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Abstract- Wind energy introduces a dynamic component to 

energy supply. The generation industry has adapted to 
significant variations in demand, but intermittent non
dispatchable sources such as wind energy pose new and 
different challenges to those seeking to maintain a consistent 

supply of adequate power at an effectively constant frequency. 

In order to understand the implications, a study of the British 
grid was undertaken. Gridwatch provides data on the average 
output (in MW) of all forms of generation feeding the grid every 
5 minutes. Four years of such data, from May 2011 to March 
2015, were analysed. 

The results show that the variation in wind supply is normally 
not a matter for great concern. The standard deviation of wind 
supply over 5 minutes is only about 20MW when the installed 
wind capacity is 4GW, rising to 40MW when the installed 
capacity is 8GW. However, there are occasions when the wind 
drops rapidly to very low levels, and others when it recovers 
equally rapidly from very low levels. These are comparatively 
rare events, occurring on average about ten times a year, and 
they form an increasing large part of the annual large changes 
which the grid must meet as the installed wind capacity 
increases. 

The average power output from this large grid was close to 

20% of the installed generating capacity, and the maximum 

output was about 55% of the installed capacity. 

These results are discussed in terms of the need to increase the 
spinning reserves as the proportion of wind capacity to 

conventional capacity increases. 

Index Terms-Wind energy, Wind energy integration, 

Power generation dispatch, Renewable energy sources, 
Electric variables control, Load management� 

1 INTRODUCTION 

Many of the sources of renewable energy are 

characterised by a high degree of variability. The energy 

generated is often referred to as "non-dispatchable". 

Because renewable energy has very low running costs, 

grid systems are usually arranged to take the renewable 

energy first, and then to balance supply and demand by 

varying the supply from other sources of higher running 

costs. However, base-load power stations, especially 

thermal base-load stations, are not designed to follow 

changes in load rapidly. Indeed, if subjected to frequent 

rapid load changes, then the frequency of maintenance 
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increases [1], [2] because of repeated expansion and 

contraction. Mid-merit stations are somewhat better at 

load-following, but their dynamic performance is usually 

too slow to meet the most rapid shifts, and it is therefore 

necessary to have adequate spinning reserve, i.e. 

generation capacity that can be brought into play within 

periods as short as a few seconds. In all cases, operation 

of thermal power stations at loads less than their design 

will result in relatively inefficient operation, a further cost 

that must be taken into account in planning for additions 

of intermittent power to the grid. 

Typically, this spinning reserve falls into three 

categories [3], very short term (within seconds), short 

term (within about 10 minutes) and longer term (within 

less than an hour). It is necessary to arrange for both an 

upspinning reserve and a downspinning reserve, to cater 

respectively for sudden increases and sudden decreases in 

the supply [4]. There is a wide range of models for 

assisting in the evaluation of the integration of renewable 

systems into existing transmission grids [5], all of which 

require information about the expected dynamic 

performance of the renewable sources. 

Accordingly this paper addresses the determination of 

the dynamic characteristics of a typical large wind 

system, to gain a better understanding of the likely 

performance. There is a hypothesis widespread in 

renewable energy circles, that if the wind system is 

sufficiently widespread, it will always be generating 

significant quantities of energy - or, equivalently, if one 

area is shut down under storm conditions, other areas will 

continue to perform. No tests of this hypothesis have 

been noted, but there are reports of large wind systems 

producing effectively nothing for a few hours at a time 

[6]. This paper is thus also an examination of wind 

generation over a large area, as a guide to such risks. 

The study was carried out on the UK wind system. 

The installed capacity of this system has grown in recent 

years, as Table 1 shows. 

Table l. Growth and performance of the UK wind energy 

system, 2009-2014 [7] 

Year 2009 2010 
Capacity 4051 5204 

MW 
Generated 6904 7950 

GWh 
0/0 2.01 2.28 

electricity 

2 METHODOLOGY 

2011 2012 2013 2014 
6540 8871 10976 12440 

12675 20710 27412 28100 

3.81 5.52 7.39 9.30 

Data were down loaded from the UK Gridwatch [8]. It 

comprised readings every five minutes from 15h50 on 27 



May 2011 to lShSO on 27 April 201S. It was first divided 

into years from lShSO on 27 May one year to lSh4S on 27 

May (or April, in the case of 201S) the next year. 

It was then checked for consistency. Each year there 

were a number of periods when the recordings were 

clearly faulty, as there was no change in output for ten 

minutes or more. There were 88, 106, 108 and 142h of 

data lost in this way in 2011, 2012, 2013 and 2014 data 

respectively. The longest period of dysfunction was just 

over lOh (124 readings). The change in output over the 

missing period was infilled by linear interpolation. 

In addition, there were some near-duplicate readings 

at times significantly less than S minutes. Each year there 

were about 80 such events. In each case, the later reading 

was deleted. 

The change in both national demand and wind energy 

output was then calculated for S-, 10- and 20-minute time 

lags. Missing data were bridged by assuming a linear 

change during the dysfunctional periods. The time 

between recorded readings was not exactly 300s, and the 

recorded change in demand or output was accordingly 

corrected to exactly 300 seconds by linear extrapolation 

or interpolation as required. The deviations of the time 

between readings were normally distributed with a mean 

of 300.1Ss and a standard deviation of 20.19s, so the 

corrections applied to the measured shifts in demand or 

output were less than 7% most of the time. 

3 RESULTS 

The performance of the grid as a whole is shown in 

Table 2, and the contribution of wind energy to the total 

supply is shown in Table 3. 

Table 2. Characteristics of the UK electrical supply 

system, 2011-2014 

Demand 2011 2012 2013 2014 
MW 

Max 59165 57348 53057 53498 

Min 21376 19023 19921 19668 

Average 36552 36717 35125 34613 

Std dev 7119 7271 6831 7015 

Table 3. Characteristics of the UK wind power 

generation system, 2011-2014 
Wind MW 2011 2012 2013 2014 

Max 3595 5304 6222 6835 

Min 6 12 19 48 

Average 1264 1774 2386 2466 

Std dev 882 1252 1552 1745 

Max as % 55.0% 59.8% 56.7% 54.9% 
of installed 
Avg as % of 19.3% 20.0% 21.7% 19.8% 
installed 

Load factor 22.1% 26.7% 28.5% 25.8% 

The wind power varied with time. Fig.1 shows the 

annual variability with five-minute shifts of less than 

100MW, and Fig. 2 shows the annual variability with 

five-minute shifts of between 100 and the maximum, over 
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Obviously, the longer the period, the larger the shift in 

power generated is likely to be. Fig. 3 shows the way in 

which the standard deviation of the grid demand varied 

with the duration of the measured shift, and Fig. 4 shows 

how the standard deviation of the wind-generated power 

similarly varied. 
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Fig. 3 Increase in standard deviation of grid demand with 
duration of shift 
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The wind power distribution is probably not normal, 

as the curvature in Figure 4 suggests. Figure 5 compares 

the distribution of wind power against a normal 

distribution. 
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4 DISCUSSION 

3 

The average production of wind power was �20% of 

the installed power during this period. There are 

undoubtedly regions with a better wind resource than 

others, but the fact that the installed power doubled while 

the productivity remained nearly constant during the 

period studied suggests that �20% load factor is wid�ly 

achievable in Britain, and that the chances of bettermg 

that performance are slight. 

The maximum production from Britain's wind system 

is only 55 to 60% of the installed capacity (Table 3). The 

hypothesis that the wind always blows somewhere in a 

large enough system does not mean that the wind will 

always blow strongly everywhere when there is a gale 

somewhere. 

The minimum production even from a 12GW 

installation is less than 0.4% of the installed power: 
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Fig.6 Change in annual minimum wind power as installed power 

increases. 

Clearly, while it is true that the wind always blows 

somewhere, there are times when that "somewhere" is a 

very small region in a very large system. This therefore 

calls into question how frequently there is effectively total 

loss of supply from the wind turbines. 

Most of the time, the short-term changes in the power 

delivered by wind turbines is small. It increases as the 

installed capacity increases, but even when the installed 

capacity is over 20% of the maximum demand, the 

standard deviation of the wind power is only about 

40MW over 5 minutes and 140MW over half an hour 

(Fig.4). This is easily within the range of the variations in 

demand, which have standard deviations of about 200MW 

over 5 minutes and I l00MW over half an hour (Fig. 3). 

However, the contribution of the wind fluctuation is an 

increasing fraction of the total variance in the grid as the 

installed wind power increases, and the contribution of 

wind to the total variance is about twice its contribution to 

supply of power. At a certain stage, as the quantity of 

wind power in the total supply increases, wind fluctuation 

will dominate the dynamic behaviour of the grid. On the 

present analysis, this appears likely when about 40-45% 

of the annual energy is generated from wind. 

Moreover, larger short-term fluctuations in output 

become increasingly challenging to the grid as the 

installed wind power increases, as Figs. 1 and 2 indicate. 

Fig. 1 shows that the number of 5-minute periods when 

the shifts in wind power were ±40-50MW rose from 1600 

per annum when the installed power was 6.5GW to 3500 

per annum when the installed power was 12.4GW. About 

5-10 times per year there were shifts >±500MW over 5 

minutes regardless of the installed capacity, as Figure 2 

shows. Fig.2 also shows that the number of shifts ±200-

300MW grew from � 10 to �80 as the installed capacity 

nearly doubled. Indeed, the frequency of these relatively 

large shifts in wind power supply rose quite rapidly as the 

installed wind power increased, as Fig.7 indicates. 



>- 80 u c 60 · · Cl" 40 � ;; 20 · 
§ 0 
'" 6000 

--

-�--------------�---------
7000 8000 9000 10000 11000 12000 13000 

Installed wind power, MW 

--2oo-3OOMW ----3OO-400MW 

Fig. 7 Change in total number of larger shifts in wind power 
output as installed power increases. 

Figure 5 shows that: 

• Low wind power is significantly more 

frequent than a normal distribution would 

suggest 
• A verage wind power is significantly less than 

the normal expectation, and 
• High wind power is significantly more than 

would be expected. 

These results from a large grid give some indication of 

the challenges South Africa must face as its installed base 

of renewable energy increases, as is planned to happen 

over the next 15 years [9]. It is likely that the weather 

patterns will be different, and the area covered will be 

significantly larger than the area of the British wind 

turbine installations, so these results can only at best give 

an indication. However, the results have permitted a 

degree of quantification of the problems caused by 

intermittency, and can therefore be used to guide research 

into the behaviour of the South African installations as the 

size of the installed wind power generation increases. 

There is a theoretical calculation [10] that suggests that, 

for large arrays, the standard deviation of power 

generated will decrease as the area covered increases. 

5 CONCLUSIONS 

It is essential that the dynamic characteristics of 

sources of energy be properly understood if transmission 

grids are to be stable. There are attempts to show that 

weather-dependent energy sources can meet energy needs 

in full [11]. This examination of the performance of a 

large renewable system strongly suggests that the 

challenges of achieving fully renewable systems are 

greater than anticipated. Essentially complete loss of 

generation is possible even in a system with a capacity of 

over 12GW. Moreover, there are power-up and power

down shifts of considerable magnitude even in large 

systems, and even over periods as short as 5 minutes. In a 

system where experience in wind forecasting is high, 

significant errors are still to be expected. For instance, in 

a small (30MW) windfarm, the best of three models was 

within 5% of the true output 77% of the time, and all the 

models tested were biased high (i.e. they significantly 

overestimated the output) [12]. 

The implications of this are that it is essential to 

increase the spinning reserve as the proportion of c1imate

dependent renewable energy feeding a grid increases. 

Moreover, the increase in spinning reserve should be 

proportionately greater than the increase in the renewable 

energy. As spinning reserve is more costly than other 

sources of energy, the costs can mount rapidly. This 

needs to be taken into account in planning the expansion 

of renewable sources of energy. 
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