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SUMMARY

In order to comply with legislation from the European Union, the UK’s renewable energy target (to
produce 15% of final energy consumption from renewable sources by 2020) may require between 35
and 40% of our electricity to come from renewable energy sources by 2020. After 2020, a higher
proportion may be needed. A significant amount of this renewable electricity is likely to come from
wind, and the variability of this power needs to be managed. Although aspects of the management of
wind variability can be controversial, utilities the world over generally agree that there is no
fundamental technical reason why high proportions of wind energy cannot be assimilated into the
system. There is a large body of literature on the topic and the steady growth of wind power,
worldwide, indicates that it is seen as a robust choice for reducing greenhouse gas emissions.

An understanding of the impacts of the variable sources of renewable energy must take into account
the wider issues associated with managing electricity systems. Modern integrated networks are
designed to cope with ‘shocks’ such as the sudden loss of large thermal power stations and with
uncertainties in consumer demand. As the tools to deal with these are already available the key
question is the extent to which the introduction of large amounts of wind energy will increase the
overall uncertainty in matching supply and demand.

This extra uncertainty means that additional short-term reserves are needed to guarantee the security
of the system. The extra cost of these reserves -- with wind providing 20% of electricity consumption
— is unlikely to be more than £1.20/MWh on electricity bills (a little over 1% on domestic bills). With
40% of electricity provided by wind, the corresponding figure would be £2.8/MWh.

The costs of additional reserves are one component of ‘the costs of wind variability’. A second is the
backup cost and the third is ‘constraint costs’. No special backup provisions need to be made for wind
energy. All generating plants make use of a common pool of backup plant that is typically around
20% of the peak demand on the electricity network. When wind is introduced, system operators do
not rely on the rated power of all the installed wind farms being available at the times of peak
demand, but a lower amount - roughly 30% of the rated capacity at low penetration levels, falling to
about 15% at high penetration levels. This lower ‘capacity credit’ gives rise to a modest ‘backup
cost’. ‘Constraint costs’ arise when the output from the wind turbines exceeds the demand on the
electricity network. They are unlikely to arise until wind energy is contributing around 25% of
electricity requirements.

Overall, it is concluded that the additional costs associated with variability — with wind power
providing up to about 40% of all electricity, are quite small. If wind provides 22% of electricity by
2020 (as modelling for Government suggests), variability costs would increase the domestic
electricity price by about 2%. Further increases in the level of wind penetration beyond that point are
feasible and do not rely on the introduction of new technology.

There are numerous technical innovations at various stages of development that can mitigate the costs
associated with variability. Improved methods of wind prediction are under development worldwide
and could potentially reduce the costs of additional reserve by around 30%. Most other mitigation
measures reduce the costs of managing the electricity network as a whole. ‘Smart grids’, for example,
cover a range of technologies that may reduce the costs of short-term reserves; additional
interconnections with continental Europe, including ‘Supergrids’ also deliver system-wide benefits
and aid the assimilation of variable renewables. Electric cars hold out the prospect of reduced
emissions for the transport network as a whole and could act as a form of storage for the electricity
network -- for which the electricity generator would not have to pay.
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1. INTRODUCTION

Meeting the European Union's Directive that 15% of UK final energy consumption should come from
renewable sources by 2020 demands a significant increase in the proportion of electricity that comes
from renewable sources. Modelling for the Government suggests that this level may be about to 32%"
and suggests that wind energy will contribute a major share -- about 22%' of electricity production in
the UK by 2020.

Numerous misconceptions surround the issues associated with the integration of the variable sources
of renewable energy into electricity networks. "What happens when the wind stops blowing", is a
common question -- the implication being that the lights may go out. "Every megawatt of wind
energy needs a megawatt of backup plant", is a slightly more sophisticated -- but still incorrect --
assertion.

So where does the truth lie? In a nutshell: nothing will happen when the wind stops blowing, simply
because it never stops blowing, suddenly, over the whole of the British Isles. The variations from
distributed wind are generally less than the demand fluctuations regularly encountered on electricity
networks. To cope with these, every network has reserves scheduled at all times and what matters is
the additional reserve needed to cope with the variability 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 high proportion of variable renewables would risk power
cuts at times of peak demand. The ability of wind energy to contribute to these peak demands needs to
be examined. This introduces the concept of ‘capacity credit’ -- how much thermal plant can be
retired with the introduction of wind energy?

National Grid, in common with other electricity utilities, is on record affirming that any limits to the
penetration of wind energy are likely to be economic rather than technical. As the proportion of wind
energy rises above about 20-25%, it may be necessary to constrain wind output at times. The aim of
this paper is to clarify the issues in more detail, drawing upon the analysis that has been carried out
during the past 30 years (one recent review identified over 150 references’) and also to review ways in
which the impacts of variability may be mitigated.

This report is structured as follows: -

e A brief description of electricity network issues comes first as this is essential background to
discussions of issues surrounding the integration of variable renewable energy sources.

e Next comes an examination of exactly what is meant by ‘wind variability’. (‘Variable’ is a
better description of the power fluctuations from wind, wave, etc than ‘intermittent’).

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

¢ The final section deals with ways in which the additional costs might be mitigated and covers
concepts that are available now through to some of the more conceptual possibilities that are
currently under discussion.

Most of the literature relating to variability issues is linked to the performance of wind energy, so this
is reflected in the paper. The issues associated with the other variable sources are similar in many
respects, although there are important differences.

" Unless otherwise stated, wind energy penetration levels in this report are the proportion of GB electricity supply
(on an annual basis) that comes from wind energy. Not all the references that are cited distinguish between
"production” and "consumption", but this is unlikely to make material differences.
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2. ELECTRICITY NETWORKS

It is impossible to analyse the impacts of variable renewable energy sources on an electricity network
without reference to the characteristics of the network itself. All electricity networks need to manage
unpredictable fluctuations in consumer demand and plant breakdowns. They do this by looking at the
performance of the system as a whole, rather than by focusing on any one type of plant. ‘Short-term
operational reserve’ ensures that plant is available to cope with unexpected power fluctuations in the
short term and the ‘plant margin’, or ‘backup’ -- the excess of installed capacity over and above the
expected peak demand -- ensures that there is always adequate power available to meet consumer
demands. Aggregating both demand and supply realises significant savings and ensures that the
operational reserve and the plant margin are no larger than necessary. Thermal plant outputs, such
as nuclear, coal and gas-fired power plant are truly ‘intermittent’, inasmuch as they can disappear
without warning when components fail, posing a greater threat to the stability of electricity networks
than the relatively benign fluctuations of power output from wind installations.

2.1 Economies of scale

‘Economies of scale’ have a dramatic effect on the performance of electricity networks. The bigger
the network, the lower, potentially, is the cost of electricity to consumers. Savings accrue partly from
the use of large, highly efficient generating units, but also from the plant savings that result from the
aggregation of demand and generation. The greater the aggregation, the smaller (in proportion) are the
variations in demand and the easier it is to predict them. At one end of the spectrum, the minimum
demand from a domestic dwelling in the UK is a few watts, the average is about 0.5 kW and the
maximum is 5 to 10 kW (10 to 20 times the average). If each household met its own maximum
demand - 5 kW, say, then 100 GW of generating plant would be needed for the domestic sector, alone.
In practice, only about 75 GW of plant is needed for all consumers - domestic, commercial and
industrial. Aggregation smooths variations in demand from all sectors and so, nationally, the
maximum demand in Great Britain is 60 GW, about 1.5 times the average demand. Smaller electricity
systems need, in proportion, more plant. To illustrate the point, the ratio between the installed
capacity in Great Britain (78.7 GW) and the average demand in 2006 was almost exactly 2. In
Bermuda (175 MW of plant) that ratio was 2.47 and in the Faroe Islands (86 MW) it was 2.77°.

Although large integrated electricity systems are efficient they still require ‘operational reserve’ to
deal with short-term mismatches in supply and demand and a ‘plant margin’ (additional plant, over
and above that required to meet the maximum demand) to deal with plant breakdowns and other
outages. The effect of wind energy on the short-term reserves and margin needs is the subject of much
discussion and in this report each issue is discussed in the context of electricity networks.

2.2 Demand fluctuations

Although aggregation smooths variations in consumer demand, there are still substantial fluctuations
when numbers of consumers together increase power needs — at the morning and evening rush hours,
for example. Figure 1 (left) illustrates the demand variations on 9 January 2009. From a night-time
minimum of just over 40,000 MW at 0500 hrs, demand rose rapidly to just under 54,000 MW at 1000
hrs. It then fell off slightly until there was another surge in demand at the evening peak of just under
60,000 MW, reached at 1730. Demand then fell off steadily. The intra-half hourly changes in
demand are shown in the right-hand figure. During the morning peak the maximum change between
two successive half hours was 2300 MW and during the evening peak was 3100 MW. Negative
changes in demand were recorded from 1800 hrs onwards, reaching a maximum of 2600 MW at 2230.
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Figure 1. Demand fluctuations in Great Britain on 9 January 2009.

2.2.1 Operational reserve

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

Most of the demand changes shown in Figure 1 are reasonably predictable but absolute precision is
unrealistic. The weather is a key driver of electricity demand, although other factors come into play.
Apart from demand uncertainty, there is also the possibility of plant breakdowns. The standard error
in the supply/demand balance is around 2%, 24 hours ahead, falling to about 1.3% four hours ahead.
To deal with these uncertainties, various types of plant — the ‘short-term operational reserve’ - are
used to ensure that supply and demand are matched and that system frequency is kept as close as
possible to 50 Hz. The principal types of plant are: --
e Frequency response: such plant automatically adjusts its output, increasing it when system
frequency is low and vice versa.
e Fast reserve: this plant is able to increase or decrease its output, under instruction from
National Grid on a short timescale (typically half an hour)
e Standing reserve: similar to fast reserve, but on a longer timescale (typically 1-4h).

In the UK, the operational reserves are mostly part-loaded thermal units. They operate at below
maximum capacity, so that the output can be increased or decreased to cater for mismatches between
generation and demand. Pumped storage plant is also used, as it can respond very rapidly to a need
for more generation.

The requirement for operating reserve in Great Britain is around 3850 MW at the winter peak, based
on uncertainties in demand and generation up to four hours ahead®. The level of uncertainty at any
given time dictates the level of reserves, although other factors come into the equation. When the
demand on the network in England and Wales is 40,000 MW (around the average level) then around
2200 MW of frequency response plant is required if a sudden loss of a 1200 MW power station is a
‘worst case’ scenario’.

It is important to note that the levels of reserve scheduled at any particular time ensure that the

electricity network operates in a stable manner, with a defined level of risk. 100% risk-free operation

is unrealistic. No power stations are 100% reliable and to suggest that “Nuclear is not intermittent;

neither is fossil fuel generation...”” is misleading, as thermal plant can, and do, ‘trip’ without
7



warning. This can lead to the instantaneous loss of several 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 they need to operate at part-load (and lower efficiency).
Annual costs of frequency response plant are around £145 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 type and price structure. Average UK levels are broadly in
line with international values, and are in the range £4-8/MW-h ", although some fast response plant,
such as pumped storage, secures higher values. These costs compensate the plant owners for the lower
efficiency of plant whose output is below its maximum, extra wear and tear, and possibly extra
controls; they are additional to payments for the energy actually generated.

2.3 Plant margin, or ‘backup’

Reserves ensure minute-by-minute system security but longer-term security is managed by making
sure that there is always enough plant available to meet the highest demands on the electricity
network. The ‘Plant margin’ is a measure of the difference between the total capacity of the plant on
the network and the expected maximum demand. The desirable plant margin (plant capacity minus
maximum demand) for a large system such as that of Great Britain is modest — around 24%°.
Maximum demand in Great Britain last winter (2008/9) was around 60 GW and so there needs to be
at least 73.2 GW of plant — which there is. This does not guarantee that the lights will never go out
but ensures this will happen very rarely. The high level of security and low plant margin stems from
the fact that a large system has a number of generating units each with a quantifiable probability of
failure, but the combined probability of, say, three units failing at the same time, is much less. It may
be noted that the plant margin in the UK has been higher than the theoretical figure for many years. It
is very difficult to design a market that delivers the theoretically desirable optimum, simply because
power plant equipment takes a long time to build, and plant closures are not always easy to predict in
advance.

3. CHARACTERISTICS OF WIND ENERGY

Contrary to popular perception, wind energy is not totally random and unpredictable. It is variable,
rather than intermittent as wind outputs, aggregated over the whole country, fluctuate in a way that
can be quantified. A reasonably consistent picture comes from analyses of power fluctuations (real
and simulated) in Denmark, Germany and the UK. With 3000 MW of wind in Britain, generating, say,
1000 MW at noon, the output at 1300 hrs will most probably lie between 910 and 1090 MW. The
probability of it lying outside this range can be quantified, so providing a basis for combining
‘demand uncertainty’ with ‘wind uncertainty’.

The need to schedule reserves to cover for possible trips of conventional thermal plant emphasises the
point that no generation is 100% reliable. The loss of 1000 MW of thermal plant is a real risk, but it
is extremely unlikely that 1000 MW of dispersed wind will disappear instantaneously. As wind
capacity increases, the increased geographical spread reduces the fluctuations, and so sudden changes
of wind output across the whole country do not occur. The smoothing effects of geographical
dispersion are quite dramatic. Using one statistical measure, the fluctuations across western Denmark

" These prices derive from a holding charge and a usage charge. The prices of frequency response plant moved
upwards from October 2005, following changes to the administrative arrangements.
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are about one quarter of those measured on a typical wind farm and figure 2 illustrates this point
graphically.
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Figure 2. A comparison of the fluctuations from a single wind farm (dashed line, output in kW) with
the fluctuations in the whole of western Denmark (solid line, output in MW).

An analysis of the wind power fluctuations in Western Denmark in 2007 suggests that for 42% of the
year (3700 hours) the intra-hourly fluctuations were within the range plus or minus 25 MW (1% of
the wind capacity). Extending the range to plus or minus 50 MW captures another 1800 hrs of
fluctuations. At the extremes, fluctuations in excess of plus or minus 375 MW (16% of capacity) only
occurred 10 times in the year. The complete histogram of power swings is shown in Figure 3.The
standard deviation of the fluctuations is around 3%. Comparisons with an analysis carried out by
National Grid for Great Britain have yielded very similar results. They are summarised in Table 1 and
compared with other data'’. This table also includes data that shows how aggregation of wind power
fluctuations reduces, in proportion, the magnitude of the standard deviation and of the maximum
excursions. Information of the type shown in table 1 and figure 3 provides a basis for estimating the
effects of integrating wind energy into an electricity network.
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Figure 3. Intra-hourly power swings observed in Western Denmark in the year 2007. Note that these
never exceeded around 18% (up or down) and the standard deviation was about 3%.



Standard deviation Maximum swing
Lead time, hr | 1 4 1 4
Nation-wide
NGC' and Tlex" 3.1 9 -14, +18 21, +29
Danish (W) data (2007) | 3 10 -16, +18 -49, +56
Single wind farm 11.8 20.8 -90, +60 -100, +100

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

4. INTEGRATING WIND

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

Contrary, again, to popular perceptions, wind does not need to be ‘backed up’, megawatt for
megawatt. Numerous authoritative studies have shown that it can displace thermal plant. At low
penetration levels the volume of this thermal plant roughly equals the average power of the wind
plant, but the volume declines -- in percentage terms -- with increasing amounts of wind energy. This
does give rise to a small ‘backup cost’. When this is added to the additional costs of operational
reserve, the total extra cost to the consumer, with 20% wind, is expected to lie between £1.5/MWh and
£2.5/MWh. With 40% wind, the additional cost is estimated to lie in the range £5-7/MWh. Higher
penetration levels are feasible.

When considering the introduction of the variable renewable energy sources it is important to
preserve the advantages of an integrated electricity network as that minimises the extra costs to
electricity consumers. National Grid has made this point'*: -

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

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

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

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

e The costs of extra operational reserves (balancing costs), which can be reduced by
o Reducing the ‘unpredictability’ of wind (by better forecasting), or
o Reducing the cost of balancing services
e ‘Backup’, which can be reduced if the capacity credit can be increased, and,
e ‘Constraint costs’, due to surplus wind, which can be reduced if the surpluses can be reduced.

4.1 Extra short-term reserve needs and costs

Electricity networks with wind energy need extra reserves to deal with the extra uncertainty
associated with the presence of wind on the network. It is important to emphasise that this extra
uncertainty is not equal to the uncertainty of the wind generation, but to the combined uncertainty of
wind, demand and thermal generation. An American author has made this point’: -

“A key feature of the present analysis [of the effects of variability] is its integration of wind with the
overall electrical system. The uncontrollable, unpredictable, and variable nature of wind output is not
analyzed in isolation. Rather, as is true for all loads and resources, the wind output is aggregated
with all the other resources and loads to analyze the net effects of wind on the power system.
Aggregation is a powerful mechanism used by the electricity industry to lower costs to all consumers.
Such aggregation means that the system operator need not offset wind output on a megawatt-for-
megawatt basis. Rather, all the operator need do, when unscheduled wind output appears on its
system, is maintain its average reliability performance at the same level it would have without the
wind resource.”

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

o’ (total) = o’ (demand) + o’ (wind)
o is the standard deviation of the uncertainties.

Although the quantity of operational reserve rises with increasing amounts of wind energy, National
Grid is confident that it will be able to procure the necessary amounts, and, moreover, that there is no
‘ceiling’ on the amount of wind-generated electricity that can be accommodated'®: -

“Based on recent analysis of the incidence and variation of wind speed the expected intermittency of
the national wind portfolio would not appear to pose a technical ceiling on the amount of wind
generation that may be accommodated and adequately managed.”

It may be noted that National Grid says nothing about the type of plant that may be needed for reserve
- that is left for the market to decide, provided it can meet the technical specifications set by National
Grid. In practice, it may be coal-fired plant, combined cycle gas turbines, or storage. The former
tends to be the most economic option, whilst the latter tends to be the most expensive. However,
pumped storage plant can respond extremely rapidly and so is well suited to a particular type of ‘fast
reserve’.

The characteristics of most electricity systems are similar, so estimates of the extra reserve needed to
cope with wind energy are also similar. With wind supplying 10% of the electricity, estimates of the
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additional reserve capacity are in the range 3 to 6% of the rated capacity of wind plant. With 20%
wind, the range is 4 to 8%, approximately.

National Grid has recently quoted estimates of the extra balancing costs for wind in the UK for 40%
wind'’. These would increase balancing costs in 2020 by £500-1000 million per annum (£3.5-7/MWh
of wind). The uncertainty arises partly because the future trajectory of balancing services costs is
uncertain (they are dependent on fuel prices), partly because increased use of the demand-side
management could reduce the overall costs. The way in which balancing costs are likely to increase
with wind penetration level is illustrated in figure 4. This makes use of the National Grid data as
‘anchor points’ and uses information on demand and wind uncertainty (discussed earlier) to
synthesise the rest of the curve. So 10% wind energy is likely to occur extra costs in the range £2.5-
5/MWh and 20% wind energy in the range £3-6/MWh, approximately.

Cost of extra balancing, £/MWh of wind
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Figure 4. Estimates of additional balancing costs for Great Britain

A recent American review'® quotes a study that looked at 30% penetration on a peak load basis
(probably about 15% on an energy basis) and that suggested an extra balancing cost of $8.84/MWh —
within the range of the National Grid data. Other international comparisons are discussed briefly in
Section 4.5

4.1.1 Carbon dioxide savings

As the extra reserve operates at part-load, its lower thermal efficiency means that its emissions
increase. The reserve still contributes useful energy to the system, so the extra emissions are those
associated with the reduced efficiency of part-loaded plant. Taking a pessimistic estimate of 10% for
the reduced efficiency, and taking into account the fact that the load factor of wind plant is just under
half that of thermal plant, Dale et al suggested that this reduces the emission savings from the wind, at
the 20% penetration level, by a little over 1%*. In other words if the displaced fuel is coal, for the
sake of argument, with CO, emissions of 900 kg/MWh, then the effective CO, saving would be
around 890 kg/MWh. If the displaced fuel were gas, with CO, emissions of 400 kg/MWh, the
effective saving would be 395 kg/MWh. At higher penetration levels (40%, say), the non-linear
increase in the necessary reserves brings these figures down to around 875 kg/MWh and 388
kg/MWh, respectively.

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

I The exact amount that corresponds to 20% wind depends on assumptions about electricity requirements in
2020 and these vary.
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4.2 Extra back up and its costs

A distinction must be drawn between the extra reserves needed for short-term balancing in an
electricity system with wind and the extra backup (if any) needed to guarantee the security of the
system at all times. That means making sure that there is always enough power available to meet the
peak demands of the system. Although some suggest that there is a need to provide ‘backup for
windless days’ to ensure that demands are always met'®, this is misleading, on two counts: -

® When a new thermal power station is built there is no discussion as to how the electricity
system will manage when the station is unexpectedly out of action for emergency repairs
during the winter. The ‘plant margin’ is a common pool of ‘extra’ plant that ensures peak
demands are met. No power stations are 100% reliable, as discussed earlier.

e Not even the most zealous of renewable energy enthusiasts would suggest that System
Operators should rely on the full rated capacity of wind power plant. When wind is added to
an electricity network, the situation is not fundamentally different from an addition of thermal
plant. If the wind plant has some ‘capacity credit’ (discussed next) then it will be possible to
retire some of the older plant, without compromising system security. If the new plant has
zero capacity credit, then no plant can be retired, but, either way, no new plant needs to be
built for ‘backup’ — it already exists.

Estimates of capacity credit that are based on wind electricity production during a single winter are
unlikely to provide accurate estimates. It is a statistical quantity that requires adequate data -- as for
nuclear plant. During the winter of 2008/9, for example, at the time of peak demand, the metered
wind electricity production was about 18% of its rated output™. However, about 5000 MW of nuclear
output was not available, for various reasons - nearly 50% of the total”. It would be misleading to
assign a capacity credit of 18% to wind on the basis of this one instance, and equally misleading to
assign a ‘firm power’ contribution from nuclear as 50% of its rated output.

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

4.2.1 Capacity credit

The term ‘capacity credit’ for wind, introduced above, tends to be controversial. It may be defined”'
as follows: -

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

Despite the controversy, numerous studies have confirmed that wind can substitute for thermal plant
and enable the British power system to operate with the same level of reliability. The issues are
discussed in more detail in appendix 1 and figure 5 shows how the capacity credit varies in megawatt
terms, as a function of the installed wind capacity.

¥ National Grid does not monitor all the wind plant output, so this applies to the metered capacity.

13



Capacity credit, GW

© a N W & o O N o

o

10 20 30 40
Wind capacity, GW

Figure 5. Capacity credits as a function of wind capacity

4.2.2 The cost of backup

Although the ‘extra costs of backup’ are not derived by assuming the whole of the wind plant capacity
needs to be duplicated by standby thermal plant, there are extra costs associated with the low capacity
credit of wind at penetration levels above about 8%. With thermal plant, the average power and the
‘capacity credit’ are the same, but wind energy is different. Above the 8% penetration level
(approximately), the capacity credit of wind is less than its capacity factor. This means that 26,000
MW of wind, say, (roughly 20% energy penetration) delivers electricity that corresponds to around
10,700 MW of thermal plant (assuming a wind capacity factor of 35% and a thermal plant load factor
of 85%) but only displaces around 5000 MW of thermal plant. This has the effect of reducing the load
factor on the remaining thermal plant. Their generation costs increase, as capital cost repayments are
spread over fewer kilowatt-hours. This provides a basis for estimating the ‘additional costs of
backup’, using the methodology used by Dale et al*>. Using an up to date price for combined cycle gas
turbine plant of £700/kW, these amount to around £2.5/MWh of wind (at 20% penetration), rising to
around £6/MWh of wind at 40% penetration.

Even if evidence should surface showing suggesting capacity credits are much lower than has been
assumed, the effect on the variability costs would be modest. At 20% wind energy penetration level,
for example, the additional variability cost would be about £1.7/MWh?.

4.2.3 Transmission constraints

The foregoing discussion has implicitly assumed that the electricity network can be operated as a
single unit, with unrestricted flows of energy. In practice, this is not always the case and there are
sometimes occasions when the power production from renewable plant exceeds the transmission
capacity that is required to deliver it to the demand centres. This means that there may be occasions
when renewable plant may be required to cease generation, or be ‘constrained off’. The effect of such
constraints will be to increase the costs of the renewable plant, as the capital costs will be spread over
fewer units of electricity than was anticipated. Whether or not these costs are borne by the renewable
generator depends on the structure of the market as designed by the regulator and government.

In Britain, such constraints are likely to occur due to the large quantities of wind energy -- installed or
planned -- in the north of England and Scotland. For many years there have been large North to South
power flows, as generation capacity exceeds demand in the north, and vice versa. There is increasing
concern over the cost of these constraints®, although these can be alleviated by additional
transmission connections at an estimated cost of £ 4,700 million**.

These constraints are not, strictly speaking, a ‘variability’ issue, but more to do with the location of
the best sources of renewable generation, relative to demand. Similar issues arose when the large
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concentrations of coal-fired power stations were built -- near to the coalfields -- and most significant
expansions of large generating plant involve transmission reinforcements.

4.3 Wind surpluses at high penetration levels

The discussion so far has focused on wind energy penetration levels up to around 40%. In practice, as
noted earlier, higher levels are achievable, albeit at increased cost. A detailed analysis by the Danish
system operator, Energinet, has examined the implications of operating with 100% wind and
quantified the additional costs®. The analysis was carried out for Western Denmark, but ignored the
existence of the connections to Germany, Sweden and Norway and did not assume that any storage
was available.

100% wind is not, of course, feasible but the System Operator assumed that sufficient wind power
capacity was installed in order to meet 100% of the electricity requirements. With that level of
capacity, around 30% of the wind energy had to be rejected when wind power production exceeded
system demand. A similar amount of wind had to be supplied from thermal sources of generation
when the system demand exceeded the wind power production.

The possibility that wind power production may occasionally exceed system demand first occurs at
penetration levels around 25%. Figure 6, which shows actual data from Western Denmark, shows
that it occurred twice during 13/14 January 2007. However, the amounts of ‘surplus’ wind energy are
initially modest and similar estimates come from the Energinet study and from a British study™.
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Figure 6. Demand and wind production in Western Denmark, 13/14 January 2007.

With 30% wind energy, the Danish study suggested around 1.7% would need to be constrained off or
rejected and the SKM study a slightly lower level -- although the precise value depended on
assumptions about interconnectors and pumped storage. With 40% wind, both studies projected about
4% would need to be rejected and at 50% wind about 7.5%. Data from the two studies are compared
in figure 7.

If no market can be found for this ‘surplus’ wind energy, a small penalty is attached to this ‘lost’
electricity, as the fixed costs of the wind plant are spread over fewer units of electricity. With 30%
wind, this amounts to around £0.6/MWh of wind, rising to around £1.5/MWh with 40% wind, based
on current installed prices of around £1300/kW. Ways in which this ‘surplus’ may be utilised are
discussed in the section 5.
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Figure 7. Estimates of surplus wind energy for contributions up to 60%.

4.3.1 Impact of new nuclear and coal-fired plant

The threshold at which wind energy may need to be rejected, and the corresponding amounts of
surplus wind may change in the future if new nuclear and coal-fired plant is built in Britain. As wind,
nuclear and coal-fired plants are ‘capital intensive’, all need to run as much as possible in order to
repay their capital costs. This is unlikely to be a problem in the short to medium term as the build up
of wind energy is likely to be accompanied by a decline in the capacity of nuclear and coal-fired plant
as the old plants retire and close. If new nuclear and coal-fired plant are given consent and
commissioned, however, then there will possibly be conflicts®” and these are discussed in Appendix 2.
Resolution of these is likely to be a matter for the regulator and government.

4.4 Total costs of variability

The total costs of variability to the electricity consumer -- defined as additional balancing costs, plus
backup costs as discussed in section 4.2, plus constraint costs as discussed in section 4.3 - are shown
in figure 8. The ‘high’ estimate uses National Grid’s upper balancing cost estimate and an installed
cost for combined cycle gas turbine plant (CCGT) of £700/kW in the calculation of backup costs.
The ‘low’ estimate uses National Grid’s lower balancing cost and an installed cost of £500/kW for a
mixture of CCGT and open cycle gas turbine plant. To derive the constraint costs at penetration
levels above 30%, it has been assumed that 12 GW of onshore wind costing £1100/kW has been
installed and 45 GW of offshore wind costing £2000/kW. With 10% wind energy, the extra costs are
below £1/MWh in each case; at the 20% level they rise to a little over £2/MWh in the ‘high’ case
(£1.5/MWh in the ‘low’ case) and with 40% wind, the estimates are £7.3/MWh and £5.2/MWh,
respectively. A ‘central’ figure would add about 5.5% to domestic electricity bills.

Extra cost to consumer, £/MWh
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Figure 8. Additional costs associated with variability
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It must be emphasised that this is the ‘cost of variability’ and the overall extra cost to the consumer
may be greater or less than this figure, depending on the relative generation costs between wind and
gas.

4.5 Types and costs of plant used for reserve

A substantial proportion of the additional reserve is likely to come from thermal plant in the short to
medium term, so changes in fossil fuel prices will influence the cost of reserve and hence the cost of
the additional reserve needed for wind energy. If carbon capture and storage (CCS) on coal and gas-
fired power plant achieves technical and commercial viability, reserve prices are likely to be higher as
their capital costs are higher and their thermal efficiency lower.

Other types of non-fossil generation could, however, provide frequency response and other reserve
services. This could include anaerobic digestion plant, sustainable biomass or biogas.

5. MITIGATING THE EFFECTS OF VARIABILITY

Progress towards 20% -- or even 40% -- wind will inevitably be gradual and so it is highly likely that
technologies and strategies will deve