumed) agreement with [37].
Hydro (run 80 £4.8 m | Capital cost data from [37], median case] costs fol
of river) project financed in 2025. Cost of electricity figufrom
same source, average for projects <5 MW and >5 MW.
Hydro 80 £4.8 m | As above: insufficient data to distinguis
(reservoir)
Solar PV 164 £1.6 m| From [37], average of projedi® kW and >50 kW. Real
costs for projects financed in 2025.
Geothermal | Uncertain £6.5m | Industry source suggests £5.5 - £7.5 m/MW pimjects
(150 under consideration in the UK, but very little reaberience
assumed) on which to base costs. Highly uncertain and déeendent
Broad agreement with [37].
Biomass 130 £2.6 m| Capital cost is for small (58VMelectricity-only wood

pellet plant: agrees with [37]. No reliable costs farger
plant. Landfill gas and sewage gas are signiflgasiteaper,
but resource is limited. Co-firing in large combos plants
is also significantly cheaper.

Cost of Electricity is taken from [37], real co$ts projects
financed in 2025.

Table 6: Indicative costs of renewables
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Based on Table 6, and using the renewables cagmadgfined above, renewables production and
indicative capital costs are shown in Table 7. eNtitat for the bulk of the renewables capacity
included in this calculation, the costs used aeeréal costs for projects financed in 2025.

Electricity demand scenario Central | Ambitious

Total renewables capacity 73.6 GW 59 GW
Total renewables production (details in Appendix 5) | 261 TWh/y| 210 TWhly
Production as fraction of total annual electridgmand 61% 62%

Total capital cost £165 Bn £133 Bn

Table 7: Indicative capital costs for renewables gaacity

Note that capital costs are only part of the petuDperation and Maintenance costs and other
recurring costs need to be included to get a tictee, though of course for all but biomass theme

no fuel costs. For several of the renewablesréu@&M costs are as subject to wide uncertainty as
the capital costs. As noted above, transmissiagstery reinforcement costs are not included.
Indicative capital costs are given here only toegbome idea of the scale of potential investment
required.

There are some very important caveats to be notetié simple process outlined above:

From current understandings of costs and risksptbportions of renewables capacities used
in the tables above are likely to overestimatecddeacities of wave, tidal, solar and possibly
geothermal actually installed, and underestimatectpacities of onshore and offshore wind.
The out-turn in 2030 will depend heavily on relativosts of each technology, and as noted
for many of these technologies the forecasts afréutosts are extremely uncertain at this
stage. Other important factors are technologyifipesupport mechanisms such as Feed-in
Tariffs, and R&D support.

The total capacity of renewables developed in #fides above is set to approximately equal
maximum electricity demand plus existing intercartoe capacity. This is considered a
reasonable upper limit. If this capacity were afied, there would be times of the year when
total renewables output would exceed UK electricigmand, causing very low electricity
prices (depending on how the market was structyrgdes could drop well before this point
was reached). Interconnection capacity and deflerdemand will mitigate this, as would a
breakthrough in energy storage technology, bufuityt It is not clear how much of a market
UK renewables will find for exports to the restdirope: it could be considerable, but will
depend on competing low-carbon generation in tlotiser markets. Therefore, the economics
of renewables projects will deteriorate as thimp@ approached, as will the marginal cost of
the emissions savingshe limit on renewables capacity in the UK is thémee governed by
project economics (possibly including export marggtnot by the available resource.
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In a situation of very high renewables capacitpntass and geothermal are very valuable,
particularly in meeting peak demand. Unfortunatbly estimates of the available resource for
both are highly uncertain, for different reasomgluding sustainability issues in the case of

biomass.

4.5 Trajectory to 2030

The renewables capacities required for the Centrahario are examined here to understand how
these might develop between now and 2030, and talstheck that the required build rates and
development timescales are credible.

Figure 10 shows the assumed growth rates. Deathilse assumptions and sources for this and the
other scenarios are in Appendix 4.

The build rates are all considered feasible. Adllass than (or in the case of wave energy, sirtola
the ‘Level 3’ (‘very ambitious’) assumptions of eff defined by DECC [8]. Offshore and onshore
wind are the main contributors, and their buildesatre at or below the DECC Level 2 effort
definition (‘ambitious but reasonable’).
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Figure 10: Growth of renewable generation capacityCentral demand scenario
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4.6 Conclusions

Some conclusions can be drawn from the argumeatepted above.

Although costs and resource sizes are uncertaghlghuncertain in some cases), it is clear
that a high-renewables electricity system in 2080kiely to be dominated by onshore and
offshore wind. The other renewables have a radtismall effect in comparison, as do the
current levels of interconnection and of pumpedragie. The large range of possible
renewable generation technologies can be seerstsrath at this stage, and diversification
of the renewables mix will bring advantages. Déifezation is more likely to occur in later
years as a wider range of technologies approachemath commercial exploitation.

The limit on total renewables capacity is set bgjgut economics, not by the available
resource, especially for the intermittent renewsbl€his is because at very high penetrations,
surpluses of electricity production will occur sdames (possibly frequently), which will
drive down electricity prices. Therefore the eaoigs of further renewables capacity become
progressively less attractive to project developeFhis is mitigated by deferrable demand,
though as noted already this is expected to begpilyravailable for within-day deferral. It is
also mitigated by exporting to the rest of Eurdpeés is considered further later in this study.

The installation rates assumed are achievable.

A large increase in interconnection capacity, targe amount of gas-fired generation (though
in total less than current UK thermal generatiopacity), is needed to cope with the extended
cold period brought about by anticyclonic condiian winter (Tables 4 and 5). Gas-fired
generation is assumed rather than coal, as costotbf with CCS are similar, and gas
produces fewer emissiois

For the gas-fired option, assuming CCS works texdilyi and economically, there is no
difficulty in beating the emissions target of 5@\Wh (see Appendix 3).

Geothermal and biomass could be very useful ingieduthe gas-fired generation capacity
required, but their costs and resource size arewmgertain at present.

The effects of renewable generation technologiesUgnemployment have not been quantified.
Background information on employment effects isegiin Appendix 9.

17 Recent reports suggest that in some circumstamesnuentional sources of gas, such as shale gasresalt in net
emissions similar to or greater than for coal.
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S INTERCONNECTION

5.1 Introduction

As noted in Section 4, around 56 GW of either aolditl interconnection capacity or conventional
generation is required under the Central demandasice and 44 GW under the Ambitious demand
scenario. This section considers additional imenection capacity by subsea cables to continental
Europe.

Currently the GB system has 3 GW of interconnectaapacity to Europe. There is also
interconnection capacity to the island of Irelamith more in progress, but as the Ireland system is
expected to have high renewables penetration, antlia possible or even likely that anticyclonic
conditions will cover both Ireland and GB in wintexs a conservative assumption no benefit is
assumed here from interconnection with Irefdnd

There is also 4 GW of pumped storage capacityenudl, existing and proposed. It is assumed here
that no substantial increase beyond 5 GW is liketincipally due to availability of sites. In atidn,

it is noted that pumped storage capacity is typiaalthe order of a few tens of hours at full auttpor
less. It therefore has limited usefulness in piimg storage over several days or weeks. In paatic

as noted previously, in the event of sustainedriemewables production and high electricity demand,
there may not be the ‘night-time trough’ that ifeature of electricity demand at present, so thelle

be less opportunity for recharging the pumped g®rvery 24 hours.

It should also be noted that it may be possibléutare for the ‘green benefits’ of electricity t@ b
traded along with the enerfy Therefore output of a UK renewable generatorcivtis sold to a
purchaser abroad via interconnections may resutiéremissions reductions benefits accruing to the
purchasing country. Similarly, import to the UKrohg times of low domestic renewables production
would count towards UK targets, to the extent thavmes from qualifying sources.

5.2 Requirements

Taking the Central demand scenario, from Sectiotinete is a requirement for 56 GW of new
interconnections and/or gas generation. As an pbant is assumed that the current UK gas-fired
generation capacity of 24 GW is maintained, givengequirement for an additional 32 GW of
interconnection capacity, i.e. a factor of 10 i@ on current interconnector capacity. As dismliss
earlier, 24 GW of gas generation capacity in 2@3éntirely feasible.

For the Ambitious scenario, the requirement isddptal of 44 GW of new interconnections and/or
gas generation. It is assumed that gas genereagijoacity will be less than for the Central scenario
and a figure of 20 GW is assumed here (scaling ceqpiately pro-rata). Therefore 24 GW of
additional interconnector capacity would be needed.

18 GLGH believes that it is very likely that GB aneland will be operating in the same electricity keaiby 2030, and it is
entirely possible they will be operated as onetatgty system.

19 Currently this is feasible within Europe, but regsibilateral or multilateral agreement betweendoments.
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Note that the relative proportions of gas genematind interconnection capacity assumed above are
illustrative. Detailed economic modelling would kEguired in order to make any more definitive
statement, and given the uncertainties in capital aperating costs of interconnectors and gas
generation in 2030 the results may in any casengertain. However, the interconnector capacities
chosen are in broad agreement with other studies.

Given this level of interconnection with other Epean systems, the UK system would technically be
secure. However, this depends on two main factors:

« Electricity markets within Europe which can supehergy when required (in this case, during
an extended anticyclone in winter) at an acceptphbta. This is uncertain: it is known that
such meteorological conditions can cover most athson Europe, and are likely to occur
several times each winter, with various levelseafesity. Detailed investigation of this issue
requires study of European electricity markets mésg high renewables penetration,
including solar installations in southern Europd anssibly also North Africa. Studies in this
area indicate that high penetration is possiblej tfiversity in renewable generation is
beneficial, and that interconnection is a key esafd][9][12][30]. It is also noted that many
European countries intend to make extensive ub#aofass to meet their targets.

« Commercial arrangements which adequately recompt@res@wner of the interconnection.
As the costs of an interconnection are almost @gtrapital costs, owners will be seeking to
maximise the usage of the equipment. The arrangsnbgrwhich interconnector projects can
be funded will therefore be important. Currenilyterconnectors are generally funded as
‘merchant’ projects, i.e. the investors take tls& of inadequate usage or income. A regulated
funding model (as used for transmission systems)ldvepread the financial risk across all
electricity consumers.

These are economic issues which cannot be addresggheral terms in this study. This section
seeks instead to provide some understanding afdasis and benefits of interconnectors, and how they
might be used by the UK in a high-renewables world.

5.3 Unit costs

For the capacities and distances relevant to thidys it is reasonable to assume that all new
interconnectors will use High Voltage DC (HVDC) heology. This technology is rapidly
developing, driven in part by the requirement toreect large offshore windfarms to shore over
considerable distances.

Generic costs are not generally available, andeptajpecific costs are often considered confidentia
However, capital cost estimates are available for:

* The proposed West Coast subsea ‘bootstrap’ commmelb&tween Ayrshire and North Wales,
planned for 2015 [21] (2000 MW, 400 km). The assapproximately £1000/MW.km.

 The BritNed connector [22] recently commissione@0@ MW, 260 km). The cost is
approximately £2000/MW.km.

The capacity and the distances of these projeetsequresentative of likely connections to mainland
Europe. The average of these two costs is usesl her £1500/MW.km. This is supported by
generic figures in [30].
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5.4 Interconnection to the electricity system of contiental Europe

Considering a portfolio of connections to north tees France, Belgium, the Netherlands and

northern Germany, average distance will be of tideoof 400 km. Note that it is necessary not just

to connect coast to coast, but to connect to stpamgts on the transmissions systems, which may be
some distance inland.

Table 8 summarises the costs.

Scenario Central Ambitious
demand demand

Required capacity of gas generation plus new interectors 56 GW 44 GW
Assumed gas-fired generation capacity in 2030 24 GW 20 GW
Additional interconnector capacity (by subtraction) 32 GW 24 GW
Number of cables (2000 MW each) 16 12
Average distance assumed 400 km 400 km
Assumed normalised capital cost 1500 £/MW.km  1500W.km
Capital cost £19 Bn £14.4 Bn
Capital cost as fraction of indicative capital costenewableg 12% 11%
(Table 7)

Table 8: Indicative capital costs for additional inerconnector capacity to northern Europe

The costs are significant, but form a relativelyafirpart of the overall picture when compared te th
costs of generation capacity (renewables and caiovet). As noted above, the means by which
interconnector projects can be funded will be intgot:

The number of cables required is high, and findiatisfactory routes and landfalls for this number
will not be straightforward. Non-optimum routesynige necessary, increasing the distances and costs
assumed in the table. Co-ordinated developmengewf interconnections in Europe (which might be
considered a ‘Supergrid’) should clearly reducebpams of competition for routes, landfalls and
connection points to the existing onshore networks.

It is useful to compare this with the findings betRoadmap to 2050 [9] produced by the European
Climate Foundation. This study considered highevable energy penetrations (40, 60, 80% and
100% of electricity) for the EU27 countries plus i@erland and Norway. The electricity
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transmission parts of the study were necessarilgoatrse resolution: the UK and Ireland were
considered as one node out of nine for all Eurd@ecure electricity supplies were maintained, nglyi
heavily on interconnection, and also on geograpliisaribution of renewables production, especially
solar and wind. Results for the interconnectiopacities required which are relevant to the UK case
were:

« 60% renewable electricity, total 23 GW interconimw: 19 GW to France, 4 GW to
Germany/Benelux. No connection to Norway was fiesti

« 80% renewable electricity, total 35 GW interconimw: 21 GW to France, 5 GW to
Germany/Benelux, and 9 GW to Norway

These results are not directly comparable withwask, for several reasons, but it is relevant that
detailed economic modelling showed that the optimoomfiguration included interconnection
capacities of the order of those shown in Table 8.

5.5 Scandinavian energy storage

Interconnection to Norway would allow connectiontbe Nordpool system covering Scandinavia,
which contains a very large amount of reservoirrbychpacity, particularly in Norway. Norway's
existing reservoir capacity is understood to beiado100 TWh [9], or roughly a quarter of UK annual
electricity demand in the 2030 demand scenariosmeS(possibly most) of this reservoir capacity
could be converted to pumped storage operationchwhiould greatly increase its effective annual
storage capacity. Opportunities exist for 15 to@¥ of new pumped storage capacity in southern
Norway [33].

Currently SSE and Norwegian utilities are develgmnoposals for a DC link of up to 2000 MW.

A German study which investigated the use of Normaredpydro to balance renewables [12] showed
significant benefits, particularly a reduction ihet amount of storage needed within Germany
(principally Compressed Air Energy Storage in ugdeund caverns). For an electricity system about
20% larger than the UK system envisaged here ttloly $ound the need for 46 GW of interconnector
capacity to Norway.

There are very significant uncertainties surrougdiuse of Norwegian hydro for matching UK
intermittent renewables. The major uncertainties a

e available capacity using existing reservoirs, cot@geto pumped storage where feasible;

< available capacity with new reservoirs, and theliifood of achieving public acceptance of
new reservoirs;

* how much of this capacity might be obtained for tise of UK electricity suppliers, given
possibly intense competition for limited energyrage resource from other north European
countries.

This is clearly an area of substantial importanceconsidering high-renewables scenarios, and
resolving some of these uncertainties would be fixgak
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The distance to northern Spain (900 km) is not mgikater than the distance to western Norway
(800 km). Such a connection would not provideghergy storage benefits of a link to Norway, but it
would bring substantial benefits in geographicabsthing of wind production, and possibly even

greater if solar capacity increases in Spain amtuBal.

Interconnection with Iceland was first proposed yngears ago, and is currently under consideration.
This would bring benefits of low-carbon geotherrgaheration. The connection distance is roughly
twice that for Norway or Spain.

5.6 Use of interconnection capacity for export of reneable electricity

The methodology developed in Section 4 fundamentaksumed that renewable generation capacity
in the UK would be limited to a level approximatadguivalent to maximum demand plesisting
interconnector capacity. This assumes that, agiof low electricity demand and high renewables
production, there are only limited opportunities fexport of electricity to continental Europe.
Electricity prices in the GB system would be lowidg these periods, and this would effectively timi
the amount of renewables capacity that would gt bu

However, an alternative assumption is that theelamgerconnector capacity identified in this Settio
can be used to allow substantial exports. Thigraes that markets exist, i.e. that UK renewables ca
compete against low-carbon generation elsewhegiiape.

Section 7.3 considers the effect of this assumpiiorenewable generation capacity and production.
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6 GAS-FIRED GENERATION

6.1 Introduction

Section 4 established requirements for conventigealeration and/or interconnections, in order to
provide a secure electricity supply at the timepefk demand, assuming sustained anticyclonic
conditions resulting in high heating demand and fmeduction from wind, wave and run-of-river
hydro. Section 5 considered the use of intercameto other systems in this situation. Thigisec
reviews the use of gas-fired generation as amaitiee.

This is often termed ‘backup’ generation, as itused to match the output of the renewables
generators. However ‘backup’ is an ill-definedrtepften referring to plant kept in reserve agaast
failure of a single generator, or some other cileddevere combination of failures. This is not the
case here. Given the low capacity factors of sofrthe renewable generation, some gas generation
will be running frequently.

6.2 Gas-fired generation characteristics

As noted earlier, the conventional generation suared here to be largely gas, because costs of coal
and gas options with CCS are expected to be vanjesi and gas achieves lower emissfns

The gas generation is likely to be some mixture of:

* Open-cycle gas turbines (OCGT) without CCS. Thasevery simple installations with low
capital cost. They have relatively low efficiengyecause they do not recover heat from the
exhaust gases) and therefore high running coskey &re used for ‘peaking’ operation, i.e.
running only at times of peak demand, for perhafgsmahundred hours per year. They can be
started and stopped relatively quickly and fregiyenEmissions are higher than other gas-
fired options, but as the plant is used infrequetitis may be acceptable.

» Combined-cycle gas turbines (CCGT) without CCS.eskhrecover heat from the gas turbine
exhausts, by raising steam which then drives arsteabine. Capital cost is higher than for
OCGT, but due to the higher efficiency, fuel cqgtsr MWh of output) are lower. They are
therefore used for baseload or mid-merit operatienyunning for several thousand hours per
year. Depending on design, there are limits on fastvand how often they can be started and
stopped. Emissions are lower than OCGT (see Appé)d

e CCGT with CCS. As for CCGT, with the addition ofcarbon capture plant. This has not
been demonstrated at commercial scale yet, or kvga prototype scale, though individual
elements of the process are well understood. ¥ebgtantially lower emissions than CCGT
are expected. Efficiency is reduced, as it iscgmdied that around 20% of the energy

20 |f coal with CCS turned out to be more attractivantiyas, the discussion would not be significarfigcéed. Note also
that recent reports suggest that in some circurostaonconventional sources of gas, such as shglargy result in net
emissions similar to coal.
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produced may be needed to drive the CCS Plafiue to the CCS plant, it is likely that there
will be more stringent limits on rate and frequentartups. Also, the high capital cost will
encourage operators to achieve as high a capacityrfas possible for these plants.

Indicative costs for these technologies are ligteétiable 9.

Technology Unit cost Capital cost Notes
[E/MWNh] [E/MW]

OCGT 131.4 £430 k From [18]. Unit cost (E/MWh) @s®s high
capacity factor, such as baseload.

CCGT 96.5 £750 k As above. More recent work shows &@MWh
[38]. (DECC assumptions, 2017 project start)

CCGT with 102.6 £1.4m As above. More recent work shows @\MWh

CCS [38]. (DECC assumptions, 2017 project start)

Table 9: Indicative costs of gas generation

It has been proposed that CCS plants attachednteraers could be turned off at times of very high
electricity demand: the electricity demand of tHéSplant is therefore removed, effectively provgdin
‘peaking’ capacity from the generating plant. Esioss during that period would be high, but may be
acceptable for short periods, and overall this imaynore attractive than building additional peaking
plant. This option depends on technology and lea®®en demonstrated.

6.3 Gas-fired generation capacity

As established earlier, a total of 56 GW of gasefigeneration capacity and additional interconoacti
capacity is required under the Central demand gssom and 44 GW under the Ambitious demand
assumption. In this section, it is assumed thi@ligas generation. This defines two scenaribs A
A2, which are set out in Table 10. This shows dhectricity production required from the gas
generation.

Appendix 6 gives details of indicative mixes of ggneration types that will meet the capacity and
production figures in Table 10.

It is seen that the average capacity factor for ghe generation is very low. A more detailed
discussion is in Section 7.1.

2L This figure is uncertain and will depend on tedbgy and detailed design but is unlikely to lieside the range 5 to 30%.
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Scenario Central demand, Ambitious demand,
Scenario Al Scenario A2
Total gas generation capacity 56 GW 44 GW
Total renewables capacity 73 GW 59 GW
Annual electricity demand 425 TWhly 338 TWhly
Total renewables production 261 TWhly 210 TWhly
Required production from gas-fired 164 TWhly 128 TWhly
generation
Average capacity factor for gas 33% 33%
generation

Table 10: Security provided by gas generation (Scanos Al and A2)

6.4 Trajectory to 2030

At present there is a total of 24 GW of CCGT catyari the UK, of which 20 GW is assessed as
being suitable for retrofit of CCS [7]. There iduather 24 GW of capacity which is currently under
construction, approved, or going through the plagrsystem, though not all of it will get built. 1Af
this is stated to be ‘CCS ready’, i.e. has the s&mg space and technology to allow a CCS plabeto
added, although the locations may not be ideal.

The limitation is the timescale for development ammonstration of CCS technology. Assuming
CCS is commercially available from 2020, ScenaribrAquires around 1.8 GW of CCS plant to be
built each year to 2030. This appears credible.

Trends to 2030 are set out in more detail in Appe@d

6.5 District heating and CHP

There is clearly scope for using waste heat froenitaiseload gas generation, both for industrial CHP
and for district heating. The other plant operatesapacity factors too low to satisfy heating ded)
even though periods of operation are likely to cimla with high heat demand.

Using waste heat in this way can substantially cedotal UK emissions, if it replaces heat provided
by fossil fuels.
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The amount of heat load that could be suppliedhis tvay cannot be established at this point.
Utilisation of this heat depends critically on #nilability of heat loads close to the generators.

6.6 Gas storage requirements

Gas storage currently available to the UK systeggisvalent to around 20 TWh of electricity in ota
[32], assuming conversion to electricity at appnaxiely 40% net efficiency. This is around 5% of
UK annual electricity demand for 2030.

In the event of a future with high renewables ailad generation (i.e. roughly doubling UK gas
generating capacity of 24 GW), and assuming theggaeration is operated at full output during a
cold calm spell in winter, this storage is equiwale around 2 weeks consumption. This assumes it
could all be made available for electricity genierat which is optimistic, even considering that a
substantial part of the heating load will have b&ansferred from gas to electricity by 2030 [35].
Therefore substantial reinforcement of gas stocagecity is likely to be needed.

Assuming instead a future with substantial eleatrimterconnection to other systems, with gas
generation capacity roughly equivalent to existiig capacity, the need for additional gas storage in
the UK is likely to be significantly reduced.
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7 COMPARISON OF SCENARIOS

7.1 Annual output and emissions

Table 11 compares scenarios. Scenarios Al andvA2ré security is provided by gas generation)
were defined in Section 6. Scenarios B1 and B2atse defined, where security is provided by gas
generation and additional interconnection capaaiydiscussed in Section 5. The relative propastio
of interconnection capacity and gas capacity inn8des B1 and B2 are illustrative (chosen to give
total gas generation capacity roughly similar watgs levels), and both A and B scenarios should be
seen as points on a continuum.

The resulting emissions and emissions intensitycateulate®”. Further detail of the mix of gas
generation capacity assumed in these calculatsomsAppendix 6.

For comparison, current UK fossil and nuclear getien is 76 GW, including 24 GW of gas.
Therefore all scenarios have less thermal generdtian the current UK fleet, and the B1 and B2
scenarios have total thermal generation equivateatirrent UK gas-fired generation.

Gas generation compared to interconnection

In scenarios Al and A2, a relatively small fractminthe gas-fired generation capacity is requied t
have CCS to meet the decarbonisation target. Usmiararios B1 and B2, roughly the same amount
of CCS is required. Therefore the effect of usimgrconnection to provide security is to reduoe th
amount of non-CCS gas generation required.

In scenarios Al and A2, the average capacity fdotothe gas generation fleet is shown to be*fow
This is likely to lead to a distinct separationointaseload generation with CCS, running with
relatively high capacity factors, and peaking plamt with low capital cost but high running cgsts
some of it without CCS.

In scenarios B1 and B2, there is much less gasrgtoe capacity, yet the total annual production
required from the gas-fired generation is the saecenarios A1 and A2. Therefore the average
capacity factor of the gas-fired generation is ifiggntly higher, similar to today’s levels.

22 Emissions figures as in Appendix 3 are assumetth, ma allowance for poorer emissions when gas péanperated at low
loads or is subject to frequent starts and loathgbs. Figures are therefore indicative only, famparison between options.
However