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SUMMARY

In order to comply with legislation from the EurgmeUnion, the UK’s renewable energy target (to
produce 15% of final energy consumption from rer@e/gources by 2020) may require between 35
and 40% of our electricity to come from renewabhergy sources by 2020. After 2020, a higher
proportion may be needed. A significant amounthi$ tenewable electricity is likely to come from
wind, and the variability of this power needs torbanaged. Although aspects of the management of
wind variability can be controversial, utilities ethworld over generally agree that there is no
fundamental technical reason why high proportiohsvimd energy cannot be assimilated into the
system. There is a large body of literature on tibygic and the steady growth of wind power,
worldwide, indicates that it is seen as a robusiaghfor reducing greenhouse gas emissions.

An understanding of the impacts of the variablersesi of renewable energy must take into account
the wider issues associated with managing eletrisystems. Modern integrated networks are
designed to cope with ‘shocks’ such as the suddes of large thermal power stations and with
uncertainties in consumer demand. As the tooldeal with these are already available the key
guestion is the extent to which the introductionlase amounts of wind energy will increase the
overall uncertainty in matching supply and demand.

This extra uncertainty means that additional skenrz reserves are needed to guarantee the security
of the system. The extra cost of these reservwagh-wind providing 20% of electricity consumption

— is unlikely to be more than £1.20/MWh on eledtyidills (a little over 1% on domestic bills). Wit
40% of electricity provided by wind, the correspomyifigure would be £2.8/MWh.

The costs of additional reserves are one comparsfettie costs of wind variability’. A second is the
backup cost and the third is ‘constraint costs’.dgecial backup provisions need to be made for wind
energy. All generating plants make use of a compmol of backup plant that is typically around
20% of the peak demand on the electricity netwtivken wind is introduced, system operators do
not rely on the rated power of all the installechavifarms being available at the times of peak
demand, but a lower amount - roughly 30% of thedatapacity at low penetration levels, falling to
about 15% at high penetration levels. This lowepacity credit’ gives rise to a modest ‘backup
cost’. ‘Constraint costs’ arise when the outputnfrthe wind turbines exceeds the demand on the
electricity network. They are unlikely to arisetiirwind energy is contributing around 25% of
electricity requirements.

Overall, it is concluded that the additional coatsociated with variability — with wind power
providing up to about 40% of all electricity, areitg small. If wind provides 22% of electricity by
2020 (as modelling for Government suggests), vditiabcosts would increase the domestic
electricity price by about 2%. Further increagethie level of wind penetration beyond that poiat a
feasible and do not rely on the introduction of rteshnology.

There are numerous technical innovations at varstaiges of development that can mitigate the costs
associated with variability. Improved methods oheviprediction are under development worldwide
and could potentially reduce the costs of addifioraerve by around 30%. Most other mitigation
measures reduce the costs of managing the electigiwork as a whole. ‘Smart grids’, for example,
cover a range of technologies that may reduce thgtscof short-term reserves; additional
interconnections with continental Europe, includiSgipergrids’ also deliver system-wide benefits
and aid the assimilation of variable renewablesctic cars hold out the prospect of reduced
emissions for the transport network as a whole @andd act as a form of storage for the electricity
network -- for which the electricity generator wdulot have to pay.
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1. INTRODUCTION

Meeting the European Union's Directive that 15%J#ffinal energy consumption should come from
renewable sources by 2020 demands a significantase in the proportion of electricity that comes
from renewable sources. Modelling for the Govemnnsaiggests that this level may be about to 32%
and suggests that wind energy will contribute aomahare -- about 22%f electricity production in
the UK by 2020.

Numerous misconceptions surround the issues assdaiath the integration of the variable sources
of renewable energy into electricity networks. "Whappens when the wind stops blowing", is a
common question -- the implication being that tights may go out. "Every megawatt of wind
energy needs a megawatt of backup plant”, is dtslignore sophisticated -- but still incorrect --
assertion.

So where does the truth lie? In a nutshell: nothifighappen when the wind stops blowing, simply
because it never stops blowing, suddenly, overnthele of the British Isles. The variations from
distributed wind are generally less than the denfaraduations regularly encountered on electricity
networks. To cope with these, every network haemes scheduled at all times and what matters is
the additional reserve needed to cope with thealbdity of wind. That is only a few percent of the
rated power of wind plant -- not 100%.

There are also concerns that a system with a higipoption of variable renewables would risk power
cuts at times of peak demand. The ability of windrgy to contribute to these peak demands needs to
be examined. This introduces the concept of ‘cdpamiedit’ -- how much thermal plant can be
retired with the introduction of wind energy?

National Grid, in common with other electricity littes, is on record affirming that any limits thet
penetration of wind energy are likely to be ecoromaither than technical. As the proportion of wind
energy rises above about 20-25%, it may be negessaonstrain wind output at times. The aim of
this paper is to clarify the issues in more det#igwing upon the analysis that has been carri¢d ou
during the past 30 years (one recent review idedtifver 150 referencdsand also to review ways in
which the impacts of variability may be mitigated.

This report is structured as follows: -

A brief description of electricity network issuesnees first as this is essential background to
discussions of issues surrounding the integratfarmanable renewable energy sources.

Next comes an examination of exactly what is mégntwind variability’. (‘Variable’ is a
better description of the power fluctuations froimdy wave, etc than ‘intermittent’).

The next section deals with the integration of vaeable sources into power systems, the
costs and other issues.

The final section deals with ways in which the aiddial costs might be mitigated and covers
concepts that are available now through to sont@einore conceptual possibilities that are
currently under discussion.

Most of the literature relating to variability issiis linked to the performance of wind energyths®
is reflected in the paper. The issues associatddtine other variable sources are similar in many
respects, although there are important differences.

' Unless otherwise stated, wind energy penetradivel$ in this report are the proportion of GB eieity supply
(on an annual basis) that comes from wind eneriypt all the references that are cited distinguishMeen
"production" and "consumption”, but this is unlikéd make material differences.
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2. ELECTRICITY NETWORKS

It is impossible to analyse the impacts of varialeleewable energy sources on an electricity network
without reference to the characteristics of thewmk itself. All electricity networks need to mgea
unpredictable fluctuations in consumer demand dadtbreakdowns. They do this by looking at the
performance of the system as a whole, rather thafobusing on any one type of plant. ‘Short-term
operational reserve’ ensures that plant is avaitat cope with unexpected power fluctuations in the
short term and the ‘plant margin’, or ‘backup’ heé excess of installed capacity over and above the
expected peak demand -- ensures that there is alwdgquate power available to meet consumer
demands. Aggregating both demand and supply reaksgnificant savings and ensures that the
operational reserve and the plant margin are naykrthan necessary. Thermal plant outputs, such
as nuclear, coal and gas-fired power plant are yrtihtermittent’, inasmuch as they can disappear
without warning when components fail, posing a tge#hreat to the stability of electricity networks
than the relatively benign fluctuations of powetpmu from wind installations.

2.1 Economies of scale

‘Economies of scale’ have a dramatic effect ongheformance of electricity networks. The bigger
the network, the lower, potentially, is the cosetdctricity to consumers. Savings accrue partynfr
the use of large, highly efficient generating unitlst also from the plant savings that result frib
aggregation of demand and generation. The grdaexdgregation, the smaller (in proportion) are the
variations in demand and the easier it is to ptettiem. At one end of the spectrum, the minimum
demand from a domestic dwelling in the UK is a fesatts, the average is about 0.5 kW and the
maximum is 5 to 10 kW (10 to 20 times the averagfepach household met its own maximum
demand - 5 kW, say, then 100 GW of generating plamtld be needed for the domestic sector, alone.
In practice, only about 75 GW of plant is needed d consumers - domestic, commercial and
industrial. Aggregation smooths variations in dechdnom all sectors and so, nationally, the
maximum demand in Great Britain is 60 GW, abouttiries the average demand. Smaller electricity
systems need, in proportion, more plant. To ilegtrthe point, the ratio between the installed
capacity in Great Britain (78.7 GW) and the averdgenand in 2006 was almost exactly 2. In
Bermuda (175 MW of plant) that ratio was 2.47 amthie Faroe Islands (86 MW) it was 2277

Although large integrated electricity systems dffecient they still require ‘operational reserves t
deal with short-term mismatches in supply and detreamd a ‘plant margin’ (additional plant, over
and above that required to meet the maximum demendjal with plant breakdowns and other
outages. The effect of wind energy on the shorrtezserves and margin needs is the subject of much
discussion and in this report each issue is digtligsthe context of electricity networks.

2.2 Demand fluctuations

Although aggregation smooths variations in consudegnand, there are still substantial fluctuations
when numbers of consumers together increase posegisn- at the morning and evening rush hours,
for example. Figure 1 (left) illustrates the demasmdiations on 9 January 2009. From a night-time
minimum of just over 40,000 MW at 0500 hrs, demeaogk rapidly to just under 54,000 MW at 1000
hrs. It then fell off slightly until there was aher surge in demand at the evening peak of judéun
60,000 MW, reached at 1730. Demand then fell téadily. The intra-half hourly changes in
demand are shown in the right-hand figure. Duthgmorning peak the maximum change between
two successive half hours was 2300 MW and durirgg @tening peak was 3100 MW. Negative
changes in demand were recorded from 1800 hrs @sweraching a maximum of 2600 MW at 2230.
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Figure 1. Demand fluctuations in Great Britain od&nuary 2009.

2.2.1 Operational reserve

All power systems, with or without wind energy, deghort-term operational reserve, often called
‘spinning reserve’. The terms cover various typé9lant with different characteristics, outlined
briefly below. Nomenclature varies between utiifidut the exact details are not central to this
discussion.

Most of the demand changes shown in Figure 1 arsorebly predictable but absolute precision is
unrealistic. The weather is a key driver of eleityidemand, although other factors come into play.
Apart from demand uncertainty, there is also thssjimlity of plant breakdowns. The standard error
in the supply/demand balance is around 2%, 24 halvesd, falling to about 1.3% four hours ahead.
To deal with these uncertainties, various typeglaht — the ‘short-term operational reserve’ - are
used to ensure that supply and demand are mateitedhat system frequency is kept as close as
pOSSIb|e to 50 Hz. The principal types of plamt: ar

Frequency response: such plant automatically agljisstoutput, increasing it when system

frequency is low and vice versa.

Fast reserve: this plant is able to increase ore@dse its output, under instruction from

National Grid on a short timescale (typically haff hour)

Standing reserve: similar to fast reserve, but anger timescale (typically 1-4h).

In the UK, the operational reserves are mostly-jmaded thermal units. They operate at below
maximum capacity, so that the output can be inet@as decreased to cater for mismatches between
generation and demand. Pumped storage plantdsuakd, as it can respond very rapidly to a need
for more generation.

The requirement for operating reserve in GreataBrits around 3850 MW at the winter peak, based
on uncertainties in demand and generation up to fiours ahedd The level of uncertainty at any
given time dictates the level of reserves, althoatier factors come into the equation. When the
demand on the network in England and Wales is 0@/ (around the average level) then around
2200 MW of frequency response plant is requireal $udden loss of a 1200 MW power station is a
‘worst case’ scenario

It is important to note that the levels of resepaheduled at any particular time ensure that the
electricity network operates in a stable manneth w&idefined level of risk. 100% risk-free operatio
is unrealistic. No power stations are 100% reliadnde to suggest that “Nuclear is not intermittent;
neither is fossil fuel generation”..is misleading, as thermal plant can, and dop*tivithout
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warning. This can lead to the instantaneous losewéral hundred megawatts of generation, such as
the incident, which occurred in May 2008

2.2.2 Costs of reserve

The costs of the reserve reflect the fact that thesgd to operate at part-load (and lower efficig¢ncy
Annual costs of frequency response plant are ar@idd million and each of the other types was
expected to cost around £60 million in 2008/09

The costs of reserve depend on the precise typ@récel structure. Average UK levels are broadly in
line with international values, and are in the eufig-8/MW-h", although some fast response plant,
such as pumped storage, secures higher values Tbsts compensate the plant owners for the lower
efficiency of plant whose output is below its maxim extra wear and tear, and possibly extra
controls; they are additional to payments for thergy actually generated.

2.3 Plant margin, or ‘backup’

Reserves ensure minute-by-minute system securityonger-term security is managed by making
sure that there is always enough plant availablenézt the highest demands on the electricity
network. The ‘Plant margin’ is a measure of théedldnce between the total capacity of the plant on
the network and the expected maximum demand. Thieatide plant margin (plant capacity minus
maximum demand) for a large system such as thaBreft Britain is modest — around 24%
Maximum demand in Great Britain last winter (2008/&s around 60 GW and so there needs to be
at least 73.2 GW of plant — which there is. Thigslnot guarantee that the lights will never go out
but ensures this will happen very rarely. The Higrel of security and low plant margin stems from
the fact that a large system has a number of gengranits each with a quantifiable probability of
failure, but the combined probability of, say, gmnits failing at the same time, is much lesmady

be noted that the plant margin in the UK has beghehn than the theoretical figure for many yedts.

is very difficult to design a market that delivene theoretically desirable optimum, simply because
power plant equipment takes a long time to build] plant closures are not always easy to predict in
advance.

3. CHARACTERISTICS OF WIND ENERGY

Contrary to popular perception, wind energy is tatally random and unpredictable. It is variable,
rather than intermittent as wind outputs, aggregatwer the whole country, fluctuate in a way that
can be quantified. A reasonably consistent piceomes from analyses of power fluctuations (real
and simulated) in Denmark, Germany and the UK. \8@80 MW of wind in Britain, generating, say,
1000 MW at noon, the output at 1300 hrs will mastbpbly lie between 910 and 1090 MW. The
probability of it lying outside this range can beamtified, so providing a basis for combining
‘demand uncertainty’ with ‘wind uncertainty’.

The need to schedule reserves to cover for podsipteof conventional thermal plant emphasises the
point that no generation is 100% reliable. Thelo§1000 MW of thermal plant is a real risk, but i

is extremely unlikely that 1000 MW of dispersed @iwill disappear instantaneously. As wind
capacity increases, the increased geographiced@pegluces the fluctuations, and so sudden changes
of wind output across the whole country do not eccd’he smoothing effects of geographical
dispersion are quite dramatic. Using one sta#ibtiteasure, the fluctuations across western Denmark

" These prices derive from a holding charge andageisharge. The prices of frequency response planéd
upwards from October 2005, following changes toatiministrative arrangements.
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are about one quarter of those measured on a typind farm and figure 2 illustrates this point
graphically.

Wind power output

2500 A
I I\
2000 -, \ J.‘ I/V\
Fm ' /
1500 |7 ' — :
[ =1 1 farm (kW)
/A\ \ "“ i =* West DK (MW)
1000 1 \ 7\j
I \ v
500 f\\_/l \ A h
b L ARV
O n | n | n | U\ |
0 10 20 30 40

Time in hours

Figure 2. A comparison of the fluctuations fromiragée wind farm (dashed line, output in kW) with
the fluctuations in the whole of western Denmadkiddine, output in MW).

An analysis of the wind power fluctuations in West®enmark in 2007 suggests that for 42% of the
year (3700 hours) the intra-hourly fluctuations evevithin the range plus or minus 25 MW (1% of
the wind capacity). Extending the range to plusmonus 50 MW captures another 1800 hrs of
fluctuations. At the extremes, fluctuations in essef plus or minus 375 MW (16% of capacity) only
occurred 10 times in the year. The complete histmgof power swings is shown in Figure 3.The
standard deviation of the fluctuations is around. 3@omparisons with an analysis carried out by
National Grid for Great Britain have yielded veinasar results. They are summarised in Table 1 and
compared with other ddfa This table also includes data that shows howesggion of wind power
fluctuations reduces, in proportion, the magnitwdethe standard deviation and of the maximum
excursions. Information of the type shown in tabland figure 3 provides a basis for estimating the
effects of integrating wind energy into an eledtyimetwork.

% time
100 ¢

N

0.1¢

-20 -10 0 10 20

Intra-hourly power swing
% of installed capacity

Figure 3. Intra-hourly power swings observed in Weas Denmark in the year 2007. Note that these
never exceeded around 18% (up or down) and thelatdrdeviation was about 3%.



Standard deviation Maximum swing
Lead time, hn 1 4 1 4
Nation-wide
NGC" and llex? 3.1 9 -14, +18 21, +29
Danish (W) data (2007) | 3 10 -16, +18 -49, +56
Single wind farm 11.¢ 20.¢ -90, +6( -100, +10!

Table 1. Summary of data on power swings for GBeaiin and Western Denmark and a
comparison with single wind farm data. Some dadanfivestern Denmark have been updated from
the original source.

4. INTEGRATING WIND

Numerous electricity utilities around the world lagxamined the implications of absorbing wind
energy and most have concluded that the additionats are modest and there are no insuperable
difficulties. The additional costs can be derivedlboking at the overall uncertainty when supply
fluctuations (due to plant breakdowns) are combinétth demand uncertainty and wind uncertainty.
That enables the amounts of additional short-teeserve to be derived. The costs of that reserve can
then be calculated. National Grid estimates thedditeonal costs for 40% wind will not exceed about
£7/MWh of wind (roughly 10% extra on top of its getion cost).

Contrary, again, to popular perceptions, wind daest need to be ‘backed up’, megawatt for
megawatt. Numerous authoritative studies have shibzt it can displace thermal plant. At low
penetration levels the volume of this thermal plemighly equals the average power of the wind
plant, but the volume declines -- in percentagenter- with increasing amounts of wind energy. This
does give rise to a small ‘backup cost’. When thisadded to the additional costs of operational
reserve, the total extra cost to the consumer, 20 wind, is expected to lie between £1.5/MWh and
£2.5/MWh. With 40% wind, the additional cost iireated to lie in the range £5-7/MWh. Higher
penetration levels are feasible.

When considering the introduction of the variabdmewable energy sources it is important to
preserve the advantages of an integrated elegtmgtwork as that minimises the extra costs to
electricity consumers. National Grid has made ploisit™: -

“However, based on recent analysis of the incidesce variation of wind speed we have found that
the expected intermittency of wind does not posh sumajor problem for stability and we are
confident that this can be adequately managed...

It is a property of the interconnected transmissgystem that individual and local independent
fluctuations in output are diversified and averaged across the system.

The effects of adding wind to an electricity netilwvonay be illustrated by the case of western
Denmark, and examining the changes in demand ted to be managed. If there had been no wind
installed there in 2007, the maximum one-hour iaseein system demand would have been 675 MW.
With 26% wind (the amount on the system that yesmpnetimes the wind fluctuations augmented the
demand fluctuations, sometimes they reduced theme. maximum increase in demand that the
System Operator had to deal with went up from 6% kb 900 MW. In that hour, there was an
increase in demand at the same time as the outputthe wind plant fell. However, the number of
times that the net demand increased by more th&M® in an hour only went up from 55
(consumer demands only) to 63 (consumer demanafneind production). Even with 39% wind
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(scaling up 2007 wind outputs by 50%), there waurity be about 75 occasions when the net increase
in demand exceeded 600 My

The impacts of variability and the correspondingsgibilities for mitigation can be studied by
examining the three principal ‘cost centres’; --

The costs of extra operational reser{feaancing costs), which can be reduced by
0 Reducing the ‘unpredictability’ of wind (by bettfrecasting), or
0 Reducing the cost of balancing services
‘Backup’, which can be reduced if the capacity credit caimbreased, and,
‘Constraint costs’due to surplus wind, which can be reduced ifsiimpluses can be reduced.

4.1 Extra short-term reserve needs and costs

Electricity networks with wind energy need extreseeves to deal with thextra uncertainty
associated with the presence of wind on the netwibris important to emphasise that this extra
uncertainty is not equal to the uncertainty of Wied generation, but to the combined uncertainty of
wind, demand and thermal generation. An Americahahas made this poirit -

“A key feature of the present analysis [of the @HBeof variability] is its integration of wind witthe
overall electrical system. The uncontrollable, ueglictable, and variable nature of wind output it no
analyzed in isolation. Rather, as is true for alatls and resources, the wind output is aggregated
with all the other resources and loads to analyze het effects of wind on the power system.
Aggregation is a powerful mechanism used by thetridéy industry to lower costs to all consumers.
Such aggregation means that the system operatat nee offset wind output on a megawatt-for-
megawatt basis. Rather, all the operator need deerwunscheduled wind output appears on its
system, is maintain its average reliability perfamse at the same level it would have without the
wind resource.”

The combined uncertainty is determined from a ‘safrsquares’ calculation that provides the basis
for estimates of additional reserve needs: -

% (total) = ?(demand) + Z (wind)
is the standard deviation of the uncertainties.

Although the quantity of operational reserve riggth increasing amounts of wind energy, National
Grid is confident that it will be able to procukeetnecessary amounts, and, moreover, that thee is
‘ceiling’ on the amount of wind-generated electsichat can be accommodat&d-

“Based on recent analysis of the incidence andatayn of wind speed the expected intermittency of
the national wind portfolio would not appear to poa technical ceiling on the amount of wind
generation that may be accommodated and adequeiahaged.”

It may be noted that NGT says nothing about the tfpplant that may be needed for reserve - that is
left for the market to decide, provided it can m#wet technical specifications set by NGT. In
practice, it may be coal-fired plant, combined eyghs turbines, or storage. The former tends to be
the most economic option, whilst the latter teralbe the most expensive. However, pumped storage
plant can respond extremely rapidly and so is sulied to a particular type of ‘fast reserve’.

The characteristics of most electricity systemssamalar, so estimates of the extra reserve neéaled
cope with wind energy are also similar. With wingbplying 10% of the electricity, estimates of the
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additional reserve capacity are in the range 3%od the rated capacity of wind plant. With 20%
wind, the range is 4 to 8%, approximately.

National Grid has recently quoted estimates ofetktea balancing costs for wind in the UK for 40%
wind*’. These would increase balancing costs in 2020500000 million per annum (£3.5-7/MWh
of wind). The uncertainty arises partly becausefthiare trajectory of balancing services costs is
uncertain (they are dependent on fuel prices),lypdrecause increased use of the demand-side
management could reduce the overall costs. Theinvashich balancing costs are likely to increase
with wind penetration level is illustrated in figud. This makes use of the National Grid data as
‘anchor points’ and uses information on demand awidd uncertainty (discussed earlier) to
synthesise the rest of the curve. So 10% windgsnierlikely to occur extra costs in the range £2.5
5/MWh and 20% wind energy in the range £3-6/MWipragimately.

Cost of extra balancing, £/MWh of wind
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Figure 4. Estimates of additional balancing cosis@reat Britain

A recent American reviet¥ quotes a study that looked at 30% penetration qreak load basis
(probably about 15% on an energy basis) and tlggesiied an extra balancing cost of $8.84/MWh —
within the range of the NGT data. Other internagiccomparisons are discussed briefly in Section 4.5

4.1.1 Carbon dioxide savings

As the extra reserve operates at part-load, iteftothermal efficiency means that its emissions
increase. The reserve still contributes useful ggnéo the system, so the extra emissions are those
associated with the reduced efficiency of part-tmhglant. Taking a pessimistic estimate of 10% for
the reduced efficiency, and taking into accountftiwt that the load factor of wind plant is jusden
half that of thermal plant, Dale et al suggested this reduces the emission savings from the vand,
the 20% penetration level, by a little over %#%In other words if the displaced fuel is coal; foe
sake of argument, with GCemissions of 900 kg/MWh, then the effective £aving would be
around 890 kg/MWh. If the displaced fuel were gaith CO, emissions of 400 kg/MWh, the
effective saving would be 395 kg/MWh. At higher p#ation levels (40%, say), the non-linear
increase in the necessary reserves brings theseedigdown to around 875 kg/MWh and 388
kg/MWh, respectively.

20% wind energy corresponds to around 80 TWhnd so the carbon dioxide savings would be
around 71 million tonnes per annum if coal is displd (32 Mt if gas is displaced). With 40% wind,
the savings would be about 140 Mt and 63 Mt, retsyady.

" The exact amount that corresponds to 20% windritipen assumptions about electricity requirements i
2020 and these vary.

12



4.2 Extra back up and its costs

A distinction must be drawn between the extra resemeeded for short-term balancing in an

electricity system with wind and the extra backifpafly) needed to guarantee the security of the
system at all times. That means making sure tlaetls always enough power available to meet the
peak demands of the system. Although some sugbestitiere is a need to provide ‘backup for

windless days’ to ensure that demands are always, ithés is misleading, on two counts: -

When a new thermal power station is built ther@asdiscussion as to how the electricity
system will manage when the station is unexpectedty of action for emergency repairs

during the winter. The ‘plant margin’ is a commooop of ‘extra’ plant that ensures peak
demands are met. No power stations are 100% rejiabldiscussed earlier.

Not even the most zealous of renewable energy siatbts would suggest that System
Operators should rely on the full rated capacityviofd power plant. When wind is added to
an electricity network, the situation is not fundantally different from an addition of thermal

plant. If the wind plant has some ‘capacity cretiiscussed next) then it will be possible to
retire some of the older plant, without comprongssystem security. If the new plant has
zero capacity credit, then no plant can be retibed, either way, no new plant needs to be
built for ‘backup’ — it already exists.

Estimates of capacity credit that are based on wiledtricity production during a single winter are
unlikely to provide accurate estimates. It isatistical quantity that requires adequate data foa
nuclear plant. During the winter of 2008/9, forample, at the time of peak demand, the metered
wind electricity production was about 18% of itsedioutpuf. However, about 5000 MW of nuclear
output was not available, for various reasons +lpeéi% of the totaf. It would be misleading to
assign a capacity credit of 18% to wind on the dasithis one instance, and equally misleading to
assign a ‘firm power’ contribution from nuclear®3% of its rated output.

It is important to emphasise that the capacity icrefiwind will never be greater than the plant
margin and even if the country had 26,000 MW ofdvand had been completely becalmed at the
time of the peak demand on 6 January 2009, thd plangin would not have been used up, despite
the missing 5000 MW of nuclear. It is also wortiterating that the plant margin is generally geeat
than the theoretically desirable minimum.

4.2.1 Capacity credit

The term ‘capacity credit’ for wind, introduced aleg tends to be controversial. It may be defthed
as follows: -

“The reduction, due to the introduction of wind egeconversion systems, in the capacity of
conventional plant needed to provide reliable sigepbf electricity.”

Despite the controversy, numerous studies haverooed that wind can substitute for thermal plant
and enable the British power system to operate wighsame level of reliability. The issues are
discussed in more detail in appendix 1 and figush®&ws how the capacity credit varies in megawatt
terms, as a function of the installed wind capacity

" National Grid does not monitor all the wind planitput, so this applies to the metered capacity.
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Figure 5. Capacity credits as a function of wingaaity

4.2.2 The cost of backup

Although the ‘extra costs of backup’ are not dediby assuming the whole of the wind plant capacity
needs to be duplicated by standby thermal plaatethre extra costs associated with the low capacit
credit of wind at penetration levels above about 89ith thermal plant, the average power and the
‘capacity credit’ are the same, but wind energydifferent. Above the 8% penetration level
(approximately), the capacity credit of wind isdabkan its capacity factor. This means that 26,000
MW of wind, say, (roughly 20% energy penetratior)ivkrs electricity that corresponds to around
10,700 MW of thermal plant (assuming a wind capafettor of 35% and a thermal plant load factor
of 85%) but only displaces around 5000 MW of thdrpdant. This has the effect of reducing the load
factor on the remaining thermal plant. Their getienacosts increase, as capital cost repayments are
spread over fewer kilowatt-hours. This provides asi® for estimating the ‘additional costs of
backup’, using the methodology used by Dale 2t bsing an up to date price for combined cycle gas
turbine plant of £700/kW, these amount to aroun®B2Nh of wind (at 20% penetration), rising to
around £6/MWh of wind at 40% penetration.

Even if evidence should surface showing suggestagacity credits are much lower than has been
assumed, the effect on the variability costs wdaddnodest. At 20% wind energy penetration level,
for example, the additional variability cost woldd about £1.7/MWH.

4.2.3 Transmission constraints

The foregoing discussion has implicitly assumed tha electricity network can be operated as a
single unit, with unrestricted flows of energy. practice, this is not always the case and theze ar
sometimes occasions when the power production frenewable plant exceeds the transmission
capacity that is required to deliver it to the dach@entres. This means that there may be occasions
when renewable plant may be required to cease gimeror be ‘constrained off'. The effect of such
constraints will be to increase the costs of tmewable plant, as the capital costs will be spoast
fewer units of electricity than was anticipated h&ther or not these costs are borne by the renewabl
generator depends on the structure of the markitsigned by the regulator and government.

In Britain, such constraints are likely to occuedo the large quantities of wind energy -- ingtzlor
planned -- in the north of England and Scotlandr rRany years there have been large North to South
power flows, as generation capacity exceeds denmatige north, and vice versa. There is increasing
concern over the cost of these constréintalthough these can be alleviated by additional
transmission connections at an estimated coségf@ milliort*,

These constraints are not, strictly speaking, aiabdity’ issue, but more to do with the locatiom
the best sources of renewable generation, relaiviiermand. Similar issues arose when the large
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concentrations of coal-fired power stations wergt bunear to the coalfields -- and most signifita
expansions of large generating plant involve trassion reinforcements.

4.3 Wind surpluses at high penetration levels

The discussion so far has focused on wind energgtpation levels up to around 40%. In practice, as
noted earlier, higher levels are achievable, allieihcreased cost. A detailed analysis by theidban
system operator, Energinet, has examined the iatpits of operating with 100% wind and
quantified the additional codts The analysis was carried out for Western Denyrtauk ignored the
existence of the connections to Germany, SwedenNama&ray and did not assume that any storage
was available.

100% wind is not, of course, feasible but the Sys@perator assumed that sufficient wind power
capacity was installed in order to meet 100% of éhexctricity requirements. With that level of
capacity, around 30% of the wind energy had todpected when wind power production exceeded
system demand. A similar amount of wind had tosbpplied from thermal sources of generation
when the system demand exceeded the wind poweugtiod.

The possibility that wind power production may cgioaally exceed system demand first occurs at
penetration levels around 25%. Figure 6, whichwshactual data from Western Denmark, shows
that it occurred twice during 13/14 January 208ibwever, the amounts of ‘surplus’ wind energy are
initially modest and similar estimates come from Energinet study and from a British sttfdy

Power demand and output from wind plant, GW
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Figure 6. Demand and wind production in Westernmark, 13/14 January 2007.

With 30% wind energy, the Danish study suggestedrat 1.7% would need to be constrained off or
rejected and the SKM study a slightly lower levelaithough the precise value depended on
assumptions about interconnectors and pumped stoitith 40% wind, both studies projected about
4% would need to be rejected and at 50% wind abBd&d. Data from the two studies are compared
in figure 7.

If no market can be found for this ‘surplus’ windeegy, a small penalty is attached to this ‘lost’
electricity, as the fixed costs of the wind plare apread over fewer units of electricity. Withg@0
wind, this amounts to around £0.6/MWh of wind, nigito around £1.5/MWh with 40% wind, based
on current installed prices of around £1300/kW. ¥ay which this ‘surplus’ may be utilised are
discussed in the section 5.
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Figure 7. Estimates of surplus wind energy fortdbations up to 60%.

4.3.1 Impact of new nuclear and coal-fired plant

The threshold at which wind energy may need to djected, and the corresponding amounts of
surplus wind may change in the future if new nucksad coal-fired plant is built in Britain. As wind
nuclear and coal-fired plants are ‘capital inteasiall need to run as much as possible in order to
repay their capital costs. This is unlikely to bprablem in the short to medium term as the bugd u
of wind energy is likely to be accompanied by alidecin the capacity of nuclear and coal-fired plan
as the old plants retire and close. If new nuclaad coal-fired plant are given consent and
commissioned, however, then there will possiblycbeflicts’” and these are discussed in Appendix 2.
Resolution of these is likely to be a matter fa thgulator and government.

4.4 Total costs of variability

The total costs of variability to the electricitgrisumer -- defined as additional balancing costs p
backup costs as discussed in section 4.2, pludragmscosts as discussed in section 4.3 - are show
in figure 8. The ‘high’ estimate uses National Gidpper balancing cost estimate and an installed
cost for combined cycle gas turbine plant (CCGTE®@00/KW in the calculation of backup costs.
The ‘low’ estimate uses National Grid’'s lower baleng cost and an installed cost of £500/kW for a
mixture of CCGT and open cycle gas turbine plamb derive the constraint costs at penetration
levels above 30%, it has been assumed that 12 GWhstiore wind costing £1100/kW has been
installed and 45 GW of offshore wind costing £26800/ With 10% wind energy, the extra costs are
below £1/MWh in each case; at the 20% level theg D a little over £2/MWh in the ‘high’ case
(E1.5/MWh in the ‘low’ case) and with 40% wind, tlestimates are £7.3/MWh and £5.2/MWh,
respectively. A ‘central’ figure would add abou5% to domestic electricity bills.

Extra cost to consumer, £/MWh
8
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Figure 8. Additional costs associated with variitlil
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It must be emphasised that this is the ‘cost ofab@ity’ and the overall extra cost to the consume
may be greater or less than this figure, dependmghe relative generation costs between wind and
gas.

4.5 Types and costs of plant used for reserve

A substantial proportion of the additional reseisdikely to come from thermal plant in the shant t
medium term, so changes in fossil fuel prices imilluence the cost of reserve and hence the cost of
the additional reserve needed for wind energycatbon capture and storage (CCS) on coal and gas-
fired power plant achieves technical and commesgalility, reserve prices are likely to be higlaer
their capital costs are higher and their thermiatiehcy lower.

Other types of non-fossil generation could, howgeyeovide frequency response and other reserve
services. This could include anaerobic digesti@mplsustainable biomass or biogas.

5. MITIGATING THE EFFECTS OF VARIABILITY

Progress towards 20% -- or even 40% -- wind wiévitably be gradual and so it is highly likely that
technologies and strategies will develop that wmiitigate the impacts of variability.

Some of these are already in use, such as imprmnetbods of wind forecasting and this is likely to
have a significant impact. Numerous other ideaswarder development or discussion and it is likely
that increased use of demand-side management fyssied by the installation of ‘smart meters’)
will also play a key role in reducing variabilityosts. The use of storage is often advocated,tbut i
use for ‘levelling the output’ of wind power mayd#ficult to realise. However, it may have a rode
play -- for the benefit of the electricity netwak a whole -- in systems with a high penetration of
variable renewables. The construction of more rimd@onal transmission links should aid the
assimilation of variable renewables -- and will @lsiork to the benefit of the system as a whole.
Further ahead, the widespread introduction of eliectars or a switch to electric heating would be
beneficial to wind energy, as it would facilitateetabsorption of ‘surplus’ wind at times of highhai
and low demand.

Many of the ideas now under discussion for mitiggitihe extra costs of variability of wind aim to
reduce the additional costs of operating elecyrisiistems with high renewables input, rather than
focusing exclusively on the wind itself. Thereaiurther category of technologies that may come to
fruition for other reasons that may ease the amlthli costs associated with high wind energy
penetration levels. Table 2 summarises the vapossibilities and their likely impacts.

Lower reservg Higher capacity,| Less Stage
costs credit rejection
Wind-related
Better forecasting Yes Proven
High offshore productivity| Yes Yes Likely
System-related
DSM Yes Proven
Storag: If price right Too costly’ If economic | Proven/developir
More international Probably Likely Some building, some
connection conceptuz
Other technologies
Electric cars Probably Yes Developing
Electric space and water | Likely Feasible
heating
Hydrogen economy Uncertain Probably Conceptual

Table 2. Developments likely to reduce the additi@osts of assimilating wind energy.
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5.1 Wind forecasting

There is considerable work in progress on improvemé wind forecasting and the emergence of
forecasting services, in both Europe and Ameriestjfies to the fact that it is worthwhile improgin
the accuracy of projected power outputs. A largeftaitled R&D project involved a large number of
contributoré®, and a utility-funded project has been completedJnited States, managed by the
Electric Power Research Instittte Commercial forecasting services are also avaijatvith
software that improves forecasts up to 24 houra@h@®ne company claims, for example, that the
error in one-hour-ahead forecasts is typicallyd35% lower than that of persistence forecasts

Much of this forecasting work is focused on prorglservices to operators of wind farms, rather than
System Operators, but estimates are available wftopwide improvements that might be expetted
The analysis, for Germany, suggests that the stdndkviation of the uncertainty one hour ahead
might be reduced from 3% to below 2% and, similatthe 4-hour uncertainty can be reduced from
6% to around 4%. This would reduce the estimateBatdncing costs that were quoted earlier by
about 30%, provided the System Operator felt thaforecasting accuracy was sufficiently robust.

5.2 Higher productivity from offshore wind

Most of the analysis in this paper assumes thatwbighted average capacity factor of the wind
power plant is around 30%. The latest availablaréigor onshore wind is 27% which may decline

as the better onshore sites are used up; on tlee lodmd this may be more than offset by the higher
productivity of offshore wind. Some of the mosteat statistics from Denmark suggest that higher
values are achievable offshore. With a higher dapé#eactor, the extra balancing costs come down --
as a lower total farm capacity is needed to produgiven output. A 10% increase in the capacity
factor reduces the additional short-term balanciogts by a little over 10% and, by increasing the
capacity credit, reduces the extra back-up costs.

5.3 Demand management

‘Demand-side management’ (DSM) has been an intggagl of the load management strategies of
system operators for many years. It has the paiiemtith to reduce peak loads and lower the costs of
reserve. The variable sources of renewable ensugh as wind, are likely to benefit from the wider
adoption of load management in the future, althotgite are potential benefits for the electricity
system as a whole.

There are various types of demand-side managerdémiugh the boundaries are not sharp: -
Provision of reserve and frequency response undatract to the System Operator. In
2005/6, users, rather than generators providedtadmmerthird of the ‘standing reserve and
‘frequency response’ balancing service requiremenidational Grid®.

Teleswitching. This technology has been slowly ttgvieg for around 40 years. It enables
demands to be modulated in response to radio sigweealt by the System Operator (or, more
usually in the UK, by the Distribution Network Op#or). The signals are sent to a special
meter and the technology has the potential to obotrmodulate interruptible demands.
Dynamic demand. Whilst tele-switching is activéhnd remotely) controlled, Dynamic
Demand is a passive system that relies on sensoexjuipment used by consumers to
modulate demands. If all domestic refrigeratoos,eixample, included a frequency-sensitive
device that inhibited its operation when the freguefell below (say) 49.8 Hz and switched
the fridge on (provided it was not already too ¢a@t say 50.2 Hz, then this could substitute
for between 728 and 1174 MW of frequency respoitesetf
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Smart Meters. These give electricity consumers sscte information about the price of their
electricity on a continuous basis. The governniexg announced its intention to facilitate
their introduction on a widespread basis. The nooshmon perception of such meters at
present is to provide information to consumerdiegathan intervene to restrict demand on a
selective basis.

‘Time of use’ pricing. Smart Meters for domesticneamers, as presently envisaged in
Britain, are a source of usage information and itp to the consumer whether he responds or
not. ‘Time of use’ tariffs have been in existerfce many years in the industrial and
commercial sectors, and, in simplified form, in tdemestic sector. The tariffs aim to
discourage use at peak demand times -- that ngrrm@ithcide with peak prices -- and so iron
out, to some extent, demand fluctuations. If thaébles the quantity of rarely used (and
expensive) ‘peaking plant ‘ to be reduced, thauoced both costs and emissions. The most
sophisticated development of ‘time of use’ pricirgsponds continuously to changes in
market prices. Whether or not consumers can teddgh or low prices depends on the type
of electrical equipment they are using. ‘Time of'usriffs are common in France and their
effectiveness appears to be reflected in a lowdp raetween maximum and minimum
demands. On 21 May 2009, for example, the Freatb was 1.39, whereas in Britain it was
about 1.6.

All these concepts act to improve the efficiencyth@ electricity system as a whole. Any benefits t
wind would come through reductions in the costdancing services. Some benefits are already
being realised (first bullet point) but it is diffilt to estimate the magnitude of any additionaldbes.

One possible downside (from the point of view ohd)iis that a reduction in the uncertainties in the
supply/demand balance might mean that the uncédaim wind power production would become
more significant, thus increasing additional balagcosts.

5.4 Energy Storage

5.4.1 Dedicated storage

Energy storage is often seen as a means of ‘lagetie output’ variable renewables, possibly
increasing its capacity credit and so increasisgaue. Such ‘dedicated storage’ faces a numiber o
challenges as it adds to the generation cost ofdhable renewable. That additional cost needseto
less than the additional value of ‘firm power owariable power. There are additional challenges
with dedicated storage, as the store needs to helage to ensure that the ‘levelling’ continues
during long periods of low wind.

An early integration study concludéd--

“There is no operational necessity in associatingrage plant with wind-power generation, up to a
wind output capacity of at least 20% of system pkakand"

This does not imply that 20% is a ceiling, or thwad. It was simply the upper limit that was
investigated in the study.

A later American study made the same pgint
‘Storage may increase the value of intermittentegation. However, studies generally show that
dedicated storage systems for renewables are abtesoptions for utilities because of added capital

costs of current storage technologies. Storageazihflexibility and value to utility operations, thit
should generally be a system-wide consideratiosgtian the merit of the storage system’.
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More recently the American Electric Power Institatgygestet: -

"Installing energy storage..... practically eliminat&ind integration issues.... unfortunately the high
cost of storage systems limits the situations iichvthey are useful.”

In Britain, the cost threshold that storage wowdéhto meet for viability in the current market den
gauged from the difference between ‘continuous’ ‘@adable’ power sources. The difference in the
prices realised for landfill gas (firm power) anar fwind energy (variable power) in the auctions
conducted by the Non-Fossil Purchasing Agencygaide. Between the summer of 2006 and the end
of 2008, the minimum price difference was £1.1/MWilie maximum £11.2/MWh, and the average
£4.9/MWh. The average roughly corresponds to theorttical ‘capacity value’, based on the
replacement cost of combined cycle gas turbinetplan

5.4.2 System storage

There is a difference between ‘dedicated storage’ Vlariable renewables and storage for an
electricity system -- with or without variable revebles. Storage has the potential to enable power
systems to operate more efficiently -- absorbiogigr at periods of low demand and releasing it at
periods of high demand that otherwise needs to be by expensive generating plant. This is
generally a less challenging role than ‘dedicatedage’. However, storage has a generation cast, ju
like any other generation technology, and will obé/economic if the differential between the energy
prices paid to the storage operator at times di digmand, and by the operator for electricity mes

of low demand, is sufficient to cover its costs.

A recent UK Select Committee observed

“No evidence we received persuaded us that advaincgterage technology would become available
in time materially to affect the UK’s generatingjtegrements up to 2020.”

A recent analysis that examined the prospects éstevn Denmark conclud&o-

“The conclusion is that energy storage systems faremost cases uneconomical for day-to-day
trading in Western Denmark.”

If the introduction of large quantities of wind egg into the UK electricity network (and elsewhere)
widens the difference between ‘high’ and ‘low’ spamtices in the electricity market, that may
facilitate the construction of cost-effective siggaMost of the technologies are able provide syste
services (short-term operating reserve, reactiveepcand ‘black start’ capability) and these can
provide additional revenue. There are a numbeediiriologies in existence and under development,
with a wide range of applications, apart from thdiseussed hete

5.5 Additional international connections

Additional international connections give systemermgors access to more sources of power,
effectively increasing the size of the system. THdeantages of large systems were discussed in
section 2.1 and perhaps the simplest way of loo&irthe effects of additional connections is towie
them as additional plant. The ‘effective’ renewableergy penetration level then drops from, say,
30% -- with 80,000 MW of conventional plant -- teay, 26.7% with 10,000 MW of additional
connections. Reference to figure 6 suggests thigdrdown the ‘costs of variability’ from around
£4/MWh to £3.2/MWh.

The next stage in the argument for additional odenections is that, with the two interconnected
systems operated as one, the wind variability cathoes. However, the evidence on this point is not
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clear. On the one hand, the standard deviatidroofly wind fluctuations in Britain is similar tdvat

in (smaller) Western Denmark (table 1). On the otind, Foley and Leaffycombined British and
Irish wind records and showed that the joint ocence of wind speeds below 5 m/s was reduced to
16% of the time, whereas the individual occurreneere 22% (Britain) and 28% (Ireland).

5.5.1 European Supergrids

A number of proposals for more extensive intermatiogrid connections -- mostly using HVDC -
have been put forward in recent years, mostly wattme or all of the following objectives: --

Facilitating the connection of offshore wind farms.

Smoothing wind fluctuations on a continental (ratifn national) scale.

Facilitating progress towards very high proportiafsrenewable energy in the European
network including, for example, concentrated splawer plant in Africa.

Hurley et af' provided data that illustrated the smoothing éffecThey took data from 60 well-
distributed sites over a 34-year period and shoviedexample, that there were very few occasions
when wind power production fell below 12% of ratedgtput in the winter. This suggests that the
capacity credit of this widely distributed wind rhigbe higher than the values calculated from
individual national studies. Similarly, their apsis of power swings also suggests that there would
be a lower uncertainty, probably leading to lowgdiional balancing costs.

Decker et df have recently summarised most of the proposalsaie currently being discussed.
Some cater, in the longer term, for up to 100 GWofithore wind. They note that increased
interconnections would be beneficial to Europeaetteicity networks as a whole, quite apart from
their role in facilitating the connection and smuog of renewable energy. They also provide data on
the smoothing effects, suggesting that hourly vianma in excess of plus or minus 10% appear to be
negligible. (This may be compared with the maximbourly swings around 14-18% observed in
Western Denmark and estimated for Britain -- seketa).

A simple cost benefit analysis suggests that sicamt savings from lower variability costs are neskd

to make the concept of European Supergrids atéeactrigure 6 suggested that the additional cost to
the consumer of 40% wind might be just under £6/MVWf/la Supergrid enabled savings of £2/MWh
to be made, then the net present value of thesegsaever 20 years, with a test discount rate 86,10

is around £6 billion. The projected costs quotedHuyley et al., were €9.4 billion — nearly 50%
higher. (Although supergrid construction costs naye increased since the estimate was made).
However, this implicitly suggests that all the extosts of the Supergrid are debited to wind energy
whereas, in practice, there would be significardtesy benefits as well. Europe's Transmission
System Operators already have plans for improvestdannectior§, most of which are likely to
benefit wind energy.

There are, nevertheless, difficulties on the watheconstruction of a European Supergrid. Several
withesses who appeared before the Energy and @i@laange Select Committee in April/May 2009
drew attention to technical and regulatory diffices, although there was support for further analys
of the concept. Another possible difficulty is thetional plans for the connection of offshore wind
farms are already well advanced and so the posgibfllooking at ‘the big picture’ may already heav
passed. Nevertheless, the broad concept has sugtptre European level, through the ‘Ten E’
programme of support for improved interconnectftns
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5.6 Electric cars

The prospects for electric cars are being studiik a view to reducing greenhouse gas emissions.
There is a double benefit as air quality in citvel be improved and national emissions will be
reduced, even though the electricity used to chahgen at present comes from a mixture that
includes lots of coal and gas-fired plant. Theaation from the standpoint of the electricity intfys

is that it may enable the more efficient use ofggating plant, provided most of the charging takes
place during the night. Reference to figure 1 shtvat between 2230 hrs and 0630 hrs in the winter
the demand dropped below 45,000 MW, whereas duheagest of the day it was above this level,
peaking at just under 60,000 MW. Inspection of datdater in the year (21 May, 2009) suggests that
there was a similar difference between the nighétdemand and the peak.

A margin of around 15,000 MW would be sufficientdbarge the entire fleet of British cars if all

were to be powered electrically (Appendix 3). Thaditonal attraction, from the standpoint of

integrating wind, is that this would enable surpisd power to be utilised at times when wind

power generation exceeded demand. There wouldobguarantee, of course, that surplus wind
would always be generated during the night, but itha realistic scenario, given the lower demand.
Daytime charging would be possible, provided itlddee controlled by some form of ‘smart meter’,

or by teleswitching.

The use of electric cars as a form of storagess ativocated, with electricity being fed back itite
system when needed. The costs and benefits ofofitien need to be examined as the costs of
reversible circuitry would be higher than thoseswhple ‘charging’ circuitry -- and the ‘round trip’
efficiency would also be lower. In addition, thgs&m Operator would need to be assured that
sufficient vehicles were likely to be connectedidgrthe day -- and vehicle owners would need some
form of control over the process, otherwise themuld be a danger of finding that the charge had
been drained when the car was needed. Even ictieding’ option were expensive, that would not
necessarily preclude the System Operator from gg@inbmparable benefits. Provided that at least
some of the charging load could be reduced, thalldvease pressure on the system at times of peak
demand. The beauty of using electric cars as aypimxstorage lies in the fact that the cost of the
storage would not be borne by the electricity systeut by the car owners.

Although much of the discussion surrounding electiars has focused on their use in high-wind
scenarios, it is likely that they might be to pawireserve services at modest cost. As notedein th
previous paragraph, control of the magnitude of ¢harging load is a strong possibility, and at
modest cost.

5.7 ‘Smart grids’ and the growth of de-centralisedyeneration

The term ‘Smart Grids’ is used to describe varitachnologies that may need developed in the future
to enable electricity networks to function morei@éintly. Most of these have been covered already,
with the exception of ‘islands’ of decentralisechgeation. These islands would not necessarily be
permanently disconnected from the main network, rhay be able to function independently from
most of the time. A pap&rthat was commissioned by the Government Office Soience has
discussed the issues surrounding the concept. dper guggestsFully decentralised energy supply
is not currently possible or even truly desirdbleut that, turrent evidence points towards the
deployment of an increasingly decentralised enstgyply infrastructure, which will still rely on and
benefit from common centralised infrastructuteBhe rate at which decentralised generation will
grow is somewhat uncertdfnalthough both PB PowErand National Gritf appear to be in broad
agreement that the additional plant capacity wél ib the range 3-5 GW by 2020. The present
capacity of embedded generation is around 7500 MW.
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If self-sufficient decentralised ‘islands’ do becamstablished, this may reduce, slightly, the deman
fluctuations on the network as a whole. This wouldwever, have a second-order effect on the
estimates of variability costs that have been dised. The ‘islands’ would, of course, face theesam
issues in coping with variable generation if sorhtheir supplies come from such sources.

5.8 Electric space and water heating

At present, electric space and water heating igifsigntly more expensive than gas or oil-fired
heating. If, however, there were a move towardeenetectric heating, this potentially would provide
the System Operator with a large source of inexpendemand-side management. Such a shift in
emphasis might be the result of high fossil fuétgs, government incentives, or both. Electricanvat
heating, and, to a lesser extent, space heatindbeamnodulated without significantly affecting the
comfort of the consumer, although wider dead bandg be necessary for central heating systems.
The signals that would enable the System Operatanfiuence demand levels could be transmitted
through ‘smart controls’ or one of the other tedbgees discussed in section 5.3. The concept is
actively being considered in Denm#&rk

5.9 The Hydrogen economy

The hydrogen economy has been under discussicofoe time but, apart from a few demonstration
plants, has yet to become established. Most stdisume that the prime user of the hydrogen would
be road transport and so its influence on varighiosts would be similar to that of electric cafst
present, however, costs are very uncertain.

5.10 Overall effects

Precise estimates for impacts of the mitigationsuess cannot easily be made in every instance. The
prospects for improved methods of wind forecastingg good and allowance for these has already
been incorporated into National Grid's ‘low’ estimafor additional reserve costs. The most
significant impacts would be at the higher levdisvond energy penetration and so Table 3 includes
conservative estimates for 40% wind, based on $kamaption that electric cars and/or other demand
side measures are able to offset the constrairs ¢bat occur once wind energy penetration levels
exceed about 20%. It is quite possible, howeVett, the various measures that have been discussed
will reduce the extra costs at the 20% level by Ifi%nore.

Case 20% wind 40% wingd 40%, mitigated
Lower boun 1.€ 5.1 3.8
Upper bound 2.4 7.4 6.1

Table 3. Estimates of variability costs, in £/MWVith average domestic prices in 260Being just
over £100/MWh, these also represent percentagédiaddito consumer bills.
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6. EXPERIENCE ELSEWHERE

The characteristics of wind tend to be broadly Eimihe world over and the same applies to
electricity networks -- but there are some diffeesn Two comprehensive reviews of a large number
of studies, worldwide, showed that the additioeslerve costs were very similar, with outlying value
attributable to particular characteristics in tloeintry concerned”. The analysis showed that almost
all the estimates of additional reserve costs @ 2vind energy were below £3/MWh. It should be
noted that fuel prices rose after the work wasiedrout; this influences the costs of frequency
response plant and other operational reservesatites/alues quoted in the previous section are now
more relevant.

Wind is poised to become a major contributor toevesble energy targets in most of Europe and
elsewhere. The ‘top five’ contributions expectedBaorope range from 40% in Ireland, 33% in
Denmark, 28% in Portugal, to 25% in Germany ande€#& This suggests that assimilation of wind
is not regarded as a serious problem.

6.1 Germany

With around 25,000 MW of wind installed, Germanymm second to United States in terms of
installed capacity, although the contribution teoticity consumption in 2008 was only around 6%.
Some problems have been repotetbading some observers to assume that difficuttiere reflect
universal problems, but this is not the case. Ehitue partly to the way that the electricity nethvis
operated, partly to the lower wind speeds that gitéliere. In Germany, as well as in some other
electricity jurisdictions, wind tends to be treatedthe same way as gas or coal-fired plant and is
required to forecast its output several hours ahdathe plant schedules lack flexibility, it isiige
likely that the actual output from the wind plantlwliffer from the commitment made, say, 24 hours
ahead. That may mean that balancing power mugubghased to make up any power deficits or,
alternatively, surplus wind may need to be soldafdow price. The more flexibility that is builito
plant scheduling, the more efficiently can the sgsthe operated.

The other reason why balancing costs for wind imn@eay tends to be higher than elsewhere is that
wind speeds are quite low. The average capacitioifeof German wind is about 18%, which
compares with 25% in Denmark and 30% in BritairhisTmeans that the wind plant capacity needed
to generate a given amount of energy in Germaajni®st twice the capacity needed in Britain. The
magnitude of the power swings from the plant wikrefore be higher than those in Britain, and the
additional uncertainty means that the system openateds to schedule more reserve. The lower
capacity factor means that the additional balanciggs associated with 5% wind energy penetration
are around three times higher in Germany, compaiguBritain>.

Low capacity credits are also reported for Germany these tend to be system-specific. The capacity
credit of German wind is low -- in percentage termkargely because the capacity factor is low, as
noted above.

Nevertheless the German Transmission System Opgtaioe examined the implications of operatingrthei
networks with up to 54 GW of wind by 2020The corresponding energy penetration level isyuoted in the
report, and is estimated as around 15%.
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6.2 Denmark

Denmark has, for many years, promoted decentrabseairicity, particularly wind power and CHP.
In 2007, wind energy accounted for around 26% efdlectricity consumption in western Denmark. It
is sometimes argued that this is a misleadingssiiatias western Denmark has transmission linkis wit
Germany, Sweden and Norway and the power expoxtedtbese links often mirrors the wind energy
production. The capacity of these links is 2900 MiNghtly less than the installed capacity of the
thermal plant. Roughly speaking, therefore, thenplkapacity available to the System Operator is
almost doubled due to the existence of the link$ smit could be argued that the ‘effective’ wind
energy penetration level is halved -- to about 13¥is is still higher than anywhere else in the
world.

The System Operator has made a number of estinétée ‘costs of variability’; the study that
ignored the existence of the transmission linkgyssted that the extra cost to the electricity coresu
of absorbing 50% wind was about €6/M%#/twhich is very close to the estimates for the G&em.

Although wind power growth in Denmark has slowedergly, it is not halting though and plans to
increase its wind energy penetration level to 5@22®25°. It is envisaged that electric vehicles and
heat pumps will absorb wind power surpldéeand that demand-side response will be a crucial
feature of the electricity system in the futuré.islassumed that electric vehicles constitute 1%
the traffic.

7. CONCLUSIONS

This paper draws on only a small fraction of thiEemences that were cited in two major literature
reviews (the Carbon Trust/DTI ‘Renewables Netwanpécts Study® and the UKERC study. More
information has been published since these repogte completed, and reinforces the conclusions
that were drawn. Wind energy, worldwide, contintegrow at around 25% per annum, despite the
recession, which suggests that utilities and gowenis see it as a reliable source of carbon-free
electricity generation.

There are no significant barriers to the introdurctiof wind energy due to its variability, and
contributions up to 40% or more of electricity comgption can be managed with quantifiable -- and
modest -- ‘variability costs’. Any study of the iagts of variability needs to take into account the
characteristics of the electricity network withinhish wind plant operates. Thermal plant
breakdowns generally pose more of a threat to tiialgy of electricity networks than the relatiyel
benign variations in the output of wind plant. Aggation of wind outputs over the whole country
ensures that the fluctuations are smoothed, intgxhe same way as the demands from consumers.

The key parameter that determines the requiremfortsadditional short-term reserves (‘extra
balancing’) is the additional uncertainty in theaticity supply and demand balance. Contrary to
popular perception, wind variations are not totaélgdom and unpredictable and the likely changes in
output, on various timescales, can be quantifidthen the uncertainty linked to wind fluctuations is
combined with the underlying uncertainties assedawith the thermal plant breakdowns and with
consumer demands, then the requirements for exlanting, and the additional costs, can be
derived. The costs of additional reserve in Gre#tB amount to around £4/MWh of wind for 20%
wind, which adds about 6% to its generation cos$te Total costs of variability to the electricity
consumer amount to around £2/MWh at this penetrdéwel which would add about 2% to domestic
electricity bills are. The latter figure takes irdocount the ‘extra backup costs’. Again, contitary
popular perception, the latter are quite modeshe® is a very large and robust body of evideheae t
points to the fact that wind can displace thermiahp although not on a megawatt for megawatt
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basis. This issue tends to attract more interest th deserves, but it is noted that the amount of
‘backup’ plant for the system a whole will always reater than the capacity contribution expected
from wind energy. Despite low winds during thectalinter of 2008/9 -- and a shortage of nuclear
plant - the system demand was still met. There doesppear to be any firm statistical evidence tha
contradicts the large body of analysis on the d&paontribution to be expected from wind energy.

Penetration levels above 20% are quite feasibtapagh there is a danger of wind that wind will

compete with nuclear and coal plant (with carboptwee and storage) for ‘must run’ status if these
thermal plant types are sanctioned for constructigiBoth types of thermal plants are capital-
intensive and so need to run as often as possililecoup their fixed costs). The additional cosets t

the consumer of 40% wind are likely to apply in taage £5-7/MWh; and even at the high end of this
range the additional cost to the domestic eletyrmnsumer would be around 6%.

These additional ‘variability costs’ are likely tall for a number of reasons, some associated tvéh
wind itself (such as better forecasting), othesoamted with efforts to improve the efficiency and
economy of the electricity network. Further implentaion of demand side management is likely as
there are several possibilities, some existing, somde emerging. Passive methods, such as ‘dynamic
demand’ are attractive and possibly low-cost. (Tachnology envisages frequency-sensitive sensors
within plugs or appliances that increase or rediemaand, depending on system frequency).

Additional international connections -- already andliscussion -- will also aid the assimilation of
wind as well as facilitating more efficient opedatiof the electricity network. The most advanced of
these concepts -- ‘European supergrids’ -- envsagéficient additional connections to enable most
of Europe's electricity supplies to be provided tgnewable sources. Finally, other technical
developments, unrelated to wind energy, may regulta lowering of variability costs, the
development of electric cars and a possible shwiatds electric space and water heating.
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APPENDIX 1. Capacity Credit

The most rigorous method of calculation for capacitedit involves examining the loss of load
probability for electricity system over a periodatifleast a year. The integrated value over thisgd

is the ‘the loss of load expectation’. When windaidded to the electricity system, more power is
available and so the loss of load expectation deced. Conventional plant may therefore be
notionally removed from the system to restore thgimal loss of load expectation. The capacity of
this conventional plant, divided by the rated cdtyauf the wind plant is the capacity credit.

It may be apparent from this description that cépawedits are not universal but most studies that
have been carried out for the British system sugteg the capacity credit at low levels of wind
energy penetration is roughly equal to the ‘wirgaarter’ capacity factor. It declines, in perceeta
terms, as the amount of wind energy increasesdnitries to increase in megawatt terms. There is a
‘saturation’ level that is probably around 7500 MW.

Figure 9 shows that four independent studies heaehed very similar conclusions as to how the
capacity credit declines with increased wind enepgyetration. The capacity credits have been
normalised with respect to the capacity factor.WMi0% wind, for example, the ratio is about 0.8. |
the average capacity factor of the wind plant & then the capacity credit is 0.24. So 12,000 bWV
wind would displace 0.24*12,000, or 2880 MW, ofriinal plant.

Capacity credit/annual capacity factor
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Figure 9. Capacity credits for the British systederived from four independent studies, by RGC
the ‘SCAR’ reporf, the CEGE’, and Shakoor and Strb¥c The capacity credits have been
normalised with respect to the capacity factor lisnmate apparent distortions resulting from the
differing assumptions about capacity factor. WA@% wind (for example) the ratio (from the graph)
is about 0.55. If the capacity factor is 0.35,rthke capacity credit is 0.192. 20% wind corresgon
to about 26,000 MW and so the corresponding capac#dit is 5000 MW.

It is often suggested that large, high-pressurethvegasystems may prevent wind generation over the
whole of Great Britain during times of peak demaiithis, it is argued, means that substantial
amounts of backup are required to replace the ingssvind generation.

There are several weaknesses in this hypothesis: --

1. System Operators do not rely on the full rated outgf any plant being available at peak
times. The expected contribution is quantified bg tfirm power’. With nuclear plant, for
example, the average availability at times of pgafand is around 85% of its rated output.
On some occasions it will be less, on other ocessimore. For wind, 10,000 MW of wind in
the UK has a capacity credit of about 3,300 MW ths® ‘firm power’ equivalent is about
2,800 MW. On average, roughly that amount of windl e available at times of peak
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demand. On some occasions it will be less, onrstivdl be more. This is no different from
the approach to the capacity credit of nucleartplan

2. There does not appear to be any evidence that tideveountry isregularly becalmed at
times of peak demand. On the contrary, work cdraiet at the University of East Andifa
suggested: “...peak demand times occur when coldhgeas compounded by a wind chill
factor, and low temperature alone appears ins#fiicio produce the highest demand of the
year”. Other work at Oxford University yielded sian conclusion$: - "There is an
increased probability of high wind power outputduring periods of high electricity demand;
this translates into a capacity factor during pelgktricity demand hours that is around one-
third higher than the annual average."”

Numerous studies have shown that, statisticallpdwan be expected to contribute to peak demands.
The evidence is very robust and there are sevppaibaches: -

1. The statistical approath This assumes winds are random in nature, withpeasto
electricity demand. Analysis has confirmed thas fkithe case.

2. Analyses of wind turbine output. Work at the Unaigr of East Anglia, cited above, is very
relevant. Using just four sites, they showed tha&t summed average wind turbine outputs
during 8 winter peak demands was about 32% of ratggput. National Wind Power,
similarly have found that “wind farm capacity facdoduring periods of peak demand are
typically 50% higher than average all-year capafzittors®®.

3. Power system simulations. These include those ®fGEGE® and more recent work by

National Grid Transco.

The UK studies have all yielded similar resultsingiag to wind having a capacity credit roughly
equal to the ‘winter quarter’ capacity factor, (@amd 30-40%) at low penetrations. Thereafter, it
decreases, reaching around 20% with 20% wind oméisork, as shown in figure 9. Increased use
of offshore wind, with higher wind speeds and geegeographical diversity, is likely to increase th
firm power contribution.

APPENDIX 2. Conflicts between Wind and Large Convetional Thermal Baseload
Plant

Nuclear, wind and coal fired plant (especially cadéth carbon capture and storage) are all ‘capital
intensive’; in other words the need to repay tlapital costs (with interest) has a strong inflieean

their generation prices. Around 50-75% of the gatien price is due to capital costs. Operators of
these plants therefore aim to run whenever possiblas to spread these costs over as many units of
electricity as possible, thus minimising pricesf output needs to be constrained, the price of
electricity needs to increase, whereas if conveatigas or coal plant is constrained, fuel costs ar
avoided and the impact on electricity prices isles

Noting that the minimum demand on the British aieity system is about 22 Gt is possible to
make sixth you are first order estimates of the ey constraints may be incurred. If there were no
other capital-intensive plant on the network, tiend energy would need to be constrained once its
output exceeded this level. Experience from WesBenmark shows that it is extremely rare for the
wind output to exceed about 80% of its rated cdpac8o, in theory, wind energy may need to be
constrained once its capacity exceeds about 22¢0.27.5 GW. This corresponds to an energy
penetration level of about 20%.
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As the penetration level of capital-intensive thakpiant rises, it is likely that some would needée
constrained off at times of low demand, and theosilds be no ‘room’ for any wind. With a load
factor for thermal plant of 85%, the correspondintjcal level of capacity would then be about 26
GW. This corresponds to an energy penetratior kngeind 48%.
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Figure 10. Indicative estimates of possible catglibetween wind and capital-intensive thermal
plant. Above the line constraints are likely tawcand below the line they are not.

Figure 10 illustrates how capital-intensive thermpiant and wind may come into conflict. With no
capital-intensive thermal plant, then, as outlirdsbve wind can build up to about the 20% level
without any constraints. With a 20% contributioarh capital-intensive thermal plant, however, then
with a wind contribution greater than about 10%meoconstraints (one or the other) are likely to
occur. Any capital-intensive thermal plant contitibn over about 40% is likely to lead to consttsin
of either or both technologies.

This first-order assessment of the constraint batied does not identify the volume of constraints
and this issue is discussed in more detail in geeti3.

APPENDIX 3: Electric Cars

This appendix sets out the arithmetic that ledhodstimate for the electricity requirement foictie
cars.

Unit Amount
Current fuel consumption, cars and takis Mtoe 17 A
Energy content of fu# TWh/Mtoe | 12.7 B
Total energy us TWh 21€ c=a
Overall efficiency of cars % 15 D
Net energy requirement TWh 32 e =c*d
Eledric vehicle efficiency (Power station to ro | % 70 F
Electricity requirement, all cars and te TWh 46 g=ell
Corresponding average power need (continuous) MW 5052 | h=g/8760
Power need if all charged in 8 hours MW 1675( 3 h
Power need per ci(28 million) kw 0.6 j = i/28E€

The power need per car has been derived to chatkhitt demand can be met on domestic circuits,
without modification. 0.6 kW is well within the cabilities of domestic circuits. In practice, ekact
cars would properly be charged at around 2.5 kWnbtiall would require charging every night.
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APPENDIX 4. Glossary

Backup: spare generating plant, carried by all elecyricietworks, to ensure that peak demands
always met, despite plant breakdowns.

Balancing costs costs paid by the System Operator to ownersasftgroviding Operational Reserve
(qv). In line with common practice, the extra cdstswind are generally expressed per MWh of wind
generated.

Black start: power plant that has the ability to restart withoeeding a grid connection. This type of
plant is necessary to ensure that electricity geimr can resume after an incident that causes
disconnection of large quantities of electricityrdad.

Constraints: restrictions that may be imposed on power station wind farms, curtailing their
output, due to a lack of transmission capacity potential surplus of generation over demand.

Demand-side managementprovision of operational reserve to the System @oerby modulation
of demands. It is also used to modulate systemaddrand customers generally receive favourable
tariffs in return for agreements to reduce demands.

Frequency response (plant):see section 2.2.1

Operational reserve: aquantity of generating plant that is kept in re&ds to deal with short-term
mismatches between supply and demand. A descripfithe various categories is in section 2.2 .1

Plant margin: the magnitude (in MW) of backup plant (qv), overdaabove the expected peak
demand of the electricity network. In UK expresasd percentage of the peak demand.

Short term operational reserve: This is the term preferred by National Grid for pevational
reserve’.

System operator:the entity that is responsible for operating a @ogystem

Trip(s): a sudden loss of generation by thermal powelostsit due to mechanical, electrical or
electronic faults.

Thermal power stations: power stations that use gas, nucledror coal as fuel.

Variability costs: see discussion at the beginning of section 4.
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