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The Value of Wind Power Forecasting
1. Introduction
With increasing penetration of wind generation on interconnected power systems, system
operators are faced with increased levels of variability and uncertainty. Given that the power
output of wind plants is a function of wind speed, the level of wind generation on a power
system varies from hour-to-hour and from day-to-day. And given that wind speed is a function of
the weather, the amount of wind that a power system operator can expect for the next day is
subject to the level of uncertainty in weather-related forecasts for the next day.
Power system operators presently use day-ahead load forecasts to predict how much energy must
be delivered for each hour of the next day. This forecast enables day-ahead commitment of
generation resources, some of which may need many hours advance notice to be ready to generate
power during the next day. Power systems with high penetrations of wind generation use dayahead wind forecasts to predict how much of the wind power will be available for each hour of the
next day. Combining the wind forecast with the load forecast enables operators to commit the
balance of the generation fleet to economically and securely serve load on the next day.
Forecasts are not perfect. Load forecasting is a very mature science since power system operators
have been using day-ahead load forecasts in their security-constrained unit commitment (SCUC)
processes for several decades. Day-ahead hourly load forecast errors are typically in the range of
1% to 3% (GE Energy, 2009). Today’s wind forecasts typically have errors in the range of 15%
to 20% mean absolute error (MAE) for a single wind plant.
Wind integration studies are now routinely undertaken by utilities and ISO’s to determine the
impact of wind variability and uncertainty on the power system. Cost impacts are typically
determined by considering the cost of increased operating reserves needed to accommodate the
variability and uncertainty. For many studies, the uncertainty, or wind forecast error, is a
significant driver in these integration costs (DeMeo, 2007).
Even with imperfect forecasts, large-scale wind integration studies have demonstrated that using
day-ahead wind power forecasts for unit commitment can dramatically improve system operation
by reducing overall operating costs, reducing unserved energy, and reducing wind curtailment,
while maintaining required levels of system reliability. This paper analyzes the potential benefits of
improving the accuracy (reducing the error) of day-ahead wind forecasts on power system
operations, assuming that wind forecasts were used for day-ahead security constrained unit
commitment. In this paper, State-of-the-art (SOA) forecasts refer to current forecasting technology.
When wind forecasts are lower than actual wind plant output, more conventional generation is
committed in the day ahead than is actually needed. This means that the committed conventional
generation will be operated at lower power output than planned, which would be a less efficient
operating point for the system (primarily due to lower efficiency at lower power levels for
thermal units). If the wind forecast error is large enough, it may be necessary to curtail some of
the excess wind (or other) generation.
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When wind forecasts are higher than actual wind plant output, less conventional generation is
committed in the day ahead than is actually needed during the day of operation. Turning on quickstart peaking units normally mitigates the shortage in committed generation, but this drives up
system operating cost significantly because of their lower efficiency. If the wind forecast error is
large enough, there is also a risk of operating reserve shortfalls or possibly load-shedding.
This paper builds on the extensive models developed for the Western Wind and Solar Integration
Study (WWSIS) which examined the operating impact of large amounts of wind and solar
energy in the Western Electricity Coordinating Council (WECC) (GE Energy, 2010). WWSIS
examined up to 35% wind and solar energy penetration in the WestConnect portion of WECC
(See Figure 1) and up to 23% wind and solar energy penetration in the rest of WECC. Averaged
across WECC, this totaled up to 27% wind and solar energy penetration.
This study uses these WECC models to evaluate the operating cost impacts of improved dayahead wind forecasts. In order to estimate the potential impacts for the entire U.S. power grid,
the WECC results are extrapolated according to the relative sizes of the WECC and U.S. power
grids, as measured by annual load energy.
2. Study Scenarios
The siting scenario used in this analysis is the “In-Area” scenario of the WWSIS (GE Energy,
2010). Table 1 summarizes the wind plant capacities and wind energy penetration levels for each
case. Cases in this study examined WECC wind energy penetration levels of 0%, 3%, 10%, 14%,
and 24%. Additionally, increasing levels of solar energy were also included in these cases.

Figure 1 − All of WECC was modeled, with higher wind penetrations in the WestConnect region.

3TIER Group developed the modeled wind plant outputs for each of the wind sites by running
the Numerical Weather Prediction model WRF over the western U.S. using the National Center
for Environmental Protection/National Center for Atmospheric Research Global Reanalysis input
dataset (3TIER, 2010). This 3-dimensional model of the atmosphere essentially recreated the
weather patterns over the years 2004-2006 and this model was sampled at a 2-km spatial
resolution and 10-minute temporal resolution to develop the wind plant output dataset. These
modeled wind plant outputs are called actuals in this paper.
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WestConnect
Wind Energy
Penetration

WECC
Wind
Energy
Penetration

0%

0%

0

0

3%

3%

10,230

22,526

10%

10%

33,240

93,339

20%

14%

42,900

122,336

Wind
Capacity
(MW)

Wind
Energy
(GWh)

30%
24%
75,390
214,381
Table 1 − Total wind plant capacity and wind energy penetrations for study cases.

3TIER Group also developed day-ahead wind forecasts for each wind plant for each hour of the
following day (3TIER, 2010). The forecasts exhibited MAE in the range of 12% to 16% when
aggregated on a state-by-state basis (i.e., calculated by aggregating the hourly day-ahead
forecasts and hourly actual outputs for all wind plants in a given state). Section 5.6 of the
WWSIS report details more information about the SOA wind forecast data (GE Energy, 2010).
These modeled wind plant forecasts are called SOA forecasts in this paper.
3. Analysis Approach
This paper builds upon the methods and models developed during the WWSIS project. The same
Multi-Area Production Simulation (MAPS) model used to simulate hourly operation of the
WECC system for WWSIS was used for this paper. Chapter 6 of the WWSIS report explains the
details of that model (GE Energy, 2010).
In this paper, the wind generation forecast improvements are expressed in power (MW), not
wind speed (meters/second). For typical pitch-controlled wind turbines, power output varies as
the cube of wind speed over a significant portion of the power output curve (see Figure 2). In
this region, small improvements in forecasted wind speed would lead to significantly larger
improvements in wind power forecasts.
Wind forecasting is an active area of research and development. It is not yet clear how future
wind forecasts will be improved. Future forecasting improvements may target extreme events, or
may provide slight increases in accuracy at all times.
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Figure 2 − Example of wind turbine power output curve.
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In this paper, forecasting improvements were modeled by reducing the day-ahead SOA wind
generation forecast errors by 0%, 10%, 20%, and 100% for each hour of the year. This
effectively modeled SOA, 10% improvement, 20% improvement, and perfect forecasts
respectively. The production simulations of the entire WECC system were then repeated to
evaluate operating impacts. Wind generation and load profiles from the years 2004, 2005, and
2006 were analyzed.
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Figure 3 − SOA and improved wind forecasts for Arizona wind plants for two days in January.

Figure 3 shows forecast and actual aggregated wind plant output for a region of Arizona with
1920 MW of wind generation, for the 24% WECC wind penetration case, and for two days in
January. The black curve represents the actual wind plant output. The red curve is the base SOA
forecast. The blue and green curves represent the SOA forecast with a reduction in forecast error
of 10% and 20% respectively. Figure 4 shows the errors in each of the three wind generation
forecasts, calculated as the difference between the forecast value and the actual value.
For 80% of the hours of the year, the forecast errors are less than 500 MW. But there are a few
hours each year in which forecast errors can be plus or minus 1500 MW.
In this paper, the day-ahead unit commitment process assumed that the forecasted wind
generation would be available, and committed other generation resources to cover the net load
(load minus forecasted wind generation) plus reserves.
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Figure 4 − Wind forecast errors for Arizona wind plants for two days in January.
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4. Results
The potential benefits of improved day-ahead wind generation forecasts were evaluated with
respect to three critical metrics: operating costs, unserved energy, and wind curtailment.
4.1 Operating Costs

For this analysis, operating costs include the variable costs associated with operating the WECC
power system for a year, including fuel costs, unit start-up costs, and unit variable operation and
maintenance (O&M) costs. Operating costs exclude capital costs, debt service costs, and other
fixed costs.
Figure 5 shows the annual operating cost savings for the WECC system averaged over the years
2004-2006, for a 10% and 20% reduction in the day-ahead wind forecast error. As expected,
savings increase with improved forecasts. Forecasting improvements of 20% provide roughly
twice the savings of improvements of 10%.
At low penetration levels (up to 15%), savings are modest. There is a nonlinear increase in
savings at higher penetration levels (e.g., 24%), which reflects a general result of WWSIS that
shows a much greater impact of higher penetration levels [GE Energy, 2010]. At these
penetration levels, there were hours in which the day-ahead forecast errors were nearly half of
the installed capacity. WWSIS examined the use of increased reserves or storage to address these
hours and ultimately came to the conclusion that these hours may be better addressed through
demand response or smarter, more dynamic reserve requirements.
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Figure 5 − Average annual operating cost savings versus wind penetration, for 10 and 20% wind forecast
improvements.

At a 14% wind energy penetration in WECC, the results show:


A 10% improvement in day-ahead wind generation forecasts yields an average of $28M
savings in annual operating costs.



A 20% improvement in day-ahead wind generation forecasts yields an average of $52M
savings in annual operating costs.

With a 24% wind energy penetration in WECC, the results show:


A 10% improvement in day-ahead wind generation forecasts yields an average of $100M
savings in annual operating costs.
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A 20% improvement in day-ahead wind generation forecasts yields an average of $195M
savings in annual operating costs.

Figure 6 shows how operating cost savings vary with improvements in forecasting. The data for
the 100% improved, or perfect, forecast shows the maximum possible benefit to the WECC
operating cost from wind forecasts. Although a perfect wind forecast is not realistically possible,
the data serves as a calibration for the amount of benefit gained from more realistic levels of
forecast improvements.
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Figure 6 − Average annual operating cost savings versus wind forecast improvements, shown for 3, 10,
14, and 24% WECC wind energy penetrations.

A critical observation here is that the slope of the curves becomes lower as the level of forecast
improvement increases, indicating that there is a diminishing benefit for greater forecast
improvements. The initial 10% or 20% improvements in wind forecasts provide the greatest
relative benefits. Further improvement will provide diminishing marginal benefits, approaching
the perfect forecast.
4.1.1 Extrapolation to entire U.S. power grid

According to historical data for year 2009 in the Ventyx database (from WWSIS), annual energy
demand for WECC was 714 TWh and annual energy demand for the entire United States was
3836 TWh. Therefore, the WECC system serves slightly less than 20% of the total U.S. electrical
energy demand.
Assuming that the operational characteristics of the WECC system are generally representative
of other operating areas in the U.S., it is reasonable to roughly estimate the operating cost
impacts of improved wind forecasts on the entire U.S. by multiplying the WECC results by a
factor of 5.
With 14% wind energy penetration in the U.S., extrapolation of the WECC results implies that:


A 10% improvement in day-ahead wind generation forecasts yields an average of $140M
savings in annual operating costs.



A 20% improvement in day-ahead wind generation forecasts yields an average of $260M
savings in annual operating costs.
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With 24% wind energy penetration in the U.S., extrapolation of the WECC results implies that:


A 10% improvement in day-ahead wind generation forecasts yields an average of $500M
savings in annual operating costs.



A 20% improvement in day-ahead wind generation forecasts yields an average of $975M
savings in annual operating costs.

4.2 Operating Reserve Shortfalls

A shortfall in operating reserves occurs when there is insufficient generation available to serve
the load and meet operating reserve requirements. When a reserve shortfall occurs, there is still
adequate generation to serve the load, but there is not enough generation to supply all required
reserves. The magnitude of the reserve shortfall is the cumulative shortage in reserve energy for
all hours over a calendar year of operation. In a system that has adequate installed capacity
margin, reserve shortfall events are extremely rare. When such an event does occur, a likely
cause is a large error in the day-ahead forecast used for unit commitment. These events would
typically develop in the following sequence:


The day-ahead unit SCUC commits adequate generation to meet the forecast load for the next
day using forecasted wind generation and other dispatchable generation resources. The
commitment also includes required operating reserves.



When the next day arrives, actual wind generation falls significantly below the forecasted
level, or actual load is significantly above the forecasted load, or both.



Quick start generation is committed and dispatched to fill the shortfall to the extent possible,
but there is still not enough generation available to completely meet operating reserve
requirements.

Study results indicate that improved day-ahead wind generation forecasts have no significant
impact on reserve shortfalls if WECC wind energy penetration is below 14% because there were
sufficient quick-start generators available to cover the forecast errors. With wind energy
penetration of 24%, improved wind forecasts significantly reduce reserve shortfalls (see Figure
7). For the three calendar years analyzed, average annual operating reserve shortfalls would be
reduced from 43 GWh to 24 GWh with a 10% wind forecast improvement. Reserve shorfalls
would be further reduced to 15 GWh with a 20% wind forecast improvement.
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Figure 7 − Reserve shortfalls with improved wind generation forecasts for the 24% WECC wind energy
penetration case.

7

4.3 Wind Curtailment

Curtailment is a measure of generation that is available at no cost but cannot be used due to
necessary restrictions on power system commitment and dispatch. For example, if thermal
generation required to meet forecasted load on the next day is turned down to minimum load
overnight, and wind generation in the overnight hours exceeds predicted levels, it may become
necessary to curtail excess wind generation.
Curtailment may also be caused by congestion (i.e., generation in one area that cannot be
delivered to load in another area due to transmission capacity limits). The results in this study
include congestion on inter-area transfer paths. However, the system model does not include full
transmission representation within balancing areas, so not all possible curtailment due to
congestion is captured in the analysis.
Study results indicate that improved day-ahead wind generation forecasts have no significant
impact on curtailment if WECC wind energy penetration is below 14%. With wind energy
penetration of 24%, improved wind forecasts reduce the amounts of curtailment (see Figure 14).
For the three calendar years analyzed, average annual curtailment would be reduced from 655
GWh to 628 GWh with a 10% wind forecast improvement. It would be further reduced to 613
GWh with a 20% wind forecast improvement.

Reduction in Curtailment (%)

Figure 8 shows the percentage reduction in curtailment relative to that with a SOA day-ahead
wind generation forecast. Curtailment is reduced by 4% with a 10% improvement in wind
forecast. Curtailment is reduced by 6.3% with a 20% wind forecast improvement.
10%
10% Forecast Improvement

8%

20% Forecast Improvement

6%
4%
2%
0%
2004

2005

2006

Average

Figure 8 − Percentage reduction in curtailment with improved wind generation forecasts for the 24%
WECC wind energy penetration case.

5. Key Findings
The study results show that improved day-ahead wind forecasts can significantly reduce
operating costs and increase the reliability of large interconnected power systems. Even a
relatively modest 10% improvement in wind generation forecasts would reduce WECC operating
costs by about $28M per year with 14% wind energy penetration. For the entire U.S. power
system, the corresponding operating cost reduction would be about $140M per year.
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Wind
Energy
Penetration

WECC
Annual
Operating
Cost
Savings
($M)

Estimated US
Annual
Operating
Cost Savings
($M)

10%

14%

$28M

$140M

20%

14%

$52M

$260M

10%

24%

$100M

$500M

20%

24%

$195M

$975M

Reduction
in
Forecast
Error

Table 2 − Annual operating cost reductions due to improved day-ahead wind generation forecasts.

The impacts are even greater at higher penetrations of wind energy. A 10% wind forecast
improvement would reduce WECC operating costs by about $100M per year with 24% wind
energy penetration. For the entire U.S. power system, the corresponding operating cost reduction
would be about $500M per year. These findings are summarized in Table 2.
Improved wind generation forecasts can reduce the amount of curtailment by up to 6%, thereby
increasing the overall energy efficiency of the power system. Improved wind forecasts also increase
the reliability of power systems by reducing operating reserve shortfalls. A 20% wind forecast
improvement could decrease reserve shortfalls by as much as 2/3 with 24% wind energy penetration.
6. Future Work
The study results suggest several areas that could warrant further exploration:

1. This study assumed that wind power forecasts were improved by the same percentage in all
hours of the year. But what if it was possible to obtain bigger improvements for periods with
the biggest forecast errors? Large forecast errors lead to most of the problems and costs with
system operations, so reducing the largest errors would be very beneficial.
2. In general, over-forecasting wind power causes more severe problems for system operations
than under-forecasting wind power. When wind is over-forecast (predicting more wind
power than actually occurs), the power grid experiences a shortage in unit commitment and
expensive peaking units are turned on to fill the gap. There is also the risk of reserve
shortfalls. Would it be possible to improve wind forecasts such that over-forecast errors are
reduced by a greater amount? What would be the value of such an improvement?
3. Wind forecast providers are moving towards ensemble forecasts and other methods that
enable confidence bands to be placed around forecast values. How would improved wind
forecast techniques affect those confidence values? And how could forecast confidence data
be used in the unit commitment process?
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