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Abstract-- This paper studies the impact of wind generation on 

system balancing costs.  The paper makes use of a novel and rich 
dataset on half-hourly and five-minute generation by fuel and 
generation type and system balancing prices and volumes made 
available by the UK market and systems operator for every 
period from November 2008 to November 2011.  An econometric 
cost function approach is used, where the total cost of balancing 
is regressed against wind generation and other explanatory 
variables.  A number of specifications are tested and the 
regression diagnostics indicate an important correction for serial 
correlation.  The results indicate that there are statistically 
significant impacts on system balancing costs from wind; more 
wind generation increases system balancing costs.  However, the 
best-fit equation is quadratic in wind generation, and so the cost 
impact of wind generation on balancing costs is increasing at a 
decreasing rate; the marginal cost is positive but decreasing and 
linear.  At high levels of wind generation and given the existing 
generation portfolio the balancing cost impact is statistically zero.  
Moreover, under a range of specifications, the magnitude of these 
costs is not high relative to total system balancing costs and the 
cost of power in the UK.  We conclude that balancing system 
impacts of wind for five to ten GW of installed capacity in the UK 
are not likely to be high, given the estimated current average cost 
of about €0.01 over all the power transported on the GB system. 
 

Index Terms—Cost function, econometrics, power generation 
economics, power system economics, wind power generation. 

 
I.  INTRODUCTION 

With climate change being one of the most important policy 
issues facing the world today, the means by which countries 
should reduce greenhouse gas (GHG) emissions and meet 
policy targets in the least-cost manner is one of the more 
important topics for energy economics.  For many countries, 
and especially the UK, bringing more large-scale wind power 
into the total generation mix is a key policy element.  Thus, 
with the advent, recent rapid growth and future expectations 
for wind power in the UK and other countries, the debate 
about cost has naturally focused on wind. 

While much debate has focused on the major cost elements 
of wind power, such as civil works and turbine costs, less is 
known about potential external costs due to wind power.  It is 
well known that the intermittency of wind could impose 
substantial system costs on the transmission system and on the 
power sector as a whole.   
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Wind power external costs exist in total transmission 
system losses, system balancing costs, the cost of required 
reserves (both spinning and non-spinning), other ancillary 
services and the total cost of power generation. 

Although there has been debate and substantial research on 
the area and the various elements of wind power system costs, 
the actual out-turn of wind is highly variable and thus 
uncertain; is there similar uncertainty about the impacts of 
wind power on actual system costs? 

Until now, much of the existing research on the impacts of 
wind power on actual system costs has used grid optimization 
studies, simulations and related methodologies that, while 
useful and informative, have not been based on actual data.  
One reason for this is that actual empirical data on wind and 
system performance has not been available over any 
significant length of time.  Given the seasonality of wind and 
weather patterns, and electricity demand and fuel prices, at 
least a few years’ data would be needed to study the impacts 
of wind on system costs.  A further difficulty with many 
previous studies is the lack of applicability or comparability to 
any given time or market.  Finally, although there have been 
numerous studies in this area, only a limited number of studies 
look at the GB1 system specifically. 

II.  REVIEW OF LITERATURE 
References [4] and [7] provide the most comprehensive 

review of research into wind power system costs. The more 
recent [7] uses case studies and a review of the existing studies 
across IEA member countries and categorizes wind power 
external cost studies into three main areas: balancing, power 
adequacy, and grid.  The authors further categorize wind 
power external costs into integration costs, which are 
primarily made up of balancing costs (which are variable 
costs) and grid reinforcement costs (primarily capital costs).  
They then consider very-short term system balancing costs, 
such as frequency response.  Studies in this area have focused 
on statistical methods and the impacts of forecast errors.  For 
longer-to-react reserves, studies have focused on contingency 
criteria and the needed capacity or spinning reserve.  
Summarizing the available studies on reserves, they conclude 
that reserve costs would increase between 1-15% with 10% 
installed wind capacity and 4-18% with 20% wind capacity. 

Balancing costs are related to reserves, but are the costs of 
actually moving generation up or down to balance supply and 
demand.  In general, balancing costs will depend on a number 

 
1 The UK transmission system operations are split into GB-England, 

Wales, and Scotland, and Northern Ireland. 
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of factors.  System size and availability of flexible generation, 
fuel mix, and interconnection available capacity are among the 
main factors.  According to [7], while most studies of reserve 
requirements have used statistical methods, studies of 
balancing costs have relied on simulations (e.g., [2], [5], [6]).  
The typical approach is to add more wind to the system, and 
then look at different wind profiles and variability versus a flat 
profile, and see the impact of the added wind and added wind 
variability on system balancing costs.  While these studies 
have been useful, [7] notes the importance of the 
representativeness of the wind and system data when 
performing such simulations. 
Another issue noted in [7] is the extent to which the power 
system is optimized by the simulation model versus the extent 
of optimisation in reality.  This is of particular importance for 
the UK, where balancing costs are optimised by the TSO, but 
with an element of discouraging imbalances that can be 
avoided by self-scheduling.  In terms of the dispatch, the GB 
system is not optimised by the TSO per se, but by the system 
and competition entailed under the NETA arrangements. 

The results from the studies reviewed by [4] and [7] are 
neatly summarized by a figure they present.  They conclude 
that system balancing costs increase by about €1-4/MWh of 
wind power produced, for system wind penetration levels up 
to 20% of power generated. 

 

Fig. 1  Range of findings on the increase in balancing costs due to intermittent 
generation. (Note: the figure summarises 36 estimates from 22 studies from 
Europe and the USA. It is based on Fig. 5 in [7] and Fig. 3.2 in [4]. £ values 
from [1] have been recalculated using exchange rates at the date of publication 
and adjusted by the Eurostat industry producer price index for “electricity, 
gas, steam and air conditioning supply”. The dashed red line is a regression 
line through all observations.) 

 
Several studies look at the UK.  According to [7], the UK 

costs are on the high side of the range of estimates, with the 
2002 study [8] indicating a cost range from about €3.5 to over 
€4/MWh wind generation with between 10 and 20% wind 
penetration. The older (2006) study [4] finds that adding 
intermittent generation to the GB system imposes a cost of 
around €7/MWh with a 20% penetration of intermittent 
generation, with a range that starts a little above €4/MWh, 
while the 2007 study [3] indicates a range of about €1.5 to 
€3.4/MWh.  It is noted that the reserve impacts on balancing 
costs are not included in the UK cost estimates. In addition, 
imbalance charges that are borne by wind generators are 

typically higher than the estimated costs at the country level, 
reflecting inefficiencies of the balancing mechanism, which 
exaggerates the apparent cost of balancing by foregoing the 
benefits of system aggregations as well as better advance wind 
forecasting that a properly incentivized system operator might 
achieve [10]. 

Reference [7] notes the importance of interconnection 
capacity.  A question is whether interconnection capacity can 
be used for balancing purposes or not, and whether that is 
correctly reflected in the simulation modelling strategy and 
thus the resulting costs.  Using interconnection for balancing 
is expected to lower the balancing costs in general.  This is a 
hypothesis that we test with our model. 

A number of other studies look at balancing costs and the 
impact of wind generation in the UK. Reference [9] (2009) 
studies the costs of wind integration on system balancing costs 
in the UK using a simulation optimisation approach.  The 
study finds the costs to be small, but does not study the costs 
on a system-wide basis and only focuses on one-minute 
fluctuations. 

In terms of this present study, it is related to the previous 
literature in a number of ways.  We have available the 
generation by each interconnector and include pumped 
storage. Pumped storage is often hypothesized to be a valuable 
means by which balancing costs needed for wind can be 
minimized, as found [1]. 

References [4] and [7] show that the methodologies used so 
far to examine the issue of balancing cost implications of wind 
power have mostly relied on simulation approaches. For a 
long time, wind generation has contributed to a negligible 
degree to the overall generation mix, so that empirical studies 
have been of limited value. Moreover, the seasonal and annual 
variation in energy consumption means that meaningful 
analysis requires time series of several years, which are only 
now becoming available.  

Studies about regions and countries in which wind 
generation is already significant (such as Denmark, North 
Germany, Ireland, Spain and Sweden) also adopt simulation 
approaches to estimate the effect of increased wind 
penetration.  

The value of our approach lies in the way it uses actual, 
recent and highly detailed data to answer a very precise 
question: whether the amount of wind generation on the 
system level has a statistically significant effect on aggregate 
balancing costs incurred by the TSO.  

The econometric approach we adopt obviates the need for 
complex modelling and assumptions regarding the amount and 
variability of wind generation. It also does not require a model 
of the precise way in which wind generation impacts on 
balancing costs (e.g., through the discrepancy between day-
ahead forecast and actual generation, as is looked at by [11] 
for West Denmark, for example).  

By reducing the complexity of the issue in this way, the 
approach does not allow us to identify the mechanism through 
which wind power affects balancing requirements (variability 
of wind, geographic variations in wind generation, etc.) or 
other structural factors that may potentially have affected 
balancing costs.  However, the richness of the dataset ensures 
that we can estimate the impacts wind generation in fact has 
on balancing costs. 
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Another area of existing research that deserves mention is 
the so-called grey literature, which encompasses information 
and reports published on websites and brochures by interested 
parties in the industry.  Very often these sites and sources and 
informative and based on good existing research, but they 
rarely contain significant original research.  An example is the 
website www.wind-energy-the-facts.org, which states that 
balancing costs are about 1-4€ per MWh of additional wind 
generated.  On closer inspection, though, the source of this 
information is [7]. 

The European Wind Energy Association gives similar 
information and states that they are the coordinators of the 
www.wind-energy-the-facts.org site.  The EWEA site 
provides some additional information, such as, “Studies of the 
Nordic power market, NordPool, show that the cost of 
integrating variable wind power in Denmark is, on average, 
approximately 0.3-0.4 c€/kWh of wind power generated, at the 
current level of 20% electricity from wind power and under 
the existing transmission and market conditions. These costs 
are completely in line with experiences in other countries,” 
although the sources are not cited.  That site further states that, 
“Balancing costs increase on a linear basis with wind power 
penetration.” (interpreting the graph from [7]) 

III.  DATA 
The dataset for the study comes from the Elexon portal.  

Elexon is the company in charge of data, billing, and 
administration for the wholesale generation markets in Great 
Britain.  The Elexon portal links to the BSC Services page and 
the Balancing Mechanism Reporting Agent (BMRA).  Data on 
total balancing system costs are not provided, but data on the 
system buy price (SBP) and the system sell price (SSP), and 
the total volume of imbalance energy purchased are available 
from the Elexon portal sites on a half-hourly basis.  Thus the 
total cost of the balancing costs buy and sell operations can be 
calculated directly.  Total demand data are available also. 
However, since the data on generation is comprehensive, we 
generate the demand data as equal to generation plus net 
export.    When the system is long power, the TSO sells power 
(or asks units to reduce generation) at the system sell price; if 
the system is short power, the TSO will purchase short-term 
power at the system buy price.  Balance volumes are the net 
volumes of balancing services energy actually purchased/sold 
in the half hour for balancing purposes, which occur between 
the day-ahead and gate closure schedules in GB.  The total 
system cost is taken as the net volume in the half hour 
multiplied by the system buy price, when the volume is 
negative (i.e., the system is short power), or multiplied by the 
system sell price when volume is positive (the system is long 
power). 

Data on generation by type are available for each five 
minute period since November 2008 until the present.  Our 
study period data ends in early November 2011.  Such micro-
high-frequency data enabled us to test whether short-term 
changes in the wind generation had any impact on balancing 
system costs.  We collected the five minute data as well as the 
half-hourly data.  Fuel and generation types are broken down 
into CCGT, OCGT, Coal, oil, wind, pumped storage and 
other, and each of the interconnectors (France, Netherlands 

and Ireland).  The interconnector data thus reflects actual net 
flows on imports and exports. 

The result was a dataset of approximately 51,000 half-
hourly observations on total generation by type, system buy 
and system sell price, system balancing volumes, market 
energy prices and volumes, and interconnection flows. 

IV.  METHODS 
The goal is to estimate the impact of wind generation on 

system balancing costs. The overall method is the econometric 
and cost function approach.  We hypothesize that the system 
balancing cost is a function of the prices for system buy and 
system sell, and the generation mix on the system, as well as 
potential environmental variables such as seasonal dummy 
variables.  The balancing cost can be seen as the difference 
between two optimal cost functions: the day-ahead total cost 
of generation, and the day-of total cost, given a set of random 
events (outages, demand changes, etc.), and given the dynamic 
constraints on system generation units. 

The purpose of using an econometric approach is to 
examine empirically the impact of wind generation on system 
costs.  We are not aware of econometric studies of actual 
outturn wind impacts on system costs.  In general, as 
discussed, the approaches to studying the costs of wind have 
been achieved using ex ante simulation techniques.  
Simulation techniques are naturally useful but often can suffer 
from biases of either under or over-estimation of costs, most 
likely because they are not modelling well stochastic events 
which may have negative or positive correlations.   

The expectation of potential bias from a simulation 
approach is ambiguous.  If, for example, wind and demand 
forecast errors tend to cancel each other and these are not well 
modelled, then one might expect the simulation approach 
might be biased upwards; if variations in actual out-turn wind 
generation exhibit unpredictable jumps, then the cost might be 
underestimated by simulation techniques.   

In general, the cost function represents the minimum cost of 
meeting some certain standard or level of demand.  As such, 
the cost function is a function of input prices and constraints, 
such as meeting demand and the balancing needs in the short 
run.  We hypothesize that the set of constraints on the system 
(such as ramping, min-on-min-off, other dynamic constraints, 
minimum stable generation of units, as well as the desire to 
minimise the cost of balancing), can be reasonably 
approximated by coefficients of a linear approximation on the 
quantities of each type of generation. 

Since the total cost is the total balancing cost in terms of 
variable costs associated with balancing, then the relevant cost 
function has input prices in system buy and system sell.  The 
main constraint on the system is meeting demand and meeting 
the balancing volumes needed.  We do not have data on the 
amount of balancing service purchased from each generation 
unit, and even if these data were available, these costs would 
be highly unit-specific. 

It is important to understand the balancing mechanism and 
what we assume represents an economic cost of balancing. A 
graphical depiction of this is found below in Fig. 2.   

http://www.wind-energy-the-facts.org/
http://www.wind-energy-the-facts.org/
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Fig. 2 Depicts the balancing mechanism and the marginal cost of 

generation curve.  Generators offer to sell and the balancing prices are shown. 
 
The economic cost of balancing derives from the need to 

deviate from the optimal day-ahead schedule.  The day-ahead 
schedule is set based on the trading markets final positions.  
The total thermal generation needs of the system are set on a 
forecast (demand net of wind).  As both the demand and the 
wind evolve from the day-ahead schedule to gate closure (an 
hour ahead of real-time), the TSO purchases balancing power 
as needed from capable units.  Essentially, when the system is 
short power, a typically more expensive flexible unit must be 
called up; when the system is long power, a unit, which would 
otherwise be in-merit, must be backed down.  The balancing 
prices are set by the average of accepted offers from units by 
the TSO in each hour (sell price to spill, buy price to top up).   

In general, the cost of balancing will be a function of the 
available generation at the time and this can be approximated 
by the generation mix.  The cost of balancing will also be 
impacted by changes in the schedule set by the market day-
ahead as actual demand and wind values become known.  This 
is particularly true of pumped storage and flexible generation.  
By construction, we assume the balancing cost is equal to: 

 
|
|       (1) 

In the equation above: Ct is the total system balancing cost in 

, , , , ,
, , , , , , ,     (2) 
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each half hour, ssp is the system sell price, sbp is the system 
buy price.  It is hypothesised that cost is then a function of the 
input prices and the generation mix in the given half-hour. 
 

In
 MW(h) over the half-hour for each of the respective 

fuel/generation types: w-wind, CCGT-combined cycle gas 
turbine, OCGT-open cycle gas turbine, C-coal, O-oil, P-
pumped storage, iF-is the interconnector with France, iI-is the 
interconnector with Ireland, iN-is the interconnector with the 
Netherlands.  t is a time variable, taken as the year, and D is a 
matrix of dummy variables which take the value of zero or one 
for various environmental conditions, such as seasons. 

In order to study the impacts of short-term changes i

inute periods within the half hour (i.e., 5-minute wind 
generation lagged once, lagged twice, etc.)  The lagged 
differences were also calculated.  In this way, small short-term 
variability in wind generation was retained for our half-hourly 
model of system costs (the SSP and SBP data are only 
available half-hourly).  Making the model tractable requires 
assumptions about the functional form and the nature of the 
error term. 

A first issue is the functional form and whether this should 
be linear or

neral by taking logarithms, and can be approximated by a 
variety of so-called flexible functional forms, such as the 
translog-cost function.   

The data on cost and generation, however, do not lend 
themselves to logarithm

stem buy price, or the net imbalance volume, is negative and 
generation volumes can in many cases be zero.  Further, flows 
on the interconnectors can be negative or positive, again, not 
lending themselves to logarithmic transformation.  We tested 
some preliminary specifications in the natural logs of the 
variables.  While this also involved a substantial loss in 
observations, the statistical fits of the models were quite low, 
and lower than the linear model, and so we did not investigate 
logarithmic specifications further.    

Cost functions that were linear, quadratic, and cubic in wind 
generation were also considered.  Th

ta (in terms of adjusted-R2) the best, and in the cubic model 
the quadratic and cubic terms on wind generation were not 
statistically significant.  Both the first order and second order 
terms on wind generation were significant at a high confidence 
level in the quadratic wind generation model.  We conclude 
that the quadratic wind generation specification was the best 
representation. 

ative to consider first th
le given the summary

 table I.  Wind installed capacity in GB increased roughly by 
about 1,000MW a year over the period, with a total installed 
capacity of just over 3,000MW by the end of the sample 
period.  By far the biggest average contributor to generation is 
Combined Cycle Gas Turbine (CCGT), with average 
generation of almost 17,000 MW over the three years’ half-
hourly periods; coal is next largest, and nuclear the next.  As 
expected, the GB markets are net importers of power from 
France (FR) and net exporters to Ireland (IE).  This is 
consistent with conventional wisdom regarding the relative 
average power prices between jurisdictions, but also due to the 
fact that the Moyle DC interconnector is primarily set up for 
export into Northern Ireland from Scotland.  The net export 
from the Netherlands (NL) is almost zero, but the effective 
import and export capacity is around 1,200MW.  
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Table I 
SUMMARY STATISTICS – GENERATION (MW) 

Generation type Mean Std. Dev. Min Max 
Wind 525 494 0 3,011 
CCGT 16,673 3,246 2,154 26,475 
Coal 11,675 5,807 1,002 26,044 

Interconnector FR 427 1,217 -2,056 2,014 
Interconnector IE -242 153 -506 122 
Interconnector NL 55 246 -1,212 1,132 

Nuclear 7,187 1,137 1,038 9,270 
OCGT 4 28 0 716 

Oil 40 192 0 2,646 
Other 0 0 0 0 

Pumped storage -115 1,068 -2,778 2,480 
 

Some surprising results emerge from an analysis of the basic 
generation statistics.  The minimum CCGT generation is only 
2,154MW, and the maximum 26,475, which perhaps might 
indicate that substantial part of the GB CCGT fleet is in the 
twilight of its service career, and cycling as mid-merit plant.  
Alternatively, some of the CCGT plant may be providing 
ancillary services, such as automatic balancing services, 
spinning reserves, etc.  Coal shows a similar pattern with a 
minimum of only around 1,000MW and a maximum of just 
over 26,000MW.  Coal is unlikely to be used for balancing 
services in general, although dynamic capability would be 
unit-specific.  Some coal plants will also have limited use due 
to opt-out of the large combustion plant directive (LCPD). 

The interest for this study is the fact that the level and mix 
of generation should be significant explanatory factors for 
balancing costs.  Finally, OCGT and oil generation are 
typically used for peaking purposes, and also possibly for 
short-term balancing.  The pumped storage costs include both 
negative and positive costs, and one would expect pumped 
storage to be used for balancing in general. 

Table II presents the summary statistics on additional 
variables.   

Table II 
SUMMARY STATISTICS – OTHER VARIABLES 

Variable  Mean Std. Dev. Min Max 
System Sell Price (€) 41.4 17.4 0.00 596.2 
System Buy Price (€) 59.0 34.7 0.00 1,081 
Net imbalance volume 
(MWh)  -167.2 363.6 -2,084 1,919 

Demand (MW) 36,231 7,894 5,248 58,989 
Net imbalance cost (€) 2,615.4 6,181.6 0.00 415,576 
APX volume (MWh) 558.8 329.6 0.00 3,230 
APX price (€) 49.6 19.7 6.10 596.2 
 
The average System Sell Price is lower than the System Buy 
Price, which is indicative of the fact that being short power is 
not symmetric in terms of system cost as being long power. 
Alternatively it also might indicate dynamic constraints 
typically entail more costly start up than shut down.  Average 
demand is just over 36GW.  It should be noted that the 
demand measure is actually total net generation plus net 
imports; actual demand would be slightly less due to system 

losses.  APX volume and price are the APX power exchange 
half-hourly spot prices.  Interestingly, the total cost of 
balancing is evidently quite variable, with the standard 
deviation almost equal to the mean, and the maximum cost 
being typically over 40 times the mean. 
 
Table III below presents the results of the multiple regression 
analysis.  We present the results of both the OLS and the 
Prais-Winsten (which corrects for first-order autocorrelation in 
the errors) regressions.  The coefficient estimates between the 
two models are largely similar, but the Durbin-Watson 
statistics indicate the importance of correcting for 
autocorrelation. 

Table III 
MULTIPLE REGRESSION RESULTS 

 OLS Prais-Winsten 
Variable Coef. P>|t| Coef. P>|t| 
System Sell Price -221.855 0.000 -212.094 0.000 
System Buy Price 229.540 0.000 213.084 0.000 
Wind generation 0.950 0.000 0.730 0.000 
(Wind generation)2 0.00027 0.000 0.00021 0.016 
Coal generation 0.002 0.631 0.025 0.001 
Nuclear generation -0.071 0.000 -0.089 0.004 
CCGT generation -0.023 0.003 -0.064 0.000 
Interconnector (FR) -0.090 0.000 -0.043 0.138 
Interconnector (IE) -0.262 0.000 -0.165 0.158 
Interconnector (NL) 0.221 0.089 0.380 0.072 
OCGT generation 14.418 0.000 14.803 0.000 
Oil generation -1.673 0.000 -0.717 0.000 
Pumped storage gen -0.345 0.000 -0.024 0.494 
APX price -3.883 0.043 -21.392 0.000 
Year -2.912 0.843 59.147 0.184 
Constant 5,267 0.851 -117,571 0.188 
Durbin-Watson  0.81 (d*=1.90) 2.00 (d*=1.90) 
Adj R-squared 0.61  0.49  
F(15, 50975) 5,277.83 0.00 3,271.89 0.00 

 
Consideration of the full model using the OLS regression 

approach first includes all the generation variables.  As 
discussed previously, a squared wind generation term was 
included, and this is significant with a high-level of 
confidence, negative and small in absolute value.  Under this 
model, the marginal cost of wind generation on system 
balancing costs is about €0.662/MWh at the mean level of 
generation.   

The nature of the data and model are suggestive of 
particular deviations from the classical linear model, 
especially the possibility of serial correlation with the half-
hourly data and the likelihood of lagging effects.  We 
therefore estimated the model using the Prais-Winsten 
regression correction for serial correlation.  Table IV shows 
the Durbin-Watson statistic result, of the OLS model, which is 
near 0.5, and the transformed model, which is close to 2.0 (the 
d* in the table are the DW critical values for positive 
autocorrelation).  This is indicative that there is a significant 
serial correlation problem in the original model; while the later 
is indicative that the Prais-Winsten (P-W) procedure has 
corrected the problem. 

The OLS model explains about 61% of the variation in the 
dependent variable, while the P-W model explains about 49%.  
These fits appear reasonably good for a dependent variable 
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such as system balancing costs and the limited ability of the 
existing variables to capture every nuance of system dynamic 
constraints. 

It is useful to interpret the coefficients of the transformed 
model, and discuss the results in terms of expectations.  Under 
the P-W model, wind has about a €0.513/MWh impact on 
system balancing costs, all else equal (holding other 
generation constant) at the mean wind generation level 
(525MW).  At about 1000MW wind generation, the cost of 
wind is reduced by about €0.32/MWh, due to the non-linear 
nature of the costs. 

The system sell price has a negative coefficient, which is as 
expected.  This is because the cost of having too much power 
is reduced as the system sell price rises; the system buy price 
has a positive coefficient, which also is as expected.  The 
coefficients are nearly identical.   

Most all of the coefficients on the explanatory variables 
were highly significant.  Pumped storage, as predicted by 
some of the literature, has a negative marginal cost impact on 
system balancing costs, although the impact is not statistically 
significant in the P-W model. 

Of particular interest are the impacts of the interconnectors.  
The model estimates that the Dutch interconnector marginally 
increases balancing costs, while the France-GB interconnector 
appears to reduce cost, the impact is not significant.  This 
might be as expected since the France-GB interconnector is 
more likely to be used for importing cheaper French nuclear-
based power.  The Irish interconnector has no significant 
impact, which might be expected since that interconnector is 
geared towards export only. 

CCGT generation has a negative and significant impact on 
balancing costs, which might proxy for the possibility of a 
high level of CCGT generation indicating more efficient units 
available for flexible generation and/or load following, etc. 
Comparing the two models, shows the estimates of the wind 
marginal costs are broadly insensitive to the assumption about 
the error structure (AR1 versus iid), but some of the other 
coefficients estimates are sensitive. 
The estimated marginal cost (C) of wind generation (W) is: 
 

0.730 2 0.00021 .      (3) 
 
The resulting estimate of the marginal cost is €0.513/MWh.  
In addition, the actual marginal cost of wind in any given hour 
depends on the level wind generation.  The histogram of wind 
generation over the period is presented in Figure 2, which 
gives a graphic depiction of the distribution of wind 
generation. 
 

Fig. 2  Distribution of wind generation (MW); data from Elexon 
 
From the histogram, it can be seen that about 35% of the time, 
actual wind generation was between 0 and 200MW; about 
20% of the time it was between 200 and 400MW, etc. 

An interesting question arises as to whether our model 
predicts the cost of wind generation with additional wind 
generation capacity, or whether it is with the capacity held 
fixed.  It should be noted that the capacity was not held fixed 
during the study sample period, but in fact increased year-on-
year.  In order to address this question, the average marginal 
cost of wind generation on balancing costs per year was 
predicted over the study period.  These results are found in 
table V below.  The maximum wind generation, which is a 
good estimate of the actually available installed capacity, goes 
from 1067MW in 2008 to 1,282MW in 2009, 2,065MW in 
2010, and 3,011MW in 2011.  Thus we can estimate the 
average marginal impact of added capacity. 
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Table IV 
SUMMARY OF WIND IMPACTS ON COST BY YEAR 

Variable 

Y
ea

r 

O
bs

er
v’

s 

Mean Total 
Annualized 

Δ(cost)/Δ(wind) (€) 

20
08

 

2,
92

8 0.573  1.9m 

Wind generation (GWh) 0.378  3,319 

    

Δ(cost)/Δ(wind) (€) 

20
09

 

17
,5

20
 0.573  1.9m 

Wind generation (GWh) 0.379  3,321 

    

Δ(cost)/Δ(wind) (€) 

20
10

 

17
,5

20
 0.556  2.1m 

Wind generation (GWh) 0.420  3,682 

    

Δ(cost)/Δ(wind) (€) 

20
11

 

13
,0

07
 0.359  2.8m 

Wind generation (GWh) 0.896  7,851 

    

 
The interesting result is that the average marginal cost of 

wind generation per year is falling from about €0.573/MW to 
about €0.359/MWh.  While part of this is probably 
problematic due to the fact that we do not have a year’s worth 
of data for 2011, and the winter gas prices and thus balancing 
costs would expected to be higher, the data and modelling 
results are at least suggestive that with generation cost impacts 
on the short-term system costs are not increasing substantially 
as wind capacity and generation have grown.  Another 
potential impact is fuel prices over time.  This was not 
modelled explicitly, but it is notable that the system prices are 
reflective of generation costs in the market.  Further, the 
“year” variable would account for unobserved trends in cost in 
general.  Further, the APX power price variable should 
account for power price changes and thus a large portion of 
fuel price changes. 

To investigate further the notion of whether higher levels of 
wind capacity and generation should increase balancing costs 
at a decreasing rate, we also investigated the standard 
deviation of wind generation for different levels of wind 
generation.  The results are found in table V below.  The 
results indicate that the variation in wind generation does not 
seem to be increasing with the level of wind generation.  This 
may be due to a variety of factors, such as a ‘diversification’ 
effect as more capacity is added.  These results are, in our 
opinion, further corroboration of the quadratic regression 
model results. 

Table V 
VARIABILITY OF WIND GENERATION AT DIFFERENT CAPACITY 

LEVELS 

Variable Mean Std. 
Deviation 

Wind generation<500MW 207.9 140.9 
Wind generation>500MW & <1000MW 720.0 141.7 
Wind generation >1000MW & <1500MW 1,187 137.7 
Wind generation >1500MW <2000MW 1,731 141.7 
Wind generation >2000MW&<2500MW 2,206 138.6 
Wind generation >2500MW&<30000MW 2,697 150.6 

 
A final note for our results is results from using lagged five 
minute values and lagged changes in wind generation.  While 
due to space limitations we do not present these results, it 
seems that lagged changes and lagged values had little 
significant impact on the marginal cost of wind generation.  
This is suggestive that additional very short-term changes in 
wind generation do not impact significantly on system costs.  
It isn’t clear how much these changes were forecastable or 
forecasted, but in general, forecasts will be unable to forecast 
short-term swings in wind generation over five minute 
periods, and it is perhaps that system balancing is not 
impacted by such very short-term variations in wind 
generation.  We therefore expect that our half-hourly approach 
has been appropriate. 

VI.  CONCLUSIONS AND FUTURE DIRECTIONS 
This paper has estimated a model of the marginal impact of 

wind generation on system balancing costs in the GB markets.  
The paper used a novel and rich dataset of actual system 
balancing volumes, system buy prices and system sell prices, 
as well as total half-hourly generation by fuel and prime-
generation-technology type and including the GB 
interconnectors.  The paper is different from existing studies 
that rely on the market simulation approach.  

In this paper we estimate the average marginal impact of 
wind generation on system balancing costs has been about 
€0.513/MWh.  This is markedly lower than had been 
previously estimated (€1-4/MWh).  

The paper also finds that wind generation impacts on 
system balancing costs are nonlinear and positive, but 
increasing at a decreasing rate.  This indicates a falling total 
cost of wind balancing costs as wind increases.  At the 
maximum wind generation on the GB transmission system in 
2011, circa 3,000MW, the cost of wind system balancing is 
estimated to be statistically close to zero. 

Another, perhaps more interesting, question is the impact 
given higher and higher levels of capacity.  The indications 
from our model and estimation are that the marginal costs of 
wind generation on system balancing have been falling.  We 
should note that the model includes the APX energy price, and 
so the marginal value of energy on the system is held all-else-
equal in the model (to the extent the APX prices are 
representative of the ‘competitive’ prices). 

The impacts of wind generation on total system balancing 
costs are not estimated to be large with respect to the total 
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balancing costs, or total energy price.  At 525 average MW of 
wind generation, and €0.513/MWh the average additional 
balancing costs, and 8760 hours per years, we get a total cost 
of about €2.4m.  Since average demand is about 36GW, times 
8760, that yields about 317TWh, and so the average cost over 
all the power generated/transported on the system is about 
€0.01. 

The paper suggests some particular areas for future 
research.  A first suggestion would be to incorporate fuel 
prices into the model better.  This presents challenges because 
fuel prices would not change in line with the high-frequency 
data.  A second area is a more formal representation of the 
cost function and the constraints on generation for system 
balancing purposes.  Nonlinear impacts of generation might be 
considered as well as difference between day-ahead forecasts 
versus actual for wind generation.  A third area is to 
incorporate capacity costs.  A final suggestion is to track the 
impacts on system balancing annually as the total installed 
capacity of wind generation increases and as additional 
changes to the system unfold. 
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