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SUMMARY

Electricity consumption varies with time. These temporal variations include moment-to-
moment fluctuations plus hour-to-hour changes associated with diurnal, weekly, and seasonal
patterns. Because electricity cannot be easily stored, electric utilities use computers and
communications equipment to control their generating units to closely track these time-varying
loads. The problem naturally splits into two time frames for both loads and generation: (1) fast
fluctuations, on the order of seconds to minutes, and (2) slower fluctuations, on the order of an
hour or longer. Fast fluctuations in aggregate load result primarily from the random movements
of individual loads. Slower fluctuations result from common external causes, such as time of day,

.day of the week, and weather.

As long as a single entity (the vertically integrated utility) was responsible for meeting all
the requirements to supply loads and maintain reliability, it was only necessary to ensure that
sufficient generating capacity of each type was available at all times. With industry restructuring,
the introduction of competition, and the unbundling of generation services, it is necessary to
quantify both the burdens that individual loads place on the system and the contributions that
individual generators make to carrying those burdens. This report develops a framework for
determining what burdens are imposed by loads and what contributions are made by generators,
based primarily on data from a Midwestern control area.

The Federal Energy Regulatory Commission, in its April 1996 Order 888, required electric
utilities to unbundle generation and transmission services. It defined “regulation and frequency
response” as the service used to track moment-to-moment fluctuations in system load. It did not
discuss the load-following service provided by generators, used to track the interhour variations
in load. Figure S-1 decomposes system load into its two components for a three-hour period one
winter morning. '

This study empirically examines intra- and interhour load following. Because the analysis
conducted here is based on very limited data, we suggest further research on these issues. Our
initial conclusions are: -

®  Separating intra- and interhour load fluctuations is straightforward. Although the selection
of an appropriate mathematical method to disaggregate loads will depend on the specific
data and application, even a simple cubic fit to several hours of data provides a clear
distinction between intra- and interhour load dynamics (Fig. S-1).

L Several features define intrahour load fluctuations: the magnitude of load swings
{measured in MW), the speed of load swings (measured in MW/minute), and the
frequency of changes in direction of load swings (increasing vs decreasing loads).
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L Intra- and interhour load following differ in three ways: (1) the magnitude of load swings
is much greater for interhour changes, (2) the speed of changes is much greater for
intrahour fluctuations, and (3) the frequency of direction changes is much greater for
intrahour fluctuations.

L Comparing the dynamics of loads and generation with different time-averaging periods,
ranging from 10 seconds to 2 minutes, shows that generation does not follow high-
frequency (less than 2-minute) fluctuations. Utilities might be able to reduce the cost of
regulation by ignoring the more-rapid load fluctuations. And it may not be appropriate to
charge most customers for these high-frequency fluctuations.

n A nontrivial portion of the generating capacity assigned to regulation service contributes
to the regulating burden a utility faces. For the particular case examined here, regulating
units provided 12 MW/minute, on average, in the primary (correct) direction. At the same
time, other regulating units were moving in the wrong direction at 2 MW/minute.

n Regulation is used to track fluctuations in system load, the sum of individual loads. If
individual loads are uncorrelated and if the regulation requirement is proportional to the
standard deviation of the system load, then regulating costs increase with the square root

of system load.

 SYSTEM LOAD (MW)
10200

10000
9800

9600

9400
9200
MIDNIGHT 1 TIME 2 3a.m.
Fig. S-1. System load measured at 1-minute intervals plus a cubic fit to these data for

a Midwestern utility, from midnight to 3 a.m.
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- CHAPTER 1

INTRODUCTION

BACKGROUND

The basic electrical services include generating capacity, energy supply, and power
delivery (transmission). Ancillary services are needed to provide the basic electrical services,
both to support transactions between buyers and sellers of electricity and to maintain reliability
of the interconnected electrical grid. This report examines the concepts and details associated
with the function variously called load following, regulation, or regulation and frequency
response.

The concept of load following is clear and widely understood; indeed, utilities have been
providing this service for decades (1) to match generation to system load and (2) to maintain
frequency within the interconnection close to. 60 Hz. However, the effort to unbundle generation
services shows that the specifics of these services are often ambiguous.

We take an expansive view of this service, as illustrated by Fig. 1. The figure shows the
load for a hypothetical customer from 7 a.m. to 8 am. on a weekday mormning. The total load
consists of three primary components. The first element is the minimum constant (base) load
during the hour, 80 MW in this example. The second element is the trend during the hour and
from hour to hour (the morning pickup in this case); here that element increases monotonically
from 0 MW at 7 am. to 14 MW at 8 am. The third element is the random fluctuations in load
around the underlying trend; here the fluctuations range over £2 MW. Combined, the three
elements yield a range of loads during this hour of 78 MW to 96 MW This report focuses on
the second and third components.

In addition to these three elements, uncertainty about loads further complicates the
decision on how to meet load. All three elements are likely to vary from day to day with
changes in weather, building occupancy, and other factors unique to the particular customer.
For example, a sudden change in wind direction might drive clouds over the service area, in
response to which air-conditioning loads would decrease. Data from two utilities in the
Southwest show that the day-ahead forecasts of hourly load are off by more than £2% of actual
load half the time. Control-area operators must have sufficient generation online to respond to
such unexpected increases or decreases in load.

The Federal Energy Regulatory Commission (FERC 1996), in its final rule on open-
access transmission, identified six ancillary services that transmission providers must offer to
their customers. FERC defines “regulation and frequency response” as the “extra generating
capacity, called regulating margin, [required] to follow the moment-to-moment variations in the




load located in a control area. Following load variations is necessary to maintain scheduled
interconnection frequency at sixty cycles per second (60 Hz).”

Regulation and frequency response is the use of generators to help meet the North
American Electric Reliability Council (NERC 1992) control-area performance criteria. These
criteria require control areas to maintain their area-control error (ACE) within tight limits. ACE,
measured in MW, is the instantaneous difference between actual and scheduled interchange plus
frequency bias:

ACE = (NI, - NI) - 10B x (F, - F) ,

where NI is net interchange, {3 is the frequency bias (measured in MW/0.1Hz), F is frequency,
a is actual, and s is scheduled. The first term in the ACE equation reflects the control area’s
generation/load balance with the rest of the interconnection, and the second term reflects the
interconnection’s frequency deviation from the  60-Hz reference (a measure of the
interconnection’s generation/load balance).

DEMAND (MW)

100
TOTAL
80
UNCERTAINTY BASE
ol - Base
6 - Ramp
- Fluctuations
40
FLUCTUATIONS

7 a.m. B TIME ’ 8 a.m.

Fig. 1. Components of a hypothetical customer’s time-varying load on a weekday
morning.

The first of the two control-area performance criteria (called Al) requires that, on an
instantaneous-power basis, the control area be in balance with the rest of the interconnection
at least once every 10 minutes. The second criterion (A2) requires that the control area’s energy
imbalance net of frequency bias (average ACE) be within a certain limit called L (roughly 0.2
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to 0.5% of peak demand) every 10 minutes. Utilities deploy automatic-generation-control
(AGC) computer systems to manage ACE to meet the Al and A2 criteria.

In part because of the FERC rulemaking, NERC established an Interconnected
Operations Services Working Group to develop an industry consensus on the definitions,
requirements, obligations, and management for these services. The NERC working group
(1996) identified two services relevant to this study: regulation and load following. Regulation
was defined as the generating resources “used to balance supply resources with minute-to-
minute load variations and to meet NERC control performance criteria” (Sammut 1996). Unlike
FERC, the working group separated the generator actions into two parts: (1) those associated
with large frequency deviations (to which the generators respond through governor action and
then in response to AGC signals) and (2) those associated with the continuous regulation
process (in response to AGC signals only). Large frequency deviations are caused by generation
or transmission outages and occur rarely. Regulation i1s required continuously to balance -
generation and load.

The working group also defined load following as the provision of generation capacity
“to meet daily and hourly load variations” (Steitz 1996). This service is intended to follow daily
load cycles, in particular the moming pickup and afternoon dropoff that most utility systems
experience.

A recent Oak Ridge National Laboratory report (Hirst and Kirby 1996) identified four
components of load following. The two control-area functions are maintenance of
interconnection frequency at 60 Hz and maintenance of generation/load balance within the
control area. These two functions are identical to what FERC calls “regulation and frequency
response.” The two customer functions include following the moment-to-moment fluctuations
in loads (what the working group calls regulation) and following the longer-term (e.g.,
interhour) changes in load (what the working group calls load following). The two sets of
functions are equivalent to each other. That is, if a control area completely and accurately meets
the two customer functions, it will automatically meet its control-area responsibilities.*

Neither the FERC nor the NERC nor the Oak Ridge discussions of ancillary services
defined the appropriate time period over which to measure “moment-to-moment variations” in
load, the speed with which load changes occur, or the amounts and ramp rates of generation
needed to provide this service. None of these entities defined the boundaries between intra- and
interhour load following, and none developed a suitable mechanism for extracting intrahour
load-following patterns from load data.

“This statement is not precisely correct because a control area’s contribution to interconnection
frequency control is determined by the interconnection’s generation/load balance and is independent of the
control area’s individual performance in meeting its system load.
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The recent filing from the three California investor-owned utilities (Pacific Gas and
Electric, San Diego Gas and Electric, and Southern California Edison 1996) on the creation of
an independent system operator (ISO) also did not provide details on load following.
Specifically, the utilities identified the need for “generating units equipped and operating with
automatic generation control, which will enable such units to respond to the ISO’s direct digital
control signals to match, on a real-time basis, loads and resources consistent with established
NERC and WSCC [Western Systems Coordinating Council] operating criteria.” But they did
not define “real-time basis,” nor did they quantify the amounts and speed of generating units
needed to provide this service. The proposed restructuring of the PJM Interconnection
Association (1996) was similarly vague on load-following services.

Part of the confusion about these services involves the time scales over which they are
provided. Generators respond automatically (based on their inertia, governor control,
impedance, and electrical proximity to the load) to fluctuations that occur faster than a second
or two. Generators respond to slower fluctuations based on signals from the control-area
operator’s AGC system. The AGC system measures ACE every two to six seconds and sends
signals to those generators that provide regulating service to increase or decrease output. Once
every several minutes, the AGC system reoptimizes the generation dispatch to minimize
operating costs. The control-area operator manually directs individual generators to ramp up
and down over the course of an hour or more to track expected interhour load trends.

Thus, generator response to fast (less than a few seconds) fluctuations is automatic,
based on the electrical properties of the generators and transmission system. Generator response
to load fluctuations on the order of several seconds to several minutes, on the other hand, is
managed by the AGC system in its effort to meet the NERC performance criteria. Generator
response to longer-term load changes (several minutes to several hours) is based on manual
directions and on the economic optimization of the AGC system. We might call the services that
generators provide during these three time periods autonomous generator response, regulation,
and load following.

In addition to differences in time scale, these load-following services differ according
to perspective. The owners and operators of generating units want to know what services they
are required to provide, what services they will be allowed to compete to provide, what it will
cost them to provide those services, and what they will be paid for those services. System
operators want to be sure that they have sufficient resources under their control to meet the
NERC performance criteria to maintain system reliability. And customers want to know what
services they must purchase, why they must buy them, and how much they must pay for them.
Thus, suppliers, ISOs, and customers need to agree on precise definitions of the fast (intrahour)
and slow (interhour) load-following services and on the generation resources needed to provide
those services. Absent such agreement, the parties will face ongoing controversies about who
is providing what to whom and who should pay how much for what services.




PURPOSE OF REPORT

The purpose of this report is to examine empirically these intrahour and interhour load
changes and the responses of a utility’s generating resources to those load changes. We analyze
data, primarily from one control area, to see how it maintains ACE close to zero in an effort to
meet the Al and A2 cniteria. Overall, we estimate that load following costs U.S. electric utilities
just over $1 billion a year, equivalent to about 0.4 mills/kWh (Kirby and Hirst 1996).

We first test alternative ways to identify trends over multihour periods using both
regression analysis and rolling averages (i.e., to disaggregate time-varying loads into the two
components considered here). We compare the effects of various approaches on the resultant
intra- and interhour load variations.

Then, we consider several metrics for intrahour load following (equivalent to FERC’s
regulation and frequency response):

n the magnitude of load swings, measured in MW (and the corresponding amount of
generating capacity that must be available to provide this service);

u the rate of change in load, measured in MW/minute (and the corresponding ramp rate
of generating capacity that provides this service);

n the number of changes in the direction of load swings (with possible implications for
increased costs associated with lower efficiencies and higher maintenance costs).

We examine these characteristics of load following for different time-averaging periods
(ranging from 10 seconds to a few minutes) and compare the dynamics of loads and load-
following generation across these time periods. We examine the minute-to-minute performance
of the generators that provide regulation (i.e., that are on AGC), individually and collectively.
Finally, we consider the contribution of each load to the total load-following requirements of
the control area.

To conduct these analyses, we use data for two days (one in December 1995 and one in
June 1996) for a Midwestern control area. This utility has a summer peak demand of about
18,000 MW and an average hourly demand during a year of about 9700 MW. Over the course
of a year, the hour-to-hour load changes range from about -1500 MW/hour to +1500 MW/hour,
with an average of the absolute change equal to about 340 MWh/hour. (The average of the
interhour load changes is, almost by definition, zero over an entire year.) The data we analyze
include generation and load, both measured at 10-second intervals. (Load is calculated as the
difference between generation and net interchange out.)







CHAPTER 2

COMPARING INTERHOUR AND INTRAHOUR LOAD SWINGS

Although we focus here on the intrahour load and generation response (regulation), we
discuss interhour variations because of the close link between the two components of load
following. Indeed, total load, by definition, 1s equal to the sum of the intrahour load
fluctuations, the interhour load changes, and the base load (which we assume to remain constant
throughout an hour); see Fig. 1. Thus, the method used to define interhour load changes
automatically determines the pattern of short-term load fluctuations. :

The concept of splitting load and generator response into the components shown in
Fig. 1 is straightforward and well known. But the mathematics of doing so are less clear.
Clearly distinguishing between intra- and interhour load fluctuations and the generation
required to provide these two services will be increasingly important in a restructured electricity
industry that features unbundled generation services.

We considered and analyzed several ways to identify the interhour load trends. These
methods include the use of rolling averages over 10-, 30-, and 60-minute intervals and the use
of linear, quadratic, and cubic regression models, each fit to three hours of data. (Fourier
analysis can also be used to identify the frequency components of system load.) Table 1 shows
that the rolling-average methods produce far too many sign changes in the interhour trend,
compared with the six sign changes that the hourly data show for this day. Even the cubic and
quadratic methods overestimate the number of sign changes, but this occurs because of the
discontinuities at the end of one 3-hour period and the beginning of the next period. Similarly,
the 10-minute average and the linear model overestimate the 6.2 MW/minute actual interhour
ramp rate for this day.

Because the interhour load trend defined by the 10-minute rolling-average method
follows the dynamics too closely, the intrahour fluctuations defined by this method show
relatively little variation, as measured by the absolute value and standard deviation of the
fluctuations (right side of Table 1). At the other extreme, the linear fit to three hours of data
follows the interhour load trend so poorly that the resultant intrahour fluctuation is greatly
exaggerated. The 60-minute rolling average and the cubic fit yield similar definitions for the
short-term fluctuations.

The top part of Fig. 2 shows the regression-model results from 6 am. to 9 am., and the
bottom part shows the rolling-average results. Our visual inspection of the data and alternative
averaging approaches plus the statistics in Table 1 suggest that a cubic fit to the data or a 60-




minute rolling average perform well. That 1s, both methods follow the long-term load variations
and do not follow the short-term fluctuations.

Table 1. CompariSon of alternative methods to define interhour load trends®
Interhour trend Intrahour fluctuations®
Average of absolute  Sign changes  Average of Standard
Method values of ramp rate per day absolute deviation
(MW/minute) values (MW) (MW)
Rolling average
10-minute 9.7 159 27 21
30-minute 7.1 86 47 38
60-minute 6.4 54 64 52
Regression model
Cubic 7.2 16 61 48
Quadratic 7.8 12 90 67
Linear 83 6 132 101

3These results are based on 1440 1-minute observations for a 24-hour period in
December 1995, with separate fits to the elght 3-hour periods from midnight to midnight.
bAll six ﬁts to the data resulted in sign changes for the intrahour fluctuations of 29 to 32
times/hour and averages of the absolute value of ramp rates of 19 to 22 MW/minute.

For example, the standard deviation of the short-term fluctuations is 61 MW relative to
the cubic fit but 132 MW relative to the linear fit. The intrahour load fluctuations are much
higher relative to the linear fit because the linear fit poorly approximates the actual interhour
load trend. And the standard deviation 1s 64 MW relative to the 60-minute rolling average, but
only 27 MW relative to the 10-minute average. The intrahour load fluctuations are much smaller
relative to the 10-minute average because averaging for such short time periods leads to an
interhour trend that follows much of the intrahour dynamics.

Table 2 compares the characteristics of inter- and intrahour load following. The intrahour
results are based on I-minute averages for this Midwestern utility for a single day in December
1995 (1440 observations in all), calculated as the deviations from cubic fits to the load data.
Two sets of interhour results are shown, one for the same day (24 hourly observations) as that
used to calculate intrahour load results and one for the entire year (8760 observations).
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Fig. 2. One-minute loads and several regression-model (top) and rolling-average

(bottom) fits to the data from 6 to 9 a.m. for a winter day.
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Table 2. Comparison of intra- and interhour load following

Intrahour Interhour
Zt:;aur 24-hour day? 8760-hour yearb
Magnitude of swings (MW)
Maximum +170 +2,100 +6,000
Average 0 (48% 11,700 9,700
Standard deviation 61 1,400 2,000
Rate of change (MW/minute)
Maximum +125 +20 +26
Average of absolute values® 20 6.2 5.7
Number of sign changes per hour 31 0.27 0.19

3These results are for a single day in December 1995. The intrahour results are based on
1-minute averages. The interhour results are based on hourly averages.

These results are for the entire year 1994.

“The average of the intrahour load swings is, by definition, zero.

Over the course of a year, loads range from a low of 5900 MW (early morning hours
during the spring and fall) to almost 18,000 MW (summer afternoon hours). The hourly load
changes reach more than 1500 MW/hour, with the increases typically occurring between 6 and
7 a.m. and the decreases occurring in the summer between 11 p.m. and midnight (Fig. 3).

Aggregate intra- and interhour load following differ in three important ways:

u The magnitude (in MW) of load swings is much greater for interhour changes than for
intrahour changes; the difference is a factor of 15 to 40.

= The speed of changes (MW/minute) is much greater for intrahour changes than for
interhour changes; the difference is a factor of 3 to 5.

u The frequency of change in direction (i.e., the sign on the ramp rate) is much greater for
intrahour changes than for interhour changes; the difference is roughly a factor of 100.

"We measure the speed of load fluctuations by comparing load at one instant to load at the prior
instant (L, - L,_,), which is essentially the first derivative of load. We measure load fluctuations by comparing
instantaneous load to the load trend (L, - Ly,nq)-
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These differences in the amount and speed of load changes affect the types of generating units
needed to respond to these two kinds of load changes. Generators used to provide regulating
service must respond quickly to frequent, but small, load changes. On the other hand, generators
used to provide load-following service must respond to large, but slowly changing, loads.

HOURLY LOAD CHANGES (MW/hour)

1500 [~ Year-round,
7 a.m.

1000 —

500 —

-500 |~

-1000 Summer,

11 p.m.

_1 500 | | { {
0 0.2 0.4 0.6 0.8 1

FRACTION OF YEAR (1994)

Fig. 3. Distribution of hourly load swings for 1994.
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CHAPTER 3

INTRAHOUR LOAD SWINGS

As Fig. 4 shows, overall load declined from 10,100 MW at mldmght to about 9300 MW
at 3 a.m., an 8% (800-MW) drop, based on a cubic fit to these data.” The 1-minute load data
fluctuate around this trendline with a maximum 1-minute change of 170 MW in either direction
and a standard deviation of 67 MW. Ignoring the direction of change, loads fluctuate an average
of 55 MW at an average rate of 21 MW/minute during this 3-hour period. The load fluctuations
change sign (e.g, from increasing to decreasing) 54% of the time; in other words, roughly once
every other minute loads change from decreasing to increasing or from increasing to
decreasmg

Figure 5 shows the 10-second “speeds” for load and generation (discussed in Chapter 4)
from midnight to 1 a.m. Loads move up or down at an average rate of 74 MW/minute and
change direction more than 200 times per hour.

Table 3 shows how the range, average, and standard deviation of the load fluctuations
and their speeds change when the time-averaging period is increased from 10 seconds to 2
minutes. While the measures of magnitude drop by 4 to 15% in going from the 10-second to the
2-minute level, the measures of rate-of-change drop dramatically, by 80 to 95%. Thus, the
standard deviation and average for the magnitude of load swings are nearly independent of the
time-averaging period used to define intrahour load swings. (We know of two utilities that
observed near-constant standard deviations in their analyses of intrahour load fluctuations.)
However, the rate-of-change measures are strongly dependent on the averaging period; the
longer the averaging period, the slower the rate of change and the fewer the direction changes.

*The least-squares fit to these {-minute data is:
Load (MW) = 10,068 - (5.823 x 1) - (0.00864 x %) + (0.000107x£%) ,
where ¢ is time measured in {-minute intervals beginning at midnight (¢ = 1) and ending at 3 a.m. (¢ = 181).
The R? for this model is 092, and all four cocfficients are statistically significant at the 2% levcl or better,
except for the £ coefficient, which is not significant at all.

*Had we calculated the intrahour load fluctuations relative to a linear fit to the data for this three-hour
period, the statistics on load swings (MW) would have been about 25% higher. But the statistics on ramp rates
(MW/minute) and frequency of direction changes would have been very close to the results presented above,
based on fluctuations relative to a cubic fit to the data.
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Fig. 4. Total load measured every minute for a Midwestern utility and a cubic fit
to the data, from midnight to 3 a.m.
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Fig. 5.  Fluctuations in system load and total generation (measured at lO—second

intervals) from midnight to 1 a.m.
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Table 3. Effects on intrahour load swings from midnight to 3 a.m. of increasing the
time over which load is averaged

Averaging Magnitude of swings (MW) Rate of change (MW/minute)
period Maximum  Averageof  Standard Average of Sign changes
(seconds) absolute values  deviation absolute values per hour
10 +186 57 69 74 205

30 +178 56 68 31 : 55

60 +166 55 67 21 31

90 +160 54 66 17 14

120 +155 53 66 15 11

An increase in generator/load imbalance of about 60 MW (the difference in magnitude
between the maximum swings at 10-second vs 120-second intervals) would increase the
frequency deviation in the Eastern Interconnection by only 0.0015 Hz. Even in the Western
Interconnection or the Electric Reliability Council of Texas, a 60-MW generator/load imbalance
would affect frequency by 0.004 or 0.01 Hz, respectively. [The frequency-response
characteristic is 4000 MW/0.1Hz in the Eastern Interconnection, 1500 MW/0.1Hz in the
Western Interconnection, and 625 MW/0.1Hz in the Electric Reliability Council of Texas
(Benjamin 1996).] The very small frequency deviations associated with a decision to ignore 10-
second fluctuations and the likelihood that 10-second load fluctuations across utilities are
uncorrelated suggests that control-area operators could safely ignore these high-frequency
fluctuations.
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CHAPTER 4

AGGREGATE GENERATOR RESPONSE TO LOAD
FLUCTUATIONS

Figure 5 illustrates the differences in the dynamics of loads and generation. In addition
to the 10-second load fluctuations discussed above, this figure shows the 10-second fluctuations
in total generation for this control area. Clearly, generation varies much less than does load.
Specifically, the average 10-second load fluctuation is 12.3 MW, and the average generation
fluctuation is two-thirds less, 4.2 MW. While load reverses direction 56% of the time,
generation reverses direction only 35% of the time.

One cannot tell from these data whether generation responds slowly to load changes
because the generating units are unable to respond more quickly or because control systems do
not request faster response. We suspect the latter, because utility AGC systems typically filter
the raw ACE signal to avoid having generators move up and down unnecessarily. As noted by
Jaleeli et al. (1992), AGC strategies seek to “avoid unnecessary rapid maneuvering of unit
generation (or the chasing of high frequency components of demand change).” More broadly,
advanced AGC systems can reduce generator movement by both filtering historical ACE signals
and by forecasting future loads for the next several minutes (Fink and Erkmen 1987).

These short-term (~10-second) mismatches between generation and load are made up
by the rest of the Eastern Interconnection. That is, for brief periods, this control area first leans
on the interconnection (i.e., it undergenerates) and then other control areas lean on it (i.e., it
overgenerates). These presumably uncorrelated discrepancies, which disappear with the longer
time-averaging periods discussed below, are equivalent to short-term inadvertent interchanges.

This control area assigns about 150 MW to regulation, equivalent to 2.3 times the
standard deviation of load fluctuations (Table 3).” In principle, the control area could assign
more generating capacity to load following and assign capacity that has greater ramping
capability to reduce these short-term mismatches.

Figure 6 shows that when the time interval for averaging loads and generation is
increased from 10 seconds to 1 minute, the load and generation patterns look quite similar. By
similar, we include both the amplitude of fluctuations and the frequency with which direction

“This is actually £150 MW or 300 MW of total range. Following upswings in load requires additional
capacity and therefore additional capital costs as well as additional fuel and maintenance costs. Following
downswings in load requires suboptimal dispatch of generation, which involves only additional operating and
maintenance costs.
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changes. Even at the 1-minute interval, however, generation moves more slowly than does
system load. Specifically, the standard deviation of the generation ramp rate 1s 23 MW/minute,
compared with 30 MW/minute for system load. And generation fluctuations reverse direction
19% of the time, compared with 49% for loads. The results shown in Fig. 6 suggest that the
generator response to load changes at the 1-minute level is both damped and delayed.

To explore the appropriate time interval more fully, we compared the standard deviation
of load fluctuations with that for generation fluctuations for several time-averaging intervals,
ranging from 10 seconds to 2 minutes (Fig. 7). Only when the averaging interval reaches 1.5
minutes do the two curves meet. This result suggests that generators either cannot or do not
follow load fluctuations at the 10-second level. Rather, generation follows load at roughly the
1.5-minute level. This time interval is roughly consistent with the statement that the “... velocity
limits of the generators will not allow control response to load components with a period in the
order of 2 minutes or less” (Douglas, Green, and Kramer 1994).

We also examined the correlation coefficient between load and generation fluctuations
for different time lags between generation and load. Consistent with the results presented above,
the correlation coefficient reached its maximum at two minutes. In other words, generation
appears to follow 10-second or 30-second fluctuations in loads with a two-minute delay.

One utility calculated the amount of generation it assigns to regulation on the basis of
the requirement to meet the A1 criterion at least 90% of the time. Its analysis of raw and filtered
ACE showed that its regulating units respond at a rate of 18 to 25 MW/minute to meet A1 90%
of the time. Multiplying 22.5-MW/minute (an average rate) by 10 minutes yields a total
capacity of 225 MW assigned to regulation, about 2% of peak load.

y Pacific Gas and Electric (1996), on the other hand, split its load-following requirement

into two parts: micro-load following (a few seconds to 10 minutes) and macro-load following
(10 minutes to several days). It calculated a total load-following requirement of 0.74% (123
MW) of peak demand. Of this total, 0.25% (42 MW) was needed for micro-load following. The
ordér-of-magnitude difference between the two utility estimates of regulating requirements (2%
vs 0.25%) may occur because of differences in how the utilities characterize the short-term load
fluctuations (regulation) and the longer-term changes in load. Differences in load characteristics
(e.g., volatile loads, such as steel mills), generator characteristics (i.e., MW/minute capabilities),
and system size may also contribute to this difference in regulating requirement.
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1-MINUTE FLUCTUATIONS (MW/minute)
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Fig. 6. Fluctuations in system load and total generation (measured at 1-minute

intervals) from midnight to 1 a.m. Compare Figs. 5 and 6.
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Fig. 7. Standard deviations of load and generator fluctuations for different time-

averaging intervals.
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-CHAPTER 5

GENERATOR-UNIT RESPONSE TO LOAD FLUCTUATIONS

The same utility that provided data on 10-second loads and aggregate generation for a
day in December 1995 also provided data on the outputs of the individual generating units on
regulation. These regulating-unit data are for a 24-hour period in June 1996. We aggregated
these data from the 10-second level to 1-minute averages. For the 4-hour period from 10 a.m.
to 2 p.m., the 10 units on regulation had an average output of 2800 MW, 21% of total generator
output during that time. The standard deviation of the output from these 10 units was 800 MW,
compared with 450 MW for the remaining units. The ratio of standard deviation to mean
(coefficient of variation, COV) for the regulating units was 28%, compared with 4% for the
nonregulating units. These statistics show that the output from the regulating units varied much
more than that from the nonregulating units, as expected.

During any given period, some of the regulating units were moving in one direction, and
other units were moving in the opposite direction. Between 10 am. and 2 p.m., regulation in
the “primary” direction averaged 12.0 MW/minute, while regulation in the “counter” direction
averaged 2.1 MW/minute. This counterregulation averaged 19% of the primary regulation
during this 4-hour period.* Figure 8 displays this phenomenon from 10to 11 a.m.

Several factors explain this counterregulation (Hoffman 1996):

n The AGC signals from the control center to each generator are unit-specific and reflect

that unit’s regulating range, ramp rate, and turnaround time (the amount of time it takes

‘the unit to change direction). Thus, the control center might ask fast-response units to

change direction, while allowing slow-response units to continue ramping in the original
direction. : '

n The control signals are based on both historical ACE values and on near-term (5 to 15
minute) forecasts of loads, which will modulate the signals sent to individual units. For
example, if the forecast shows increasing loads over the next 15 minutes (a reflection
of interhour load changes), then a small drop in loads (the intrahour fluctuations) may
not necessarily result in a reduction in the output from regulating units.

*In addition, the nonregulating units moved counter to the direction of the regulating units almost
50% of the time (based on l-minute averages). During these times, the nonregulating units increased the
regulating burden by 28%, measured in MW/minute. When the two sets of units were moving in the same
direction (51% of the time), the nonregulating units contributed an extra 36% to the regulating units. Thus,
these units often added to the regulating burden faced by the utility.
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Fig. 8. Changes in output for the 10 units on regulation from 10 to 11 a.m. The
solid line shows the net change in generator output, and the dashed line
shows the fraction of output that is moving in the counter direction.

= The A1 cniterion requires the control area to achieve an instantaneous power balance at

least once every ten minutes. Meeting this criterion can force AGC to cycle rapidly,
always ramping some units up or down. Because of differences in the speed with which
individual units can respond, such AGC signals can create situations in which units are
not operating in unison.

u Previous AGC signals may have moved some units away from the midpoint of their
operating ranges or may have moved units out of economic order. Thus, the signals to
some units may be moving these units back while using others to perform the regulating
function at certain times.

u Errors in the communications and control systems can cause generators to respond
inappropriately (e.g., with time delays or even in the wrong direction) to AGC signals.

Because of these factors, at any given time, some generating units are providing
regulation service, and other units are consuming regulation service. That s, some units should
receive payments for the regulation service they provide to the system and some units should
be charged for the regulation burden they impose on the system. The Bonneville Power
Administration (1996) implicitly recognizes these competing roles of generation in its wholesale
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rates. Bonneville maintains 280 MW (about 3% of its 9000 MW of generation) for regulation.
Of this total, 90% is used to control for variations in load, and 10% for generator variations.

A utility’s ability to follow rapid load fluctuations depends on the mix of generation
online and on AGC. The individual units on regulation move up and down with various speeds.
Hydro units can respond at 50 to 100% of their output per minute, combustion turbines at 10
to 20% per minute, and coal units at 1 to 3% per minute. Nuclear units are generally not used
for regulation. Figures 9 and 10 show the minute-to-minute changes for two units on regulation.
Figure 9 shows a unit that followed closely the control-center’s AGC signals, with a ramp rate
that reached 2%/minute (positive at 6 minutes and negative at 11 and 12 minutes). Figure 10
shows a unit that responded poorly to the AGC signals, at one point increasing ACE by 31 MW.

To illustrate differences between regulating and load-following units, Fig. 11 shows the
hourly outputs of two gas/oil units from another utility for a 4-day period. (Ideally, we should
show the minute-to-minute output of these two plants to provide a better comparison with Fig.
9; unfortunately such detail was not available.) The maximum ramp rates for these units are
about 50% per hour (110 MW/hour for the 210-MW unit and 80 MW/hour for the 165-MW
unit). Comparing Figs. 9 and 11 shows that regulating units move much more rapidly than do
nonregulating units (2%/minute vs less than 1%/minute) but over a smaller range (roughly 10%
vs 75% of unit capacity). = ‘ '

ACTUAL AND REQUESTED GENERATOR OUTPUT (MW)
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Fig. 9. The minute-to-minute output'f‘rom a generator providing regulation service.
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Fig. 10. The minute-to-minute output from a generator providing regulation service,
but doing so poorly. '
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Fig. 11, Hourly outputs from two load-following gas/oil generators operated by a

western utility.
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CHAPTER 6

EFFECTS OF INDIVIDUAL LOADS ON TOTAL LOAD SWINGS

In response to FERC’s order to unbundle generation from transmission, utilities and their
customers may want to provide and pay for services on a customer-specific basis. This chapter
examines the load-following requirements of an individual customer relative to that of the
system as a whole.

We assume that the generator cost of load following is proportional to the standard
deviation of the aggregate load. The actual amount of generating capacity dedicated to load
following will depend on how often the utility 1s willing to be out of balance with the rest of the
interconnection or to allow frequency to deviate from its 60-Hz reference to help provide load
following. As we have seen, utilities do not (and as a practical matter can not) compensate
completely for load fluctuations.

Consider a group of N identical customer loads, each of which has a mean of p and a
standard deviation of o. If the customer loads are 1dentical and completely correlated with each
other, then the total load has a mean of Ny and a standard deviation of No. In other words, the
COV for the entire system is the same as that for each individual load. (The COV is the ratio
of the standard deviation to the mean, o/u.)

Assuming that the loads are perfectly correlated with each other over the short time
intervals examined here is quite unrealistic. A much more likely situation is one in which the
customer loads are not correlated with each other.” In this case, the total load has a mean of
Nxp and a standard deviation of V" X02; that is, 0 x V' N. Thus, although the total load increases
linearly with the number of loads, the load-following requirement for uncorrelated loads
increases more slowly, with the square root of the number of loads. Thus, load following shows
economies of scale.

The utility might reasonably charge all N identical customers the same amount for load
following. The cost to an individual customer i for load following is then proportional to GA/N.
The marginal impact of each new load, however, decreases as N rises:

oMarginal=‘,-(N""l)xcj‘1/-N><Oi=[\/—(N+l)—-1/-N]><(;i )

*Loads are correlated with each other over longer time periods, such as from one hour to the next,
because of their dependence on common factors, such as the hour of the day, outdoor temperature and
humidity, and daylight. Here we assume that the loads are uncorrelated over periods rangmg from a few
seconds to several minutes.
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Thus, the average load-following cost per customer decreases as the number of customers
increases. To the extent that load-following costs are substantial, this characteristic provides a
competitive advantage to larger utilities and an incentive for small control areas to combine into
fewer, larger ones. From the point of view of customers, load following is one service that is
cheaper to provide (per unit of energy or power sold) to small customers than to large customers
because there are more small customers for a given utility size. (This statement assumes that
the small and large loads have the same COVs.)

, The situation is more complicated if the N independent loads differ in their means and
standard deviations. In this case, the load-following requirement for the system is proportional
to the standard deviation of the aggregated system:

_ 2
OTotal Load = ‘rzoi >

where 1 includes all customers. Assigning load-following responsibility to each customer is
more complicated as well. One reasonable approach would again look at the marginal
contribution of each customer to the total load-following requirement:

- 2 2 2
OMargmalj —J—ZO - {(20 - Uj ) s
where j is the customer whose load-following requirement is being computed. Because the
system is nonlinear, responsibility must be assigned to each load based on its marginal
contribution relative to the marginal contributions of all loads:

OMarginal { 2OMarginal = [V To? - V(Zo? - oj2)]/2k[f 2o’ -V(Zo?-02)],

where k includes all customers. Unfortunately, implementing this method requires knowledge
of the standard deviation of each load rather than just those for the total load and the new load
of interest.

The preceding examples assumed that the individual loads were uncorrelated with each
other. Now we relax that assumption and consider a more complicated situation. We created a
hypothetical new load to see how it interacts with the base load to affect overall load
fluctuations. This new load consists of three components: (1) a base load equal to a set fraction
of the mean of the system load (e.g., 0.01 or 0.05), (2) a random component , and (3) a
component proportional to the time-varying fluctuations of the system load. Modifying the three
parameters that affect these components changes the ways in which this new load interacts with
the system load.

- 2 2
onr ="V [(op+ g; covarying) + (Oj independent) I,
and
HNT = BT TRy

NT refers to the new total system load, and T refers to the original system load (without load j).
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Assuming, as above, that the standard deviation of the total load is the key determinant
of load-following requirements, we chose the following metric to measure the change in load-
following requirement caused by the addition of a new load:

- (onT/uNp)/(O1/uT)

In both numerator and denominator, ¢ i1s based on fluctuations around the underlying trend.
When the above ratio 1s 1.0, the new load increases the total load’s fluctuations proportional to
the increase in total load. In such a case, there is no relative increase in load-following
requirement for the overall system, though the contribution of each individual load changes.

Figure 12 shows how changes in the size and standard deviation of the new load affect
its contribution to the total load-following requirement. The effect is directly proportional to the
square of the size of the load: a new load that is 5% of the system load, for each value of its
COV, adds 25 times as much load-following requirement as does a new load that is only 1%
of the system load. At low values of the new load’s COV, its contribution to load following
- would be less than proportional to its magnitude (e.g., peak MW). For a new load that is 5% of
the system, its load-following burden per MW is higher than for the system as a whole only
when its standard deviation exceeds 5% of its mean. By comparison, the COV of the system
load is 0.9%, confirming the less-than-proportional effect of adding a new load identified above.

If the new load 1s positively correlated with the system load, its contribution to the load-
following requirement is higher for all values of its COV than if there were no correlation
(Fig. 13). Conversely (and symmetrically), if the new load is negatively correlated with the
system load, its contribution to the load-following requirement will be lower.

In summary, a new load can either reduce or increase the total load-following
requirement, depending on its size, its volatility, and its correlation with the total load. The
larger the new load, the greater its volatility, and the more positively it is correlated with system
load, the more it contributes to fluctuations of the total load.

Generation can be treated the same as load in terms of time-varying fluctuations.
Generation fluctuations that are positively correlated with load fluctuations are providing
regulation and should be compensated for that service. Generation fluctuations that are
negatively correlated with load fluctuations increase the load-following burden on the control
area and should be charged accordingly. Thus, while it might make sense to pay generators for
making their units available to the system operator (a reservation charge), it may be more
important to pay (or charge) generators for real-time performance.
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CHAPTER 7

CONCLUSIONS

SUMMARY

Using data on loads and generation from a large Midwestern control area, we examined
several characteristics of load following. First, we used various averaging methods (i.e., rolling
averages and regression models) to identify and define the interhour trends in system load. We
found that a simple cubic fit to several hours of 1-minute load data yields satisfactory
definitions of inter- and intrahour dynamics.

Using these averaging methods, we 1dentified the intrahour load fluctuations. We
compared the characteristics of inter- vs intrahour load. The short-term fluctuations differ from
the long-term load changes in three ways. First, the magnitude (MW) of interhour load changes
is much greater than that of intrahour load fluctuations. Second, the intrahour fluctuations
change much more rapidly (MW/minute). And third, the intrahour fluctuations change direction
much more often than do the interhour load changes.

Next, we examined intrahour load swings in detail, focusing on the magnitude of load
swings (measured by the maximum load change, standard deviation, and average of absolute
value) and the rate of change of load swings (measured by the average of absolute value of load
change and the number of sign changes per hour). We analyzed the implications of alternative
time-averaging periods, ranging from 10 seconds to 2 minutes. While the standard deviation and
average of absolute values of the magnitude are nearly invariant with the time-averaging period,
the measures of rate of change are very sensitive to the averaging period. '

Then we examined the response of generators, in aggregate and individually, to these
moment-to-moment load fluctuations. Comparing the dynamics of load and generator
fluctuations shows that the generators follow load fluctuations at roughly the 1- to 2-minute
level; that is, generators either cannot or do not follow higher-frequency load fluctuations. We
also saw that many generating units, both some of those assigned to regulation and others not
on regulation, contribute to the regulating burden that the utility faces. For example, during one
4-hour period, the units moving in the “primary” direction followed load with an average
movement of 12.0 MW/minute. At the sanie time, regulating units moving in the “counter”
direction averaged 2.1 MW/minute in the wrong direction. We suggest calling the response of
generators to short-term (less than 10 minutes) load fluctuations “regulation;” we suggest
calling the response of generators to longer-term (more than 10 mmutes) load variations “load
followmg

29




Finally, we developed a simple analytical model to show how system load fluctuations
depend on the contributions of individual loads and their fluctuations. For uncorrelated loads,
the average load-following burden per customer decreases as the number of customers
Increases.

ISSUES TO RESOLVE

The present analysis leads to the following thoughts on issues that require further data
and analysis. Additional research is required, we believe, because the results presented here are
based on very limited data, primarily from one utility for only a day or two.

» What methods should be used to identify and define the hour-to-hour trends in system
load (load following)? What criteria should be used in selecting a preferred method?

u What are the appropriate metrics to use in defining intrahour load following? Are the
characteristics considered here—the magnitude of load changes (MW), the speed of load
changes (MW/minute), and the number of direction changes—appropriate and
sufficient? The metrics chosen must be practical, both for metering and billing purposes.

L What is the relationship between the amount and speed of generating capacity assigned
to regulation and the magnitude and speed of intrahour load changes? For this control
area, the amount of generating capacity assigned to regulation (150 MW) is 2.3 times
the standard deviation of load changes (66 MW, Table 3). How does this
“proportionality constant” vary by day of the week and season for this control area, and
how does it vary across control areas?

u What is the appropriate period over which to measure regulation requirements?
Although utility automatic-generation-control systems typically obtain data at 2-second
intervals, this is surely not the appropriate time period. Based on our comparison of the
speed with which generators and loads vary, we suggest that a 1- or 2-minute averaging
period should be used to measure the magnitude and speed of load changes.

= How accurately and rapidly do (and must) individual generating units follow the AGC
signals that the control center sends them? To what extent are some units moving
counter to the direction that the AGC signals request? Is the amount of regulation that
utilities currently provide appropriate? What effects would changes in the amount of
regulation have on customer service, reliability, and cost?

s How should the charges for load following reflect ihe characteristics of individual loads
vs those of the system load? Because of economies of scale, load following is normally
provided for the aggregated system load, not for individual loads. Methods to cost and
price load following for individual customers should recognize the nonlinearities in the
interactions among individual loads to create the system load. Because the standard
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deviation of the aggregated load is equal to the square root of the sum of the squares of
the standard deviations of the individual, uncorrelated loads, small loads impose a
disproportionately low load-following burden on the system. How should generators be
compensated for their contributions to regulation and load following? How should
generators that add to the load-following burden (rather than meet that burden) be
charged for their contribution to the control-area’s regulating requirement?
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