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SUMMARY

The amount of wind generating capacity inthe United Statesisincreasing rapidly (e.g.,
from 2600 MW at the beginning of 2001 to 4000 MW at the end of the year). Aswind becomes
alarger share of total generating capacity, issues related to its integration with bulk-power
operations and markets are becoming increasingly important.

Suchintegration of windisqualitatively different fromthat for other typesof generators
because wind output depends on whether, when, and how hard the wind blows. Compared to
conventional generators, wind’ soutput isrelatively uncontrollable, unpredictable, and variable.
Because of these characteristics and because el ectric-system operators have little experience
with wind facilities, considerable disagreement exists about the costs of integrating wind into
electrical systems. On the one hand, wind advocates suggest that the small size of most wind
farms implies that their output will be largely invisible (and therefore cost free) to a large
electric system. On the other hand, some utilities suggest that every unscheduled megawaitt
movement of a wind farm must be offset, megawatt for megawatt, by some other resource,
generally at high cost.

Neither perspectiveiscorrect, and neither perspectiveisinformed by dataand analysis.
This report develops and applies a quantitative method for the integration of awind resource
into alarge electric system. It focuses on the real-time operations and short-term marketsin a
competitive wholesale electricity industry, encompassing three time dimensions of the wind
outpult:

u Hour-ahead energy market, which providesthelast opportunity for agenerator (or |oad)
to modify its schedule and obtain afirm pricefor its scheduled output (or consumption)
for a particular operating hour. In the method developed here, this market permits the
wind-farm operator to sell its expected output in a particular hour using a forecast of
wind output based on its output two or more hours earlier.

u Real-time (intrahour) balancing market, in which unscheduled resources and loads
appear. These unscheduled amounts are the differences between the actual resource or
load during aparticular interval within the operating hour and the hour-ahead scheduled
values.

u Regulation, which chargestheindividual resourcefor theeffectsof itsminute-to-minute
volatility in output relative to the volatility of the total system load.



A key feature of the present analysisisitsintegration of wind with the overall electrical
system. The uncontrollable, unpredictable, and variable nature of wind output is not analyzed
in isolation. Rather, asistrue for al loads and resources, the wind output is aggregated with
al the other resources and loads to analyze the net effects of wind on the power system.
Aggregation is a powerful mechanism used by the electricity industry to lower costs to all
consumers. Such aggregation means that the system operator need not offset wind output on
a megawatt-for-megawatt basis. Rather, al the operator need do, when unscheduled wind
output appears on its system, is maintain its average reliability performance at the same level
it would have without the wind resource.

Theresults devel oped with this method suggest that (1) wind-farm ownerscan increase
their earnings by scheduling wind output ahead of time rather than having the wind energy
appear entirely in rea time (Fig. S-1), (2) improved forecasting models can increase the
revenuesassociated with hour-ahead scheduling, and (3) theaveragerevenue per MWh of wind
production declinesasthe size of thewind facility increasesrelative to the size of the electrical
system. The results devel oped here show how strongly wind revenues depend on hourly prices
for energy and ancillary services. These results suggest that wind devel opers should focus not
just on locations with high wind speeds but also on locations with high energy prices.
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CHAPTER 1

INTRODUCTION

Wind, asasource of electricity, hastwo wonderful attributes. First, unlike conventional
fossil-fuel-fired generators, awind farm emits no air pollutants. Second, it has extremely low
operating costs; unlike almost all other generators, awind farm consumes no fuel for which it
has to pay.

On the other hand, wind farms have three characteristics that complicate their
widespread application as an electricity resource:

L Limited control: While the output of most generators can be controlled by the unit
operator, often on a minute-to-minute basis, the output from a wind farm depends
entirely on current wind speed and is, therefore, outside the control of its human
operators. (Of course, the wind output could be capped or the turbines taken offline,
which might be useful in some situations.)

L Relatively unpredictable: While the output of most generators, because they can be
controlled by operators, ispredictable, thisislesstruefor wind farms. To the extent one
can forecast weather conditions, in particular wind speed, wind operators can predict,
although imperfectly, the future output of their facilities.

L Variable: Because the output of most generators can be controlled, their volatility (i.e.,
minute-to-minute variationsin output) can also be controlled. That is, output can either
be maintained at a near-uniform level or it can intentionally be varied from minute to
minute to provide what is called the regulation ancillary service (explained below).
Wind output cannot be similarly controlled because it is determined by time-varying
wind speeds—it varies from minute to minute, aswell asfrom hour to hour and day to

day.

Because of these three characteristics, theintegration of wind output into a bulk-power
electric systemis qualitatively different from that of other types of generators.” Asthe Energy
Information Administration (2000) notes, “intermittent availability [ig] ... expected to continue
to disadvantage wind power relative to conventional generating technologies.” The electric-
system operator must move other generators up or down to offset the uncontrollable,

“The output from conventional generators is, to some extent, uncontrollable, unpredictable, and
variable. For example, al generators suffer from occasional forced outages, when equipment suddenly fails
and the unit stops producing el ectricity. The averageforced outageratefor all fossil unitsisabout 8% (North
American Electric Reliability Council 2000).



unpredictable, and variable wind fluctuations. Such movements raise the costs of fuel and
maintenance for these other generators.

Not only iswind power different, it is new. Because it is new, the operators of bulk-
power systems have limited experience in integrating wind output into the larger system.
Today, wind accountsfor 0.1% of U.S. electricity production (I nterlaboratory Working Group
2000)." As a consequence of its newness, market rules that treat wind fairly—neither
subsidizing nor penalizing its operation—have not yet been devel oped.

Thelack of dataand analytical methods encourageswind advocates and skepticsto rely
primarily on their biases and beliefs in suggesting how wind should be integrated into bulk-
power systems. In some cases, utilities have estimated the cost of such integration equal to a
large fraction of thewind-farm’ scapital cost, based on essentially no data. Wind advocates, on
the other hand, sometimes argue that the small size of a typical wind farm implies that its
energy output will be largely invisible (and therefore cost free) to alarge utility control area.
Neither perspectiveis correct.

This project helpsfill this data and analysis gap. Specifically, it develops and applies
a quantitative method for the integration of awind resource into alarge electric system. The
method permits wind to bid its output into a short-term forward market [specifically, an hour-
ahead (HA) energy market] or to appear inreal time (RT) and accept only intrahour and hourly
imbalance payments for the unscheduled energy it deliversto the system. Finally, the method
analyzestheshort-term (minute-to-minute) variationin wind output to determinetheregulation
requirement the wind resource imposes on the electrical system.

This project focuses on the integration of wind with a competitive wholesale market
overseen by aregional transmission organization (RTO).” Analysis of the integration of wind
with a traditional, vertically integrated utility would, in some ways, be different from the
present analysis. In particular, embedded costs would replace the market prices used in this
project. Also, RTOs, by definition, have no stake in market outcomes. Because they own no

"Depending on government policiesand fuel prices, wind might increaseits share of total electricity
production to 0.2% under business-as-usual conditions or to 1% or more by the year 2010 (Interlaboratory
Working Group 2000). Caldwell (2001) and othersexpect wind might ultimately account for asmuch as20%
of U.S. generating capacity. de Azua (2001) expects the amount of wind capacity to increase from almost
2600 MW at the end of 2000 to about 4000 MW by the end of 2001.

*This study does not deal with all theissuesrelevant to integration of wind into bulk-power systems
(Caldwell 2001). Transmission costs (access, losses, and congestion), day-ahead scheduling (unit
commitment), and long-term contracting for the output from awind farmare not addressed. Also, thisproject
does not address contingency reserves. The reliability requirements for contingency reserves are based on
either the maximum daily peak load or the largest single contingency. Because wind farms are relatively
small (afew hundred megawatts, at most) and the largest contingency is typically about 1000 MW, wind
should not be charged for contingency reserves becauseit does not contribute to the need for these reserves.
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generation, they should be neutral with respect to the ownership and types of generating units
that operate within their system. The same is not always true for utilities, which might favor
their own generating units over those of their competitors.

TheUtility Wind Interest Group (UWIG) issponsoring asimilar analysis, scheduled for
completion in early 2002 (Zavadil 2001). The purpose of the UWIG study isto identify and
guantify the effects of largewind facilitiesin the Great Plains and Pacific Northwest. The two
control areas selected for study are operated by vertically integrated utilities. That is,
competitive marketsfor HA and RT energy and for theregulation ancillary service do not exist
in these areas. Therefore, the UWIG study will use simulation models to estimate the costs to
thelocal utilitiesof integrating wind with respect to regulation, load following, and scheduling.

A key feature of the present analysisisitsintegration of wind with the overall electrical
system. The uncontrollable, unpredictable, and variable nature of wind output isnot analyzed
in isolation. Rather, asistrue for all loads and resources, the wind output is aggregated with
al the other resources and loads to analyze the net effects of wind on the power system.
Aggregation is a powerful mechanism used by the electricity industry to lower costs to all
consumers.

The next section of thischapter explainsthefunctionsof control areas, specifically their
efforts to maintain the necessary real-time balance between generation and load. The last part
of this chapter outlinesthe technical scope of this project. Chapter 2 explains the kinds of data
required to implement the anal ytical methods developed here. Chapter 3 summarizesdatafrom
the Lake Benton Il wind farm in southwestern Minnesota and the Pennsylvania-New Jersey-
Maryland Interconnection (PJM) inthe mid-Atlantic region, the empirical basisfor theresults
developed here. Chapter 4 explains the method developed here. This method includesthe use
of short-term forecasting model sto predict wind output two hours ahead, the separation of load
and wind outputsinto their regulation and energy-imbal ance components, determination of the
regulation requirements of the wind farm as a share of the total system requirements, and
calculation of the intrahour payments and charges to a wind resource associated with its
intrahour imbalances relative to its hour-ahead schedule. Chapter 5 presents results obtained
with thismethod for 1-week periodsin August 2000 and January 2001. Chapter 6 summarizes
theseresultsand their implicationsfor greater use of wind in competitive wholesale electricity
markets.

CONTROL AREAS

Theelectrical systemwithwhichthewind resourceisintegrated iscalled acontrol area.
Control areas are the fundamental entities responsible for maintaining bulk-power reliability.
Control areas are linked to one another to form Interconnections, of which there are threein
North America.



Today’ s approximately 150 control areas are operated primarily by utilities, although
afew arerun by independent system operators (I SOs), including onesin California, Texas (the
Electric Reliability Council of Texas, ERCOT), New England, New Y ork, and themid-Atlantic
region (PIM). Control areasvary enormously in size, with several managing lessthan 100 MW
of generation. At the other end of the spectrum, PIM, California, and ERCOT each manage
about 50,000 MW of generation. In the future, RTOs, in response to Order 2000 and other
directives from the Federal Energy Regulatory Commission (FERC 1999), will likely be
control-area operators.

Although this project focuses on the near-real-time and real-time interactions of wind
output and large electrical systems, it isimportant to consider the day-ahead scheduling (often
called unit commitment) processaswell. Some of today’ s1SOs (New England, New Y ork, and
PIM) offer avoluntary unit-commitment option to their market participants, in which the SO
selectstheleast-cost mix of generating unitsto operate hour-by-hour during thefollowing day.
Other 1SOs (Cadlifornia and ERCOT) require the individual suppliers to perform this
optimization function. In either case, the net result isan hour-by-hour schedul e of output levels
for each generator scheduled to run the following day. Because of changes that can occur
between the time the day-ahead unit commitment is prepared and real time (e.g., the forced
outage of amajor generator or an unexpected change in weather that materially affects|oad),
suppliersare permitted to modify their schedules up to about an hour beforethe operating hour.

In real time, the system operator dispatches resources participating in its intrahour
energy market to maintain the necessary balance between generation and load (discussed
below). Once every several minutes,” the system operator runs an economic-dispatch model to
move generators up or down to follow changes in load and unscheduled generator outputs at
the lowest possible operating cost. Generators that participate in the system operator’s
balancing market provide the load-following ancillary service.

To track changes in the minute-to-minute balance between generation and load, the
system operator uses its automatic-generation-control system to dispatch those generators
providing the regulation ancillary service. These generators respond to short-term
generation:load imbal ances that are not addressed by the economic-dispatch process.

Thus, the system operator manages the rel ationship between system load and aggregate
generation over threetimescales: (1) day- and hour-ahead scheduling, (2) intrahour balancing,
and (3) regulation. (See Hirst 2001 for additional discussion of these three sets of functions.)
All three time scales are important for intermittent resources, such aswind. A key questionis:
How closely must the system operator match generation to load?

"PIM, New York, and New England use 5-minute intervals for their intrahour economic dispatch,
California uses 10 minutes, and ERCOT uses 15 minutes.
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Area control error (ACE) is the key to understanding this question. Each control area
seeks to minimize any adverse effects it might have on other control areas within its
Interconnection by properly managing its ACE (NERC 1999). The ACE equation, in slightly
simplified form, is

ACE=(l, - 1) - 10B(F, - Fo) ,

where | refersto the algebraic sum of al power (MW) flows on the tielines between a control
areaand its surrounding control areas, F is the Interconnection frequency (Hz), A isactual, S
isscheduled, and B isthe control area sfrequency bias(MW/0.1Hz).” Thefirst term showshow
well the control areamaintainsits scheduleswith other control areas (i.e., how well it matches
itsgeneration plusnet incoming scheduled flowsto itsloads). The second termistheindividual
control area’ s contribution to the Interconnection to maintain frequency at its scheduled value
(usually 60 Hz). Thus, ACE is the instantaneous difference between actual and scheduled
interchange, taking into account the effects of frequency.

NERC's Control Performance Standard (CPS) 1 and 2 determine the amount of
imbalancethat ispermissiblefor reliability. CPS1 measurestherel ationship between the control
area’ s ACE and Interconnection frequency on a 1-minute average basis (NERC 1999). CPS1
values can be either “good” or “bad.” When frequency is above its reference value,
undergeneration benefitsthe I nterconnection by lowering frequency and leadsto agood CPS1
value. Overgeneration at such times, however, would further increase frequency and lead to a
bad CPS1 value. CPSL, although recorded every minute, iseval uated and reported on an annual
basis. NERC sets minimum CPS1 requirements that each control area must exceed each year.

CPS2, a monthly performance standard, sets control-area-specific limits on the
maximum average ACE for every 10-minute period, called L ,,. Control areas are permitted to
exceed the CPS2 limit no more than 10% of the time. This 90% reguirement means that a
control area can have no more than 14.4 CPS2 violations per day (10% of the 144 10-minute
intervals), on average, during any month.

Neither CPS1 nor CPS2 requires a control area to maintain a zero ACE. Small
imbalances are generally permissible, asare occasional largeimbalances. Both CPS1and 2 are
statistical measures of imbalance, thefirst ayearly measure and the second amonthly measure.
Also, both CPS standards measure the aggregate performance of a control area, not the
behavior of individual loads and generators.

Theimplications of these NERC requirementsfor avolatile resource, such aswind, are
profound. For example, to meet the CPS requirements, the system operator need not acquire

"Frequency biasistheamount of generation needed to respond to a0.1 Hz changein Interconnection
frequency. It is usually set equal to the supply-plus-load response of a control area to a change in
Interconnection frequency.



regulation and load-following resources to exactly counter each and every change in wind
output. All the system operator need do, when unscheduled wind output appears on its system,
IS maintain its average CPS performance at the same level it would have without the wind
resource.

PROJECT SCOPE

This project focuses on the RT operations and short-term functions and markets that
exist (or might exist) in a competitive wholesale electricity industry. It focuses on three time
dimensions of the wind output: scheduled hourly energy, intrahour load following, and
regulation. (The terms load following and intrahour imbalance are used interchangeably.)
Specifically, the method devel oped here analyzestheinteractions between awind farm and the
control areain the following areas:

u Hour-ahead energy market, which providesthe last (latest) opportunity for agenerator
(or load) to modify its schedule and obtain a firm price for that scheduled output (or
consumption) for aparticular operating hour. Inthe method devel oped here, thismarket
permits the wind-farm operator to sell its expected output in hour h using aforecast of
wind output based on its output two or more hours earlier.

u Real-time (intrahour) balancing market, in which unscheduled resources and loads
appear. These unscheduled amounts are the differences between the actual resource or
load and the HA scheduled values (i.e., Q, - Qi «hed), Wheret refersto aparticular 5- or
10-minute interval within the operating hour and h is the operating hour.”

u Regulation, which chargestheindividual resourcefor theeffectsof itsminute-to-minute
volatility in output relative to the volatility of the total system load.

Regulation is the use of online generating units that are equipped with automatic-
generation-control equipment and that can change output quickly (MW/minute) to track the
moment-to-moment fluctuations in customer loads and to correct for unintended fluctuations
ingeneration (Hirst and Kirby 1998). In so doing, regulation hel psto maintain Interconnection
frequency, managedifferencesbetween actual and schedul ed power flowsamong control areas,

“The hourly imbalance, the difference between the amount of electricity actually produced during
the operating hour and the amount scheduled in the HA market, is settled at the hourly RT price. As
discussed in Chapter 4, some system operatorsimpose artificial penalties on hourly imbalances, often with
no cost justification. Because the hourly RT price is based on the intrahour interval prices, this hourly
imbalance payment or charge will be almost identical to the dollar amount obtained in the intrahour
balancing market discussed in thisbullet. The hourly price will, depending on the market rules, equal either
the weighted (usually by the absolute values of the imbalance amounts during each interval) or the
unweighted average of the interval prices. In PIM, the hourly price is the unweighted average of the 12
5-minute interval prices.



and match generation to load within the control area. This service can be provided by any
appropriately equipped generator that is connected to the grid and electrically close enough to
the local control area that physical and economic transmission limitations do not prevent the
importation of this power.

The system operator uses the RT balancing market to deploy generators providing the
load-following service (Hirst and Kirby 1998)." L oad following isthe use of online generation
equipment to track theintra- and interhour changesin customer |oads and unschedul ed changes
In generator output. Load following differs from regulation in three important respects. First,
It occurs over longer time intervals than does regulation, five minutes or more rather than
minute to minute. Second, the load-following patterns of individual customers are highly
correlated with each other, whereastheregul ation patternsarelargely uncorrelated. Third, load-
following changes are often predictable (e.g., because of the weather dependence of many
loads) and have similar day-to-day patterns; this phenomenon yields stable and predictable
diurnal load shapes (see Figs. 4 and 5 in Chapter 3).

"FERC's (1996) Order 888, which defined six ancillary services, did not discuss load following.
However, FERC’s (1999) Order 2000 requires RTOs to operate RT (intrahour) balancing markets. The
primary resource for these markets is generation that can change output every five or ten minutesto follow
changesin system load.






CHAPTER 2

DATA INPUTS

This chapter describes the data elements required to implement the method explained
in Chapter 4. Data are needed for the control area as well as for the wind facility.

WIND RESOURCE

The only data on the wind farm required for this project is 1-minute average output
(MW)." These data are then aggregated to the 5-minute and 1-hour levelsfor various analyses.

CONTROL AREA

Thismethod requiresdetail ed datafrom the control areawithinwhichthewind resource
Is electrically located. These data include variables collected and reported at the 1-minute,
intrahour interval (5-, 10-, or 15-minute), and hourly levels.

Datarequired at the 1-minute level include averages’ of ACE and system load (bothin
MW). [Dataon Interconnection frequency (Hz), net interchange schedules and actual values
(MW), and total generation (MW) are helpful because they can be used to check for data
errors.] Thesedata, along with the control-areavaluesof B and L ,,, permit cal culation of hourly
values of CPS1 and 2. They are also needed to calculate the control area’s regulation
requirement.

Datarequired at theinterval level includeincremental and decremental dispatch requests
(MW) and the associated prices ($/MWh). PIM, unlike most control areas, does not dispatch
generatorsdirectly (i.e., PIM doesnot order generatorsto move up or down aspecified number
of megawatts each interval). Rather, it uses a supply curve and sends price signals to all
generators under PIM’ s dispatch control every minute. Figure 1 showsthe PIM supply curves
for each day during aweek in August 2000. These supply curves are based on the prices and
guantitiesbid by individual generating unitsinto the PIM system. Essentially, PIM determines,

"Analysis of regulation performance for severa control areas showed that generation typically
follows load at about the 1-minute level (Hirst and Kirby 2000). Also, the NERC CPS1 calculation uses
1-minute averages.

*For certain variables, especially ACE, itisimportant to use 1-minute averagesand not instantaneous
(snapshot) values. Theinstantaneous difference between generation plus net schedulesand load can be quite
different from the average values.



every five minutes, how much more or less capacity isrequired relative to current conditions.
It then readsthe total amount [current output plusincremental (or minus decremental) energy]
needed for the next interval on the x axis of Fig. 1, identifies the point on the supply curve
directly above that quantity, and then distributes a price signal equal to the amount directly to
theleft of that point onthey axis. Thisprice signal is sent to all generators participating in the
PIM balancing market.

The daily PIM supply curve, which encompasses virtually all the generating capacity
within theregion, may not reflect accurately the capacity that can quickly ramp from one output
level to another every five minutes. Many generators have slow ramp rates (measured in
MW/minute) and therefore cannot participate in the intrahour energy market. It isalso unclear
whether the prices bid into this supply curve include the incremental costs to a generator of
ramping up and down, relative to the costs of steady-state operation (Fig. 2).
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Datarequired at the
hourly level include prices
for energy in the HA and
RT markets ($/MWh) as
well as the price of the
regulation service ($/MW-
hr). (Energy prices are in
$MWh of energy, while
ancillary-service prices are
in $MW-hr, where MW-hr
refersto aMW of ancillary
service provided for an
hour.)
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CHAPTER 3

LAKE BENTON AND PIM CHARACTERISTICS

This chapter summarizes the data used to develop and test the method discussed in
Chapter 4. The wind data were obtained from the Lake Benton |1 wind farm. The control-area
datawereobtained from PIM. In essence, | assumein these analysesthat the wind-farm output
is dynamically scheduled from the local control areain Minnesota to the PIM system.”

In someways, it might have been better to analyze datafor awind farm and the control
areawithin which it is physically (as opposed to electrically) located. In such cases, the same
weather would, presumably, drive wind output and system |oad. Analysis of such caseswould
show any benefits associated with positive correl ations between wind output and system |oad.
Ontheother hand, thisproject isintended to show how wind can beintegrated with competitive
wholesale markets, which eliminates control areas run by utilities. Competitive markets have
beeninoperation for ayear or moreinonly four parts of the country: New England, New Y ork,
PIM, and California. (The Texas market opened in late July 2001.) In addition, some of these
markets, especialy those in California, are undergoing rapid change and are seriously flawed.
Finally, obtaining relevant and reliable datarequiresthat the system operator maintain largeand
high-quality databases and that it has staff who are both knowledgeable about these data and
ableto take the time to collect and explain these data to others. | was fortunate and grateful to
obtain two weeks of detailed data (one for summer 2000 and the other for winter 2000/2001)
for usein this project.

LAKE BENTON WIND CHARACTERISTICS

The Lake Benton Il wind facility is located in southwestern Minnesota. With 138
turbines, each with arating of 0.750 MW, the rated (maximum) capability of the facility is
103.5 MW (Wan and Walsh 2000). The turbines are connected through four metering points
at two 34.5-kV feeders to the transmission system of Northern States Power Company (now
part of Xcel Energy).

During the 12-month period from July 2000 through June 2001, the average hourly
output from this wind farm was 36 MW, equivalent to a 35% capacity factor. The average
hourly output, however, varied substantially from month to month, from alow of 18 MW in

“Dynamic scheduling isthe el ectronic transfer from one control areato another of the time-varying
electricity consumption of aload or the time-varying electricity production of a generator (Hirst and Kirby
1997).
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July 2000 to a high of 48 MW in April 2001 (Table 1). Perhaps more important from the
perspective of this project, the range in hourly output was about 95 MW (Table 1 and top part
of Fig. 3). The standard deviation of the hourly wind output is about 85% of the hourly output,
suggesting substantial hour-to-hour variation in wind output.

The bottom part of Fig. 3illustrates how wind output changes from hour to hour during
amonth, in this case October 2000. On average, the hour-to-hour change in output was6 MW,
ranging from O up to 50 MW.

As shown by the correlation coefficients (r) in Table 1, thewind output isuncorrel ated
with either the Northern States Power system load or the PIM system load. This lack of
correlation isimportant because hourly spot prices aretypically highly correlated with system
load. The correlation coefficient between the hourly wind output and the PIM system |oad was
-0.4 for the week of August 6, 2000 and 0.0 for the week of January 15, 2001, the two weeks
for which | received detailed data from PIM.

Tablel. Summary of hourly data on Lake Benton wind output for one year

Average Maximum®  Coefficient Correlation coefficents®
of variation® NSP PIM

Jul-00 18.2 86.6 1.2 -0.02 -0.12
Aug-00 25.0 87.1 0.9 -0.01 -0.14
Sep-00 34.8 94.4 0.9 0.06 -0.22
Oct-00 33.7 96.5 0.9 -0.01 -0.02
Nov-00 40.9 98.1 0.8 -0.04 -0.03
Dec-00 40.3 97.7 0.8 -0.02 0.01
Jan-01 46.3 99.2 0.8 0.11 0.14
Feb-01 43.7 97.1 0.7 -0.07 -0.01
Mar-01 35.6 98.0 0.9 -0.10 -0.14
Apr-01 47.5 95.8 0.7 -0.08 -0.10
May-01 36.5 94.5 0.8 0.12 0.11
Jun-01 36.3 92.1 0.9 0.16 0.01

#The minimum value of hourly wind output was 0 MW each month.

*The coefficient of variation is equal to the ratio of the standard deviation to the mean.

“Thevaluesin these two column are the correlation coefficients between the values of hourly wind
output and hourly Northern States Power system load or PIM system load.

"“The correlation coefficient measures how well variations in one variable predict variationsin a
second variable. The coefficient can range from +1 (perfect positive correlation) to O (no correlation at all)
to -1 (perfect negative correlation).
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Table 2 summarizesdataon wind output for thetwo 1-week analysisperiodsusedinthis
project. On average, the regulation component of wind output (measured by the standard
deviation of the 1-minutefluctuationsaround theintrahour-imbal ance component, asexplained
in Chapter 4) is about 2% of the average output. Regulation is a smaller share of wind output
in January than in August. These data show large day-to-day variations in wind output and
regulation requirements, especially for the week in August.

PIM CHARACTERISTICS

PIM is a large 1SO, covering parts or all of five states (Pennsylvania, New Jersey,
Maryland, Virginia, and Delaware) plusthe District of Columbia. The PIM peak |oad is about
52,000 MW. PIM operatesday-ahead (DA) marketsfor energy and regulation aswell asan RT
market for energy.

During the week of August 6, 2000, the PIM load averaged almost 36,000 MW, 12%

higher than during the week of January 15, 2001 (Table 3). Thus, the wind output averaged
0.06% of the PIM load in August 2000 and 0.12% in January 2001.

Table2. Summary of data on hourly wind output for August 2000 and January 2001

Week of August 6, 2000 Week of January 15, 2001
Output Regulation as Output Regulation as
(MW) % of output® (MW) % of output®
Weekly results
Average 22 24 38 14
Maximum 87 134 96 74
Minimum 0 0.5 0 0.0
Standard deviation 25 1.7 32 1.1
Daily averages
Day 1 18 2.8 16 1.9
Day 2 5 35 7 2.2
Day 3 8 29 54 1.0
Day 4 2 2.2 59 1.0
Day 5 19 21 39 1.4
Day 6 56 1.2 59 1.0
Day 7 44 2.1 30 1.4

*These regulation values are based solely on the fluctuations in wind output and do not account for
the interaction of wind with system load (as explained in Chapter 4). These values are calculated only for
hourswhen wind output isgreater than 2 MW because the val ues are unstable when wind output isvery low.
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The PIM load is, on an hour-by-hour basis, reasonably predictable. Asshownin Fig. 4,
loads follow a consistent daily pattern, with lower loads on the two weekend days. Although
the winter load shape is different, it too has a consistent pattern from day to day. Figure 5
compares the hour-by-hour shapes for the wind-farm output and the PIM system load for the
five weekdays during this period in August 2000. Clearly, system load is a strong function of
the hour of the day, whereaswind output is largely independent of the hour of the day.” On the
other hand, this comparison may be unfair to the wind farm, which includes 138 turbines,
compared to the PIM system load, which includes several million customers.

The regulation component of the PIM load is about 0.1% of the total load, slightly
higher in January 2001 than in August 2000 (Table 3). PIM customers paid the equivalent of
$0.68/MWh of energy for regulation in August and $0.50/MWh in January.

Table3. Summary of dataon PJM hourly loadsand market pricesfor August 2000 and
January 2001
Week of August 6, 2000 Week of January 15, 2001
Regula Hourly market prices Regula Hourly market prices
Load tionas ($IMW) Load tionas ($IMW)
(MW)  %of  pp RT  Regua MW)  %of  pp RT  Regula
OUPUt  energy  energy  tion OUPUt  energy  energy  tion
Weekly results
Average 35,982 0.09 449 394 533 32,064 0.12 31.9 31 41.9
Maximum 49,300 1.02 140.0 136.6 125.8 38,367 0.49 68.2 126.5 116.3
Minimum 21,397 0.04 114 0.0 195 24,756 0.06 15.0 12.7 22.6
Standard 7,866 0.10 324 26.5 27.7 3,770 0.04 11.2 20.2 14.3
deviation
Daily averages

Day 1 27,380 0.08 25.3 155 313 31,633 0.12 34.4 26.9 45.7
Day 2 38,568 0.14 48.9 54.5 528 32,202 0.15 29.6 21.6 34.5
Day 3 40,185 0.08 72.1 42.9 827 32,701 0.11 32.2 28.6 394
Day 4 40,805 0.09 67.0 47.2 67.1 33,373 0.12 31.6 40.5 47.8
Day 5 39,255 0.08 46.8 49.0 614 32,567 0.11 30.5 36.4 4.4
Day 6 36,438 0.09 35.9 42.8 42.8 30,934 0.10 334 351 43.9
Day 7 29,242 0.08 18.1 24.1 350 31,037 0.10 314 28.0 37.7

"Statistical analysisof systemload and wind output for each of the 24 hoursfor each month confirms
the results of Fig. 5. The coefficient of variation for each hour and month (288 observations) for the wind
output is typically nine times higher than that for the PIM system load.
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generators every five Fig. 4. PJM hourly load and real-time prices for the

minutes to maintain the weeks of August 6, 2000 (top) and January 15,
necessary generation-load 2001 (bottom).

balance and to return the

units providing the regulation service to their base points. Thetop of Fig. 6 shows a sample of
the 5-minute prices for one day in August 2000. For the first several hours (through about
7 am), theinterval priceschangeonly slowly. However, during the middle of theday, the prices

PJM LOAD (GW)
PRICE ($/MWh)

"“Thediscussion of the costs of ramping units up and down during the hour (Fig. 2, page 11) suggests
that RT prices should be higher than DA prices, the opposite of what the PIM data show. On the other hand,
DA prices might be higher than RT prices if consumers and/or suppliers are risk averse (see Chapter 3 of
Hirst 2001).
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Fig. 5. Hourly wind output for five consecutive
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"I was unable to obtain from PIM data on the hour-ahead generation schedul es; thus, the imbalance
amounts shown in Fig. 6 assume that the hourly average imbalance is zero.
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CHAPTER 4

ANALYTICAL APPROACH

The method explained bel ow estimates the major economic effects of wind facilitieson
abulk-power system by cal culating the paymentsthe wind owner would receivefor the energy
delivered to acontrol areaaswell asthe payments the wind owner would have to make for the
regulation service and any energy-imbalance charges. The method requiresdatafromacontrol
area on both operations and markets as well as 1-minute data on wind output. The method
involves forecasting wind output an hour or more before the operating hour, splitting the
1-minute system load and wind output into their regulation and intrahour-imbalance
components, allocating the appropriate regulation costs to wind, calculating the intrahour
Imbalance payments and charges for wind, defining and testing bidding strategiesfor the wind
resource, and calculating total payments and charges for the wind farm.

FORECASTING WIND OUTPUT

Meteorological models (using weather data from satellites and surface measurements)
can be used to produce hourly wind forecasts for the next one to two days (Milligan 2001).
Because this project focuses on the short-term interactions between awind farm and its control
area, | did not consider these models. Instead, | focused on modelsthat predict the output of a
wind farm two hours ahead, called persistence modeling. | focus on two hours ahead, rather
than one hour ahead, because most competitive wholesale markets require that operating
schedules be finalized 30 to 60 minutes before the operating hour begins.’

| developed amodel to predict hourly wind output for the monthsthat included the data
from PIM, August 2000 and January 2001. For August 2000, actual hourly output ranged from
0 to 87 MW, with an average of 25 MW. The model explained 81% of the hourly variation in
wind output as afunction of two variables, both of which are statistically significant at the 1%
level: (1) the wind output two hours before and (2) the difference between the output two and
three hours before:

MW, ieq = 2.68 + 0.891 x MW, + 0.970 x (MW, - MW.;) .

“The planned Southwest Power Pool (2001) HA market ends “30 minutes prior to the start of the
Operating Hour.” ERCOT’ s (2001) adjustment period ends 60 minutesbeforethestart of the operating hour.
PIM permits schedule changes up to 20 minutes before the start of the hour. In California, supplemental
energy bids are accepted until 45 minutes before the operating hour, athough scheduling changes must be
made at |east two hours ahead of time.
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The model coefficients show that the output of a wind farm depends strongly on the
outputs two and three hours before. Figure 7 shows the actual and predicted valuesfor al 744
hours of the month. The forecast has an error that ranges from an overprediction of 37 MW to
an underprediction of 51 MW. The standard deviation of the hourly forecast error is9.5 MW.

Thisforecast isused in the present analysis to establish the amount of energy the wind
operator bidsintotheRTO’ sHA energy market. Thisscheduleisfinancially firm, which means
that the wind farm will receive revenues equal to its scheduled output times the HA energy
price. Any difference (imbalance) between the actual and scheduled wind output during the
operating hour will be settled at the hourly RT price. | also conduct a sensitivity analysis to
estimate the potential benefits of more-accurate forecasts of hourly wind output.

SPLITTING REGULATION FROM INTRAHOUR IMBALANCE

Asnoted above, regulation isthe ancillary servicethat adjusts for short-term volatility
(minute-to-minute) inloads, andintrahour imbalanceadjustsfor longer-termvariationsin load.
Thereisno hard-and-fast rule to define the temporal boundary between these two services. If
the time chosen for the split istoo short, more of the fluctuationswill appear asimbalance and
less as regulation. If the boundary is too long, more of the fluctuations will show up as
regulation and less as intrahour imbalance. But in each case, the total volatility is unchanged
and is captured by one or the other of these two services.
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Inaprior project, Kirby and Hirst (2000) used a30-minuterolling averageto definethe
boundary between the two services. We calculated therolling average of, for example, system
load, for each 1-minute interval asthe mean value of the 15 earlier values of |oad, the current
value, and the subsequent 14 values:

Intrahour Imbalance, = Loadg;geqs = Mean (L s + Ly + ... + L+ Ly + oo + Listd) s
Regulation, = Load, - Intrahour Imbalancey; e -

In practice, the temporal boundary between the two services should be based on the
design of the wholesale power marketsin the region of interest. That design should reflect the
characteristics of the generation resources and loads in the region. For the PIM system,
intrahour balancingisa5-minute service. Therefore, | defined intrahour imbalanceasthelinear
ramp (constant movement in MW/minute) from the midpoint of one 5-minute interval to the
midpoint of the next interval. Regulation, as above, isthe difference between actual load each
minute and the imbalance component for that minute.

Figure 8 shows the results, for one hour, of the method used to disaggregate total wind
output into its regulation and intrahour-imbal ance components. The average wind output for
this hour was almost 39 MW, with minimum and maximum values of 30 and 44 MW,
respectively. Theregulation value, by definition, averageszerofor the hour, with minimumand
maximum values of -2.4 and +1.8 MW. Because the imbalance interval is so short (five
minutes), this component followsthe raw data closely, and the regulation component is small.

Thismethod allocatesvariability inload or generation between regul ation and i ntrahour
imbalance using historical data. In practice, system operators cannot know exactly the future
movements of loads and generation. Although they use sophisticated short-term forecasting
methods to guide their intrahour balancing and economic-dispatch decisions, those forecasts,
and therefore the dispatch decisions, are often imperfect. Discrepancies between actual and
forecast MW movements are addressed by the regulation service. Thus, the present method
assigns too much of the wind and load variability to intrahour balancing and not enough to
regulation. This misallocation between the two services has little or no effect on the results
developed here, however, because the results are based on actual PIM performance (i.e., the
amounts of regulation and intrahour balancing actually deployed hour-by-hour by PIM).
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ALLOCATION OF REGULATION REQUIREMENT

| used the same method to disaggregate the 1-minute data on system load that | used
withthewind data (discussed above). | next cal cul ated the total regulation requirement and the
wind share of that total using the method developed by Kirby and Hirst (2000). The method
uses the standard deviation (o, in MW) of the 1-minute regulation values (e.g., the dotted line
in Fig. 8) to define hourly regulation requirements.

Regulation reflects the small, minute-to-minute fluctuationsin load or output around a
longer-term average. In principle, the individual regulation components of various loads and
generators are likely to be largely uncorrelated with each other. In practice, the individual
components of theregulation total may show somecorrelation, either positive or negative, with
each other.

Figure 9 illustrates the method we developed for such allocations. This method works
for all situations, regardless of whether the regulation components are positively correlated,
uncorrelated, or negatively correlated. In addition, if a generator or load has a regulation
component that is negatively correlated with the total (i.e., its random fluctuations reduce the
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X = (Total® + A? - B)/(2 x Total) .
The contribution of B to the Total isthen equal to Total - X or
Total - X = (Total® + B - A%/(2 x Total) .

The only computational requirement for this method isto cal culate the standard deviations of
each component and of each subtotal (Total minusindividual load or generator).

The primary value of this processisthat it cal cul ates the hourly regulation requirement
of thewind resource, not inisolation, but asacomponent of thetotal system requirement. Thus,
the method treats wind exactly the same way a system operator should treat al generators and
loads—as a contributor to the system’ s overall requirement.” The result of this processis a set
of hourly regulation values for the wind resource. And, as noted above, these hourly values
might sometimes be negative, suggesting a payment from the system operator rather than a
payment to the system operator.

"Current 1SO practice charges all loads for regulation on the basis of hourly energy use, with no
regardfor thecontribution of eachload’ svolatility to systemregul ation requirements. In addition, generators,
some of which might have undispatched outputs that vary from minute to minute, are not charged for
regulation at all.
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INTRAHOUR BALANCING

The system operator usestheload-following resources and theintrahour energy market
to (1) match generation to load at the lowest possible operating cost (as reflected by the
incremental and decremental energy bids from individual generators) and (2) return the
generators providing the regulation service to the midpoints of their operating ranges. In the
following discussion, | assumethat the regul ation and intrahour bal ancing functionscan bekept
separate; the 5-minute imbalances are addressed in PIM’s RT market, and the 1-minute
fluctuations around the 5-minute imbalance amounts are addressed by the regulation service.

The control-areadataincludeimbal ance amounts (incremental or decremental capacity
movementsinMW) and prices (in$/MWh) for eachinterval of the hour. In addition, thesedata
show the supply curve for intrahour imbalance energy (Fig. 1, page 10).

Wind appearsin thereal -time market asthe difference between its hour-ahead schedule
and the actual wind output:

Wi ndt = Wi r]dactual - Wi ndschedule )

wheretisaparticular 5-minuteinterval and the schedul eisafixed amount throughout the hour,
as specified by the wind owner, presumably based on its forecast of wind output.

The key question concernswhat, if anything, the control area does with this additional
source of imbalance. At one extreme, the system operator could ignore the effects of the
intermittent wind output (Wind,) and dispatch the intrahour generation resources exactly asit
would have without the wind output. This case favorswind because it exempts wind from any
Imbalance costs. But, this approach would degrade the control area sreliability performance.

At the other extreme, the system operator could compensate fully for all variationsin
wind output. In this case, the system operator would dispatch other generation resourcesin
exactly the same amountsand in the opposite direction fromwind. Thiscase unfairly penalizes
wind by requiring it to maintain a perfect balance at all times between its actual and scheduled
output, unlike other resources, which in aggregate (not individually) are required only to
maintain an adequate balance, one that meets the NERC CPS1 and 2 requirements.

The method developed here requires the system operator to deploy its regulation and
intrahour-imbal ance resources to maintain roughly the same CPS1 and 2 performance levels
withwind asit did without wind. | adjusted the imbalance requirements asfollowsto maintain
the same levels of performance for the week:

"Asdiscussed earlier, theseintrahour prices should reflect both the value of the energy and the cost
of movingaunit from one output level to another (expressedin MW/minute). It isnot clear whether any 1SO
system now in operation accounts for this second factor.
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Imbalance adjustment, (MW) = -a[b x Wind,; + (1 - b) x Wind] ,

whereaand b are user inputsthat can rangefrom0to 1. If aisset to O, there is no adjustment,
which defaults to the first case noted above. If ais 1, the adjustment is 100%, which defaults
to the second case noted above. (If the output of the generator in questionisextremely volatile,
it might be necessary to set a greater than 1 to maintain CPS performance.) If b is 1, the
adjustment occurs entirely in the subsequent interval. If b is0, the adjustment occurs entirely
inthe sameinterval in which theimbalance occurs, which seemsunrealistic. In principle, some
of the imbalance adjustment could occur in later intervals. In the cases discussed below, | set
b to 1 and varied a between 0 and 1 to maintain the without-wind CPS values. The adjustment
has a negative sign because it involves movement opposite that of the wind resource itself.

The imbalance adjustment thus calculated is added to the original imbalance amount.
Thischange may |ead to achangein theimbalance price as PIM moves up and down the supply
curve(Fig. 1, page 10). Therefore, anew priceiscal culated to correspond to the new imbalance
requirement for each interval. The wind resource is paid (pays) for its incremental
(decremental) imbalance energy at this new imbalance price. The payments (charges) for the
12 intervals in each hour are summed to obtain the hourly payment (charge) for the wind's
hourly imbalance. Table 4 shows imbalance amounts and prices for two hours, with and
without wind. The results for these two hours show that, on average, the imbalance price
declines by about $1/MWh for every 100-MW increase in wind imbalance.

The approach described above treats wind fairly. That is, wind faces the same market
that other resources do, and itsrevenues and charges are based on the costs the system operator
faces.

On the other hand, some of thetariffsfiled by utilitieswith FERC in response to Order
888 do not, inmy view, treat imbalancesfairly. For example, some energy-imbal ance schedul es
permit the utility to keep any overgeneration without paying thesupplier; similarly, sometariffs
Impose a penalty for undergeneration. The New York 1SO (2001) tariff contains penalties,
although they were never implemented, and the 1SO recently sought permission from FERC
to drop them. The New Y ork tariff pays nothing for overgeneration (unlike PIM, which pays
the current market-clearing price for energy). And, the New Y ork tariff imposes a regulation
surcharge for undergeneration (unlike PJM, which charges the current market-clearing price
for energy).” To capture the effects of possible penalties in a system’s intrahour imbalance
market, | added afactor that imposes a specific percentage surcharge for undergeneration and
the same percentage subtraction from payments for overgeneration.

"ERCOT (2001) imposes pendlties on resources participating in its imbalance-energy market that
deliver an amount of energy different from the scheduled energy for that interval (15 minutes) by morethan
1.5% of the schedule or 5 MW, whichever islarger. However, * uncontrollabl e renewabl e resources’ are not
subject to this uninstructed-deviation penalty so long as their actual output each interval differs from their
schedule by no more than 50%.
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Table4. Characteristicsof PIM intrahour imbalance market without wind and for the
wind output (at ten times actual) on August 8, 2000

Time Imbalance (MW) Imbalance price ($MWh)
PIM without wind ~ Wind output®  PJM without wind With wind

6:00 -1,848 64 15.2 15.2
6:05 -1742 63 15.3 15.3
6:10 -29 61 17.0 15.9
6:15 -29 67 17.0 16.0
6:20 -29 71 17.0 15.9
6:25 -29 84 17.0 15.9
6:30 -29 90 17.0 15.9
6:35 -29 86 17.0 15.9
6:40 -29 90 17.0 15.9
6:45 741 92 18.2 18.1
6:50 1663 93 19.1 18.0
6:55 1391 96 18.8 18.7
7:00 -1784 -11 18.7 18.6
7:05 -1784 -15 18.7 18.7
7:10 -1784 -19 18.7 18.7
7:15 -799 -17 20.1 20.2
7:20 -799 -13 20.1 20.2
7:25 -803 -15 20.1 20.1
7:30 -803 -22 20.1 20.2
7:35 341 -24 22.7 22.7
7:40 2054 -11 419 43.6
7:45 2054 0 419 42.0
7:50 2,054 -1 419 419
7:55 2,054 -12 41.9 41.9

#This column shows the wind imbalance alone, not the PIM imbalance with wind.

Evenif asystem operator imposes no artificial penaltieson resourcesthat do not follow
their schedulesclosely, the market design and implementation could adversely affect resources
that have intrahour imbalances. The Californial SO’s Balancing Energy and Ex Post Pricing
system, which dispatches resources and sets prices every 10 minutes, is, unfortunately, agood
example of such a system. The California system has separate incremental and decremental
prices, both of which arein effect during some intervals. In addition, the |SO’ s rules prohibit
it from clearing the market (i.e., the ISO is not allowed to match the decremental bids to buy
that are above the incremental offers to sell). For the first seven months of 2001, the
decremental prices were, on average, higher than the incremental prices! During this period,
the imbalance prices were negative for about 5% of the time and zero about 25% of the time.
(By comparison, PIM’ s imbalance prices were never negative and were zero less than 1% of
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thetimefrom July 2000 through June 2001.) The consequencesof California sirrational prices
for awind farm are substantial. Given these California prices, awind farm would receive no
payment at all for about one-fourth of the wind output and would be charged for about 5% of
its output. The California | SO is working on these problems (Abernathy and Leuze 2001).

Wind, merely because its output is variable, should not be financially penalized.
However, system operators might pay morefor instructed deviations (generator movementsup
and down in response to specific system-operator requests) than for uninstructed deviations
(generator movements independent of operator requests). The response to System-operator
requestsincursadditional fuel and maintenance costs because of the nonsteady-state operation
of the unit as it ramps up and down, relative to steady-state operation. Because of these extra
costs, the payments (charges) for instructed incremental (decremental) movements should be
greater (less) thanfor uninstructed deviations(Fig. 2, page 11). For example, the Californial SO
pays for uninstructed incremental energy at the current decremental price and charges for
uninstructed decremental energy at the incremental price. Only those resources participating
Intheimbal ance market and responding accurately to dispatchinstructions should be permitted
to set the market-clearing price; other resources (including wind) should be price takers.

BIDDING STRATEGIES

The method developed here permits a wind resource to participate in wholesale
electricity markets in one of two ways:

u Thesimplest strategy isfor thewind farmto provide no advance schedulesto the system
operator and merely show up in real time. This strategy makes senseif the wind owner
Is unable to develop even a rudimentary method to forecast future wind output.

u A morerefined strategy isfor thewind owner to schedul ethe wind output an hour ahead
of real time. The basis for thisHA schedule would be a short-term forecasting model,
perhaps along the lines of that discussed above. The difference between actual wind
output and the HA schedule would be managed in the system operator’ s RT market at
the intrahour price.”

In both cases, thewind resource would be charged for the regul ation serviceit consumeson the
basis of its minute-to-minute volatility around itsintrahour-imbalance component. That is, the

“This method does not account for the effects on HA prices that the introduction of additional
resourceswould have. In particular, when wind bidsinto the HA market, its participation will lower the HA
price, reducing its HA revenues. This phenomenon is similar to what occurs in the RT market (which is
accounted for in this method). The magnitude of this effect is likely to be much smaller in the HA market
because more resources can participate in the HA market than can participate in the RT market because of
ramp-rate restrictions and costs.
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charges (and occasional payments for) regulation are independent of the wind's bidding
Strategy.

OTHER PARAMETERS

Thismethod al so permitstheanalyst totest variousfactorsthat might affect therevenues
awind farm will receive in competitive wholesale markets. These factors include (1) awind
multiplier (which permitsthe simulation of caseswith wind output larger or smaller thaninthe
base case), (2) awindimbalance penalty factor (which permitsthe simulation of casesinwhich
the system operator imposes penalties on hourly imbalances unrelated to system costs), and
() creation of an HA price based on the DA and RT prices.

Thewind multiplier increases the magnitude of thewind farm’ s output. This parameter
Is important because the examples developed here involve a very large control area (with an
average load during the 1-week summer period of 36,000 MW) and a small wind farm (with
an average output during the same period of 22 MW). The interactions between the wind
resource and the system—the primary objective of this project—are negligible for aresource
that is less than 0.1% of the total system. The multiplier factor allows one to analyze these
interactions when wind accounts for alarger share of the total system load (and generation).”

Larger wind farms have moreturbinesdistributed over larger areasthan do small farms.
Therefore, the relative volatility of the output from a large wind farm should be less. This
improvement in wind diversity should affect the hour-to-hour, intrahour-imbalance, and
minute-to-minute fluctuationsin wind output.” This greater diversity should offset some of the
costs associated with a wind resource that is a larger share of the electrical system. The
diversity benefits would be even greater if the outputs from several geographically dispersed
wind farms were treated as a single resource by the system operator.

Although the variation in hour-to-hour output will surely be reduced as the geographic
scope of awind farm increases, | could identify no quantitative method to model this process.
| applied the square root of the wind multiplier factor to the regulation component of the wind
output. | chose the square-root function because the standard deviation of the sum of several
independent variables is equal to the square root of the sum of the squares of the standard
deviations of the components. If each turbine’ sfluctuations (c;) are compl etely independent of
the remainder of the wind farm, the total regulation requirement (c;) would equal:

"According to the Minnesota Deputy Commissioner of Energy, the Buffalo Ridge site, on which the
Lake Benton wind farm is located, could accommodate up to 4000 MW of wind capacity (Raloff 2001).

"Hudson, Kirby, and Wan (2001) examined data from the four metering points for the Lake Benton
wind farm. Their analysis showed that the regulation requirement for the wind farm as a whole was
substantially less than the requirements for the four subsets treated separately. The total regulation
requirement was about 40% |ess than the sum of the individual requirements.
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where i refers to an individual turbine and T is the total for the wind farm. In practice, the
regulation componentsof theindividual turbinesarelikely tobemodestly positively correlated,
which would suggest use of a factor slightly greater than 0.5 but much less than 1.0. For
simplicity (and because few data exist to suggest what the power factor should be), | chose 0.5
(the square root).

| applied the ¥th power of the wind multiplier factor to the intrahour-imbalance
component of thewind output. | selected thispower becauseit ishalf way betweenthe 0.5 used
for regulation and the 1.0 used for hourly energy.

| also included an imbalance penalty factor (PF) to permit analysis of the effects of a
system that discourages energy imbalance by imposing a penalty on such deviations from the
hourly schedule. The penalty factor is a percentage reduction in the payment for any
overgeneration and the same percentage increase in the charge for any undergeneration. If
wind, (= Wind_, - Windy..,.) 1S greater than zero (overgeneration), then the payment is:

Payment, = Wind, x P, x (1 - PF) ,

where P is the imbalance price in interval t. On the other hand, if Wind, is less than zero, the
chargetothewindis:

Charge, =Wind, x P, x (1 + PF) .

Finally, | included afactor to define the HA price on the basis of the DA and RT price
because PIM has no HA energy market:

Price,, = Priceg; + ¢ x (Pricey, - Pricegy)

where cisafactor (which can vary between 0 and 1) selected by the analyst. | set c to zero for
all theanalyses presented in Chapter 5. Doing so simplifiesinterpretation of theresultsbecause
it eliminates the confounding effects of differences between the DA and RT prices.

WIND REVENUES

The present model, implemented as a Microsoft Excel workbook, performs al the
calculationsdiscussed above and then aggregatesresultsto hourly, daily, and weekly totalsand
averages. If wind bidsinto the HA market, its payments and charges include:

u HA payments equal to the HA price times the energy scheduled,;
u RT hourly charges or payments, equal to the product of the RT hourly price times the
difference between the HA schedule and the actual delivery of wind power;
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u Any additional intrahour charges or payments; and
u Regulation charges.

If thewind owner participatesonly in the RT market (i.e., does not schedule any output ahead
of time), its payments and charges include:

u Intrahour payments based on the actual wind output and the spot price during each
interval of the hour and
u Regulation charges.

Dividing these hourly revenues by the wind output yields an hourly price for thewind
(in $/MWh), which can then be compared with the hourly HA and RT prices.
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CHAPTER 5

RESULTS

AUGUST 2000

During the week of August 6, 2000, the unweighted average of the hourly RT pricein
PIM was $39.6/MWh. Weighted by hourly electricity consumption, the average price was
$44.7/MWh, 12% higher than the unweighted price. The weighted price is higher because
hourly loads and prices are highly correlated (r = 0.88).

The hourly wind production averaged 21.8 MW. If the wind farm schedules its
production an hour ahead, the price it receives during the week for its product averages
$31.7/MWh. That is, it receives $34.7/MWh in the HA market, repays $2.8/MWh in the RT
imbalance market for differences between its HA schedule and actual delivery, and pays
$0.3/MWh for regulation.” If the wind farm just participates in the RT imbalance market, it is
paid an average of $31.3/MWh. The pricethewind farm receivesismuch lessthan the average
price ($31.7 or $31.3 vs $39.6) because wind output is negatively correlated with load (r =
-0.39) and therefore price (r = -0.26) for this week.

Asthe size of the wind farm increases relative to the control area, the average price it
receivesfor itsoutput declines (top of Fig. 10). Not surprisingly, thedrop ismuch greater when
thewind appearsentirely asimbalance energy inthesystem’ sSRT market. At the extreme, when
thewind output is 50 timesthe actual values, the average price when wind schedulesHA is6%
below thepricefor the actual output. When thewind farm does not schedule HA, the pricedrop
IS 31%. The relative decline in wind revenues as the size of the wind farm increases is a
consequence of the associated increase in the intrahour imbalance charges. The cost of
regulation per MWh of wind production increases with the size of the wind facility, by 20%
over the range in wind-farm output considered here.

Asthe size of the wind facility increases, the imbal ance adjustment must also increase
to maintain the same CPS performance. When wind is scheduled HA, the adjustment factor
increases from 0.2 for the original output to 0.6 when increased by afactor of 10 and 1.0 when
Increased by afactor of 20 or more. When wind is not schedul ed ahead of time, the adjustment

"L oad, on average, paid $0.6/MWh of energy for regulation, double what the wind would have been
charged. In this case, the regulation component of the wind output is only weakly correlated with the total
regulation requirement.
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factor increasesfrom0.7 for
the original output to 1.0
when increased by a factor
of five or more.

| ran additional cases
with the wind output
increased by a factor of 10
(equivalent to 0.6% of the
system’s load) to see how
various factors (forecast
error, penalty factor, and
hourly wind values) affect
wind revenues. Reducing
the forecast error by 50%
saves $6700 for the week,
which increases the price
wind receives by 0.6%.
Completely eliminating the
forecast error saves $9300
for the week. The question
for the wind community is
whether a $348,000
increase in revenues over
the course of a year is
sufficient to justify the
expense of developing and
deploying a method to cut
forecast errors in half for a
1000-MW wind farmwith a

capacity factor of 21%. Fig,

(The benefits of improved
windforecastsmay besmall
in this case because the
original forecast explained
more than 80% of the

variation in hourly wind output.)
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as afunction of wind output as a per centage of
system load (top) and by day of theweek for the
same minute-by-minute daily wind production
(bottom).

| also ran cases with penalty factors. A 5% penalty costs the wind farm almost $25,000
(2% of revenues) for the week if it schedules HA. If it does not schedule its output ahead of
time, the penalty is more than double at $54,000/week (5% of revenues).



Next, | ran a case using the minute-by-minute wind outputs for one day (Thursday,
August 10) and applied them to each of the seven days. | selected Thursday because its output
(18.6 MW) was close to the hourly average for the week asawhole (21.8 MW). Asshown in
the bottom part of Fig. 10, therevenuesvary tremendously from day to day, ranging fromalow
of $17/MWh on Sunday to ahigh of $53/MWh on Monday. This range corresponds exactly to
thevariation in hourly RT pricesthat week. Wind revenues are, on average, much higher than
in the base case (compare the top and bottom parts of Fig. 10) because the wind output on this
day wasuncorrelated with systemload (r =+0.01 instead of -0.39). Thepricereceived by wind
for its output with Sunday’ s pricesis higher than the PIM RT price because Thursday’ s hourly
wind output is positively correlated (r = 0.4) with Sunday’ s prices. These results show that the
wind revenues depend both on the time-varying output of the wind farm and the time-varying
electricity prices.

Figure 11 shows the hour-by-hour wind output (scaled up by a factor of 10), the
corresponding values of the RT hourly price, and the net revenue the wind farm receives per
MWh of output. Except when the wind output is very low, the net price wind receives tracks
the RT hourly price closely.
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JANUARY 2001

During the week of January 15, 2001, the unweighted average of the hourly RT price
in PIM was $31.1/MWh (21% lower than during the August week discussed above). Weighted
by hourly electricity consumption, the average price was $32.4/MWh, 4% higher than the
unweighted price. The weighted priceis only slightly higher because hourly loads and prices
are only weakly correlated (r = 0.55, compared with 0.88 for August 2000).

The hourly wind production averaged 37.7 MW, 73% more than during the week in
August 2000. If thewind farm schedulesits production hour ahead, the priceit receivesduring
the week for its output averages $33.7/MWh. Specifically, it receives $34.6/MWh in the HA
market, repays$0.7/MWhinthe RT imbalancemarket for differencesbetweenitsHA schedule
and actual delivery, and pays $0.05/MWh for regulation. If the wind farm just participatesin
the RT imbalance market, it is paid an average of $32.9/MWh. Unlike the situation in August,
the price the wind resource receivesis higher than the average price ($33.7 or $32.9 vs $31.1)
because wind output is essentially uncorrelated with load (r = -0.04) and is positively
correlated with RT price (r = 0.16) for this week.

The regulation charges to the wind farm differ by a factor of six between August and
January (theequivalent of $0.31/MWh of wind energy producedin August, compared with only
$0.05/MWh in January). This difference is a consequence of three sets of variables. First, the
total cost of regulation to the PIM system was 53% higher in August than in January because
both the amount of regulation per hour (426 vs 382 MW) and the price of regulation ($53.3 vs
$41.9/MW-hr) were higher in August. Second, wind’ s share of regulation was 123% higher in
August than in January (0.033% vs 0.015%). Finally, the average hourly wind production was
43% less in August than in January (22 MW vs 38 MW). This comparison illustrates the
volatility of wholesale electricity markets and the various factors that can affect the revenues
and charges awind farm might experience.

Consistent with the August results, asthe size of thewind farm increasesrelativeto the
control area, theaverage priceit receivesfor itsoutput declines (top of Fig. 12). Again, thedrop
Ismuch greater when the wind output appears entirely asimbalance energy in the system’sRT
market. At the extreme, when the wind output is 50 times the actual values, the average price
when the wind farm schedules HA is 3% below the price for the actual output. When it does
not schedule HA, the price drop is 44%. The cost of regulation per MWh of wind production
increases with the size of the wind facility, by 35% over the range in wind-farm output
considered here.

| ran additional cases with the wind output increased by a factor of 10 (equivalent to

1.2% of the system’s load) to see how various factors affect wind revenues. Reducing the
forecast error by 50% saves $9400 for the week, which increases the price wind receives by
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0.4%. Completely
eliminating the forecast
error saves $13,000 for the
week. Again, the question
is whether a $489,000
Increasein annual revenues
(20% more than calculated
for the week in August
2000) warrantsthe expense
of developing and using a
method to cut forecast
errors in half for a 1000-
MW wind farm with a
capacity factor of 36%.

| also ran caseswith
penalty factors. A 5%
penalty coststhewind farm
$20,000 (almost 1% of its
revenues) for the week if it
schedulesHA. If it does not
scheduleitsoutput ahead of
time, the penalty is four
times higher at $86,000 per
week.

Next, | ranacasein
which | took the minute-
by-minute wind output for
one day (Friday,
January 19) and applied
those data to each of the
seven days. | selected
Friday because its output
(39.2MW) wascloseto the
hourly average for the
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week as a whole (37.7 MW). As shown in the bottom part of Fig. 12, the revenues vary
substantially from day to day, ranging from a low of $17/MWh on Tuesday to a high of
$33/MWhon Thursday. Thisrange correspondsexactly tothevariationin hourly RT pricesthat
week. Wind revenues are, on average, much lower than in the base case (compare the top and
bottom parts of Fig. 12), the opposite of what we observed for August, because the wind output
on this day was negatively correlated with system load (r = -0.84 instead of -0.04).

37



Figure 13 shows the hour-by-hour wind output (scaled up by a factor of 10), the
corresponding values of the RT hourly price, and the net revenue the wind farm receives per
MWh of output. Aswastrue for the August data, except when the wind output isvery low, the
net price wind receives tracks the RT hourly price closely.
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CHAPTER 6

CONCLUSIONS

Thekey lesson to belearned from the devel opment and application of thismethod isthat
it isfeasible and practical to calculate the costs and revenues associated with the delivery of
electricity from a volatile and unpredictable resource. It is not necessary—and certainly not
desirable—to estimate these costs and payments based on speculation and ideology.

This method, because it is empirical, requires detailed data on both the wind farm in
guestion and the control areawithin which thefarmiselectrically (not necessarily, physically)
located. The empirical basis of this method means that it cannot be readily applied to awind
facility that is not yet operational or to awholesale electricity market that does not yet exist.

The method requireslarge amounts of data, in particular 1-minute averagesfor several
factors related to the control area as well aswind output. These data include 1-minute values
of area control error and system load for the control areaaswell aswind output. Datarequired
at the intrahour-interval level include control-area dispatch and energy prices. Data required
at the hourly level include CPS performance, forward and real-time energy prices, and
regulation prices. All these data should be readily available from the system operator and the
wind-farm operator.

In addition, the calculations required to produce the present results are straightforward
and amenableto incorporation in asimple workbook. The method model stheinteraction of the
wind output with the hour-ahead energy market and the real-time balancing market; it also
calculates the regulation requirements for the wind resource.

A key feature of this analytical method is that the system operator need not acquire
regulation and intrahour-balancing resources to counter every change in output from thewind
farm. All the system operator need do, in response to the time-varying output of the wind
facility, is maintain the same average CPS performance it would have without the wind
resource. In other words, this method treats wind the same way that any time-varying load or
generator should be treated in competitive wholesal e operations and markets.

One should not generalize too much from the results presented here because they apply
to only one wind farm, to one control area, and to two one-week periods (in August 2000 and
January 2001). Nevertheless, here goes:

u Scheduling wind output ahead of time (e.g., in the hour-ahead energy market) yields
greater revenues than having the wind appear entirely as intrahour imbalance energy.
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u The benefits of accurately scheduling the wind hour ahead increase as the size of the
wind facility increases. These benefits suggest that the value of accurate forecasts of
wind output could be substantial.

u The average revenue per MWh of wind production, all else being equal, declinesasthe
size of the wind facility increases. (The magnitude of this effect may be overstated by
the present method.)

u The cost of regulation is a small fraction of the total revenues the wind resource
receives, on the order of 5 to 30 cents per MWh of wind energy produced. These costs
are lower than the regulation cost borne by PIM customers, which average about 60
cents per MWh.

u The comparison between resultsobtained for August 2000 and January 2001 emphasize
how strongly wind revenues depend on hourly spot prices. Because the wind output
cannot be controlled, its revenues depend on when the wind blows and the correlation
between wind output and hourly spot prices. Theseresults suggest that those examining
aternativelocationsfor wind farms should consider pricesand revenuesaswell aslocal
wind speeds.

u Market design can affect the revenues and costs awind farm faces. Penalties unrel ated
to system costs unfairly rob wind farms of revenues they would otherwise earn. These
penalties can be explicit or they can be afunction of poor market design (which leads
to prices that do not accurately reflect the value of the wind resource).
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