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EXECUTIVE SUMMARY
Project overview
The primary objective of this project is to develop a method of short term forecasting that:
•

is proven in UK conditions;

•

compares favourably with existing techniques;

•

is flexible and adaptable enough to be used outside the UK context.

All three objectives have been met.
•

Improvements in accuracy over persistence at different sites around the UK, over
different periods, and for both wind speed and power, have been demonstrated.

•

Comparisons with known results from existing forecast models have been made. The
model developed for this study appears to be as good, and possibly better, than these
existing techniques.

•

The lack of any physical modelling in the overall forecasting process enables the model to
adapt with relative ease to most wind farm sites around the world that are located in
synoptically driven conditions (as found in the UK). This is not to say that the model is
expected to perform poorly on sites where winds are thermally, or locally, driven. This
ability will be assessed through application.

The forecasting model
The model uses adaptive statistical regression analysis to form relationships between forecast
output from a national meteorological institute (such as the Met Office) and the site-specific
conditions at a wind farm meteorological mast. The site-specific mast predictions are then
input to an appropriate wind farm power curve to create power output forecasts.
Model accuracy
For the prediction of wind speeds at a reference mast more than six hours ahead, the
improvement over persistence is in the range of 40 to 60 % when analysing results over all
wind speeds. At extreme low or high wind speeds, the improvement is greater at 50 to 70 %.
Due in part to the uncertainties inherent in wind farm power curves, and in part to the nonlinear nature of the power curves, the accuracy improvements for power forecasting reduce
slightly to 30 to 50 % overall, with the highest performance at low power, which shows an
improvement of 40 to 65 % more than six hours ahead.
Comparison with other models
Comparison with results published for other forecast methods and other studies is not
straightforward. Various differences must be accommodated:
•

Length of analysis.

•

Synoptic conditions.

•

Type of sites.

•

Measurement of accuracy.
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While acknowledging the above, comparison with available published material indicates that the
model developed for this study provides comparable, and perhaps better, results than those obtained
for existing commercial models.
Extreme errors
Extreme prediction errors of wind speed forecasts reduced from +/- 28 m/s for persistence, to
a relatively steady +/- 10 m/s at all prediction horizons for the model. However, this is not
sufficient to reduce the extreme errors of the power prediction to any significant degree.
Extreme errors of +/- rated power are shown for persistence and for the improved forecast
model.
Portfolio effect
An examination of the effects of site aggregation was completed. While the scope of this
analysis was curtailed due to lack of relevant data, it is clear that the aggregation of sites
significantly reduces the uncertainty of forecasts. Without any evidence to the contrary, it is
assumed to affect all forecasting techniques similarly, including persistence. Therefore, the
effect of site aggregation is to increase the accuracy of forecasts in general, but not
necessarily to increase the gain in performance of one method over another.
Mitigation of errors
A discussion on the mitigation of the uncertainty inherent in all forecast models has been
presented. Mitigation of risk involves two areas:
•

The establishment of the costs of over- and under-predicting.

•

Well-formed knowledge of the probability distribution of the errors.

It is clear that proper mitigation measures should ensure a considerable increase in the value of
forecast energy compared to the unadulterated forecast. If there is a cost associated with overpredicting, then mitigation of risk involves “bidding” a value for power output that is less than the
forecast value. The higher the uncertainty of the forecast, the lower the bid should be. This can be
achieved by the simple notion of a “bid factor”, where only a certain fraction of the forecast value is
used for the final firm value. However, a more appropriate method of mitigation is to build an error
distribution for different forecast scenarios, combining this with the “cost function” for any given
forecast period. In this project, the different forecast scenarios were determined by the level of
forecast output power. However, it is probably more relevant to distinguish forecasts in terms of
synoptic conditions – at least in a UK context. As a result, it is considered that forecast-specific
uncertainty information (i.e. as generated at source from the national meteorological institute’s
modelling) is potentially the next most useful improvement to be made in forecasting.
Commercial issues
While the investigation was not exhaustive, it is believed that forecasting models used in
market conditions could operate at marginal costs of possibly hundredths of pence per kWh –
in the region of 1 to 2 % of energy value. In which case, larger wind farms are likely to be
more financially attractive.
As wind penetration increases on electricity networks, the need for forecasting will be increasingly
required by the network operators. They will require it for efficient and timely generation plant
scheduling. The value of forecasting is not clear yet for such end use. It is reasonable to expect that:
•

Its value will increase as penetration increases.

•

Its value will depend on the generation plant mix of the particular system.
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While it is impossible to put a definite figure on the benefit of forecasting without knowing
exactly what the end use is, initial investigations have provided an estimate of the cost of
existing commercial models. The costs established suggest that the value would justify a fee
that would make the service commercially viable. The participants are in the process of
investigating several commercial applications.
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This document is the final report on the project “Forecasting short-term wind farm
production”. The project is co-funded by ETSU for the UK Department of Trade and
Industry (hereafter referred to as the Client) under Agreement no. W/45/00572/00/00.
The project is a collaborative programme of work between Garrad Hassan and Partners Ltd.
(GH), The Met Office (MO) and Scottish Power UK plc (SP).
There have been two previous reports issued to the client on this project. They were progress
reports covering the periods 1 May 2001 to 3 February 2002, and 3 February 2002 to
1 November 2002. Although they were confidential reports internal to the project they have
been listed in the references for completeness. This report presents all the work completed
during the course of the project, including that previously presented in the interim reports. It
is in a form that is suitable for publication by the client should the client so wish.
1.2

Summary of Project Objectives

The primary objective of the project was to develop a short-term wind and energy prediction
technique which was adaptable to both physical and geographical circumstances.
The suitability of the prediction method was to be assessed against several criteria, including:
•

The enablement of wind energy to participate in fully liberalised electricity trading
markets.

•

Comparison with other forecasting techniques.

•

The practical considerations of its applicability in “real world” situations.

The subject of detailed site-specific wind forecasting is a global market of increasing
importance, both technically and financially. To date, most of the activity has been in
America and northern continental Europe, with only limited interest in the UK. Therefore,
another objective of the project was to validate explicitly a technique under UK conditions,
using the MO’s NWP (Numerical Weather Prediction) model and data recorded at UK
meteorological stations and wind farms. Clearly, to maximise the commercial potential of the
technique, the requirements for adaptability and transferability mentioned above had to be
met.

1.3

Report Content

The structure of the original work agreement was divided into five categories:
1.

Data collation and processing.

2. Development of the forecasting model.
3. Energy output and the bid factor.
4. Interpretation of findings.
5. Application of findings.
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On writing this report, it became clear that the objectives for 3 and 5 shared a significant
amount of common ground. For clarity, these two sections have been combined under the
single heading of “Application of Findings” and reported last.
The majority of effort in the project has focussed on the development of the forecasting
model. This was essentially a software development phase, followed by an optimisation
phase.
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This section provides details of the data used in the project.
There were three sources:
•

The MO’s NWP model output.

•

The MO’s meteorological stations.

•

SP’s wind farm SCADA systems.

Each is described separately below.
Initially, SP provided a list of seven wind farms for which it hoped to provide SCADA data.
The MO extracted forecast data for points nearest to these wind farms from its archives.
Subsequently, the MO also provided concurrent recorded data from six of its meteorological
stations.
The geographical location of each of these data sources is shown in Figure 2.1.
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: SP wind farm
: MO Met Station
: MO NWP point

Locations of SP wind farms, MO meteorological stations, MO NWP
points
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The SP wind farms

Unfortunately, practical and contractual difficulties prevented SP from being able to provide
similar data from the following six wind farms:
•

Rigged Hill

•

Corkey

•

Elliots Hill

•

Barnsemore

•

Coal Clough

•

Carland Cross

To alleviate any problems this caused, SP provided SCADA data from a further two wind
farms.
The total amount of data from SP wind farms used in this project is summarised in Table 2.1
below.
Wind farm

From

To

WS
(MM)

WD
(MM)

Hagshaw Hill

1 Jan 1999

31 Dec 2000

X

X

Hare Hill

1 Nov 2000

30 Sep 2001

X

X

Dun Law

1 Aug 2000

30 Sep 2001

X

X

P&L

1 Jan 2000

31 Dec 2001

Dates are inclusive
WS (MM)
WD (MM)
WS (T)
AD
P

WS
(T)

AD

P

X

X

X

X

X

X

X

X

X

X

Meteorological mast wind speed
Meteorological mast wind direction
Turbine wind speed
Air density (usually given by pressure and temperature)
Turbine power output

Table 2.1

Summary of SCADA data from SP wind farms

The data coverage from the SCADA systems varies significantly, both between wind farms
and within them (e.g. meteorological mast coverage is generally poorer than turbine
coverage).
The absence of SCADA data from the above six wind farms has clearly limited the amount of
verification of the model in wind farm situations, particularly for power forecasting purposes.
However, the nature of the model means that this has not been significant problem.

2.1.2

The MO NWP model

The basis for the forecasts in this project has been the MO’s NWP system, at the heart of
which is the Unified Model. This model forms the basis of all forecasts issued by the MO. A
full description is presented in Appendix A. A brief summary is presented below.
The atmospheric component of the Unified Model is grid-point based and uses a regular
latitude-longitude grid in the horizontal. Operationally, the MO runs two configurations of its
Unified Model:
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•

The global model has a horizontal resolution of 0.8333° longitude and 0.5555° latitude
giving an approximate resolution of 60 km in mid-latitudes. There are 30 vertical levels
with humidity calculated on the lowest 27 levels. The global model is used to provide
boundary conditions to the local area mesoscale model

•

The mesoscale model, which is a regional model centred on the United Kingdom. This
model has a resolution of 0.11° (approximately 12 km) in both latitude and longitude.
This model has 38 vertical levels with additional levels in the boundary layer to provide
extra detail for forecasting over the UK.

It is this higher-resolution mesoscale model which has been used to provide data for this
project.
As stated above, and shown in Appendix A, the mesoscale model has 38 vertical levels, all of
which have forecasts associated with them. After discussion with the MO, and in line with
findings elsewhere, it was decided that data from the near-surface (10 m a.g.l.) layer would be
most appropriate for use in this project.
The MO provides its forecasts at a resolution of 1 hour. Forecasts are provided four times
daily, with each dataset containing the expected values of wind speed, wind direction, air
temperature and atmospheric pressure from 1 hour (T+1) to 36 hours (T+36) ahead.
The MO provided archived forecast data, covering the years 1999, 2000 and 2001, for the 28
NWP grid points (four each for the seven original SP wind farms) shown in Figure 2.1.

2.1.3

The MO meteorological stations

When it became apparent that not all of the SP wind farm data would be available (see
Section 2.1.1), the MO additionally provided long term recorded data from six of their
meteorological stations. These data were concurrent with the NWP model data (i.e. covering
years 1999, 2000 and 2001) but were not necessarily geographically close to the original
NWP grid points (see Figure 2.1).
A brief description of each meteorological station can be found in Appendix B. The data
provided for these meteorological stations benefited from having passed through the MO’s
quality system checks and from having relatively high availability.

2.2

Data Resolution

The main objective of the project was to establish a method which could provide site-specific
forecasts of wind speed and power from 1 to 36 hour horizons, at 1 hourly intervals.
Although provided at hourly resolution, the MO forecast data are essentially spot readings
(the average of predictions at 6 minutes to and 6 minutes after the hour – see [1]). The
meteorological station data, similarly, are 10 minute averages of the final 10 minute period
before the hour.
The SCADA data from SP was also supplied at 10 minute resolution. For the purposes of this
report, all SCADA data were converted to hourly resolution by averaging the three ten-minute
records around each hour mark. It was felt that this approach reflected the nature of the MO
forecast data. For the purposes of power prediction, power readings for individual turbines
were summed to provide total wind farm output. These data were then scaled to represent
100 % turbine availability.
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PREDICTIVE TECHNIQUE

This section provides a summary of the approach to forecasting wind speed and power for a
particular site. It presents the general model structure that has been finalised, together with
examples of the results that can be obtained. It starts with a general discussion of the various
approaches currently being employed to provide site-specific forecasts.

3.1

Requirements for Site-Specific, Short-Term Forecasting

The phrase “short-term forecasting”, when applied to wind farms, can be used to mean the
forecasting of output power at very different temporal resolutions:
•

Minutes;

•

Hours;

•

Days;

And at several different geographical resolutions:
•

Individual turbines;

•

Individual wind farms;

•

Large areas (e.g. individual electricity networks and/or countries).

The most common combinations are listed below:
•

The high-resolution combination (of individual turbines and time horizons of minutes) is
usually required for control purposes and for power quality requirements – e.g. the
smoothing of power fluctuations.

•

Forecast horizons of hours are required for individual wind farms and larger areas for:
• Market trading (by wind farm operators).
• O&M planning (by wind farm operators).
• Security of supply issues (by system operators).

•

Forecast horizons of days are required for:
• O&M planning of individual wind farms (by wind farm operators).
• Optimal plant scheduling (by system operators).

Up to 2 or 3 hours ahead, simple persistence forecasting (i.e. what happens now will also
happen N hours from now) performs relatively well 1. For horizons from 2-3 hours to 2-3
days, the optimal methods for forecasting wind farm output incorporate forecast data from the
relevant national meteorological offices’ Numerical Weather Prediction (NWP) models.
Typically, such NWP output is fed into a local model, which is used to create site-specific
wind speed and wind power estimates. For site-specific forecasts, such models often apply
MOS (Model Output Statistics) to the NWP data, which has a relatively coarse geographical
resolution, to make it more representative of the particular site. Such MOS can range from
very simple historical rules (e.g. “the site wind speed is always 20 % higher than the NWP
wind speed”) to relatively complicated multi-dimensional regression methods which use
feedback from recorded data at the site. Beyond 2-3 days, forecasts become more reliant on
historical meteorology for the particular site, using knowledge of diurnal and seasonal
variations.
1

It is possible to improve upon simple persistence by using statistical regression on pure power output data (i.e. without any
forecast input). However, this has not been addressed in this project.
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It is in this middle range of forecast horizons (2-3 hours to 2-3 days) that the majority of
commercial opportunity lies:
•

Financial gains through better market trading (e.g. more accurate forecasting of wind
farm output).

•

Financial savings through better O&M scheduling (e.g. scheduling maintenance for
periods of low wind speed).

•

Financial savings through more optimal generation plant scheduling by system operators.
Better forecasting of wind farm output also provides wind energy higher capacity credit
for system planning.

Consequently, this is where most research is concentrating, particularly in the area of
transforming low resolution NWP forecasts into more accurate site-specific ones.
The model developed for this project has also focussed on this approach.

3.2

Approaches to Site-Specific, Short-Term Forecasting

The national meteorological organizations aim to identify, replicate and predict the general
synoptic characteristics of the weather over large areas. To achieve this end, they run
mathematically complex and computer intensive models. These models cover extensive
geographic areas – sometimes the whole world. The organizations also have large data
feedback infrastructures in place which enable constant fine tuning of their models. The
problem is that such large models can only operate at relatively coarse resolution. The MO
runs a global model at 60 km horizontal resolution, which is refined to 20 km for most of
Europe and to 12 km for the UK and northwestern Europe. Even the highest resolution
(12 km) will not be able to replicate accurately what happens at specific sites.
The methods of achieving the transformation between coarse NWP forecasts and site-specific
ones are varied. There are many methods in use, both as academic research and as
commercially viable products. Despite this variation, they can largely be grouped into 2 main
types:
•

Statistical models.

•

Physical models.

The statistical model approach is basically a multi-input regression analysis on a combination
of meteorological parameters. The philosophy is that the majority of differences between
NWP output and a specific site are systematic and as such can be identified and removed.
Both linear and non-linear regression techniques 2 can be used.
The physical model approach primarily aims to improve the resolution of the “original” NWP
model. Again, the methods are varied and can include:
•

Simple linear-flow models, such as WAsP or WindMap.

•

Fine resolution NWP models. These are essentially local (nested) versions of the original
NWP model and are often termed storm-scale or convective-scale. They aim to model
local thermal effects that are not apparent at the coarse scale.

2

Non-linear regression techniques in use include fuzzy-logic algorithms the use of neural network software.
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Such physical models typically aim to increase the resolution from 10 or 20 km, to 1 or 2 km,
though examples of finer resolution (up to 20 m) [23] have been noted. They often
incorporate a post-processing statistical model which again is there to remove any remaining
systematic errors.
Theoretically, regardless of whatever statistical corrections are applied to the final output,
local high resolution NWP models should hold an advantage over the coarse resolution of
global 3 NWP models simply by virtue of working at the higher resolution. However, this
advantage only applies to the evaluation of thermally- and terrain-driven winds that occur in
addition to the general wind conditions described by the global NWP model. It does not in
any way relate to the more general problems of weather modeling, such as the timing of
weather fronts, etc. The local models are still reliant on the global models for such
information.
The pros and cons of both approaches had to be evaluated against the project objectives
which demanded the development of a technique which:
•

Created accurate 4 site-specific forecasts.

•

Was transferable between wind farm sites with the minimum of change or userintervention.

•

Was “self-learning” (i.e. would adapt to changes (either statistical or physical) without the
need for specific re-training 5).

•

Did not use non-standard, or proprietary, components.

•

Was equally useable by all three project partners.

While high resolution local physical models may appear attractive, the following points had to
be considered:
•

The potential advantage increases with increasingly complex local terrain.

•

The potential advantage increases when local conditions are driven by local effects (such
as thermal and terrain generated winds) rather than by synoptic effects (such as frontal
developments).

•

The increased reliance on local terrain means that errors in the global model may
potentially incur further errors in the local model (e.g. if the wind direction was predicted
to be southerly yet transpired to be easterly).

•

The implementation of NWP models requires the skill and competency of a
meteorologist. Poorly formed models are likely to introduce further errors.

•

The formulation and execution of the models are computationally expensive and very site
specific. The only aspect that is transferable between sites is the operator’s skill.

•

There is currently a lot of activity in this area by other parties.

3

The phrase “global NWP model” should be taken to refer to whatever coarse resolution “national” NWP model is being used to
initiate the local model. It will not necessarily be global in extent, but will cover an area large enough to be representative of the
general synoptic conditions.
4
“Accurate” is a relative term! For the purposes of this project, our model would be deemed accurate if it could be demonstrated
to produce results that were at least no worse than those published for other forecasting methods.
5
Any statistical relationship will need updating due to seasonal changes to the site, or changes in the underlying NWP models, or
physical changes to the site. A physical model would also need updating should the physical nature of the site changes (e.g.
through nearby tree-felling, etc.).
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Based on the project requirements for adaptability and transferability, and due to the fact that
not all project partners possessed the skill required for building and operating local high
resolution NWP models, it was decided to proceed with the formulation of a statistical model.

3.3

Model Structure

The model uses statistical regressions to transform global NWP model forecasts to sitespecific data. The model can be trained to produce site-specific forecasts of any observed (i.e.
recorded) quantity. Similarly, it can use as input any “forecastable” quantity. Some inputs,
such as time of day, can be forecast without any error. Others, such as wind direction or wind
speed, have an uncertainty associated with them.
The general structure of the model is shown in Figure 3.1. The model takes as its inputs NWP
forecasts. These are transformed to site-specific forecasts via recursive and adaptive
statistical models. These site-specific meteorological forecasts are then used as inputs to a
site-power model, which in turn produces a power forecast.
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General model structure

For wind energy use, the output of interest is the power production of a wind farm. While the
model can be trained to predict wind farm production directly, it is found that greater
accuracy is to be gained by predicting the characteristics of the wind at a reference point, then
using knowledge of the operational characteristics of the wind farm to convert the wind
forecasts to wind farm output forecasts.
Regardless of whether a statistical regression or wind farm power matrix is used, the power
model would normally require forecasts of at least:
•

Wind speed.

•

Wind direction.

•

Air density.

For this scenario, the NWP to site specific process shown above can be expanded as shown in
Figure 3.2.
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Model structure, showing multiple site specific quantities

The “Site Specific” models, as shown in Figure 3.2, can be any user-defined transformation
between NWP output and the site. This can include a simple “pass through”, where the NWP
output is left unadulterated. However, the majority of work in this project has concentrated
on the creation of adaptive, multi-linear regression techniques. These have been specifically
optimised for the transformation of wind speed.
These regression models can also be multi-bin – i.e. different models based on specific
atmospheric conditions. For this project, this approach has been taken as far as a 2dimensional bin approach based on wind speed and direction. The logic is as follows:
•

When a new set of NWP data arrives, the model determines which wind speed and
direction bin the data belongs to. These bins are determined by the unadulterated NWP
values.

•

If there is good quality feedback from the site, then the statistical model for this wind
speed/direction combination is updated.

•

When using NWP data to create a site forecast, the NWP forecasts for wind speed and
direction at T+N determine which model is to be used.

This logic is shown schematically in Figure 3.3 and Figure 3.4.

15 of 72

Garrad Hassan and Partners Ltd

Figure 3.3

Document : 2770/GR/02

ISSUE : C

Example of model update logic

16 of 72

FINAL

Garrad Hassan and Partners Ltd

Figure 3.4

Document : 2770/GR/02

ISSUE : C

FINAL

Example of model forecast logic

The statistical models can use multi-linear regression. To transform an NWP wind speed to a
site, for example, it may prove useful to use not only the NWP wind speed as an input, but
also pressure gradient and time of day. The statistical regressions can accommodate as inputs
any quantity that can be both forecast and that is linear in relationship to the output quantity.
Quantities that affect the input/output relationship in a non-linear way are accommodated by
the multi-bin approach. To date these bins have been based on wind speed and direction.
However, it should be noted that this approach need not be limited to these two quantities
alone.
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Model Results – Site Meteorology

There are two distinct phases to creating a model to convert NWP forecasts to wind farm
power forecasts. The first is to convert NWP meteorology to site meteorology. The second is
to convert site meteorology to wind farm power output.
This section presents an analysis of the ability of the model to execute the first phase. The
recorded data have been taken from the reference meteorological mast at Hare Hill wind farm.
The NWP data have been taken from the NWP model point geographically nearest to Hare
Hill. It should be noted that this point had to be chosen from the limited NWP data supplied
to the project by the MO. As Hare Hill was not on the original list of wind farms supplied to
the MO, this is not the most suitable grid point.
For each hour, T, of the analysis, the NWP forecasts to T+36h were converted to site-specific
ones. These site-specific forecast values were then compared to what was actually recorded
at the site.
The analysis covers the period 1 Nov 2001 to 28 Dec 2001.

3.4.1

Wind speed

Figure 3.5 shows the relationship between the MO NWP forecast hourly wind speed (at
T+1h) and the wind speed recorded at the reference meteorological mast at Hare Hill. There
is significant scatter, a clear scaling factor of approximately 3 and a correlation coefficient of
0.7.
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Figure 3.5

Relationship between NWP and actual wind speed, T+1h
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Processed hour by hour, the data shown above are adaptively regressed 6, with the resulting
relationship shown in Figure 3.6. The scale factor is closer to unity, the scatter has been
significantly reduced and the correlation coefficient has increased to 0.87.
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Figure 3.6

Relationship between modelled and actual wind speed, T+1h

This is also shown as a time series plot in Figure 3.7.
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Time series of NWP, modelled and actual wind speed, T+1h

6

For the relatively limited period of just under two months, a model employing 4 wind direction bins, and one wind speed bin,
was used.
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A small time-offset can be observed from Figure 3.7. This is due to the NWP model
“missing” the exact time of peaks and troughs experienced at the site. At T+1, this effect is
kept to a minimum by high feedback correction in the NWP model and strong feedback from
the site model.
This offset is generally seen as a slight delay since the site (Hare Hill) is about 20 km southwest of the NWP grid point and so will usually experience weather systems slightly before
they are “experienced” by the grid point [7]. It is likely that further analysis could identify
such systematic offsets and accommodate them within the model. However, this has not been
investigated during the project.
The relationship at T+12 (i.e. 12 hours forecast horizon) is shown in Figure 3.8 and again as a
time series in Figure 3.9. The increased scatter at this horizon reflects the increase in error in
the NWP forecasts.
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Figure 3.8

7

Relationship between modelled and actual wind speed, T+12h

Weather systems typically cross the UK from west to east.
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Figure 3.9

Time series of NWP, modelled and actual wind speed, T+12h

At this forecast horizon, feedback from the site has less effect on the model. While the
general effect of the statistical regression is clearly seen, the correlation coefficient has
reduced from 0.87 to 0.66 and the timing of peaks and troughs is more dependent on the NWP
output. For the limited number of days shown, there are examples of:
•

Perfect timing (mid-day on 24/11/01).

•

A few hours too late (midnight to 3 am on 23/11/01).

•

Under-prediction (morning of 21/11/01).

•

Over-prediction (afternoon of 21/11/01).

Generally, the model appears to work well.

3.4.2

Wind Direction

While any future implementation of the model will involve correction of wind direction, no
such correction has been made for this particular study. At Hare Hill, the NWP output shows
fairly close agreement with what is recorded at the site. This is shown as a time series at T+1
and T+12 in the following two figures.
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Figure 3.10

Time series of NWP, modelled and actual wind direction, T+1h
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Figure 3.11

3.4.3

Time series of NWP, modelled and actual wind direction, T+12h

Temperature

For temperature, a very simple, non-adaptive linear regression was made between NWP
output and site data. This is shown graphically in Figure 3.12. Generally, the relationship is
seen to be fairly constant, although there are a few anomalies that would benefit from further
analysis.
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Figure 3.12

Relationship between NWP temperature and site temperature, T+1

The result of this simple regression is shown as a time series plot at T+1 and T+12 in the
following two figures.
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Figure 3.13

Time series of NWP, modelled and actual temperature, T+1h
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Figure 3.14

3.4.4

Time series of NWP, modelled and actual temperature, T+12h

Pressure

In a similar manner to that adopted for temperature, the pressure signal from the NWP model
was subjected to simple non-adaptive regression. Due largely to the origin of the error
(different altitude in the coarse NWP model compared to the site) this simple regression
accounts for the majority of any differences. The similarities between the T+1 and T+12
forecast horizons show that the NWP model can calculate pressure accurately and
consistently, at least in relation to the needs of this project.
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Figure 3.15

Time series of NWP, modelled and actual pressure, T+1h
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Figure 3.16

3.5

Time series of NWP, modelled and actual pressure, T+12h

Accuracy of site-specific meteorology

The results of the site-specific model were shown in the previous section. The question of
their accuracy is now addressed. Direction, temperature and pressure were treated simply.
The real interest is in how the model coped with estimating the wind speed and this matter is
discussed below.
There are any number of ways that a forecasting method can be evaluated. For simplicity, the
effectiveness of the current method is presented as:
•

Increase in accuracy over persistence (based on the standard deviation of errors).

•

Decrease in extreme prediction errors when compared to persistence.

Figure 3.17 shows the increase in accuracy of the current method over persistence, based on
the standard deviation of errors, over the full range of forecast horizons. Three lines are
shown:
•

Overall result.

•

Increase in accuracy for forecasts of 0-5 m/s.

•

Increase in accuracy for forecasts of 20-30 m/s.

The extreme wind speed bands are of interest for several reasons:
•

They are the “transition zones” where wind farms cut-in and cut-out. These areas of
operation are important to the system operators, particularly the high wind speeds where
there is the biggest potential for very large power swings as whole wind farms cut-out,
dropping from rated power to zero.

•

On most sites, a considerable amount of time is spent in the lower wind speeds (and so
the accuracy in this area has a large effect on the overall accuracy).
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When the wind farm is operating in high wind speeds it is producing maximum power, so
financially this area can be very significant.

While the overall results are good (improvement of up to 54 % at T+24), what is perhaps
more encouraging is that this accuracy is increased at the extreme wind speed ranges, which
see improvements of up to 70 % at low wind speeds, and 65 % at high wind speeds.
This also implies, of course, that the accuracy in the mid-ranges is reduced.
This improvement in accuracy at the extreme wind speeds is expected to be most valuable for
the majority of wind energy forecasting purposes. However, this evaluation will depend on
the exact nature of any end-use implementation of the forecasting. This matter is discussed
further in later sections of this report.
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Figure 3.17

Improvement over persistence, based on SD of errors

Another important aspect of a forecasting method – as already stated above – is the extreme
errors it produces. This is important for utility system operators. Regardless of any general
accuracy gained, if they can still expect errors of 100 % rated output once a month, is a new
forecasting method of any practical use to them? Figure 3.18 shows the extreme errors
against forecast horizon. It can be seen that the current model significantly reduces the
extreme errors when compared to persistence, particularly between T+8 and T+26. However,
the extreme error is still around +/- 10 m/s, which is enough for a 100 % rated swing of output
power.
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Figure 3.18

3.6

Extreme errors

Model Results – Site Power Output

The previous section concentrated on the prediction of wind speeds and results indicate that
significant improvements, over both persistence and the original NWP forecasts, can be made.
However, the ultimate aim of any forecasting method is to be able to predict accurately power
output from wind farms.
For each hour of the analysis period, the four meteorological quantities from the previous
section were forecast to T+36. For each hour, each of these T+1 to T+36 forecasts were
converted to wind power output forecasts through the use of a wind farm power curve, as
supplied by SP.
The results at T+1 and T+12 are shown below as time series plots. The accuracy of the power
output forecasts is discussed in detail in the following section.
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The general nature of these two time series plots is very similar to that of the wind speed time
series plots. This outcome is to be expected since wind speed is the most important factor
affecting the estimation of power output.
With reference to the T+12 plot (Figure 3.20), the following observations can be made:
•

The timing of the NWP model generally lags the site operation.

•

There are instances of perfect timing (mid-day on 24/11/01).

•

There are instances of perfect matching of ramp-up (23/11/01) and ramp-down (midnight
on 26/11/01).

•

There are forecasts of power dips that never occur (afternoon on 25/11/01 – this is still
anticipated even at T+1).

•

There are occasions when the wind farm is operating at rated power and has been forecast
as such, but the forecast is presumably in the wrong direction sector or perhaps has
estimated the air density wrong - see morning of 21/11/01.
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Accuracy of power forecasts

As for the forecasts of wind speeds, the forecasts of power output are assessed by similar
means.
Figure 3.21 shows the improvement in accuracy compared to simple persistence. Again, three
curves are shown:
•

Overall increase in accuracy.

•

Increase in accuracy for forecasts of 0-20 % of rated.

•

Increase in accuracy for forecasts of 80-100 % of rated.

Similar to the wind speed estimation, the increase in accuracy at the low end (0-20 % of rated)
is greater than the increase found overall (63 % compared to an overall maximum of 46 %).
The accuracy near rated power is, however, similar to that found overall. This indicates that
the increase in accuracy found in the wind speed estimation over this range has not transferred
directly to the estimation of power. This is though to be due to the non-linear nature of the
power curve in this area, where small variations in wind speed can lead to large variations in
power.
Generally, the improvements found in the power forecasts are not quite as great as those
found for wind speed. It should be noted, of course, that the power estimation part of the
overall model - which in this case is a whole wind farm power curve – can introduce errors of
its own, and this is discussed further below.
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Figure 3.21

Improvement over persistence, based on SD of errors

Figure 3.22 shows the extreme prediction errors for both the current method and persistence.
The relatively large extreme errors produced when forecasting the wind speed suggested that
we would likewise find large extreme errors in the forecasts of power, and this is indeed the
case. For the majority of forecast horizons, the extreme error encountered over the two month
period was +/- rated power. Under-prediction, at horizons of up to T+15, has been mitigated
to a slight extent.
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Figure 3.22

Extreme errors

Some care should be taken in the interpretation of extreme errors, since they need only occur
once in an analysis period in order to be counted. Some further investigation of the above
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analysis highlights the fact that the source of some of these extreme errors may not be entirely
due to failings in the model. Figure 3.23 below shows a scatter plot of modelled vs. recorded
power output at T+12. The two highlighted areas (top left and bottom right) show the
extreme errors as indicated in Figure 3.22 above. Careful investigation shows that the four
occasions where the model over predicts (top left) and the one where it under predicts (bottom
right) occur immediately after a period of bad (missing) site data.
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Figure 3.23

Scatter plot of actual vs. forecast power, T+12h

This highlights the following issues:
•

At this stage in the development, the model is not structured to accommodate bad data. It
makes only minimal allowance for this by checking for stationarity before allowing the
internal relationships to be updated with new site data. The issue of bad data will have to
be addressed before the model is used on-line.

•

Assuming that only good data are used by the model, or that better quality checks are
implemented, then further reductions in the extreme error of the power output forecasts
can be expected.

The large amount of scatter seen in Figure 3.23 may suggest that the general prediction of
power output is relatively poor. However, it is important to compare this against the
benchmark of persistence. The same scatter plot of forecast vs. actual power at a forecast
horizon of 12 hours ahead, but using persistence as the forecast method, is shown in
Figure 3.24.

31 of 72

Garrad Hassan and Partners Ltd

Document : 2770/GR/02

ISSUE : C

FINAL

14000

12000

Persistence power [kW]

10000
y = 0.739x
R2 = -0.1734
8000

6000

4000

2000

0
0

2000

4000

6000

8000

10000

12000

14000

Actual power [kW]

Figure 3.24

Scatter plot of actual vs. persistence power, T+12h

Figure 3.24 shows that using persistence to forecast 12 hours ahead produces results that are
essentially useless. Compared to persistence, the errors in the forecasts produced by the
model at T+12 are significantly reduced.

3.8

Sources of error

This section presents a brief discussion on the two most likely sources of error for the
prediction of wind farm power output.
First, the accuracy of the wind farm power curve (or matrix) is addressed.
Second, the accuracy of the site-specific meteorological forecasts is examined.

3.8.1

Wind farm power curve

The wind farm power curve for Hare Hill was supplied by SP. It is made from a year of
concurrent meteorological mast readings and wind farm output. The data were processed into
30 degree direction bins, and 1 m/s wind speed bins. Allowance was made for air density but
not for turbine availability as this information was not available. The data are shown
graphically below (Figure 3.25).
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Figure 3.25

Wind farm power curves per direction sector

It is not in the scope of this project to analyse in detail the uncertainties in this power curve.
However, some understanding of these can be found by using perfect meteorology (in this
case, the wind speed, direction and air density as recorded at the reference meteorological
mast) and using that to predict power via the power curve.
This is shown first as a time series plot (Figure 3.26). From this, it is apparent that a lot of
uncertainty exists around rated power. For example, the right level is not predicted properly
at midnight on 21/11/01 and the morning of 24/11/01. Also, the large drop outs from rated
predicted on 21/11/01 and 27/11/01, due to falling wind speeds, are not observed.
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This uncertainty around rated is also reflected in Figure 3.27, which shows the increase in
accuracy over persistence. The increase at low power levels is very high (almost 90 %)
indicating high accuracy in the power curve in this area. However, this level of accuracy is
neither reflected at rated power nor in the results overall.
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Figure 3.27

Accuracy of power estimation, using perfect site meteorology

The power predicted using perfect meteorology is shown as a scatter plot against the actual
power recorded - Figure 3.28. The high uncertainty at high power outputs is shown by the
very significant scatter in this area. There is also a tendency for the power curve to over–
predict in the mid-power ranges – this suggests that the availability of the wind farm over the
34 of 72

Garrad Hassan and Partners Ltd

Document : 2770/GR/02

ISSUE : C

FINAL

analysed period (November and December 2001) was generally less than that of the period
which generated the power curve.
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Figure 3.28

3.8.2

Scatter plot of power estimation, using perfect site meteorology

Estimation of meteorological mast wind speed

The reference mast at Hare Hill, on the other hand, could suffer from complications such as
wake effects, complex terrain and poor quality SCADA data. The other question to be asked
of the Hare Hill analysis, therefore, is “How well does the model estimate wind speed at the
reference mast?”. To try and answer this, the accuracy of the model when estimating wind
speeds at Hare Hill needed to be compared with a “best-case” scenario.
The best performance to be expected from the model is unknown at this stage. However, a
reasonable estimation of this can be obtained by running the model at a site which is well
exposed, well maintained and for which there is good, clean, long term data. For this
comparison, St Mawgan Meteorological Station was used as the benchmark. A full year
(2001) was analysed, allowing well formed statistical relationships to be formed for all wind
speed and direction bins.
The results for the “optimal” model of St Mawgan are shown below. Figure 3.29 shows the
extreme errors, and Figure 3.30 shows the improvement in accuracy to be gained over
persistence.
The results for the Hare Hill reference mast, shown in Sections 3.4 and 3.5, can be seen to
compare well with the St Mawgan analysis. It is important to note that Hare Hill is a
significantly windier site than St Mawgan, spending as much time in wind speeds of 2030 m/s as St Mawgan spends in 10-15 m/s – hence the different legends.
The comparison between the two sites can be summarised as follows:
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•

St Mawgan is generally modelled better than Hare Hill, though not significantly so.
Beyond T+7, the overall improvement over persistence is 50 to 55 %, whereas at Hare
Hill it is between 40 and 53 %.

•

At both sites, the higher wind speeds show the greatest increase in accuracy. Again, St
Mawgan does slightly better, with improvements over persistence of 60 to 70 %
compared to 55 to 65 % at Hare Hill.

•

Hare Hill, on the other hand, shows significantly higher increases in accuracy over the
low wind speed ranges.

•

The extreme errors at St Mawgan range from +/- 5 to +/-10 m/s over the whole year,
while at Hare Hill the extreme errors are around +/- 10 m/s over just two months.
However, when compared to the errors offered by persistence, the benefits offered by the
model at Hare Hill are at least as good as, if not better than, those at St Mawgan.
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Extreme errors, wind speed estimation, St Mawgan 2001
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3.8.3

Improvement over persistence, wind speed estimation, St Mawgan 2001

Summary of error sources

From the analysis of the two preceding sections, the following conclusions can be drawn:
•

The estimation of wind speeds at the Hare Hill reference mast appears to be almost as
good as can be expected from modelling a well exposed site in simple terrain, and
therefore this part of the process is unlikely to offer much scope for improvement.

•

The wind farm power curve adds a significant amount of uncertainty to the power
forecasts, particularly at rated wind speeds. It is not part of this project to ascertain how
much this uncertainty can be mitigated but GH has much experience in this area and
considers that significant improvements can be made. On a cursory level, it is clear that
improvements could be made in the following areas:
• Using a longer data period to create the power curve.
• Removal of availability effects from the power curve – i.e. the power curve should
represent 100 % availability.
• Careful siting of the reference mast is important. The reference mast at Hare Hill is
believed to be approximately 1.5 km from the wind farm. This is a relatively large
separation and may explain some of the error.

•

Similarly, removal of availability effects from the recorded data used to analyse the
results would be expected to give improvements in accuracy. Figure 3.28 suggests that
the availability for the period analysed was relatively low. Knowledge of hourly
availability would enable results to be scaled to represent 100 % availability.

•

It is not clear how much the mitigation of errors from the power curve and the recorded
power output data will improve the overall accuracy of the method, as there is already a
significant amount of uncertainty in the wind speed estimation.
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INTERPRETATION OF FINDINGS

The main objectives of this section, as outlined in the original proposal, were:
1. To ascertain the degree to which the model can be applied to different geographical
locations, and to document any observed trends between types of location.
2. Where possible, to compare and contrast results obtained by the model with those from
other studies and approaches.
The work in these two areas is presented in the following sections.

4.1

Temporal implications

The following graphs present analysis of St Mawgan wind speed forecasts over different
periods of 2001. Only three periods are shown, as the trends are clear.
The following periods were analysed:
•

January.

•

January to March.

•

January to December.

Figure 4.1 shows the increase in accuracy of the model, compared to persistence. RMSE
(Root Mean Square Error) is used as the measure of accuracy. It can be seen that one month
of analysis shows generally less improvement when compared to the long term (twelve
month) analysis. The difference is not great, apart from at long forecast horizons (greater
than 20 hours). The three month analysis period shows almost identical results to the twelve
month period.
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Improvement over persistence, St Mawgan
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Figure 4.2 shows the growth of extreme errors of the forecast model. There is a gradual,
though exponential, increase in under-predictions with length of period. Over-prediction, on
the other hand, changes very little beyond the three month period – February and March must
have been bad months for over-predictions! The extreme prediction errors appear to remain
fairly level at all forecast horizons, apart from over-predictions for horizons of up to T+10 –
these are around +5 m/s for all analysis periods.
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4.2

Extreme forecast errors, St Mawgan

Geographical implications

The January to December 2001 analysis of St Mawgan was compared with:
•

January to April 2001 at Drumalbin.

•

November to December 2001 at Hare Hill.

Figure 4.3 shows the improvement over persistence, based on RMSE, for these three
scenarios. It can be seen that the model returns similar results for all three locations. St
Mawgan and Drumalbin are both MO meteorological stations – simple terrain, well exposed,
well maintained, good data quality checks. Hare Hill, on the other hand, is a meteorological
mast on a wind farm site in relatively complex terrain. It is perhaps slightly surprising that
the model performs as well as it does at Hare Hill, particularly given the shorter period of
analysis (under 2 months). In fact, the “trademark” of shorter analysis periods – the tailing
off at longer forecast horizons – can be seen on the Hare Hill curve.
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4.3

Improvement over persistence, various locations

Conclusions on temporal and geographical implications

Although it is accepted that the previous examples are not exhaustive, it is believed that they
show the model to be both adaptable to different locations, and relatively quick to learn. It
would appear that an analysis period of three months is sufficient to show how well the model
has adapted to a particular site. Looking at the internal parameters of the model, it can be
seen that the model itself tends to reach equilibrium after approximately two weeks.
However, the adaptive nature of the model – the use of a rolling history window – means that
this takes a little longer to come through in the raw statistics.
The fact that, beyond three months, the results from the model vary relatively little indicates
that the adaptive part of the model is achieving its purpose of keeping the model orientated to
the current meteorological conditions while remembering enough about the past to avoid
unnecessary high frequency errors and state changes.

4.4

Comparison with other methods

It is very difficult to compare forecasting methods. The only true way to compare different
approaches to forecasting is to compare them over the same period, using the same input data
(i.e. the same global NWP model output), and using the same evaluation techniques. Such an
exhaustive approach is clearly beyond the scope of this project. However, some general
conclusions can be drawn from what published material is available. It has to be pointed out,
unfortunately, that published material regarding the accuracy of forecasting methods is
significantly hard to find.

4.4.1

Forecasting currently in use

The issue of predicting the power output of wind farms on a short-term basis (i.e. up to
48 hours ahead) is being addressed in many different countries and in many different ways.
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This market has changed considerably from when this project was first tendered for, when
there were only three main participants in this area:
•

Risø’s Prediktor, operational in Denmark.

•

TrueWind’s ForeWind, operational in some US states.

•

IMM’s (or DTU’s) WPPT (Wind Power Prediction Tool), operational in Denmark.

However, things have moved on significantly in the last two years. The E.On network in
Germany is using a prediction tool supplied and maintained by ISET (University of Kassel).
Red Electra, the transmission operators in Spain, are using a prediction system constructed in
collaboration with CIEMAT. It is notable that both the E.On and Red Electra systems have
very significant penetrations of wind:
•

Over 4000 MW on Red Electra’s system which, in 2002, supplied a maximum of 69 % of
total instantaneous energy demand. The 4 GW is expected to increase to 13 GW by
2011. [23]

•

Almost 10 GW on E.On’s system which, on occasions in 2002, supplied very high
penetrations of wind when compared with concurrent hourly mean energy demand. [23]

It is also notable that both these system operators have taken it upon themselves to implement
forecasting. In neither system is it a regulatory requirement to forecast. Also, as in the UK
and most other countries, the majority of wind farms are connected on distribution systems,
not transmission systems. Even so, the penetration of wind is such that the transmission
system operators are seeing the effects on their system. In order to ensure the quality and
security of customer supply, they are being forced to employ forecasting. This is addressed
further in Section 5.
TrueWind have been joined by other players in the American market, such as 3Tier and
NREL. In Europe, most countries now have some form of activity going on, either being
used in the industry on a commercial basis, or as academic research with industry backing. At
a recent IEA (International Energy Authority) symposium on the subject [23], representatives
from the following countries were present:
•

Spain

•

USA

•

Denmark

•

Norway

•

Finland

•

Sweden

•

Germany

•

Netherlands

•

Mexico

•

Canada

Unlike Spain and Germany, not all of these countries have a technical need for wind power
forecasting yet, due simply to the very small amounts of wind on their systems. However, it
is clear that they are aware that the need will arise sooner or later – either through
infrastructure, regulatory or market requirements – and they are being decidedly proactive in
their approach.
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TrueWind Solutions

TrueWind Solutions offer a forecasting service for individual sites based on a high resolution
(i.e. of 1 or 2 km) physical model, initialised by national NWP forecasts and “tuned” by MOS
(Model Output Statistics) based on regressed relationships between their model output and
actual site data.
TrueWind have operated in the field of regional wind mapping services for several years.
More recently, they have offered services in wind forecasting. They are active in both fields
in USA and Europe.
The data below were published by TrueWind at the 2002 Canadian Wind Energy Conference
[22]. They refer to a wind farm in California. Table 4.1 shows TrueWind’s published
accuracy figures for wind speed estimation, together with comparison of three sites used by
the model developed during this study. Clearly, within this comparison it is important to note
that the TrueWind assessment is in California, whereas the model developed for this project
was assessed using UK data.
It can be seen that the model returns very similar results to that of TrueWind over the 2448 hour horizon. Encouragingly, it appears to hold a significant advantage over the TrueWind
approach over the 1-24 hour horizon.
1 – 24 hours
RMSE
MAE (2)
[m/s]
[m/s]

24 – 48 hours (1)
MAE
RMSE
[m/s]
[m/s]

TrueWind (California)
Persistence (California)

2.57
3.62

3.19
4.45

2.69
5.46

3.58
6.73

Improvement [%]

29.0

28.3

50.7

46.8

Study Model (Hare Hill)
Persistence (Hare Hill)

2.13
3.85

2.73
5.15

2.45
4.84

3.16
6.15

Improvement [%]

44.7

46.9

49.4

48.6

Study Model (Drumalbin)
Persistence (Drumalbin)

1.57
2.69

2.05
3.48

1.93
3.66

2.58
4.71

Improvement [%]

41.6

40.9

47.2

45.3

Study Model (St Mawgan)
Persistence (St Mawgan)

1.08
2.17

1.40
2.79

1.28
2.79

1.67
3.57

Improvement [%]

50.2

49.7

54.2

53.2

(1) The analysis of the current model is over 24-36 hours
(2) MAE – Mean Absolute Error

Table 4.1

Comparison of TrueWind and GH models when modelling wind speed

Table 4.2 shows similar data, but for the prediction of power output. For this, the TrueWind
example can only be compared to the results from Hare Hill. Again, the model compares very
well. There is perhaps a slight degradation in results over the 24-48 hour horizon but, as
discussed previously in Section 3.8.1, it is possible that the power curve used for Hare Hill
introduces some error that could otherwise be avoided.
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24 – 48 hours (1)
MAE
RMSE
[% of rated] [% of rated]

Truewind (California)
Persistence (California)

14.9
24.7

21.3
35.0

16.1
36.2

23.5
46.7

Improvement [%]

39.7

39.1

55.5

49.7

Study Model (Hare Hill)
Persistence (Hare Hill)

16.6
27.8

23.9
37.0

18.9
38.8

27.2
47.9

Improvement [%]

40.4

35.4

51.2

43.3

(1) The analysis of the current model is over 24-36 hours

Table 4.2

4.4.3

Comparison with TrueWind model when modelling power output

Risø

Risø’s Prediktor system has been in use in Denmark since 1997. Like TrueWind’s model,
and like the model developed for this study, Prediktor attempts to forecast the power output
for a single wind farm. Similar to TrueWind’s approach, Prediktor uses a physical model of
the site to convert global NWP forecasts of meteorology to site-specific ones. This
meteorology is then processed via a wind farm power curve to arrive at forecasts of power
output.
The physical model employed by Prediktor is the Risø software, and industry standard, WasP
model. WAsP is a mass-consistent linear flow model, and as such is a less complex model
than that used by TrueWind.
In [25], Risø provide some examples of the accuracy obtained by Prediktor at Kindby Wind
Farm. These are summarised and compared with the current model, and presented in
Table 4.3.

T+6

MAE
[% of rated]
T+12
T+24

T+36

Prediktor (Kindby) (1)
Persistence (Kindby)

6.6
8.5

6.6
11.6

7.7
14.8

7.9
16.4

Improvement [%]

22.3

43.1

48.0

51.8

Study Model (Hare Hill) (2)
Persistence (Hare Hill)

22.6
30.6

24.6
39.3

26.1
47.5

28.3
47.2

Improvement [%]

26.2

37.5

45.1

40.0

(1) The analysis of Prediktor was over 1 year
(2) The analysis of Hare Hill was over 2 months

Table 4.3

Comparison with Prediktor model when modelling power output

From the above comparison, the current model would appear to perform slightly less well
than Prediktor, particularly at the longer forecast horizons. However, there are two important
points to consider which would mitigate this:

43 of 72

Garrad Hassan and Partners Ltd

Document : 2770/GR/02

ISSUE : C

FINAL

•

The analysis of Prediktor was based on a full year of data, whereas that of Hare Hill was
based on less than two months. As highlighted in Section 4.2, analysis periods of at least
three months are required for the model achieve a good site-specific correlation. This
affects the longer forecast horizons most, which is also the area of least accuracy in this
particular comparison.

•

Based on the MAE figures, the wind regimes at the two wind farm sites – Kindby in
Denmark, and Hare Hill in Scotland – are clearly very different. The less variable
synoptic weather patterns experienced in northern Europe, and the significantly less
complex terrain, presumably make the global NWP forecasts more accurate in the first
place.

4.4.4

Scottish Power Study

Project partners Scottish Power have been interested in short term forecasting for some time.
In 2001, they completed a study [21] using two commercially available forecasting methods.
The two methods were applied to Hagshaw Hill Wind Farm over several months of data. The
results are summarised in Table 4.4. The study was internal to Scottish Power and is not
publicly available. For confidentiality reasons, the two commercial methods are referred to
here simply as “Method 1” and “Method 2”.
This analysis conducted by SP is perhaps the most relevant for this study, as both Method 1
and Method 2 used global NWP forecasts from the MO, and both were used to predict the
power from Hagshaw Hill, which is very close to Hare Hill and is situated in the same hilly
terrain. Therefore, all three forecast models would have had to accommodate the same
problems in both a synoptic and in a local topographical sense. Also, there would be no bias
introduced by the global NWP model as they were all using the same one.
The one aspect that makes this a less than perfect comparison is the different wind farm and
time periods analysed.
The figures presented in the table represent the “accuracy” of the forecast method as
determined by:
Accuracy = 100*(1 – MAE/Production)
This was SP’s own evaluation method. The higher the number the more “accurate” the
forecasts. A perfectly accurate forecast would have zero MAE and therefore an accuracy of
100 %.
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T+4

T+12

Accuracy (1)
T+24

36 - 63
53
59

12 - 74
46
26

15 - 66
43
12

52 - 60
56
57
60

60 - 61
60
35
53

49 - 60
54
21
51

68
63

63
36

61
18
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T+60

Method 1
Range
Average
Persistence

-23 - 60
34
-4.5

Method 2
Range
Average
Persistence
Method 1 (2)

39 - 64
51
-6
31

Hare Hill
Model
Persistence

(1) Accuracy figures quoted for Method 1 and 2 are monthly figures
(2) Results obtained by Method 1 over the same period as analysed by Method 2

Table 4.4

Comparison with SP results when modelling power output

On a month to month basis, Method 2 is clearly a more stable model with relatively consistent
results between months over all forecast horizons, while Method 1 is a bit more variable.
Also, the values of accuracy from persistence modelling are similar for all analysis scenarios,
indicating that the general synoptic conditions were similar throughout.
Overall, this comparison is very encouraging. The model produces an accuracy that is better
than the mean of either commercial model at forecast horizons of 4, 12 and 24 hours.

4.5

Summary of interpretation of findings

From the preceding analysis, it is reasonable to conclude that the model has achieved the
primary objectives of:
•

Transference

•

Adaptability

•

Accuracy

The establishment of all three objectives has not been exhaustive, but it is GH’s opinion that
nothing has been found in the analysis to suggest that there are any substantial shortcomings
to the modelling approach adopted by GH for the study. The comparison with published
results for other methods is very favourable.
The model has been validated only under UK conditions. This, of course, was the original
remit of the project. However, the question should be asked how well it is likely to adapt to
other geographical and meteorological conditions. In particular, how well it will perform in
areas with significantly different climatologies from the UK – such as California, the midwestern USA, Spain – where the wind speed and direction are determined by much more
localised effects for much of the time. While no conclusive answer can be given, it is not
unreasonable to expect that the model will perform to a similar accuracy. This is due largely
to the adaptive statistical approach taken, which means there are no physical constraints on
the model. It is likely that the model may have to use inputs that have not been considered in
the present study – such as land-sea temperature difference – but that is more an issue of
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understanding the local meteorology than anything to do with the limitations of the model
itself.
A possible drawback envisaged for the current model is that it is reliant on the input NWP
forecasts predicting meteorology relevant to the site concerned. If a site has a very dominant
local effect which cannot be described by the more general meteorology of the area, then the
model will likely struggle.
For the majority of sites, though, such issues are at best non-existent, and at worst infrequent,
so it may be concluded that the model offers a very promising method for creating short-term
site-specific forecasts.
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APPLICATION OF FINDINGS

As indicated in the introduction to this report, the original sections of “Energy Output and the
Bid Factor” and “Application of Findings”, are being reported jointly here. It was felt that
both sections had considerable crossover in their objectives and so reporting them together
was logical and aided clarity.
The focus of both original sections was an attempt to ascertain the degree to which
forecasting is likely to be able to meet the commercial requirements of expected end-users.
As outlined in the original proposal, the main objectives of these two sections are:
1. Investigate the implication of the uncertainties associated with the forecasts, and establish
how these should best be used in a market trading scenario.
2. Examine the effect of site aggregation, for multiple-site operators and so-called
“consolidators”.
3. Evaluate how well the forecasting method can meet market trading requirements, and to
comment on the optimisation of trading strategies
4. Draw conclusions on the commercial applicability of the forecasting method.
5. Formulate specifications for the commercial exploitation of findings.
All of these are discussed in the following text.

5.1

Why Forecast?

5.1.1

Electricity markets

When this project was initialised, NETA was not yet operational in the UK. It was expected
that the findings from this current work would be used to:
•

Establish how well wind farms could operate in the (expected) new trading environment.

•

Inform NETA itself regarding how limiting, or otherwise, the new regulations were on
intermittent generators like wind.

Beyond NETA, there was a general expectation electricity markets around the world were
changing. As wind penetration increased on electricity systems, the costs (to the system
operators) of accommodating it would rise and would ultimately be mitigated via market
regulations – most likely in the form of forecasting requirements.
It was therefore assumed that establishing how useful the forecasting method was would be
done on the basis of market requirements, with particular attention being paid to those of
NETA.
However, the general situation:
A. Has moved on, and
B. Is not that simple.
A good example is the UK. Since this project started, NETA has reduced its gate-closure
time from 3.5 to 1 hour - due largely to effective representation from wind farm operators
who convinced OFGEM that 3.5 hour forecast requirements were unfair on the smaller and, in
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particular, intermittent generators. More recently, ROCs (Renewable Obligation Certificates)
have been introduced in the UK, along with fairly significant requirements on suppliers to buy
a certain fraction of their generation from renewables. These two changes have increased the
value of renewable generation considerably. Because of its high value, suppliers are happy to
buy generation from wind farms on long term contracts, thus allowing the wind farm
operators to avoid NETA, and the associated imbalance costs, entirely. In the UK at present,
there is no market incentive for wind farm operators to forecast their output.
Even if there were no long term contracts and wind farms had to operate directly under
NETA, the reduction of the gate-closure time to just 1 hour ahead renders any synoptic-based
forecasting - as has been developed here – probably less effective than simple persistence.
There is another requirement in the UK for generators and/or suppliers to inform the network
operator, the National Grid, of their forecast demand and supply for up to 24 hours ahead on a
rolling basis [24]. However, while this is a much more attractive problem for a forecasting
model to tackle, in practice there is no cost associated with getting this particular forecast
wrong. Such forecasts are for information only 8.
So, in relation to the outlined objectives for this part of the work, the question to be asked is
“How to prove the worth of something that is apparently not required?”. To address this, it is
worthwhile examining electricity markets in more detail.
A detailed review of the current status of several electricity markets in which wind has
reasonable penetration is provided in Appendix C. The chosen markets are by no means
definitive – the penetration of wind power into electrical infrastructures is constantly
increasing throughout the world.
However, there are several points to take from Appendix C:
•

Market trading arrangements differ significantly between markets.

•

Market trading arrangements are often “under review”.

•

Market trading arrangements may:
• Legislate specifically for wind (and/or other intermittent/small/green generators).
• Offer ways for wind farm operators to avoid the market risks (such as by contracting
directly with 3rd party suppliers).

In attempting to establish the worth of a forecasting model, looking at specific market
conditions can therefore be misleading. It is perhaps more worthwhile looking at the general
issues faced by electricity system operators and planners.

5.1.2

Electricity system operational requirements

In this section, the benefits of wind forecasting to the operators and planners of large
interconnected electricity systems are reviewed.
It is necessary to distinguish the system operator’s role from the system planner’s role.
System planners have responsibility for ensuring there will be sufficient transmission system
capacity in the future, i.e. investment decisions to build new transmission lines. In the past
this responsibility also extended to generation, but in many jurisdictions generation
investment decisions are no longer centrally planned.

8

Getting this forecast wrong is termed “Information Imbalance”. The absence of information imbalance costs is an aspect that
can be found in other markets too, such as in Eire.
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5.1.2.1 Benefits for system operators
The system operators have responsibility for running their system safely and economically.
The requirement for economy implies a requirement for reliability, as in developed economies
the economic effects of interruptions to supply are very severe.
Operators aim to achieve these objectives by:
•

Ensuring there is sufficient generating plant operating at any time to meet the total
customer demand.

•

Ensuring that at any time, a sufficient fraction of the operating generating plant can
increase or decrease its output to control the system frequency, by matching supply to
demand on timescales of seconds.

•

Ensuring there is sufficient additional generation available instantaneously or at very
short notice to cope with the sudden loss of some generation due to faults.

•

Switching elements of the transmission system in or out of service for maintenance and to
cope with faults.

•

Ensuring there is sufficient plant to control reactive power.

•

Instructing generators (within the contractual obligations of generators), and controlling
plant directly under the system operator’s control, to minimise losses and keep voltages
within limits.

Note that the powers and responsibilities of system operators vary: in particular, there are
practical differences between systems where operators are responsible for generation
scheduling, i.e. deciding which generators will run and at what output, and systems such as
NETA where the majority of generators decide what to produce depending on contracts with
electricity suppliers.
The addition of wind generation to an electricity system increases the uncertainty facing an
operator. Until the uncertainty - in terms of absolute power (MW) - associated with the wind
generation approaches the uncertainty of demand forecasts 9, the effect can be, and is,
ignored. This limit is now exceeded on several systems and is being approached on several
more.
As noted above, unreliability of the electricity system has major economic costs. Therefore
system operators can be assumed to give an extremely high priority to reliability, at the
expense of other economic factors such as efficiency of generation. For this reason it is
concluded that the addition of wind generation to the system will not affect reliability or,
more accurately, will not be allowed to affect reliability.
It is important to understand that system operators can cope with any uncertainty associated
with wind generation, without any forecasting, if they have the ability to control the wind
generation. If wind generation has “must run” status, as is the case in most markets at
present, the system operator has no control of its output. However, if wind generation is
subject to limitations or curtailment by the system operator, then the uncertainty is
significantly reduced, which reduces the need for forecasting. In this way wind generation
becomes dispatchable, similar to other forms of generation. However, the economic effect of
curtailment is more severe on wind generation than conventional generation 10, due to the high
9

The maximum demand for England and Wales is around 50 GW. When making forecasts of demand, system operators use
many different indicators – time of day, weather, time of week, television schedules, etc. Generally, forecasts of demand are
fairly accurate – typically to within a few percent.
10
‘Conventional generation’ in this case is defined to mean steam, gas turbine and hydro plant.
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capital costs and zero fuel costs, and it appears this is being taken into account in the
proposals for curtailment emerging from system operators.
There are many options for curtailment, but the principal options are:
•

Capping wind generation at some level lower than its rated capacity.

•

Limiting the positive rate-of-change, or ramp rate, of output from individual wind farms.

•

Limiting the negative rate-of-change, or ramp rate, of output from individual wind farms.

This last point cannot fully be achieved without some form of forecasting, as a reduction in
wind speed is always possible. However a limit on the rate at which wind turbines within a
wind farm can be shut down from full output can be implemented without forecasting. With
forecasting, a reduction in wind farm output can be detected before it occurs, and the output
of the wind farm reduced in advance in order that the negative ramp rate requirement is not
breached.
All these curtailment options result in lost production, which has economic effects. Clearly if
these curtailment functions are only implemented for a few hours per year at times of
particular difficulty (for example, high wind production during low demand periods on
summer nights, or during the passage of extreme storm fronts), then the economic effects will
be very small.
There are other control functions which wind generation could provide, and may be asked to
provide, which will ease the system operator’s task. However these are not related to
forecasting and are not discussed further here.
With the above background, the benefits to system operators of improved wind forecasting are:
•

Scheduling of generation on operational timescales.

•

Scheduling of maintenance.

For simplicity, it is assumed here that system operators are responsible for scheduling
conventional generation. For systems where this function is intended to be achieved by the
market, the situation will be more complex but the principles will be the same.
Scheduling of generation on operational timescales
Without good forecasts of the output of wind generation for look-ahead periods of several
hours 11, system operators must schedule conventional generation on the assumption that there
will be little or no wind. It has been found that, under a market system, the economic benefits
of over-supply of wind (selling the surplus power) are far outweighed by the economic costs
of under-supply of wind (buying additional power). The result is that, for most of the time,
there will be an oversupply of energy, and conventional generation must therefore run below
the operating point for optimum efficiency. In other words the conventional generation that
must run in order to meet the expected demand, taking into account some cautious assumption
of the output of the wind generation, has to reduce its output because the actual wind
production turns out to be greater than assumed. Conventional generators have a point of
optimum efficiency which is generally near the upper end of their output range (70 to 100 %).
Operation below this point has economic costs.
In addition, at high wind penetrations, it is likely that occasionally the output of the
conventional generation will have to be reduced until the minimum generation limits are
11
Operational timescales are the lead times required to start up any generation plant on a system, and bring it to full output.
These lead times vary significantly between plant types and can range from minutes to many hours. For most systems, the
longest lead time required is likely to be around 12 hours.
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reached. All conventional generation has some form of minimum generation limit: its output
cannot be reduced below this level without damaging the plant or running other risks. When
this limit is reached, the wind generation will have to be curtailed, with economic costs.
Other similar factors due to increased uncertainty are:
•

Increased numbers of startups and shutdowns of conventional generation.

•

Increased ramp rates for conventional generation.

•

Less efficient scheduling of hydro generation.

Improved forecasts, including most importantly indications of the uncertainty associated with
the forecasts, will reduce the effects of each of these factors and therefore allow the system to
be run more economically.
Maintenance scheduling
Forecasting on timescales beyond several hours is required for scheduling of maintenance of
the transmission system and other generators. In most cases this will require forecasting on
timescales of days. This is clearly harder to achieve than the operational forecasting on
timescales of hours, but there is some economic benefit to be had. In practice, because of the
major costs of changing maintenance plans at short notice, then if good forecasts on these
timescales are not available it is likely that wind generation will be curtailed.

5.1.2.2 Benefits for system planners
As noted above, system planners work on much longer timescales. However, wind forecasts
are still relevant.
The argument about capacity credit (the extent to which wind generation can reduce the
requirement for conventional generation capacity) is unaffected by forecasting. However the
uncertainty associated with wind generation will tend to influence the choice of conventional
generation technologies to be built, i.e. plant with fast start times and fast ramp rates may be
favoured. In addition, the economic case for storage capacity (for example, pumped storage,
or hydro systems with reservoirs) will be affected. Improved forecasting will therefore save
cost.

5.1.2.3 Summary of operational requirements
It is clear that the benefits of forecasting to system operators and planners should be seen as
economic benefits. These economic benefits will not accrue directly to the system operator,
but will be spread across the system users and possibly the taxpayer in accordance with the
market rules for that system.
The implementation and improvement of wind forecasting will incur costs for system
operators, and these should be allowed for in the mechanisms for reimbursing the system
operators. These costs will be far less than the economic benefits of improved forecasting.
GH considers that curtailment by the system operator and improved forecasting are
complementary, and both are necessary for high wind penetrations to be achieved at
maximum economic benefit.
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The above discussion on electricity markets and system operational requirements highlights a
problem when trying to establish the “value” of a forecasting model – that the value of any
forecasting method is highly dependent on the details of the end use. In particular, the project
was faced with the following:
•

If the evaluation was to be based on NETA requirements, with a 1 hour gate-closure the
value of a synoptic-based forecasting service would, at worst, be zero or, at best, be
positive but less than simple persistence. To improve upon persistence at horizons of just
a few hours is certainly possible, but it requires a different approach to that taken in this
study.

•

An alternative option would be to base any estimation of value on the effect forecasting
has from a system operations stand point. However, such an investigation is hugely
complicated and very system dependent and so could not be considered under the current
work.

Instead, a compromise has been reached. If the basic principle - that the market prices reflect
the general value of generation on a system and the costs of imbalance – is accepted, then a
more generic approach can be employed, with market prices used as indicators for the more
general system costs. This way, the more artificial strictures of the particular market – such
as gate closure times, or ROCs – can be avoided.

5.2.2

Simple time series analysis, NETA imbalance costs

The simplest way to establish the value of a forecasting model is to simulate a time series.
The two month analysis of Hare Hill was used to create time series of forecast output at
horizons of 1 to 36 hours. For each hour of the simulation, the forecast was compared to what
actually happened, and the consequent imbalance was evaluated. These imbalance costs were
then summed for the whole period, and divided through by the total generation to arrive at a
mean value per unit of generation.
The market price indicators used are given in Table 5.1. Obviously, as NETA is balanced
every half hour, there are 48 sets of imbalance costs per day. To complete a time series
analysis in the purest sense, every set of half-hourly costs over the full analysis period would
have to be extracted. It is accepted that the imbalance prices in any particular half-hour can
exert significant influence over the overall economics – in particular, periods of high system
demand incur very high “system buy” costs, and consequently any over-prediction at these
times is financially severe. However, the effort involved in extracting this information was
considered to outweigh any extra insight to be gained. In fact, the nature of the following
analysis benefits from the avoided complications of highly variable market costs.
Wholesale price for generation

1.5 p/kWh

Market price for buying extra generation

-1.8 p/kWh

Market price for dumping excess generation

1.2 p/kWh

Prices from 14 Nov 2002 – see [20]

Table 5.1

Market prices under NETA
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The time series analysis produced the curves shown in Figure 5.1. At T+1 and T+2, simple
persistence forecasting has a relatively high value. At T+3 and T+4, persistence and the
model have very similar values, and beyond T+4 the model is considerably more “valuable”
than persistence.
However, both approaches have a value of less than the system sell price (1.2 p/kWh) beyond
T+4. This means that, at forecast horizons of 5 hours and greater, the generation of Hare Hill
would have been worth more had it simply “spilled” onto the system. So while the model is
clearly “better” than persistence beyond T+4, it is still of no practical value.
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Figure 5.1

Value of generation from time series analysis

The reason that the value of the forecasts drops so quickly is due to the relatively large
uncertainties that exist with each forecast in combination with the uneven weightings of the
imbalance costs. The best value any forecast can achieve for the generation is 1.5 p/kWh.
The most cautious approach possible would be to consistently forecast zero, thus receiving
1.2 p/kWh for each unit generated. This is a relatively small price band in which to provide
additional value. With such a high cost associated with over-predicting (Hare Hill would
have to pay the market 1.8 p/kWh for every unit it is short), the uncertainty associated with
either forecasting approach causes heavy financial costs after T+4. As noted previously,
during periods of high demand the value for system buy price can increase significantly
beyond the 1.8 p/kWh used here – values of 10 p/kWh and above are not uncommon.
Because of this, in reality the situation will be worse than that shown in Figure 5.1

5.2.3

The “Bid Factor”

Due to the heavy bias against over-predicting, the obvious way to mitigate against this is to
“bid” less than what the model forecasts.
The concept of such a “bid factor” was introduced in [4]. The evaluation of this bid factor
was achieved through a time series approach similar to that discussed here. The analysis,
though, was significantly more thorough, utilising six months of data from 19 sites. Three
months each of winter and summer were analysed for a combination of 10 “inland” and 9
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“coastal” sites. The analysis indicated that the optimum bid factor was approximately 0.7 (i.e.
the operator would bid 70 % of what was forecast). However, the exact value was highly
dependent on:
•

Time of day.

•

Day of the week.

•

Time of year.

•

Type of site.

•

Level (amount) of forecast.

Also, although not specifically addressed in [4], the value of the bid factor will also be
dependent on the ability of the forecasting model being used.
Figure 5.2 to Figure 5.4 show the same analysis as before, but using bid factors of 80, 60 and
40 %. The trend is clear – the lower the bid factor, the “flatter” the value curves become. In
all cases, the reduced uncertainty inherent in the model forecasts cause it to have a higher
value than persistence after T+4. At a bid factor of 60 % (Figure 5.3), the model can improve
the value of generation to above the spill price of 1.2 p/kWh at all forecast horizons. At a bid
factor of 40 %, the model provides a value of generation of around 1.25 p/kWh at all horizons
beyond about T+12. However, the value of generation at horizons below about T+6 begins to
drop.
As the bid factor tends to zero, all forecast horizons for all forecast models will tend to a
value of generation of 1.2 p/kWh.
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Figure 5.2

Value of generation from time series analysis, bid factor = 80 %
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Figure 5.3

Value of generation from time series analysis, bid factor = 60 %
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Figure 5.4

Value of generation from time series analysis, bid factor = 40 %

As the bid factor drops from 100 % to 0 %, the value of generation provided by the model
increases, peaks, then begins to fall again until it reaches a value of 1.2 p/kWh at a bid factor
of 0 %. This relationship between value and bid factor varies between forecast models, and
between forecast horizons. It is clear that model/horizon combinations with low uncertainty
will have the value of generation peak higher, and with a higher bid factor, than those
combinations with more uncertainty. The higher the uncertainty, the lower the bid factor
required to maximise the value of generation. And, at very low bid factors, all forecast
models will begin to look the same.
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Mitigating Uncertainty

The route to increasing the value of a forecast lies in understanding:
•

The uncertainties associated with the forecast itself.

•

The costs associated with getting the forecast wrong.

The discussion of a bid factor in the previous section is one way of addressing this issue. It
does not deal directly with probability distributions of errors, though an acknowledgement of
these is clearly inherent within the approach.
For a more complete understanding of uncertainty, and with a view to making more
generalised guidelines regarding the mitigation of risk, error distributions are discussed in
detail below.

5.3.1

Probability Distributions of Forecast Energy Output

The “accuracy” of a forecast (whether it is model output, persistence, or some other estimate)
has been represented in previous sections as values such as:
•

The standard deviation of errors.

•

Mean absolute errors.

•

Extreme errors.

However, such measures alone are insufficient in explaining the full range and origin of the
uncertainty. More importantly, they fail to provide the information required to enable
mitigation of their effect. Instead, it is useful to turn to the concept of a contingency table.
An example of this is shown in Table 5.2, which shows the likelihood of occurrence of an
actual power output for a given predicted output.
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Table 5.2

Probability distribution of binned predictions, T+4h, Hare Hill

Historical model results can be post-processed to create these contingency tables and,
ultimately, to create probability curves for the various forecast states. The data shown in
tabular form above is perhaps shown more usefully in graphical form - Figure 5.5. For
clarity, the data have been shown as lines between bin centres - they would be more properly
shown as individual bar graphs.
80.0

70.0

60.0
Probability of occurence [%]

<0
0-10
10 - 20
20 - 30
30 - 40

50.0

40 - 50
50 - 60
60 - 70
70 - 80

40.0

30.0

80 - 90
90 - 100
>100

20.0

10.0

0.0
<0

0-10

10 - 20

20 - 30

30 - 40

40 - 50

50 - 60

60 - 70

70 - 80

80 - 90

90 - 100

> 100

Actual output [% of rated]

Figure 5.5

Probability distribution of predictions, T+4 hours, Hare Hill

Another way of presenting this information is as exceedence curves. These are presented in
Figure 5.6.
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Figure 5.6

Probability of exceedence, T+4 hours, Hare Hill

Similarly, it is useful to show the probability of two different forecasting techniques – in this
case “the model” and simple persistence – together on the same graph.
The following graphs show probability distributions of errors from both the model forecasts
and persistence, at various forecast levels, at T+4 and T+12 horizons.
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Figure 5.7

Probability distribution of actual generation, Hare Hill, T+4h, Forecast
10-20 % of rated
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Figure 5.8

Probability distribution of actual generation, Hare Hill, T+4h, Forecast
80-90 % of rated
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Figure 5.9

Probability distribution of actual generation, Hare Hill, T+12h, Forecast
80-90 % of rated

The benefit of the improved forecasting model is clear from the above graphs, particularly at
the T+12 horizon (Figure 5.9). At the T+4 horizon, the spread of results is fairly similar
between the two approaches, particularly when forecasting in the range of 80-90 % of rated
(Figure 5.8). This similarity is reflected in the “value of generation curves” in Section 5.2 –
the curves for the model and for persistence cross over around this forecast horizon.
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The reduction in uncertainty provided by the forecasting model, in quantative terms, is not
immediately apparent from the comparison of distribution curves. It is perhaps better shown
by exceedence curves.
The following two graphs show exceedence curves for both the model and persistence, for
forecasts in the range of 80-90 % of rated, at T+4 and T+12 horizons. There is a line drawn at
a notional value of 90 % in order to aid comparison.
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Figure 5.10

Exceedence curve for predictions of 80-90% of rated, T+4h, Hare Hill
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Figure 5.11

Exceedence curve for predictions of 80-90% of rated, T+12h, Hare Hill

60 of 72

Garrad Hassan and Partners Ltd

Document : 2770/GR/02

ISSUE : C

FINAL

The above graphs show the reduction in uncertainty provided by the model very well. At
T+4, when the model predicts in the range 80-90 % of rated, there is 90 % confidence of
generating greater than 54 % of rated. For persistence, the figure is 40 % of rated. At the
T+12 horizon, the 90 % confidence level has reduced to around 44 % of rated for the model,
and to around 11 % of rated for persistence.
In other words, if there is a need to forecast at 12 hours ahead, the errors inherent in the
simple persistence approach are so great that the confidence which can be placed in the
forecast value is so low as to be almost useless. At this forecast horizon, there is a very clear
benefit to be gained by using the forecasting model.

5.3.2

Optimised trading potential

The question arises as to how best to use knowledge of these distributions when using
forecasts in a decision making process. To this end, the operator 12 is required to consider the
consequences of over- or under-predicting the actual power output at time T+n.
When the model forecasts an output level of x at time T+n, the expected value of a “bidded”
level of output, y, can be described as:

EV ( y ) = f ( x, y, c) = ∫

XR

0

Where:
EV(y)
P(x)
f(x,y,c)
XR
x
y
c

P( x). f ( x, y, c).dx

Expected Value (of bid)
Probability distribution of actual output x
Function of cost/benefit of over- or under-performing
Rated output
Actual output
Bid level
Cost/benefit function

For example, if a model forecasts a power output in the range of 50-60 % of rated, and if that
model has no uncertainty associated with it, then the graph of expected value against bid-level
is shown in Figure 5.12. The imbalance prices assumed in Section 5.2 have also been used
here.

12
There is no distinction here between wind farm operators or electricity system operators. The term “operator” simply refers to
whoever is using the forecast and making the decisions.
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Figure 5.12

Expected value of generation when forecast is in the range 50-60 % of
rated, assuming perfect forecasting

In order to quantify how much each forecasting method can be optimised, the above analysis
has to be repeated for all forecast levels. This then provides the expected optimum value of
generation for the full range of forecast levels – see Figure 5.13.
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Figure 5.13

Optimal value, all forecasts, T+4h, Hare Hill
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Figure 5.14

Optimal value, all forecasts, T+12h, Hare Hill

The overall effect for the two forecasting methods can then evaluated by combining the
optimal value of all forecast output (above) with the actual generation for each forecast
(Figure 5.15).
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Figure 5.15

Actual generation as a function of forecast level, T+4h, Hare Hill

The final results are shown in Figure 5.16.
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Figure 5.16

Optimal values of generation, compared with a bid factor of 40 %

Figure 5.16 shows that the maximum value of generation from the model is likely to only
increase that from persistence by a few hundredths of a pence per kWh. While this is initially
a surprising conclusion, given the statistical superiority of the model when compared to
persistence, what it clearly shows is the importance of evaluation and use of the forecast
probabilities.
This is in fact a relatively unrealistic and optimistic use of the probabilities. The probabilities
were calculated from the two months of analysis at Hare Hill. They were then used on the
same period to extract the optimal values. If the probabilities were perfectly repeatable over a
two month period, then this would be a fair reflection of reality. However, they are
undoubtedly not repeatable, at least to the degree assumed here, and so the optimal values of
generation presented here will be optimistic. This is not necessarily detrimental to the use of
forecasting, as this optimisation has increased the value of persistence more than the value of
the model. When used on-line, persistence is unlikely to benefit to the extent shown here and
therefore the model will most likely retain its advantage.

5.4

Aggregation of Multiple Sites

The lack of suitable wind farm data allowed only a very limited look at aggregation issues in
this project. The work is described below.
As the geographical spread of an electricity system increases, the wind speeds across it
become less correlated. Any individual wind farm can display characteristics that could cause
problems for a system operator – particularly large power fluctuations over short time scales.
However, when treated “en masse”, geographically dispersed wind farms enjoy a certain
amount of mitigation. The larger the area of dispersion, the greater the mitigation of local
effects. Some areas will be windy, some will not. Some areas will have rising power output,
some will have falling power output, etc.
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The effect of aggregation on wind farm power fluctuations, and on capacity credit issues, has
been looked at before by GH and others. The issue for this project was to address how
aggregation affected the accuracy of forecasts.
Forecasts of power output from P & L and Hagshaw Hill during May 2000 were made. Due
to lack of wind farm power curves for these two wind farms, the power output had to be
regressed statistically from the NWP forecasts, which is clearly far from ideal. However, the
absolute accuracy is not particularly relevant here – it is the relative change in accuracy when
sites are aggregated.
The effect of site aggregation is shown below as a summary table, exceedence curves and as a
time series analysis.
Simulation

Persistence
s.d.
[% of rated]

Model
s.d.
[% of rated]

Improvement over
persistence
[%]

Hagshaw T+4

16.5

13.4

18.8

P&L T+4

18.9

16.2

14.3

Combined T+4

14.7

12.3

16.3

Hagshaw T+12

25.4

16.4

35.4

P&L T+12

30.6

22.2

27.5

Combined T+12

25.3

16.9

33.2

Table 5.3

Effect of site aggregation, summary, May 2000
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Figure 5.17

Effect of site aggregation on exceedence, prediction 50-60 %, T+3h

Applying similar analysis to that described in Section 5.2, and following the simple “bid what
is forecast” approach, the following table can be created:
65 of 72

Garrad Hassan and Partners Ltd

Document : 2770/GR/02

ISSUE : C

FINAL

Effective value of generation
[p/kWh]
Model
Persistence
P&L

0.92

0.94

Hagshaw Hill

0.98

0.91

Weighted average

0.94

0.93

Combined

1.05

1.02

Table 5.4

Value of generation, T+4h, May 2000

From the above, the benefit of aggregating the output of even just two sites is immediately
apparent:
•

From Table 5.3, it is clear that the errors of both the model and of persistence have
reduced, though this is more noticeable at T+4 than at T+12.

•

Similarly, from Figure 5.17 it is clear that the exceedence curve has steepened – i.e. the
uncertainty has reduced - and that there is now 100 % certainty (!) that the actual
generation will not exceed 80 % of rated or be less than 20 %.

•

And again, from Table 5.4 it is clear that even the non-optimised approach of “bidding
what the forecast is” improves significantly. The value of generation from the model
forecasts has increased by 12 %, while the value from persistence has improved by 10 %.

The results clearly show that the aggregation of even just two sites has an immediate impact
on the accuracy of forecasting. It is not clear if the advantage to be gained applies to the
model more than to persistence. Without evidence to the contrary, it is presumed to provide a
similar advantage to both and, by extrapolation, to all forecast techniques. The total effect of
aggregation will ultimately depend on the number of sites and their geographical dispersion.
Any advantage gained tends to level off exponentially with an increasing number of sites,
following the law of diminishing returns – see [3].

5.5

Commercial viability

The commercial viability of a forecasting model is impossible to evaluate without knowing
the financial implications of the end-use. As has already been highlighted in this report, the
possible end-uses for short term wind forecasting are varied. The original expectation for this
project was to evaluate the financial benefits against participation of wind energy trading
within NETA. For the reasons previously discussed, this cannot be done. Or rather it can be,
but the conclusion is that it has no financial value, which is not very helpful.
The forecasting of wind speed and power most certainly does have a role to play in the
electricity industry. It is not clear whether this is likely to be at a market trading level, or at a
system operations level. Most likely it will be both. The problems faced by wind farm
operators (or rather, the benefits to be gained from forecasting) at a market level vary hugely
between markets. However, once a particular market’s details are known, it is relatively easy
to evaluate the financial benefit of a forecasting model.
A very simple example:
Take the scenario from Section 5.2. Use the same market balancing prices, and assume that
the market requires forecasts 12 hours ahead, updated every hour. A wind farm participating
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in this market could sell all its generation at the spill price of 1.2 p/kWh. Assuming a
capacity factor of 35 %, this would give a total income of £2,209k/yr. The model developed
here, using the most suitable bid factor, would be expected to provide the generation with a
value of around 1.27 p/kWh for this forecast horizon. This gives a total income of
£2,338k/yr. This is an increase of £129k/yr.
Therefore, sell a forecasting system to this operator for £60k/yr and they will still profit by
£69k/yr.
This is not the full story, of course, as simple persistence can also be “optimised” to provide a
value of generation greater than the spill price. Due to its increased uncertainty, the optimal
bid factor is found to be around 10 %, giving an overall value to the generation of
1.23 p/kWh. This effectively halves the profit to be made from utilising a forecast model.
Instead of simply spilling, the operator could use the optimised persistence and create an
income of £2,264k/yr. The profit to be gained by the forecasting is now 0.04 p/kWh, or
£74k/yr.
It must be stressed that this figure of 0.04 p/kWh is not “the answer”. It is merely
demonstrating what forecasting might be able to achieve in this potential scenario. As
specified earlier, each end-use must be examined in its own right. However, it is thought that
it is probably indicative of the margins likely to be faced by forecasting models, though this
cannot be verified without further work in this area.
As the value of forecasting is so heavily dependent on the end-use, perhaps a more useful
guide to commercial potential is to look at what is known about the costs of forecasting
systems currently available.
•

Prediktor sells for an annual fee of DKK 100,000 – approximately £9,000. The cost of
NWP data is additional to this, which Risø suggest costs around another DKK 20,000
(£1,800) per annum [25].

•

CAISO, the Californian System Operator, are near to implementing a forecasting system
for which they will charge participants 0.01 cents/kWh [27]. This is approximately
£13,000/yr for a 60 MW wind farm.

A value of around £10,000 per year per site is expected to cover data costs from the MO,
infrastructure costs, and labour costs. From this, it can be concluded that the model
developed for this study can operate in the current market on a commercial basis.
One final point on costs and benefits of forecasting that is worth highlighting. Improved
forecasting results, ultimately, in a p/kWh figure – i.e. the value to an operator depends on the
total energy they produce. The cost of forecasting therefore becomes less of an issue the
more energy an operator produces. The potential customers for a forecasting service cover a
massive range of capacity. From single wind farms of a few MW, to large wind farms of
100+ MW, to operators of many wind farms, to system operators with GW of wind capacity.
When it comes to commercial utilisation of this forecasting model, it would be worth bearing
this in mind. Any cost structure derived for the model should be flexible enough to
accommodate as many potential customers as possible, while not limiting income
unnecessarily.

5.6

General specification requirements

The specifications required for this forecasting model to work are now discussed.
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Site SCADA systems

Perhaps the most important aspect of the model is the requirement for good quality site data.
While most new wind farms will have high quality SCADA systems installed, it is not
necessarily the case that older wind farms will. The quality of SCADA system may well be a
limiting factor at many potential sites.
In its present state, the model requires a constant data stream from the site of whatever its
prime target parameters are. For the analysis of Hare Hill, for instance, the most important
parameter is the wind speed at the reference mast. As long as the model has access to that
data signal, in real time, the process should function satisfactorily. The other parameters –
direction, temperature, pressure – are not required in real time. The site-specific models for
these parameters are established off-line and are not employed in an adaptive manner.
The other part of the modelling stream, the power model, is also heavily reliant on good
quality site data. Though not in real-time, as the construction of the wind farm power curve
can be done offline on historical data. There may be a requirement to build a wind farm
power curve over time – for instance, a project with no measured wind farm power curve
could start with a theoretical one, modifying it with recorded data as time progressed. Again,
though, there would be no requirement to do this in real time.
There are two possible scenarios for the implementation of a forecasting system for a site:
•

The model works as a standalone bit of software on a client’s computer – perhaps, though
not necessarily, the onsite SCADA PC – pulling in data from the SCADA system and
from the MO (i.e. the NWP forecast data).

•

The model is provided as a “service” to clients, and so is completely removed from a
client’s IT network.

In either scenario, there is a basic need for the site SCADA to be able to provide data on
request, or to periodically deliver it to a specified location, and potentially to request data
itself, or to periodically accept it from a specified location. Beyond that, there are no
particularly onerous requirements for a site SCADA system.

5.6.2

Wind farm construction and operation

The guidelines for wind farm construction and operation are relatively simple:
•

Locate the reference meteorological mast in an exposed location, free of any wake effects
from the turbines.

•

If this is not possible, use two masts, one at either side of the wind farm, parallel to the
predominant wind direction.

•

Have a good SCADA system installed, with high data quality and availability.

•

Create an historical wind farm power curve, with reference to the site mast(s), taking into
account air density and overall wind farm availability. This should be done over as long a
time period as possible.

5.6.3

Meteorological services

It is this area that offers the most room for technical optimisation.
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For the model to produce optimal results, the NWP forecast data used as input must be as
representative as possible of the site concerned. In this study, the MO’s local area Meso
model for the UK was used. However, the MO also produces site-specific forecasts which are
based on higher resolution vertical profiles and higher resolution topographical data. They
have been shown to predict some local effects, such as diurnal patterns, more accurately than
the more general Meso model. In addition, the site specific model can output at specified
heights. If this option is offered, it is most suitable to specify the hub height of the turbines.
For this study, a height of 10 m a.g.l. (above ground level) was used for the parameters, which
is not ideal.
Another possible route to achieving more accurate predictions for a site is to increase the
resolution of the NWP model itself. The MO currently run the Meso model at 12 km over the
UK. They have plans to increase this to 6 km within 18 months, and ultimately to 1 km
within the next five years. Running the model at these resolutions is very significant for the
statistical model developed in this study. When it is initialised from coarse resolution NWP
data, there is a valid argument that it will not be modelling important local influences,
particularly in complex terrain. While the analysis elsewhere in this report has shown that the
model appears to match the accuracy produced by other approaches which do use high
resolution local models (i.e. the TrueWind model), it is quite possible that under other
conditions it will not. Therefore, high resolution NWP output is potentially very useful.
Perhaps the most important aspect of forecasting is the understanding of forecast errors. In
this report, analysis of error distributions has been done retrospectively – i.e. calculated from
historical data. While this is useful, it creates an “average” error distribution which does not
reflect the true origin of the errors. In NWP forecasts, errors vary with the synoptic
conditions encountered at the time of forecast – see [5]. It is possible for NWP forecasts to
have uncertainties associated with them. This is most usually achieved via ensemble
forecasting, where the same model is run several times but with different initialising
conditions – see [26] and [23]. As has already been highlighted in this report, knowledge of
errors in a forecast is likely to be as important as the accuracy of the forecast – if not more so.
If forecast values for T+1 to T+36 were to be accompanied with uncertainties, this would be
highly desirable to an end user.
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SUMMARY

The primary objective of this project is to develop a method of short term forecasting that:
•

Is proven in UK conditions.

•

Compares favourably (in accuracy) with existing techniques.

•

Is flexible and adaptable enough to be used outside the UK context.

Achieving these objectives would provide a commercial incentive to the three UK companies
involved in the partnership and thus stimulate UK-based activity in this relatively new, though
increasingly important, world market.
The work reported here indicates that all three objectives have been met.
•

It has been shown to produce similar improvements in accuracy over persistence at
different sites around the UK, over different periods, and for both wind speed and power.

•

Comparisons with known results from existing forecast models have been made. The
model developed for this study appears to be as good, if not better, than these existing
ones. The most relevant comparison was with a previous study completed by Scottish
Power. It evaluated two commercial models at Hagshaw Hill wind farm, which is very
close to Hare Hill wind farm on which the project results were based.

•

The lack of any physical modelling in the overall forecasting process should enable the
model to adapt with relative ease to most wind farm sites around the world that are
located in synoptically driven conditions (as found in the UK). This is not to say that the
model is expected to perform more poorly in sites where winds are thermally, or locally,
driven. This can only be assessed through application.

An examination of the effects of site aggregation was completed. While the scope of this
analysis was curtailed due to lack of relevant data, it is clear that the aggregation of sites
significantly improves the accuracy of forecasts. Without any evidence to the contrary, it is
assumed to affect all forecasting techniques similarly.
A discussion on the mitigation of the uncertainty inherent in all forecast models has been
presented. Mitigation of risk involves two areas:
•

The establishment of the costs of over- and under-predicting.

•

Well-formed knowledge of the probability distribution of the errors.

It is clear that proper mitigation measures should ensure a considerable increase in the value
of forecast energy compared to the unadulterated forecast. It is also considered that forecastspecific uncertainty information (i.e. as generated at source from the NWP modelling) is
potentially the next most useful quantum leap to be made in forecasting.
Finally, the case for the commercial viability of the model was made. While it is impossible
to put a definite figure on the benefit of forecasting without knowing exactly what the end use
is, the cost of existing commercial models has been established. The market value for the use
of a forecasting system has been established. This would cover the costs associated with
running the model developed in this study, so it is concluded that, under current conditions,
the model is indeed commercially viable. While the investigation was by no means
exhaustive, it is believed that forecasting models used in market conditions could operate at
marginal costs of possibly hundredths of pence per kWh. In which case, only the larger wind
farms are likely to be financially attractive.
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APPENDIX A
Description of MO NWP model
Data are provided to the project from the Met Office’s Numerical Weather Prediction (NWP)
system, at the heart of which is the Unified Model. An understanding of the source of this
data is important so that both its strengths and weaknesses can be properly understood.
This model forms the basis of all forecasts issued by the Met Office. It should though be
noted that in the majority of operational forecasts this raw model output is further refined.
This will be achieved by the application of a more site-specific model or by a forecaster with
their knowledge of the particular location and how the model is likely to perform in the
present atmospheric conditions. For example, when forecasting for windfarms, a forecaster
would be used to modify upwards the wind-speeds to allow for the exposed nature of that
location compared to the real average provided by the raw model output.
The atmospheric component of the Unified Model is grid-point based and uses a regular
latitude-longitude grid in the horizontal. Operationally, the Met Office runs two configuration
of its Unified Model (Figure 1). The global model has a horizontal resolution of 0.8333°
longitude and 0.5555° latitude giving an approximate resolution of 60km in mid-latitudes.
There are 30 vertical levels with humidity calculated on the lowest 27 levels.

Global Forecast
UK Mesoscale
Table I

Horizontal
Resolution
0.8333 o x 0.5555 o
11 km approx.

Horizontal Grid
EW x NS
432 x 325
146 x 182

Vertical
Levels
30
38

Resolutions used by main UM atmospheric configurations.

The global model is used to provide boundary conditions to the mesoscale model, which is a
regional model centred on the United Kingdom. This model has a resolution of 0.11° latitude
by 0.11° longitude, which equates to approximately 11km. This model has 38 levels in the
vertical with additional levels in the boundary layer to provide extra detail for forecasting
over the UK. It is this higher-resolution mesoscale model which is used here.
The levels are arranged in a hybrid system. The lower levels are based upon sigma levels, i.e.
the ratio of pressure to surface pressure, implying that they closely follow the terrain. The
upper levels are pressure levels (Figure 2).
In the mesoscale model the grid’s North Pole is not located at the geographical North Pole but
is rotated so as to place the UK near the equator. This is done in order to obtain a fairly
uniform horizontal resolution over the area of interest, i.e. the UK. The mesoscale model has
its North Pole situated at 37.5°N 177.5°E (Figure 3).
Boundary conditions for Mesoscale forecasts are provided by global forecast fields
interpolated onto the Mesoscale co-ordinates. These are applied to the outermost points
around the mesoscale grid.
The primary physical parameters of potential temperature (θ), surface pressure (p*) and
specific humidity (q) are calculated on grid points, and the two horizontal wind components
(u,v) are calculated in the centre of the grid boxes. This arrangement of variables is known as
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the Arakawa 'B' grid (see Figure 4). Collectively these variables are called ‘tracers’ as they
are calculated at every stage of a model run.

Figure I

Figure II

The grids used by the global and UK Mesoscale forecast systems.

The distribution of levels used in the global forecast (right) and UK
Mesoscale (left) configurations.
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Figure III

Left: An example of a limited area grid with boundaries defined by lines
of actual lat and long, with grid-points converging polewards. Right:
The limited area grid rotated to place the area of interest near the
equator. Thus the grid boxes are a more uniform dimensions.

Figure IV

The Arakawa B grid. Potential Temperature (theta), surface pressures
(p) and specific humidity (q) are calculated at a grid point and the
horizontal wind components (u,v) are calculated at the centre of the grid
boxes.
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The atmospheric prediction uses a set of equations that describe the time-evolution of the
atmosphere. The equations are solved for the motion of a fluid on a rotating, almost-spherical
planet. The main variables are the zonal (latitudinal) and meridional (longitudinal)
components of the horizontal wind, potential temperature and specific humidity. To solve the
system of equations, a number of approximations or assumptions have to be made.
In common with most other atmospheric models the Unified Model's atmospheric prediction
scheme is based on the so-called hydrostatic primitive equations. This means that the model
atmosphere is always in hydrostatic balance which also means that there are no vertical
accelerations. Most other atmospheric models make the shallow-atmosphere approximation
which derives its name from the fact that the depth of the atmosphere is much smaller than the
radius of the Earth. The Unified Model does not make this assumption. This makes the
equations a little more complicated to solve by adding in extra terms which can be important
when planetary-scale motions are considered.
The physical processes represented in the model include:
•

Atmospheric radiation allowing for the effects of clouds, water vapour, ozone, carbon
dioxide and a number of trace gases.

•

Land surface processes including a multi-layer soil temperature and moisture prediction
scheme.

•

A treatment of the form drag due to the sub-grid scale variations in orography.

•

Vertical turbulent transport within the boundary layer.

•

Large-scale precipitation determined from the water or ice content of a cloud.

•

The effects of convection through a scheme based on the initial buoyancy flux of a parcel
of air. It includes entrainment, detrainment and the evaporation of falling precipitation.
An explicit treatment of downdraughts is included.

•

The effects of the drag caused by vertically propagating gravity waves is modelled using
sub-grid scale orographic variance and known absorption properties of gravity waves.

The representation of these processes within the code determine the evolution of the modelatmosphere as it runs forward in time to produce forecast data. The model will of course
require initialisation and this is termed the ‘analysis field’. It is derived from observations
(from radar, satellites, ground-based observing sites etc) which are assimilated onto the
regular model grid and blended with previous model output to ensure the evolving model
atmosphere is not subjected to step-changes as these can introduce instabilities.
The mesoscale model is run in this way four times each day (at 0,6,12 and 18 GMT) and out
to 48 hours from the start time. This brief description of the model suggests the large number
of parameters which are necessary to model the evolution of the atmosphere during the
forecast period and many of these are available as forecast output. It has also described the
large number of geographical points for which data is available. Handling these large
volumes of data, many Gigabytes per run, makes the extraction of a reduced dataset (in this
case for a handful of windfarm location and for parameters limited to surface temperature,
mean sea-level pressure, wind speed and direction) a task which takes some time to process
when extended periods are required.
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APPENDIX B
Description of MO meteorological stations
ABERPORTH
Opened: 1941
Last inspected:

3 June 1996

Location
• Grid East
• Grid North
• Height
• Latitude
• Longitude

02241
02521
133m
52.1387
-4.5706

Station Description
Clifftop location with a gentle slope (< 1 in 25) upwards to the East.
Site Description
Field, owned by Met Office, and used for farming.
Exposure
Within 100m diameter

30% occupied by buildings and/or man-made surfaces, with no trees taller than 3 metres.
Within 20m diameter

10% occupied by buildings and/or man-made surfaces, with no trees taller than 0.3 metres.

CULDROSE
Opened: 1960
Last inspected:

22 June 1999

Location
• Grid East
• Grid North
• Height
• Latitude
• Longitude

01672
00255
78m
50.0850
-5.2547

Station Description
Flat location with no slope.
Site Description
Airfield, owned by RNAS, and used as an airfield.
Exposure
Within 100m diameter

10% occupied by buildings and/or man-made surfaces, with no trees taller than 3 metres.
Within 20m diameter

Occupied by no buildings and/or man-made surfaces, with no trees taller than 0.3 metres.
B1 of 3
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DRUMALBIN
Opened: 1987
Last inspected:

12 March 1993

Location
• Grid East
• Grid North
• Height
• Latitude
• Longitude

02907
06384
245m
55.6268
-3.7360

Station Description
Hillside location with a gentle slope (< 1 in 25) upwards to the Southeast.
Site Description
Field, owned by Met Office, and used for farming
Exposure
Within 100m diameter

Occupied by no buildings and/or man-made surfaces, with no trees taller than 0.3 metres.
Within 20m diameter

Occupied by no buildings and/or man-made surfaces, with no trees taller than 0.3 metres.

ESKDALEMUIR
Opened:
Last inspected:

1971
15 November 1994

Location
• Grid East
• Grid North
• Height
• Latitude
• Longitude

03235
06026
242m
55.3115
-3.2054

Station Description
Hillside location with a moderate slope (< 1 in 10) upwards to the Northwest.
Site Description
Garden, owned by the Met Office, and used as moorland.
Exposure
Within 100m diameter

20% occupied by buildings and/or man-made surfaces, with 10% of the area covered by trees
more than 0.3 metres.
Within 20m diameter

Occupied by no buildings and/or man-made surfaces, with no trees taller than 0.3 metres.
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SHAWBURY
Opened: 1946
Last inspected:

13 May 1999

Location
• Grid East
• Grid North
• Height
• Latitude
• Longitude

03552
03221
72m
52.7942
-2.6644

Station Description
Flat location with no slope.
Site Description
Airfield, owned by the Met Office, and used as an airfield.
Exposure
Within 100m diameter

10% occupied by buildings and/or man-made surfaces, with no trees taller than 0.3 metres.
Within 20m diameter

10% occupied by buildings and/or man-made surfaces, with no trees taller than 0.3 metres.

ST MAWGAN
Opened: 1955
Last inspected:

30 April 1998

Location
• Grid East
• Grid North
• Height
• Latitude
• Longitude

01872
00641
103m
50.4375
-4.9971

Station Description
Flat location with no slope.
Site Description
Airfield, owned by the Met Office, and used as an airfield.
Exposure
Within 100m diameter

40% occupied by buildings and/or man-made surfaces, with no trees taller than 0.3 metres.
Within 20m diameter

10% occupied by buildings and/or man-made surfaces, with no trees taller than 0.3 metres.
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APPENDIX C
Current Market Trading Arrangements

The current status of several electricity markets in which wind has reasonable penetration is
reviewed below.

1

ENGLAND AND WALES

Key references [6], [7].

1.1

Industry structure

Electricity privatisation in England and Wales (E&W) created one transmission owner and
operator – National Grid Company (NGC) – twelve regional distribution and supply
companies – Regional Electricity Companies – and two generators – National Power and
Powergen. Subsequent development has seen divestment of plant by the generating
companies and increasingly stringent controls on ring-fencing of activities for companies
which undertake both monopoly and competitive activities. At the same time, there has been
considerable consolidation in the industry through acquisitions by either foreign, or one of the
two Scottish vertically integrated, companies. The market remains in flux, with for instance
the recent acquisition of the UK TXU supply business by Powergen (in turn owned by E.ON)
and the merger of NGC and Lattice.

1.2

Trading Arrangements

The last year and a half has seen significant change in electricity trading arrangements in
E&W with the introduction of the New Electricity Trading Arrangements (NETA).
Replacing the electricity pool, NETA “was designed to deliver more competitive marketbased trading arrangements” [6]. Under NETA, bulk electricity is traded in forwards
markets through bilateral contracts and Power Exchanges. Contractual positions for each half
hour must be notified at the latest at “gate closure”, which is latterly one hour ahead of the
start of each half hour trading block (until recently, gate closure was 3.5 hours ahead of real
time). Deviations from notified and metered positions are cashed out in a dual price
mechanism where prices are derived from the balancing costs incurred by NGC.
NETA provides the “central mechanisms” for balancing and settlement, with other functions,
including power exchange and consolidations services, left to the market. These central
mechanisms are a short-term balancing market run by NGC, the settlement system and
various governance functions.

1.3

Wind energy participation

Wind energy participates in the market in so far as its output is traded just as any other.
However, most if not all wind energy generators do not directly participate in trading, instead
contracting with a party which will subsume the output into its portfolio.
When NETA was under development, wind energy proponents counselled against ex ante
notification and dual cash out prices (at least their applicability to wind energy), which they
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considered were unnecessarily penal to intermittent and/or small generators. A number of
ameliorative arrangements were discussed at this stage, which would be available to “small”
generators. Some of these were implemented, most notably a benefit formerly available
through the old pool which allows embedded plant to be treated as negative demand – under
NETA, “licence exempt” plant can be treated as negative demand, and thus netted off against
demand (this is an exception to the rule that requires separate settlement of production and
consumption accounts). Most if not all existing wind energy plant is traded in this way.
However the renewables and small generator bodies remained sceptical on their costs under
NETA, and Ofgem agreed to review the performance of “small” generators under NETA.
The results of a 1 year review, based on a generator questionnaire, concluded no significant
detriment to small generators in terms of output and revenue, when set against the general
industry trends. Amongst the technologies considered, CHP does appear to be faring poorly.
Ofgem also recognised, and undertook to address, the lack of any useable consolidation
services for small generators.
Ofgem’s findings for wind energy generators appear to reflect the improved market prospects
under the new Renewables Obligation, and the prices commanded for ROCs in short supply
market. If the value of ROCs were discounted, the picture would certainly be different. Thus
the key question is if wind energy’s full exposure to NETA is an efficient way in which to
deliver the Obligation. It is notable that technologies not eligible under the Obligation have
fared the worst. Furthermore, as larger intermittent plant such as offshore wind are
developed, they can be expected to suffer more under NETA as they will not benefit to the
same extent, if at all, from current concessions aimed at small generators.
Small and intermittent generator groups continue to push for changes to NETA, which are
better suited to the characteristics of these plant. A modification currently under assessment
proposes a short-term interim solution of a single cash out price.

2

NORTHERN IRELAND

Key references: [1], [5].

2.1

Industry structure

Northern Ireland Electricity (NiE) is a privatised utility with distribution, transmission and
supply businesses. NiE Energy is the supply arm, which has a monopoly in the franchise
sector of the market. NiE’s holding company, Viridian, has generation interests in the
Republic of Ireland. All generation in Northern Ireland is nominally independent, but fully
contracted to NiE’s Power Procurement Business (PPB).

2.2

Trading Arrangements

Wholesale energy is available to independent suppliers through purchase from PPB at NiE’s
Bulk Supply Tariff, or through purchase of virtual generation in auctions. The PPB also
provides top-up at the BST price, and purchases spill at the avoided system marginal cost.
Any revenues earned by PPB in purchasing spill which is re-sold as top-up are used to reduce
the BST. Independent trades are settled on the basis of ex ante (before the event) notified
contract positions.

C2 of 6

Garrad Hassan and Partners Ltd

2.3

Document : 2770/GR/02

Appendix : C

FINAL

Wind energy participation

Some NI-NFFO output has been auctioned as virtual generation.
All existing wind plant is sold under an NI-NFFO contract to NiE and is not exposed to the
top-up and spill regime. A number of new projects are proposed.
Electricity prices are relatively expensive in Northern Ireland, despite which there does not
appear to be an appetite for liberalisation, at least to the extent of that in GB.

3

REPUBLIC OF IRELAND

Key references: [1], [2], [3], [4].

3.1

Industry Structure

The Electricity Supply Board (ESB) is a state-owned, vertically integrated utility with
generation, transmission, distribution and supply businesses. ESB National Grid currently
acts as Transmission System Operator (TSO) and Settlement System Operator (SSA), but this
role is imminently to be transferred to a wholly independent company, Eirgrid. TSO
functions encompass operation, maintenance, connection to and development of the
transmission system, generation scheduling and dispatching, and for ensuring system security.
Ownership of the transmission system will remain with ESB. ESB Independent Energy is a
subsidiary of ESB which was formed to supply the sector of the Irish market which is open to
full competition (see below).
The Irish market is mid-way through a process of progressive market opening, with an
ultimate aim of full market opening by 2005. At present, ESB has near-monopoly access to
the franchise sector, which represents 60% of the market. Competition has been introduced
for the other 40% – approx 1,600 customers with an annual demand of at least 1GWh. The
exception to this is dedicated green suppliers (renewables and CHP), who are granted full
market access.

3.2

Trading arrangements

CER regulates the market, and has overseen the introduction of arrangements which facilitate
trade within the independent sector and between independent parties and ESB. A set of
transitional trading arrangements are in place, with ongoing modifications, until 2004, by
when more fundamental review is planned. The present market was intended to and is
structured to operate as a bilateral contracts market in conjunction with an imbalances market
to deal with mismatches between contracted and actual generation and/or contracted supply
and actual load.
The transitional trading arrangements constitute, very briefly, a trading code to which the
majority of participants must accede, a balancing mechanism that includes a system of top-up
and spill with regulated prices, and a settlement system. Top-up and spill prices become more
penal beyond tolerance levels set for suppliers and generators. Because wholesale energy is
not readily available to independent suppliers, CER has also mandated an auction of 600MW
of ESB generation, such that it is available to independents – termed “virtual” generation.
Trading is carried out in half-hourly periods. Generators subject to central dispatch nominate
proposed generation output to the TSO a day ahead, together with bids for incremental
increases and decreases. The TSO will base its provisional running order on these
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nominations. Deviations from nominations may be necessary to resolve system security
constraints or to match the demand for and supply of energy in real time. Deviations from
nominations will be made by the TSO on the basis of generator price bids for incremental or
decremental changes to nominations. The TSO will have a duty to dispatch the system at least
cost.
Imbalances incurred by the generators arising from differences between the TSO’s dispatch
instruction and the units’ output will be cleared at the top-up or the spill price, depending on
whether the unit’s output is below or above its dispatch instruction. These are termed
‘uninstructed imbalances’
Energy market imbalances occur in each half hour trading period when the final contracted
volumes of electricity differ from actual generation and metered load. These final contractual
positions can be notified to the SSA up to 7 days after the trading period, thus allowing
participants to trade imbalances between themselves.
Following this 7 day period, ESB Power Generation (PG) sells a limited amount of electricity
at top-up prices, in order for participants to meet ‘shortfalls’. Top-up prices are published for
the year ahead and are referenced to the estimated average annual cost of the Best New
Entrant (BNE) into the market. ESB PG also purchase ‘excess’ generation at spill prices. A
first tranche of spill (25% of eligible customer demand) is related to ESB’s avoided fuel cost,
the remaining tranche the BNE avoided fuel costs. Top-up prices are known in advance, spill
not until after the event.

3.3

Wind energy participation

Independent wind energy plant are fully exposed to the trading regime, but enjoy a number of
advantages in the liberalised market. The legislation (Electricity Regulation Act 1999) allows
green electricity suppliers access to 100% of the market base, whereas non-green suppliers
have access currently to only 40% of the market. By virtue of the size of wind turbines, wind
generated electricity is currently not subject to central dispatch. All generating units (i.e.
individual wind turbines as opposed to wind farms) less than 5 MW currently self-dispatch.
This is a distinct advantage to wind energy as it is not exposed to uninstructed imbalances,
which could be significant due to the difficulties in wind energy prediction. It should be noted
that this is currently under review by CER and replacing this with priority dispatch coupled
with compensation is under consideration. Green suppliers may purchase top-up to meet all
their requirements in a given trading period. However a green supplier is required to balance
(subject to an allowable 5% error margin) top-up and/or bilateral contract purchases of nongreen electricity with green energy purchases (bilateral contracts, imports and/or generation),
which are spilled.
In practice however, there are very few wind farms that are not fully contracted to ESB Public
Electricity Supply (PES) through an AER contract. There are some 17 MW of operational
wind generating capacity currently supplying customers in the liberalised market, with a
further 25 MW under construction. This is augmented by some 25 MW imported from
Northern Ireland and further additional imported electricity from Scotland.
To facilitate green energy supply at the early stages of market opening, CER held a separate
auction for 40 GWh of green electricity (equivalent approximately to the output of a 12 MW
wind farm)
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CALIFORNIA

Key references [8], [9].

4.1

Industry structure

Industry restructuring in 1996 created the Californian Independent System Operator (CAISO)
and the Californian Power Exchange (CalPX). CAISO combines the system operation
functions previously undertaken by three vertically integrated, investor-owned utilities
(IOU’s) – Pacific Gas & Electric (PG&E), Southern California Edison (SCE) and San Diego
Gas & Electric (SDG&E). The three utilities for the most part remain owners of the
transmission lines. For a transitional period to April 2002, generation arms of the IOU’s were
required to sell power into the CalPX, a requirement which was terminated early following
the Californian electricity crisis and the ultimate demise of the CalPX. There is a widely-held
belief that the Californian problems were at least in part due to an over-reliance on spot
markets.

4.2

Trading Arrangements

Still somewhat in a state of flux in the wake of market disruptions, there are several key
features of the market which can be identified.
CAISO operates markets for congestion management, real time balancing and ancillary
services. “Scheduling co-ordinators” submit energy forecasts a day ahead and 2-2.5 hours
ahead of real time. Energy schedules are for one hour periods – that is, for any one hour in
real time, the last chance (effectively) to confirm positions is 2.5 hours ahead of that hour,
which is called the hour-ahead market. Settlement of positions is in 10 minute blocks, with
dual cash-out prices for under and over production.

4.3

Wind energy participation

The majority of wind energy facilities in California benefit from favourable purchasing status
whereby utilities are mandated to purchase the output of “Qualifying Facilities” at an agreed
avoided cost, made up of a capacity and energy element. This has to date shielded plant from
direct participation in the open market.
Latterly, uncertainties in the future price for QF’s has lead some generators to consider selling
direct into the market. However, the trading arrangements, particularly the need for accurate
forecasting and dual cash out, 10 minute settlement, are not suited to the characteristics of
wind energy. In recognition of this, CAISO set up the “Intermittent Resources Working
Group”, on which industry, regulatory and voluntary interests are represented. This has
culminated in an agreed market arrangement, whereby participating intermittent resources
implement CAISO’s own forecasting system, and are cashed out against their averaged
monthly deviations from submitted schedules. Basic principles for the forecasting tool were
agreed through the working group, and used as a basis for inviting tenders to supply the
forecasting service. This new system has only just been implemented, and CAISO must
report performance to the Federal regulator in 16 months.
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APPENDIX A
Description of MO NWP model
Data are provided to the project from the Met Office’s Numerical Weather Prediction (NWP)
system, at the heart of which is the Unified Model. An understanding of the source of this
data is important so that both its strengths and weaknesses can be properly understood.
This model forms the basis of all forecasts issued by the Met Office. It should though be
noted that in the majority of operational forecasts this raw model output is further refined.
This will be achieved by the application of a more site-specific model or by a forecaster with
their knowledge of the particular location and how the model is likely to perform in the
present atmospheric conditions. For example, when forecasting for windfarms, a forecaster
would be used to modify upwards the wind-speeds to allow for the exposed nature of that
location compared to the real average provided by the raw model output.
The atmospheric component of the Unified Model is grid-point based and uses a regular
latitude-longitude grid in the horizontal. Operationally, the Met Office runs two configuration
of its Unified Model (Figure 1). The global model has a horizontal resolution of 0.8333°
longitude and 0.5555° latitude giving an approximate resolution of 60km in mid-latitudes.
There are 30 vertical levels with humidity calculated on the lowest 27 levels.

Global Forecast
UK Mesoscale
Table I

Horizontal
Resolution
0.8333 o x 0.5555 o
11 km approx.

Horizontal Grid
EW x NS
432 x 325
146 x 182

Vertical
Levels
30
38

Resolutions used by main UM atmospheric configurations.

The global model is used to provide boundary conditions to the mesoscale model, which is a
regional model centred on the United Kingdom. This model has a resolution of 0.11° latitude
by 0.11° longitude, which equates to approximately 11km. This model has 38 levels in the
vertical with additional levels in the boundary layer to provide extra detail for forecasting
over the UK. It is this higher-resolution mesoscale model which is used here.
The levels are arranged in a hybrid system. The lower levels are based upon sigma levels, i.e.
the ratio of pressure to surface pressure, implying that they closely follow the terrain. The
upper levels are pressure levels (Figure 2).
In the mesoscale model the grid’s North Pole is not located at the geographical North Pole but
is rotated so as to place the UK near the equator. This is done in order to obtain a fairly
uniform horizontal resolution over the area of interest, i.e. the UK. The mesoscale model has
its North Pole situated at 37.5°N 177.5°E (Figure 3).
Boundary conditions for Mesoscale forecasts are provided by global forecast fields
interpolated onto the Mesoscale co-ordinates. These are applied to the outermost points
around the mesoscale grid.
The primary physical parameters of potential temperature (θ), surface pressure (p*) and
specific humidity (q) are calculated on grid points, and the two horizontal wind components
(u,v) are calculated in the centre of the grid boxes. This arrangement of variables is known as
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the Arakawa 'B' grid (see Figure 4). Collectively these variables are called ‘tracers’ as they
are calculated at every stage of a model run.

Figure I

Figure II

The grids used by the global and UK Mesoscale forecast systems.

The distribution of levels used in the global forecast (right) and UK
Mesoscale (left) configurations.
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Figure III

Left: An example of a limited area grid with boundaries defined by lines
of actual lat and long, with grid-points converging polewards. Right:
The limited area grid rotated to place the area of interest near the
equator. Thus the grid boxes are a more uniform dimensions.

Figure IV

The Arakawa B grid. Potential Temperature (theta), surface pressures
(p) and specific humidity (q) are calculated at a grid point and the
horizontal wind components (u,v) are calculated at the centre of the grid
boxes.
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The atmospheric prediction uses a set of equations that describe the time-evolution of the
atmosphere. The equations are solved for the motion of a fluid on a rotating, almost-spherical
planet. The main variables are the zonal (latitudinal) and meridional (longitudinal)
components of the horizontal wind, potential temperature and specific humidity. To solve the
system of equations, a number of approximations or assumptions have to be made.
In common with most other atmospheric models the Unified Model's atmospheric prediction
scheme is based on the so-called hydrostatic primitive equations. This means that the model
atmosphere is always in hydrostatic balance which also means that there are no vertical
accelerations. Most other atmospheric models make the shallow-atmosphere approximation
which derives its name from the fact that the depth of the atmosphere is much smaller than the
radius of the Earth. The Unified Model does not make this assumption. This makes the
equations a little more complicated to solve by adding in extra terms which can be important
when planetary-scale motions are considered.
The physical processes represented in the model include:
•

Atmospheric radiation allowing for the effects of clouds, water vapour, ozone, carbon
dioxide and a number of trace gases.

•

Land surface processes including a multi-layer soil temperature and moisture prediction
scheme.

•

A treatment of the form drag due to the sub-grid scale variations in orography.

•

Vertical turbulent transport within the boundary layer.

•

Large-scale precipitation determined from the water or ice content of a cloud.

•

The effects of convection through a scheme based on the initial buoyancy flux of a parcel
of air. It includes entrainment, detrainment and the evaporation of falling precipitation.
An explicit treatment of downdraughts is included.

•

The effects of the drag caused by vertically propagating gravity waves is modelled using
sub-grid scale orographic variance and known absorption properties of gravity waves.

The representation of these processes within the code determine the evolution of the modelatmosphere as it runs forward in time to produce forecast data. The model will of course
require initialisation and this is termed the ‘analysis field’. It is derived from observations
(from radar, satellites, ground-based observing sites etc) which are assimilated onto the
regular model grid and blended with previous model output to ensure the evolving model
atmosphere is not subjected to step-changes as these can introduce instabilities.
The mesoscale model is run in this way four times each day (at 0,6,12 and 18 GMT) and out
to 48 hours from the start time. This brief description of the model suggests the large number
of parameters which are necessary to model the evolution of the atmosphere during the
forecast period and many of these are available as forecast output. It has also described the
large number of geographical points for which data is available. Handling these large
volumes of data, many Gigabytes per run, makes the extraction of a reduced dataset (in this
case for a handful of windfarm location and for parameters limited to surface temperature,
mean sea-level pressure, wind speed and direction) a task which takes some time to process
when extended periods are required.
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APPENDIX B
Description of MO meteorological stations
ABERPORTH
Opened: 1941
Last inspected:

3 June 1996

Location
• Grid East
• Grid North
• Height
• Latitude
• Longitude

02241
02521
133m
52.1387
-4.5706

Station Description
Clifftop location with a gentle slope (< 1 in 25) upwards to the East.
Site Description
Field, owned by Met Office, and used for farming.
Exposure
Within 100m diameter

30% occupied by buildings and/or man-made surfaces, with no trees taller than 3 metres.
Within 20m diameter

10% occupied by buildings and/or man-made surfaces, with no trees taller than 0.3 metres.

CULDROSE
Opened: 1960
Last inspected:

22 June 1999

Location
• Grid East
• Grid North
• Height
• Latitude
• Longitude

01672
00255
78m
50.0850
-5.2547

Station Description
Flat location with no slope.
Site Description
Airfield, owned by RNAS, and used as an airfield.
Exposure
Within 100m diameter

10% occupied by buildings and/or man-made surfaces, with no trees taller than 3 metres.
Within 20m diameter

Occupied by no buildings and/or man-made surfaces, with no trees taller than 0.3 metres.
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DRUMALBIN
Opened: 1987
Last inspected:

12 March 1993

Location
• Grid East
• Grid North
• Height
• Latitude
• Longitude

02907
06384
245m
55.6268
-3.7360

Station Description
Hillside location with a gentle slope (< 1 in 25) upwards to the Southeast.
Site Description
Field, owned by Met Office, and used for farming
Exposure
Within 100m diameter

Occupied by no buildings and/or man-made surfaces, with no trees taller than 0.3 metres.
Within 20m diameter

Occupied by no buildings and/or man-made surfaces, with no trees taller than 0.3 metres.

ESKDALEMUIR
Opened:
Last inspected:

1971
15 November 1994

Location
• Grid East
• Grid North
• Height
• Latitude
• Longitude

03235
06026
242m
55.3115
-3.2054

Station Description
Hillside location with a moderate slope (< 1 in 10) upwards to the Northwest.
Site Description
Garden, owned by the Met Office, and used as moorland.
Exposure
Within 100m diameter

20% occupied by buildings and/or man-made surfaces, with 10% of the area covered by trees
more than 0.3 metres.
Within 20m diameter

Occupied by no buildings and/or man-made surfaces, with no trees taller than 0.3 metres.
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SHAWBURY
Opened: 1946
Last inspected:

13 May 1999

Location
• Grid East
• Grid North
• Height
• Latitude
• Longitude

03552
03221
72m
52.7942
-2.6644

Station Description
Flat location with no slope.
Site Description
Airfield, owned by the Met Office, and used as an airfield.
Exposure
Within 100m diameter

10% occupied by buildings and/or man-made surfaces, with no trees taller than 0.3 metres.
Within 20m diameter

10% occupied by buildings and/or man-made surfaces, with no trees taller than 0.3 metres.

ST MAWGAN
Opened: 1955
Last inspected:

30 April 1998

Location
• Grid East
• Grid North
• Height
• Latitude
• Longitude

01872
00641
103m
50.4375
-4.9971

Station Description
Flat location with no slope.
Site Description
Airfield, owned by the Met Office, and used as an airfield.
Exposure
Within 100m diameter

40% occupied by buildings and/or man-made surfaces, with no trees taller than 0.3 metres.
Within 20m diameter

10% occupied by buildings and/or man-made surfaces, with no trees taller than 0.3 metres.
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APPENDIX C
Current Market Trading Arrangements

The current status of several electricity markets in which wind has reasonable penetration is
reviewed below.

1

ENGLAND AND WALES

Key references [6], [7].

1.1

Industry structure

Electricity privatisation in England and Wales (E&W) created one transmission owner and
operator – National Grid Company (NGC) – twelve regional distribution and supply
companies – Regional Electricity Companies – and two generators – National Power and
Powergen. Subsequent development has seen divestment of plant by the generating
companies and increasingly stringent controls on ring-fencing of activities for companies
which undertake both monopoly and competitive activities. At the same time, there has been
considerable consolidation in the industry through acquisitions by either foreign, or one of the
two Scottish vertically integrated, companies. The market remains in flux, with for instance
the recent acquisition of the UK TXU supply business by Powergen (in turn owned by E.ON)
and the merger of NGC and Lattice.

1.2

Trading Arrangements

The last year and a half has seen significant change in electricity trading arrangements in
E&W with the introduction of the New Electricity Trading Arrangements (NETA).
Replacing the electricity pool, NETA “was designed to deliver more competitive marketbased trading arrangements” [6]. Under NETA, bulk electricity is traded in forwards
markets through bilateral contracts and Power Exchanges. Contractual positions for each half
hour must be notified at the latest at “gate closure”, which is latterly one hour ahead of the
start of each half hour trading block (until recently, gate closure was 3.5 hours ahead of real
time). Deviations from notified and metered positions are cashed out in a dual price
mechanism where prices are derived from the balancing costs incurred by NGC.
NETA provides the “central mechanisms” for balancing and settlement, with other functions,
including power exchange and consolidations services, left to the market. These central
mechanisms are a short-term balancing market run by NGC, the settlement system and
various governance functions.

1.3

Wind energy participation

Wind energy participates in the market in so far as its output is traded just as any other.
However, most if not all wind energy generators do not directly participate in trading, instead
contracting with a party which will subsume the output into its portfolio.
When NETA was under development, wind energy proponents counselled against ex ante
notification and dual cash out prices (at least their applicability to wind energy), which they
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considered were unnecessarily penal to intermittent and/or small generators. A number of
ameliorative arrangements were discussed at this stage, which would be available to “small”
generators. Some of these were implemented, most notably a benefit formerly available
through the old pool which allows embedded plant to be treated as negative demand – under
NETA, “licence exempt” plant can be treated as negative demand, and thus netted off against
demand (this is an exception to the rule that requires separate settlement of production and
consumption accounts). Most if not all existing wind energy plant is traded in this way.
However the renewables and small generator bodies remained sceptical on their costs under
NETA, and Ofgem agreed to review the performance of “small” generators under NETA.
The results of a 1 year review, based on a generator questionnaire, concluded no significant
detriment to small generators in terms of output and revenue, when set against the general
industry trends. Amongst the technologies considered, CHP does appear to be faring poorly.
Ofgem also recognised, and undertook to address, the lack of any useable consolidation
services for small generators.
Ofgem’s findings for wind energy generators appear to reflect the improved market prospects
under the new Renewables Obligation, and the prices commanded for ROCs in short supply
market. If the value of ROCs were discounted, the picture would certainly be different. Thus
the key question is if wind energy’s full exposure to NETA is an efficient way in which to
deliver the Obligation. It is notable that technologies not eligible under the Obligation have
fared the worst. Furthermore, as larger intermittent plant such as offshore wind are
developed, they can be expected to suffer more under NETA as they will not benefit to the
same extent, if at all, from current concessions aimed at small generators.
Small and intermittent generator groups continue to push for changes to NETA, which are
better suited to the characteristics of these plant. A modification currently under assessment
proposes a short-term interim solution of a single cash out price.

2

NORTHERN IRELAND

Key references: [1], [5].

2.1

Industry structure

Northern Ireland Electricity (NiE) is a privatised utility with distribution, transmission and
supply businesses. NiE Energy is the supply arm, which has a monopoly in the franchise
sector of the market. NiE’s holding company, Viridian, has generation interests in the
Republic of Ireland. All generation in Northern Ireland is nominally independent, but fully
contracted to NiE’s Power Procurement Business (PPB).

2.2

Trading Arrangements

Wholesale energy is available to independent suppliers through purchase from PPB at NiE’s
Bulk Supply Tariff, or through purchase of virtual generation in auctions. The PPB also
provides top-up at the BST price, and purchases spill at the avoided system marginal cost.
Any revenues earned by PPB in purchasing spill which is re-sold as top-up are used to reduce
the BST. Independent trades are settled on the basis of ex ante (before the event) notified
contract positions.
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Wind energy participation

Some NI-NFFO output has been auctioned as virtual generation.
All existing wind plant is sold under an NI-NFFO contract to NiE and is not exposed to the
top-up and spill regime. A number of new projects are proposed.
Electricity prices are relatively expensive in Northern Ireland, despite which there does not
appear to be an appetite for liberalisation, at least to the extent of that in GB.

3

REPUBLIC OF IRELAND

Key references: [1], [2], [3], [4].

3.1

Industry Structure

The Electricity Supply Board (ESB) is a state-owned, vertically integrated utility with
generation, transmission, distribution and supply businesses. ESB National Grid currently
acts as Transmission System Operator (TSO) and Settlement System Operator (SSA), but this
role is imminently to be transferred to a wholly independent company, Eirgrid. TSO
functions encompass operation, maintenance, connection to and development of the
transmission system, generation scheduling and dispatching, and for ensuring system security.
Ownership of the transmission system will remain with ESB. ESB Independent Energy is a
subsidiary of ESB which was formed to supply the sector of the Irish market which is open to
full competition (see below).
The Irish market is mid-way through a process of progressive market opening, with an
ultimate aim of full market opening by 2005. At present, ESB has near-monopoly access to
the franchise sector, which represents 60% of the market. Competition has been introduced
for the other 40% – approx 1,600 customers with an annual demand of at least 1GWh. The
exception to this is dedicated green suppliers (renewables and CHP), who are granted full
market access.

3.2

Trading arrangements

CER regulates the market, and has overseen the introduction of arrangements which facilitate
trade within the independent sector and between independent parties and ESB. A set of
transitional trading arrangements are in place, with ongoing modifications, until 2004, by
when more fundamental review is planned. The present market was intended to and is
structured to operate as a bilateral contracts market in conjunction with an imbalances market
to deal with mismatches between contracted and actual generation and/or contracted supply
and actual load.
The transitional trading arrangements constitute, very briefly, a trading code to which the
majority of participants must accede, a balancing mechanism that includes a system of top-up
and spill with regulated prices, and a settlement system. Top-up and spill prices become more
penal beyond tolerance levels set for suppliers and generators. Because wholesale energy is
not readily available to independent suppliers, CER has also mandated an auction of 600MW
of ESB generation, such that it is available to independents – termed “virtual” generation.
Trading is carried out in half-hourly periods. Generators subject to central dispatch nominate
proposed generation output to the TSO a day ahead, together with bids for incremental
increases and decreases. The TSO will base its provisional running order on these
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nominations. Deviations from nominations may be necessary to resolve system security
constraints or to match the demand for and supply of energy in real time. Deviations from
nominations will be made by the TSO on the basis of generator price bids for incremental or
decremental changes to nominations. The TSO will have a duty to dispatch the system at least
cost.
Imbalances incurred by the generators arising from differences between the TSO’s dispatch
instruction and the units’ output will be cleared at the top-up or the spill price, depending on
whether the unit’s output is below or above its dispatch instruction. These are termed
‘uninstructed imbalances’
Energy market imbalances occur in each half hour trading period when the final contracted
volumes of electricity differ from actual generation and metered load. These final contractual
positions can be notified to the SSA up to 7 days after the trading period, thus allowing
participants to trade imbalances between themselves.
Following this 7 day period, ESB Power Generation (PG) sells a limited amount of electricity
at top-up prices, in order for participants to meet ‘shortfalls’. Top-up prices are published for
the year ahead and are referenced to the estimated average annual cost of the Best New
Entrant (BNE) into the market. ESB PG also purchase ‘excess’ generation at spill prices. A
first tranche of spill (25% of eligible customer demand) is related to ESB’s avoided fuel cost,
the remaining tranche the BNE avoided fuel costs. Top-up prices are known in advance, spill
not until after the event.

3.3

Wind energy participation

Independent wind energy plant are fully exposed to the trading regime, but enjoy a number of
advantages in the liberalised market. The legislation (Electricity Regulation Act 1999) allows
green electricity suppliers access to 100% of the market base, whereas non-green suppliers
have access currently to only 40% of the market. By virtue of the size of wind turbines, wind
generated electricity is currently not subject to central dispatch. All generating units (i.e.
individual wind turbines as opposed to wind farms) less than 5 MW currently self-dispatch.
This is a distinct advantage to wind energy as it is not exposed to uninstructed imbalances,
which could be significant due to the difficulties in wind energy prediction. It should be noted
that this is currently under review by CER and replacing this with priority dispatch coupled
with compensation is under consideration. Green suppliers may purchase top-up to meet all
their requirements in a given trading period. However a green supplier is required to balance
(subject to an allowable 5% error margin) top-up and/or bilateral contract purchases of nongreen electricity with green energy purchases (bilateral contracts, imports and/or generation),
which are spilled.
In practice however, there are very few wind farms that are not fully contracted to ESB Public
Electricity Supply (PES) through an AER contract. There are some 17 MW of operational
wind generating capacity currently supplying customers in the liberalised market, with a
further 25 MW under construction. This is augmented by some 25 MW imported from
Northern Ireland and further additional imported electricity from Scotland.
To facilitate green energy supply at the early stages of market opening, CER held a separate
auction for 40 GWh of green electricity (equivalent approximately to the output of a 12 MW
wind farm)
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CALIFORNIA

Key references [8], [9].

4.1

Industry structure

Industry restructuring in 1996 created the Californian Independent System Operator (CAISO)
and the Californian Power Exchange (CalPX). CAISO combines the system operation
functions previously undertaken by three vertically integrated, investor-owned utilities
(IOU’s) – Pacific Gas & Electric (PG&E), Southern California Edison (SCE) and San Diego
Gas & Electric (SDG&E). The three utilities for the most part remain owners of the
transmission lines. For a transitional period to April 2002, generation arms of the IOU’s were
required to sell power into the CalPX, a requirement which was terminated early following
the Californian electricity crisis and the ultimate demise of the CalPX. There is a widely-held
belief that the Californian problems were at least in part due to an over-reliance on spot
markets.

4.2

Trading Arrangements

Still somewhat in a state of flux in the wake of market disruptions, there are several key
features of the market which can be identified.
CAISO operates markets for congestion management, real time balancing and ancillary
services. “Scheduling co-ordinators” submit energy forecasts a day ahead and 2-2.5 hours
ahead of real time. Energy schedules are for one hour periods – that is, for any one hour in
real time, the last chance (effectively) to confirm positions is 2.5 hours ahead of that hour,
which is called the hour-ahead market. Settlement of positions is in 10 minute blocks, with
dual cash-out prices for under and over production.

4.3

Wind energy participation

The majority of wind energy facilities in California benefit from favourable purchasing status
whereby utilities are mandated to purchase the output of “Qualifying Facilities” at an agreed
avoided cost, made up of a capacity and energy element. This has to date shielded plant from
direct participation in the open market.
Latterly, uncertainties in the future price for QF’s has lead some generators to consider selling
direct into the market. However, the trading arrangements, particularly the need for accurate
forecasting and dual cash out, 10 minute settlement, are not suited to the characteristics of
wind energy. In recognition of this, CAISO set up the “Intermittent Resources Working
Group”, on which industry, regulatory and voluntary interests are represented. This has
culminated in an agreed market arrangement, whereby participating intermittent resources
implement CAISO’s own forecasting system, and are cashed out against their averaged
monthly deviations from submitted schedules. Basic principles for the forecasting tool were
agreed through the working group, and used as a basis for inviting tenders to supply the
forecasting service. This new system has only just been implemented, and CAISO must
report performance to the Federal regulator in 16 months.

C5 of 6

Garrad Hassan and Partners Ltd

Document : 2770/GR/02

Appendix : C

FINAL

REFERENCES
[1]

IPA Energy Consulting, PB Power, Energy Links Consultancy. April 2001.
“Describing Republic of Ireland and Northern Ireland Energy Markets and
Identifying Barriers to Trade.” Interim Report Volume 1. For the Northern Ireland
Department of Enterprise, Trade and Investment and the Republic of Ireland
Department of Public Enterprise.

[2]

NCB Corporate Finance. June 2002. “Issues Facing Those Considering Investing in
the Irish Electricity Market.” For CER.

[3]

CER, January 2000. “Final Proposals for a Transitional Electricity Trading and
Settlement System.” CER/00/02

[4]

CER, April 2000. “Discussion Paper on Green Issues.” CER/00/12.

[5]

Environmental Change Institute, March 2002. “Liberalisation of electricity supply
and fuel poverty: lessons from Great Britain for Northern Ireland.” For Ofreg.

[6]

Ofgem, July 2002. “The Review of the First Year of NETA.” A Review Document.
Volumes 1 and 2.

[7]

Electricity Association, 2002. Who Owns Whom in the UK Electricity Industry.

[8]

S.M. Wiese, T. Allison, 2000. “Wind Power in California’s Restructured Electric
Market: Wind and the California ISO.” For the National Wind Co-ordinating
Committee, Transmission Working Group.

[9]

Makarov, Y et al, 2002.
Design and Experience.”

“California ISO Wind Generation Forecasting Service

C6 of 6

