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ABSTRACT: With the advent of competition in the electric power marketplace, this paper reviews
changes that affect wind and other renewable energy technologies, and discusses the role of federal
and state policies in the recent wind installations in the United States. In particular, it reviews the
implications of ancillary service requirements on a wind farm and presents initial operating results of
monitoring one Midwest wind farm. Under federal energy policy, each generator must purchase, or
otherwise provide for, ancillary services, such as dispatch, regulation, operation reserve, voltage
regulation, and scheduling required to move power to load. As a renewable technology that depends
on the forces of nature, short-term output variations are inherently greater for a wind farm than for a
gas-fired combined cycle or a supercritical coal-fired unit.
Keywords: Wind Energy - 1; Ancillary Services - 2; Renewable Energy - 3
1. INTRODUCTION
The first significant market penetration for wind power occurred in California in the 1980s with the
confluence of federal and state tax incentives, excellent wind resources, and favorable power purchase
agreements. Wind development in California (and elsewhere) slowed, however, when the federal tax
credit for wind expired in 1985, fossil energy prices plummeted, and states and electric utilities turned
to competitive bidding to procure new power capacity. Today, about 1600 megawatts (MW) of wind
capacity is installed in California, and 675 MW of new wind capacity is expected in Texas by the end of
2001. Figure 1 shows anticipated wind capacity in the United States by the end of next year.
In the 1990s, as earlier federal and state policies expired or were scaled back, new policy mechanisms
emerged. The Energy Policy Act of 1992 (EPACT), for example, provided an inflation-adjusted 1.5
cent per kilowatt-hour (kWh) production tax credit for wind energy and closed-loop biomass systems.
A handful of states also passed legislation requiring electric utilities to develop or buy renewable
energy. In Iowa, after years of legal and political battles, two electric utilities are buying power from
250 MW of wind projects developed in 1999. In Minnesota, Northern States Power Co. (NSP—now
known as Xcel Energy) is required to purchase power from 425 MW of wind, and 400 MW of
additional wind power capacity is under consideration, because of a 1994 state law that allows NSP to
store spent fuel in dry casks at the Prairie Island nuclear plant.
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Figure 1. U.S. Wind Power - Expected by end of 2001 (MW).

Two new leading state policies include the renewables portfolio standards (RPS) and the system
benefits charges (SBC). The RPS requires retail electric power suppliers to purchase a percentage of
their electricity sales from renewables. To add flexibility in meeting the purchase requirement,
individual obligations can be traded through a system of renewable energy credits. SBCs are typically
volumetric fees, such as a cents per kWh adder, imposed on all electricity users through their electric
rates. Of the 25 states that have firm electric restructuring plans, 17 have enacted either an RPS or
SBCs or both. California recently extended its $135 million/year SBC for renewables—the largest and
perhaps most ambitious SBC requirement—for 10 years.
In addition to public policy mechanisms, customer choice in electricity supply is allowing individual
customers to help support wind power development. Both regulated utility green pricing and green
power marketing programs allow customers to choose renewable energy supplies. More than 60 green
pricing programs offered by regulated utilities have led to over 60 MW of wind development.
Meanwhile, the green marketing programs offered in at least seven states have provided at least 40 MW
of new wind power development and are providing a stimulus for wind development in the northeastern
United States for the first time.
These public policy and market drivers helped lead to the development of 1000 MW of new wind
projects and 200 MW of repowered projects in 1998 and 1999. This growth trend is expected to
continue, with perhaps as much as 2000 additional MW of new wind capacity in 2000 and 2001,
resulting from the pending expiration of the production tax credit at the end of 2001.
In recognition of the recent progress made in wind energy technology and development, and to further
encourage the technology's progress, Secretary of Energy Bill Richardson announced the Wind
Powering America initiative in June 1999. This federal initiative recognizes that wind energy is closer
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to becoming cost competitive, that it provides rural economic benefits, and that it has a place in the
national energy portfolio. The initiative established three goals: 1) provide 5% or 80,000 MW of the
nation's electricity with wind power by 2020, 2) double the states with 20 MW or more of wind capacity
to 16 states by 2005, and triple it to 24 states by 2010, and 3) provide 5% (1000 MW) of federal
electricity use with wind energy by 2010.
Although such aggressive targets may seem a stretch from today's roughly 2500 MW capacity, the
United States has substantial on-shore wind resources, the cost of the technology is expected to decline
while its performance increases, and wind development—when properly sited—is compatible with the
environment, leaving much of the land spanned by turbines available for farming, ranching, and other
uses. While the details of the program will be determined by members in each region, the Department
of Energy will provide resources to leverage interest, demonstrate federal leadership through the
purchase of green energy, provide the proper policy environment, and coordinate results and share
successes. To date, at least 10 meetings have been held in locations throughout the United States, and
early signs of success can be observed. For example, federal agencies in Denver, Colorado, recently
banded together to purchase 10.7 MW of wind energy at a cost of 2.5 cents per kWh above existing
costs. This is expected to lead to an equivalent amount of new wind capacity to serve this need.
Furthermore, wind energy may have easier access to transmission as a result of EPACT, which allowed
wholesale customers to petition for a transmission access order by the Federal Energy Regulatory
Commission (FERC) and by FERC rulemakings. In 1996, FERC issued Order 888, requiring
transmission owners to offer wholesale power customers and generators “open access” to transmission
services at comparable rates and service quality enjoyed by the transmission owners [1]. Subsequently,
transmission owners began transferring control (but not ownership) to independent transmission
organizations, making transmission more available on a regional basis and helping generators pay
multiple utility-by-utility transmission charges when more than one utility transmission system is used.
There are presently five regional transmission organizations (RTOs) in operation, encompassing about
1/3 of the generating capacity in the United States. In December 1999, FERC issued Order 2000,
requiring transmission owners to form or join an RTO by October 2000 or provide FERC with an
explanation as to why they have not [2].
Despite these positive developments, wind energy faces certain challenges in the deregulated U.S.
electric power market. One major challenge is that wind energy remains somewhat more expensive
than natural gas (though the price margin has narrowed considerably) and must generally rely on either
public policy measures or the demand for green power for market penetration. Further, as part of
electric restructuring, the components of the former vertically integrated utilities are “unbundled” into
generation, transmission, and distribution. Although generation is becoming competitive in the United
States with customers choosing their generation suppliers, transmission and distribution remain
regulated monopolies.
Part of what is unbundled includes “ancillary services,” i.e., essential services necessary for maintaining
electric system reliability. These ancillary services include scheduling and dispatch; reactive supply and
voltage control; energy imbalance; regulation; spinning reserve; and operating reserve. Generally,
generators, including wind generators, must now self-supply these services or purchase them from the
transmission operator (these services were previously rolled into customer bills). The challenge for wind
power is that it is a low-capacity factor, intermittent source, often located remote from load.
Furthermore, the variation in output from wind is likely to be greater than the variation from natural gas
combined-cycle plants, making ancillary service costs potentially more burdensome for wind than for
other generation sources. In particular, depending on how RTOs are designed and implemented, wind
energy could be subject to significant ancillary service charges because of the variability of wind output.
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2. VARIATION IN WIND POWER OUTPUT
Very little public domain data is available for existing wind power plants, making it difficult to draw
general conclusions about how short-term wind power output affects grid operation. However, there
have been no problems integrating 800 MW generated by California wind farms into a stiff grid.
Curtailments in Tehachapi, California, occurred during high winds, but many of these were primarily
caused by transmission network weaknesses that have been corrected.
Several researchers have examined the effects of wind output variability on system operation. For
example, Javid, et al. [3] found no problems at wind penetration rates in the range of 10%–15%. Chan,
et al. [4] found that there is very low risk of a significant decrease in wind output within a 10-minute
interval.
To address short-term variability of wind power plants on system operation, NREL has started a project
to collect and analyze wind power data from one large wind farm in the Midwest region of the United
States. NREL has also entered into a subcontract to collect data from two other locations in the
Midwest. Data includes real power, reactive power, 3-phase line-to-ground voltages, and wind speed
data. The objectives of the project are to collect high-quality, long-term, high-frequency data from wind
power plants at several sites with different geographic characteristics and several different types of wind
turbines. The goal is to obtain at least two years of data from this project so that a detailed analysis of
power fluctuations can be performed on a high-resolution time scale. This will help us obtain a better
understanding of the frequency distribution of wind power, the relationship of wind power plants to
ancillary services in the emerging electricity markets, spatial and temporal diversity and correlation
issues, and wind capacity credit. If the data can also be matched with utility load, cost, and/or market
data, we can obtain estimates of the value of capacity that wind power plants contribute to the grid. The
data could also play a useful role in the evaluation and field testing of various wind-forecasting
methods.
The data are collected and downloaded to NREL's National Wind Technology Center each day via
modem. The data are also written to a local removable disk that is replaced and sent to NREL every
two weeks. Some data have already been collected, and preliminary analysis has been done. From
these data sets, it is possible to calculate various patterns of electricity production, ranging from secondto-second scales up to monthly scales. Researchers can compare power and energy output of individual
turbines with total wind farm output and can calculate various coincidence factors and examine hourly
production profiles.
Figure 2 shows an example of a daily profile obtained from four grid interconnection points of the wind
farm. The graph is based on 1-minute average data and shows the power output at each of the four
points, along with the total wind power output and a reference wind speed recorded at a height of 5
meters. Because of the height and the location of the anemometer, the recorded wind speed data do not
represent the true wind speed at the turbine hub. Nevertheless, they do provide a good indication of
wind speed and its trend over the entire wind farm. For this 24-hour period, the total wind power is
near maximum output for three distinct periods: from 4:00–8:00, from 9:00–12:30, and from 17:00–
23:00. The two downward spikes near 8:00 and 9:00 are caused either by over-voltage problems or by
transmission network problems. The downward trends in the early afternoon are caused by individual
turbines reaching the designed cut-off wind speed and shutting down. Additional data collected to date
also shows some downward spikes during periods of extreme wind. With continuous real power,
reactive power, and line voltage data at 1 Hz, NREL's monitoring program has initially helped the wind
farm operator analyze tripping problems by describing wind farm states before and after an event. This
information was subsequently used by the wind farm operator to design corrective measures to
significantly reduce forced outages of individual wind turbine rows as well as the entire wind farm.
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Figure 2. Example daily wind power output profile

Table 1 helps us examine the transition rates from one power level to the next using 1-minute data. This
table shows the estimated probability that wind power output will change from one state to another. For
example, if the wind power level is at 40% of rated output, there is a .93 probability that the wind output
in the next minute will also be 40%. Using the well-known persistence theory, which predicts wind
speed in the next time period can be reasonably estimated by the wind speed in this time period, we
would expect large transition rates along the diagonal of the table. Although this is roughly the case, we
note the existence of some non-zero transition rates that are not tightly clustered along the diagonal;
however, these outliers are generally very small and the result of forced outages.

10%
20%
30%
40%
50%
60%
70%
80%
90%
100%

10%
0.9905
0.0183
0.0007
0.0004
0.0004
0.0004
0.0001
0.0004
0.0004
0.0001

20%
0.0094
0.9592
0.0247
0.0003
0.0002
0.0001
0.0004
0
0
0.0003

30%
0.0001
0.0220
0.9448
0.0339
0.0002
0.0005
0.0001
0.0001
0.0003
0.0001

40%
0
0.0002
0.0295
0.9302
0.0408
0.0003
0.0003
0.0002
0.0001
0.0001

50%
0
0.0001
0.0001
0.0350
0.9151
0.0455
0.0005
0.0001
0
0.0001

60%
0
0.0001
0.0000
0.0001
0.0428
0.9066
0.0465
0.0002
0
0.0001

Table 1. State transition rates with 1-minute average power data
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70%
0
0
0
0
0.0004
0.0465
0.9118
0.0399
0.0001
0.0003

80%
0
0
0
0
0.0001
0.0001
0.0399
0.9192
0.0431
0.0003

90% 100%
0
0
0
0
0
0
0
0
0
0
0
0
0.0002
0
0.0400
0
0.9328 0.0231
0.0364 0.9620

We can also examine the transition rates from high levels of output to lower levels (This technique was
developed by Bernard Ernst at the Institute for Solar Energy Technologies, Kassel). For example, if the
wind plant is producing 100% of rated capacity, the table indicates a 0.93 probability that the power
level in the next minute will be 100%. We can also see that there is a very low probability (0.0001) that
output will drop to 10% of capacity. This data should provide some assurance to power system
operators that wind power output is not likely to change significantly in short time intervals. As
additional data is collected, it will be possible to analyze these state transition rates for a number of time
steps.
Figure 3 illustrates the propagation of a wind gust through the wind farm, using 1-second data. The
graph clearly shows the increase in power output at each of the four monitoring points within the wind
farm, and this increase occurs with a time lag that corresponds to the passage of the gust. The total
power output peaks at 21:33:33, although the last interconnection point does not peak until about 7
minutes later. The time interval between the peak at the first point and the peak at the last point is about
16 minutes. The graph also shows the total output of the wind farm during this period, and that this
total output is sustained and with less variation than at the individual data collection points. The
coincidental peak is 55,740 kW, which occurs just after 21:33, whereas the noncoincidental peak for
this period is 69,250 kW. By calculating the ratio of the coincidental peak to the noncoincidental peak
(80.5% in this case) we obtain a measure of the degree of power production diversity. The smoothing
effects found in this data corroborate that found by Ernst [5] and by Milligan and Factor [6] using
hourly data.
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Figure 3. Propagation of a gust through the wind farm.

3. CONCLUSIONS AND FUTURE WORK
As the utility industry moves deeper into restructuring, knowledge of wind power variations and the
role that these variations play in the provision of ancillary services will be vital. Analysis and anecdotal
evidence suggest that as wind provides power to the grid with a modest penetration rate, these variations
should not pose significant problems to grid operation or impose excessive ancillary services burdens
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on the wind power plant. However, additional data analysis will help shed more light on these
important issues and on different characteristics found among wind sites and the correlation with local
grid properties. Given these differences, it will be important to investigate mitigation strategies that can
be adapted to new locations.
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