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SUMMARY

In competitive electricity markets, thecostsforeachancillary serviceshouldbecharged
to those who cause the costs to be incurredwith chargesbased on the factors that contribute to
thesecosts.For example, the amount of generating capacity assigned to the regulation service
is a function of the short-term volatility of system load. Therefore, the charges for regulation
should be related to the volatility of each load, not to its averagedemand.

Thisreportdiscusses the economic efficiency andequity benefits of assessing charges
on the basis of customer-specific costs (rather than the traditional billingdeterminants, MWh
orMW),focusing ontwokeyreal-power ancillary services, regulation and loadfollowing. We
determinethe extent to which individual customers and groups of customerscontributeto the
system's generationrequirements for thesetwo services. In particular,we analyzeload data to
determine whether some customers account for shares of these two services that differ
substantially from their shares oftotal electricity consumption.

We defined and applied metrics for regulation and load following. For regulation, we
chose the standard deviation (MW) of the thirty 2-minute values in each hour. For load
following (MW), we chose the difference between the maximum and minimum values of the
30-minute rolling-average load during each hour.

We also developed and applied methods to allocate these system-level metrics to
individual customers and to groups of customers. The regulation allocation method uses a
trigonometric relationship to correlate an individual customer's regulation burden with the total
burden. The load-following allocation method calculates each customer's share of the total
requirement on the basis of its coincident load-following requirement.

Application of these allocation methods shows that charging customers for these
ancillary services on the basis ofaverage loads can be inequitable. For one control area, a few
large industrial customers account for 34% of system load, compared with 93% of the
regulation and 58% of the load-following requirements (Fig. S-1). These customers
disproportionately use these services but, ingeneral, arenot paying their fair share under typical
utility tariffs. The subsidies inherent in today's ancillary-service pricing methods cannot, and
should not, be sustained. Indeed, industrial customers with near-time-invariant loads, such as
aluminum smelters and paper mills, will justifiably claim they require none of these services
and, therefore, should not have to pay for them.



o
Ul
a:

LL

o
Hi

<
X
CO

1.2 -

0.8

0.6

^ 0.4

CO

o
z

0.2

2/10
UTRegallocate

2/10

Fig.S-1.

2/12 2/14 2/16 2/18 2/20 2/22

2/12 2/14 2/16 2/18 2/20 2/22

The shares ofsystem regulation(top) and load following(bottom) calculated for
several large industrial customers for 12days in February 1999.Note that these
customers sometimes account for more than 100% of the total, implying that
the nonindustrial customers were reducing the requirements for these services.

VI



LIST OF ACRONYMS

ACE Area control error

AGC Automatic generation control

CPS Control performance standard
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CHAPTER 1

INTRODUCTION

In its recent Notice of Proposed Rulemaking, the Federal Energy Regulatory
Commission (FERC 1999) wrote, "The Commission believes that, whenever itiseconomically
feasible, it is important for the RTO [regional transmission organization] to provide accurate
price signals that reflect the costs of supplying ancillary services to particular customers."
Earlier, FERC (1996) wrote in its Order 888, "Because customers that take similar amounts of
transmission service may require different amounts ofsome ancillary services, bundling these
services with basic transmission service would result in some customers having totake and pay
for more or less of an ancillary service than they use. For these reasons, the Commission
concludes that the six required ancillary services should not be bundled with transmission
service."

Recognizing the economic efficiency andequity benefits of assessing charges on the
basis of customer-specific costs, we investigated the requirements for two key ancillary
services, regulation and load following. We determined the extent to which individual
customers and subgroups ofcustomers contribute tothesystem's generation requirements for
these two services, in particular whether some customers account for shares of these two
services thatdiffer substantially from their shares of totalelectricity consumption.

The remainder ofthis section defines these two ancillary services and explains how they
differ from each other. Chapter 2 describes thedata weobtained, thequality-control checks we
applied to the data, and our data conversions to separate system-level regulation from load-
following requirements. Chapters 3 and 4 present (1) the methods we developed to create
system andcustomer-specificmetrics forregulation (Chapter 3) andload following (Chapter4)
and (2) the results obtained with these methods. Chapter 5 presents our conclusions.

Becauseelectricityisa real-timeproduct,control-areaoperators mustadjust generation
tomeetloadonaminute-to-minute basis.Astheelectricity industry becomes deintegrated, with
competitive generation separated from regulated transmission andsystem control, defining the
requirements and responsibilities to meet time-varying customer loads is increasingly
important. Regulation andloadfollowing arethetwokeyancillary services required toperform
this function. (Energy imbalance is, depending on one's definition, either the service or the
accounting function that corrects forhourlyerrorsin the provisionof energy and the othertwo
services.)

Loadscan be decomposed intothreeelements (Fig. 1).The firstelement is the average
load (base) during the scheduling period, 85 MW over the one hour shown in this case. The
second element is the trend(ramp) duringthe hourandfromhour to hour(themorning pickup
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in this case); here that element increases from - 5 MW at 7 a.m. to +9 MW at 8 a.m. The third
element is the rapid fluctuations in load around the underlying trend; here the fluctuations range
over ±2 MW. Combined, the three elements yield a load that ranges from 78 to 96 MW during
this hour.

The system responses to the second and third components are called load following and
regulation. These two services (plus, perhaps, energy imbalance) ensure that, under normal
operating conditions, a control area is able to balance generation to load. The two services are
briefly defined below [see also FERC (1996), Hirst and Kirby (1998), and Interconnected
Operations Services Working Group (1997)]:

• Regulation is the use of online generating units that are equipped with automatic
generation control (AGC) and that can change output quickly (MW/minute) to track the
moment-to-moment fluctuations in customer loads and to correct for the unintended

fluctuations in generation. In so doing, regulation helps to maintain interconnection
frequency, manage differences between actual and scheduled power flows between
control areas, 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.



• Loadfollowing is the use of online generation equipment to trackthe intra- and inter-
hour changes in customer loads. Load following differs from regulation in three
important respects. First, itoccurs over longer time intervals than does regulation, 10
minutes ormore rather than minute to minute. Second, the load-following patterns of
individual customers are highly correlated with each other, whereas the regulation
patterns are largely uncorrelated. Third, load-following changes are often predictable
(e.g., because ofthe weather dependence ofmany loads) and have similar day-to-day
patterns. Even when not predictable by the control-area operator, the customer can
inform thecontrol center of impending changes in its electricity use.

FERC (1996), initsOrder 888, which defined sixancillary services, didnotdiscuss load
following. Perhaps because ofthis omission, most utilities and independent system operators
(ISOs) do not include load following in their tariffs.* The absence ofthis service requires the
California ISO toacquire much more regulation (as well as other services, such as replacement
reserves and supplemental energy) than it otherwise would (Wolak, Nordhaus, and Shapiro
1998). Specifically, the California ISO buys regulation inamounts equivalent toabout 5% of
daily load, compared with about 1% for most utilities. Thus, the ISO is substituting an
expensive service (regulation) for an inexpensive one (load following). Perhaps because of
these problems, FERC (1999), inits notice on RTOs, proposed torequire RTOs tooperate real
time balancing markets. The primary resource for these markets is generators that can change
output every five or ten minutes (i.e., to follow load).

'The Mountain West Independent Scheduling Administrator in Nevada is the only U.S. entity we
know ofthat has proposed tocreate anexplicit load-following service (FERC Docket No. ER99-3719-000,
July 23,1999). Most utilities provide load following through the 5- or10-minute economic dispatch oftheir
generating units.





CHAPTER 2

DATA

We obtained 30-second data from a control-area operator ongeneration andload for a
12-day period in February 1999, a total of34,560 observations.* Foreach 30-second interval,
the data includedtotal generation, net imports, total load, and the loads for several individual
industrial customers. These large industrial customers include, among others, steel mills, oil
refineries, andair-separation facilities. Forconfidentialityreasons, wescaled allthedatashown
here.

Wesummedthe industrial loadsto createa subgroupthat we called industrial load. We
called the difference between total load and industrial load nonindustrial load. Figure 2 shows
the hourly loads for five days (Wednesday through Sunday). Thetotalandnonindustrial loads
show theexpected winter patterns with morning and evening peaks, and with lower loads (by
about 10%) ontheweekends. The industrial load, ontheother hand, isrelatively constant from
hour tohour. Its coefficient ofvariation (ratio ofstandard deviation to mean) isabout halfthat
of the nonindustrial load.

DATA QUALITY

This datasetincludes almost 3million elements. Given itslarge size, it isnotsurprising
thatwe found several anomalies in the rawdata. Overall, one record is missing every three
hours. Theanalysis software we developed for this project does not require all the data for a
particular period to be present. Weused linear interpolation to impute the missing data.

Another type of data anomaly was harder to recognize. We found 12 cases where one
or more industrial loads rise for a single reading without a corresponding rise in the total load.
For these load changes to be real, a simultaneous drop would have to occur in nonindustrial
load for that single time step. We deleted five data points as being clearly impossible. We
dropped three points because the control-area operator data-collection system identified
problems at those times. We deleted one record because multiple industrial loads spiked
simultaneously with no corresponding spike in the total load.

Failure to eliminate baddata results inerrors intheanalysis. Spikes inthedatashow up
as abnormallyhigh regulation requirements (high hourly standard deviation ofthe short-term

*We obtained and analyzed comparable data for a 12-day period in August and September 1999. We
donotreport these late-summer results because they areso. close to those reported here forFebruary.
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Hourly system load, nonindustrial load, and industrial load (the sum of
several large industrial loads) for five days.

fluctuations) for one or more ofthe loads. To facilitate analysis, the software performs several
data checks. Total generation is compared with the sum ofthe individual generator outputs and
the difference is reported if the imbalance exceeds 10 MW. Reported and calculated area
control error (ACE) is reported ifthe difference exceeds 10 MW. Spikes in industrial load not
reflected in total load are reported if they exceed 100 MW. These anomalies are recorded by
the software so that the specific data points can be examined for possible elimination. Dropping
too many data points runs the risk of eliminating interesting and important events. We
identified questionable data in fewer than 0.1% ofthe 34,560 records.

TEMPORAL AGGREGATION FOR REGULATION

Assessing the individual customer contribution to the overall regulation requirement
necessarilyinvolves generationperformance. A controlarea is not expected to perfectlymatch
generationand load instantaneously. Rather,generationmatchesloadwith sometime lag, and,
therefore, generation matches load only approximately. The North American Electric
Reliability Council (NERC 1999)ControlPerformance Standards (CPS) 1 and 2 set statistical
limits on the allowable differences between one-minute averages of the control area's
difference between aggregated generation and interchange schedules relative to load (i.e.,
ACE). The cost of regulation is a function of the opportunity and operating costs of the
generation capacity used to provide regulation. The control-area operator studied here is



satisfied with its CPS performance. It meets NERC requirements without wasting money by
overcompliance.

Although theAGC systems at most utility control centers send raise and lower pulses
to individual generators as frequently as every two or four seconds, generators do not follow
such short-term load fluctuations. Our prior work (Hirst and Kirby 1996) suggests that
generation follows load at the one- to two-minute interval.

We beganthisportion of the analysis withthe 30-second dataon generation and load
regulation for the full 12days.Regulationishere quantifiedas the differencebetweentotal load
(generation) andthe30-minute rolling average of load (generation). We aggregated these 30-
second datato create three additional datasets with60-, 120-, and240-second averages of the
original data.

Figures 3and 4show, for one hour, the relationship between the regulation components
of load and generation. The first graph shows that load fluctuates rapidly and substantially
around its rolling average, whereas generation moves much more slowly and with a much
smaller amplitude. In going from 30-to 60- to 120- to 240-second averages, the generation
patterns are largely unchanged, but the load patterns become much smoother, smaller in
amplitude, and slower moving. The ratios of the standard deviation of generation to the
standard deviation of load increase from 0.45 for 30-second averages to 0.5,0.6, and 0.7 with
60-, 120-, and 240-second averages. Note that even with 4-minute averages, load volatility
remains 40%higher thangeneration volatility. A close look at the graphs showing 2- and4-
minute averages suggests that generation lags load by at least two minutes (Fig. 4).

These visual observations are confirmed by statistical analysis. We calculated
correlation coefficients between generation and load for each ofthe four datasets for each of
the 12days. Wethenrepeated these analyses by lagging generation 1,2,..., 12 time periods
from load(Fig. 5).Thecorrelation between generation andload increases in going from 30-
secondaverages to 4-minuteaverages. Thecorrelation betweenlaggedgenerationand load is
highest for a lag of 3 to 4 minutes.

Finally, weranregression models ofgeneration asafunction ofcurrent andprior-period
loads with30-,60-,and 120-second data. The models allhave highexplanatory power(theR2
values are all about 0.7). The models all show that current load is a poor predictorof current
generation. (Remember, we are discussing here only the fluctuations in generation and load
abouttheir 30-minuterollingaverages, notthetotals.)Loadhasa statistically significanteffect
on generation between 1 and 9 minutes.

We found these results surprising. We had expected to find that 30 seconds was too
short a time-averaging period and that the appropriate period would fall between 1 and 2
minutes because CPS, the performance metric for the control area, is based on 1-minute
averages. Theseresults suggestthat4 minutes maybemoreappropriate. Although thedataand
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analysis suggest a 4-minute time-averaging period, we chose a 2-minute period because this
is a conservative approach (i.e., it preserves more information) and it is consistent with the
results of our analysis of regulation data for two other utilities.

TEvffi-AVERAGING PERIOD

There is no hard-and-fast rule to define the temporal boundary between regulation and
load following. Ifthe time chosen for the split is too short (e.g., five minutes), too much ofthe
fluctuations will appear as load following and not enough as regulation. Ifthe boundary is too
long (e.g., 60 minutes), too much ofthe fluctuations will show up as regulation and not enough
as load following. But in each case, the total is unchanged and is captured by one or the other
of these two services.

We used rollingaverages to definethe boundary betweenthe two services.* We tested
20-, 30-, 40-, 50-, and 60-minute rolling averages with 2-minute data. For the 30-minute rolling

'The useofa rollingaverage toseparate regulation from load following isananalytical convenience,
not possible in real time. System operators instead use sophisticated analytical methods to forecast loads for
the next few hours, based on current and expected weather conditions, prior loads, and other factors.

10



average, as an example, we calculated the rolling average for each 2-minute interval as the
mean value of the seven earlier values of the variable, the current value, and the subsequent
seven values:

Load following, = Loadestimated.t = Mean (Lt.7 + Lt.6 + ... + Lt + Lt+1 + .... + Lt+7),

Regulation, = Load, - Load^,^., .

Selecting the appropriate rolling-average period to analyze load following depends on
the factors that affect generation costs, which are specific to the generators providing load
following. Several questions must be answered to determine the appropriate rolling-average
period. Does thepredictability of load following reduce costs by enabling economic dispatch
for theunits thatprovide load following? Are costs reduced forallslower movements oronly
for predictable movements? What is the lead time required to enable load following?

We analyzed the impact of changing the rolling-average period. Thetop partof Fig. 6
shows a shift in load-following responsibility (but no similar shift in the regulation
responsibility) between the industrial andnonindustrial customers astherolling-average period
changes from 20 to 60 minutes. As discussed in Chapter 3, we use the standard deviation of
regulation as the key metric for this service. For purposes of this comparison with load
following, we multiply the regulation standard deviation by 3, which captures 99% of its
variation.

We also compared the regulation and load-following magnitudes. The bottompart of
Fig. 6 shows thatthesumoftotal load-following and regulation requirements remain relatively
constant, varying from 161 MW at 20 minutes to 156 MW at 60 minutes. Nonindustrial
regulation requirements remainconstant, as well,at 7MW. Nonindustrial loadfollowing rises
as the time-averaging period is extended, from 23 MW at 20 minutes to 31 MW at 60 minutes.
Lengthening the rolling-average period from 20 to 60 minutes shifts 22 MW ofthe industrial
variability from load following to regulation.

Changing the rolling-average duration has two major impacts. Shortening the period
shiftsthe industrialvariabilityfromregulationto loadfollowingand shifts load followingfrom
the nonindustrial to the industrial customers. Selecting the correct rolling-average duration
should be based on a break point in the generation cost drivers to provide each service,
probably based on the costs of economic dispatch and the time required to implement it. For
this analysis we used a 30-minute rolling average.

Because this control-area operator is satisfied with its CPS performance, we do not deal
with the amount of each service that should be provided. This project deals only with the
allocation among customers ofthe existing services and their costs.

11
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CHAPTER 3

REGULATION

SYSTEM-LEVEL METRICS

Selection ofan appropriate metric for regulation should be based on the underlying cost
drivers toprovide the service (i.e., the units that are on AGC). For example, if the costs are
dominated by ramp-rate (MW/minute) considerations, then the speed ofregulation units might
beabetter metric than theamount ofregulation capacity. Inaddition, thechosen metric should
be amenable to mathematical manipulation that permits definition ofthe relationships between
individual loads and the total load. In this project, we analyzed load data only; we did not
consider the types and costs of generating units used to provide the service. (We did, as
explained in Chapter 2, examine the dynamics ofgeneration vs loads.)

We examined four possible metrics for regulation, using the 2-minute regulation values
defined above:

• Standarddeviation (MW) ofthe 30 values in each hour;

• Average of the absolute values (MW) of the 30 values in eachhour;

• Average regulation rate (MW/minute), calculated asone-halftheaverage oftheabsolute
valuesof the 29 differences between adjacentregulation values;* and

• Maximum regulation rate (MW/minute), calculated as one-halfthe maximum value of
the absolute values of the 29 differences between adjacent regulation values.

Table 1summarizes the average, maximum, and minimum values ofthese four metrics for total
system load. Overall, regulation (asmeasured bythestandard deviation) is 1.3% oftotal load.
The two magnitude metrics (standard deviation and average ofthe absolute values) are highly
correlated with each other. These correlation coefficients are all above 0.95 for total load,
nonindustrial load, andindustrial load. These very high correlations suggest thatweneed use
only one ofthese two magnitude factors; we chose the standard deviation.

*We multiply the average by one half to convert from the 2-minute differences to 1-minute
differences. This metric can also becalculated asthetotal path length (the sum oftheabsolute values ofall
the MW movements)during an hour divided by 60.

13



Table 1. Regulation metrics for system load for 12 days in February 1999 (288 hourly
observations)

Standard

deviation (MW)
Average of

absolute values

(MW)

Average rate
(MW/minute)

Maximum rate

(MW/minute)

Average

Maximum

Minimum

31

50

16

25

46

13

14

21

8

41

84

18

On the other hand, the correlations between either ofthese two magnitude variables and
the average regulation speed variable are lower (0.7 for nonindustrial load and 0.6 for industrial
load). These lower correlation coefficients suggest that we may need two variables to accurately
capture regulation, a magnitude (MW) factor and a ramprate (MW/minute) factor. Without
information on the costs of regulation ramprate, we did not pursue this second metric.

Finally, the correlation coefficients between load itself and regulation are very low,
suggesting that load is a poor predictor of regulation requirements.

Figure 7 shows the hour-to-hour patterns in regulation magnitude for weekdays and
weekends. Figure 8 shows the variations from day to day in average regulation burden. These
graphs show that the industrial loads have much greater volatility than do the nonindustrial
loads, indeed, as a share of total load, the industrial loads require about six times as much
regulation as do the nonindustrial loads.

CUSTOMER-SPECIFIC METRICS

Having established system-level metrics for regulation, we turn our attention to the
development ofmetrics for customer-specific assignment ofthe total regulation amount. This
customer allocation is especially important for utilities that have nonconforming loads (e.g.,
steel mills).

Because regulation is the short, minute-to-minute fluctuations in load, the regulation
component of each customer's load is largely uncorrelated with those of other customers. If
each customer's load fluctuations (a,) is completely independent ofthe remainder ofthe system,
the total regulation requirement (ar) would equal

°T =Jl°f , (1)

where i refers to an individual customer and Tis the system total.

14
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In this idealized case, the share of regulation assigned to each customer would equal

Share; = (o/o>)2, (2)

and there would be no need to analyze interactions among customer loads in calculating the
total regulation burden.

If, on the other hand, the loads are completely correlated with each other [i.e., the
correlation coefficient (r) between each pair ofloads equals 1], the total regulation requirement
is the simple sum ofthe individual requirements:

o>=2>,- (3)

In this idealized case, the share of regulation assigned to each customer would equal

Share, = aJaT. (4)

Table 2 shows the total regulation requirement and customer shares for two customers,
one with a standard deviation of 3 MW and the second with a standard deviation of 4 MW. If

the two loads are independent ofeach other (r = 0), the total regulation requirement is 5 MW.
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If, however, the two loads are completely and positively correlated with each other (r = 1), the
total regulation requirement is 7 MW. Finally, if the two loads are completely and negatively
correlated with each other (r = -1), the total regulation requirement is 1 MW.

Table 2. Total regulation requirement (and % oftotal) for two loads as a function of the
correlation between the two loads

Standard deviation

(MW)

Regulation amount (% share")
Load Uncorrelated Positively Negatively

correlated correlated

1

2

Total

3

4

1.8(36%)

3.2 (64%)

5

3(43%) -3 (-300%)

4(57%) 4 (400%)

7 1

Figure 9 shows results from an analysis of data for 19 large industrial customers from
another control area. As expected, the actual value ofthe total regulation requirement is slightly
(9%) higher than the total calculated as if the loads were completely uncorrelated. Also as
expected, the actual value is much (63%) less than that calculated as if the loads were
completely correlated. In this case, the loads exhibit a slight positive correlation with each
other.

Figure 10 shows geometrically the possible relationships between two loads (A and B)
and the total regulation requirement. (Each element could be represented by its standard
deviation.) In the top panel, the two loads are uncorrelated, and the total regulation requirement
is the square root ofthe sum ofthe squares ofthe individual loads (Eq. 1). In the middle panel,
the same two loads are negatively correlated with each other, yielding a total regulation
requirement less than that shown in the top panel. The bottom panel illustrates a situation
opposite to that shown in the middle panel; in this case, the two loads are positively correlated
with each other, and the total regulation requirement is more than that shown in the top panel.

The question is how to allocate fairly the total regulation requirement between these two
loads (and, by extension, among several loads). The allocation method should yield results that
are independent of any subaggregations. In other words, the assignment ofregulation to load
L should not depend on whether L is billed for regulation independently of other loads or as
part of a group of loads. In addition, the allocation method should reward (pay) loads that
reduce the totalregulation burden.* In the middle panel of Fig. 10, loadAoffsets some of the

*A thirdcriterion for choosing an allocation methodcould be independence of the order in which
loads are added to the system. This objective overlaps with the first one discussed above.
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regulation requirement ofB, yielding a total requirement less than that ofB alone; A should be
paid for its contribution to reducing regulation.

Figure 11 illustrates schematically the method that we developed for such allocations;
see the Appendix for details.* This method works for the two extreme situations discussed
above, when loads are either completely uncorrelated or perfectly correlated. More important,
this method yields reasonable results for the intermediate cases when loads are partially
correlated with each other. Consider two loads A and B and the Total, with the regulation
requirement ofeach based on the standard deviation ofthe short-term fluctuations. We propose
a geometric approach to calculating the contribution ofA to the Total, based on the projection
ofA onto the Total (shown as^fin Fig. 11):

X= (Total2 + A2 - J52)/(2 * Total). (5)

'Alternative methods canprobably beapplied tothisproblem, buttheymay notscale appropriately,
maynot handle loads that are neither completelyuncorrelated nor completely correlated with each other, and
may be sensitive to subaggregations. The final sectionofthe Appendix describes an alternative approachthat
we tested but found unsatisfactory.
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Regallocate

Fig. 11. Geometric allocation ofindividual loads ^4 and B to regulation Total.XisA's
share of the total. 2?'s share, by subtraction, is Total - X.

The contribution ofB to the Total is then equal to Total - ^for

Total - X= (Total2 + B2- A2)l(2 x Total). (6)

This methodcan be extendedto three or more loadsthrough disaggregationofthe total
into various components. The only computational requirement is to calculate the standard
deviationofeachcomponentandofeach subtotal(totalminusload i).Consider,as an example,
a utility that wants to assign regulation charges separately for the residential class, the
commercial class, five industrial customers, and the remainder of the industrial class, eight
groups in all. The utility would calculate, for each hour, the standard deviation of eight
subtotals (total - residential class, total - commercialclass, and so on) as well as the standard
deviations of each group of customers and the total, 17 values in all.

Table 3 illustrates numerically how the allocation process works with more than two
loads. The table shows the standard deviations for four industrial loads and their total. The final

column shows the method's allocation of the 26.3-MW regulation total to the four loads. If
these four loads were completely uncorrelated, the total regulation requirement would be 30
MW, 14% higher than the actual. (The actual regulation requirement is lower than what would
occur if the loads were uncorrelated because the loads are slightly negatively correlated with
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each other.)If, on the other hand, the loadswere completely andpositivelycorrelated, the total
requirement would be 58 MW, 121% higher than the actual.

The method proposed here can accommodate a mix of individually metered loads and
subaggregations, such as several large industrial loads that are metered separately and
aggregations of thousands of residential and commercial customers. The subaggregations of
the nonmetered residential and commercial loads will have the correct share of regulation
assignedto them; any cost shiftingwill occur within the subaggregations and not between the
subaggregations andtheindividually metered loads. Thisdesirable property greatlyreduces the
need to meter any but the most nonconforming loads.

Table 3. Application of regulation-allocation method to four industrial loads

Standard Standard Regulation
Load deviation (MW) deviationof total allocation (MW)

minus load (MW)
—

B

C

D

Total

20.0 21.2 12.2

12.5 25.7 3.6

10.1 26.0 2.2

15.5 22.3 8.3

26.3 26.3

RESULTS

During the 12 days studied, the hourly regulation standard deviation for the system as
a whole ranged between 16 and 50 MW, with a mean of 31 MW (see Figs. 7 and 8). The
nonindustrialand industrial standard deviationsaveraged 10and 31 MW.(Forcomparison,the
average nonindustrial load was 1280 MW, and the average industrial load was 670 MW,
yielding a total system load of 1950 MW during these 12 days.)

The allocation method assigned the industrial customers 93% of the regulation total,
almost triple their 34% share of system load. As shown in Fig. 12, there were several hours
when the industrial customers were assigned more than 100% of the regulation requirement
(reaching 132% one afternoon). During the hours that the industrial share exceeded 100%, the
nonindustrial customers would have received a credit for regulation, offsetting their regulation
costs during the other hours.

We applied the same method to allocate the industrial load among its components.
Interestingly, two ofthe loads are negatively correlated with the others, yielding small negative
regulation requirements.
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CHAPTER 4

LOAD FOLLOWING

SYSTEM-LEVEL METRICS

We examined two possible metrics for load following:

• Load-following magnitude (MW) measured as the difference between the maximum and
minimum values of 30-minute rolling-average load duringeachhour and

• Load-following rate (MW/minute) measured as the ratio of the first metric divided by
the number ofminutes between the highest and lowest load values.

Unlike regulation, loadfollowing isa signed quantity, positive if it isrising during thehourand
negative if it is falling. Table 4 summarizes the average, maximum, and minimum values of
these two load-following metrics for total system load. Figure 13 shows the hour-to-hour
pattern in load followingforweekdaysand weekends.Unlikeregulation,there is a clear diurnal
pattern, reflectingthemorning andearly-evening peaksandthe late-evening dropoffshownin
Fig. 2. The nonindustrial loads track this diurnal pattern closely, while the industrial load is
much more erratic in its load following. Figure 14 shows the variations in average load-
following requirement from day to day. Overall, load following is 3.3% of total load.

Table 4. Absolute values of load-following metrics for system load for 12 days in
February 1999 (288 hourly observations)

Magnitude (MW) Ramp rate (MW/minute)

Average 64 1.7

Maximum 181 6.3

Minimum 11 0.2

The load-following magnitude and ramprate metrics are highly correlated. The
correlation coefficients between the magnitude and ramp rate are above 0.95 for total load,
nonindustrial load,andindustrial load(Fig. 15). Thesehighcorrelation coefficients suggestthat
load-following requirements are adequately captured by only one factor. Physically, the high
correlationcoefficientsmeanthat the load-following rampingrequirements aregreatestduring
the morning and early-evening pickups and late-evening dropoff.
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As with regulation, the correlation coefficients between load and load-following
magnitude are very small, suggesting that load itself is a poor predictor of load-following
requirements.

CUSTOMER-SPECIFIC METRICS

We calculate each customer's share of load following (or that of each group of
customers) as the ratio of the customer's coincident load-following amount to the total load-
following amount:

Share,. = (Load,. Tmax - Load, rm,„)/(Loadrmai - Load^,,,),

where /' refers to a customer or group of customers, Tmax is the time within the hour that the
system reaches itsmaximum load, and Tmi„ is thetime within thehour that thesystem reaches
its minimum load. Note that T^ and Tmtn refer to the times of the maximum and minimum
system loads,not those for the individual components.

Figure 16 illustrates how this method works. The graph shows the rolling averages for
one hour for a hypothetical system, with residential, commercial, and industrial loads. The
residential load inthis example increases monotonically throughout thehour, from itsminimum
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value of 120 MW at 0:00 to its maximum value of203 MW at 1:00. The commercial load also

increases during the hour, from 310 MW at 0:00 to 402 MW at 0:46, followed by a slight
decline to 399 MW at 1:00. The industrial load, unlike the residential and commercial loads,
decreases during the hour, from 250 MW at 0:00 to 220 MW at 1:00. The sum ofthese changes
yields the system load, which increases from 680 MW at 0:00 to 821 MW at 1:00; this
difference implies a total load-following requirement of 141 MW with a ramp rate of 2.35
MW/minute [= (821 - 680)/60].

A simple sum of the load-following requirements for each component alone yields a
total of 205 MW (= 83 + 92 + 30), far higher than the 141 MW actual. This discrepancy is a
function of the signs of the different components as well as the noncoincidence of these
changes with the movement of the system as a whole. Allocating the total load-following
burden on the basis of the noncoincident movements of each component would unfairly
penalize loads that are noncoincident. Even worse, such an allocation scheme would charge
customers for load following even if their load moved counter to the system load (as the
industrial load does in this example).

In this example, allocating the total load-following requirement according to coincident
loads assigns 59% of the total to the residential class and 63% to the commercial class and
gives a 21% credit to the industrial class. Allocating the requirement on the basis of
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system load-following requirement is 141 MW, the sum of the components
is205MW, primarilybecause the industrialload decreases during the hour
while the residential and commercial loads increase.

noncoincident loads would charge the industrial customers for 15% of the total even though
their loads were moving counter to the systemload during this hour.

RESULTS

ThetoppartofFig.17shows load-following requirements foroneofthe 12days studied
inthis project. Thedramatic hour-to-hour variations arequite different from thepattern wehad
expectedto see. The data show largepositive load-following requirements at 4 and 5 a.m. and
again at5p.m., withsmaller peaks at6,8,10 a.m., andnoon. The dataalso show large negative
values at 7 and 11 a.m. as well as at 1,3, and 10 p.m.

We had anticipated an early-morning peak, an early-evening peak, and a late-evening
dropoff (Figs. 2 and 13). The hourly averages across all the days show just such a pattern
(bottom of Fig. 17). Averaged across all 12days, load-following requirements peakat 4 and
5 a.m. and again at 5 p.m. Requirements then drop sharply at 9 and 10 p.m.

The averaged data show that the nonindustrial load contributes most to the total load-
following requirement during themorning and early-eveningramp upand again during the late-
eveningramp down. However, during the otherhours ofthe day, the industrial load dominates.
Whereas the nonindustrial load-following pattern is consistent from dayto day, the industrial
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pattern is not. Indeed, the top part ofFig. 17 shows the industrial load-following requirement
changing substantially from hour to hour, often swinging from positiveto negative and back
again. The nonindustrial load, on the other hand, shows the expected winter diurnal pattern.

Figure 18 shows the absolute value of system load following and the coincident
contributions from the two components. It shows clearly the importance of the industrial load
during the hours of mild load-following changes. In particular, during hours 0 through 4, 7
through 17, 19, 20, and 24, the industrial load accounts for more of the total load-following
requirement than does the nonindustrial load. Unlike the nonindustrial load, the industrial
load's load-following pattern isnotpredictable from day to day. (When averaged overseveral
days, the industrial load-following requirement appears tobemuch smaller than itactually is.)

Because ofthe patterns shown in Figs. 17 and 18, the industrial loads account for much
more of the load-following requirement than we had anticipated: 58%, far above their 34%
share of total load (Fig. 19). Because the cost of load following is likely to vary from hour to
hourandbemore expensive during peak-demandperiods, the industrial share ofload-following
costs is likely to be lower than 56%. Correspondingly, the nonindustrial shares of load
following and energy are 42% and 66%. Given this substantial difference between shares of
load and load following, customer-specific assignment ofload following isprobably warranted
for these large industrial customers.
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Fig. 18. System load-followingmagnitude by hour for 12days in February 1999and
the contribution to these totals by nonindustrial and mdustrial customers.
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The share of hourly load-following requirement assigned to several large
industrial customers for 12 days in February 1999, which averaged 58%
over these 12 days.

The share of load following assigned to these industrial customers varies substantially
from hour to hour, as shown in Fig. 19. The industrial share exceeds 100% for 26% ofthe hours
and is less than zero for 10% of the hours.

We also examined the individual industrial loads and their relationship to the total
industrial load. Here, too, the shares of load-following requirement vary considerably, both in
absolute terms and relative to the energy shares. For example, one customer accounted for 22%
ofthe industrial energy use but 40% ofthe industrial load-following requirement. On the other
hand, another accounted for 33% of the energy share but none of the load-following
requirement.
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CHAPTER 5

CONCLUSIONS

Utilities typicallyhave several large industrial customers with unusual time signatures
(called nonconforming loads). Because these loads may contribute disproportionately to a
company'sload-following andregulation requirements, we developed andappliedmethods to
quantify system-level and customer-specific requirements for these two ancillary services.

Regulation and load following (along with, perhaps, energy imbalance) are the real-
power ancillary services that a control area uses to maintain the necessary real-time balance
between generation and load. The NERC Control Performance Standards 1 and 2, both
measures of area control error, determine whether the amounts and use of the generation
resources devoted to regulation and load following are adequate. Because this control-area
operator's CPS performance meets NERC criteria, this project focused on the allocation of
existingrequirements ratherthanona determination ofthe appropriateamountsofeachservice
to provide.

Electricity consumption varies with time. If the consumption data are examined at the
4-second level, they will show considerable randommovement. If, on the other hand, they are
examinedat the hourly level, they will show only smooth and consistent day-to-day patterns.
The data themselvesdo not determine how best to disaggregate the total into the energy, load-
following, and regulation components. This disaggregation requires judgment as well as
analysis ofthe controlarea's mix ofgenerationand loads.Becausethis control-areaoperator's
generation follows load at only the 2- to 4-minute level, we aggregated the 30-second data to
2-minute averages. We used a 30-minute rolling average to characterize load following;
regulationis then the differencebetweenactual load and the rollingaverage.A longerrolling-
average period would shift some load following from industrial to nonindustrial customers and
would shift some industrial load following to industrial regulation.

We defined and applied two metrics for regulation and two for load following:

• Standard deviation (MW) ofthe thirty 2-minute values in each hour;

• Average regulation rate (MW/minute),calculated as one-halfthe average ofthe absolute
values of the 29 differences between adjacent regulation values;

• Load-following magnitude (MW), equal to the difference between the maximum and
minimum values of 30-minute rolling-average load during each hour; and

31



• Load-following rate (MW/minute),equal to the ratio ofthe load-following-magnitude
metric divided by the number of minutes between these two (highest and lowest) load
values.

Theamountofgeneratingcapacityprovidedfor regulation isamultipleofthe regulation
standarddeviationto ensuresufficientprobability ofmeetingthesetemporalvariationsin load.
Multiplying the standard deviation by two provides 95% coverage, and multiplying by three
provides 99% coverage.

The two load-following metrics (magnitude and ramprate) are very highly correlated;
as a consequence, we think it is sufficient to consider only the magnitude metric for this service.
The two regulation metrics are also positively correlated, but not to the extent that occurs for
load following; therefore, it may be useful to consider both regulation metrics.

We also developed and applied methods to allocate these system-level metrics to
individual customers and to groups of customers. The regulation allocation method uses a
trigonometric relationship to determine the amount of eachcustomer's regulation requirement
that is correlated with the total requirement. The load-following allocationmethod calculates
each customer's share of the total requirement on the basis of its coincident load-following
requirement.

Table5summarizes resultson systemandcustomer-specific assignments. Althoughthe
industrial customersas a group account for 34% ofthe total energy, they account for 93% of
the regulation requirement and 58% of the load-following requirement. Withinthis group of
largecustomers,the allocationsare alsodisproportionate. Forexample, one customeraccounts
for 8%> of totalenergybut 38%and22%of regulation and loadfollowing, respectively. On the
otherhand,anothercustomeraccounts formuchsmallershares ofregulation andloadfollowing
than of energy.

Current U.S. utility practice (i.e., the tariffs filed with FERCas required by Order 888)
typically charges customers for these ancillary services on the basis of average load (i.e.,
energy). Assume, for purposes of an example, that the hourly costs of regulation and load
following are S10/MW and$5/MW, respectively, and thatthe amounts of generating capacity
to provide these services average 93 MW (three times the 31 MW in Table 5) and 64 MW,
respectively. Given these assumptions, the average cost to provide these two services would
be$1220/hour overthis 12-day period. Thetraditional method ofassigning customer-specific
charges for these services would bill nonindustrial customers $800/hour and industrial
customers $420/hour. Using the allocation methods developed here, $600/hour would be
shiftedfromthe nonindustrialbill (a 75% cut) to the industrialbill (a 140%increase) for these
two ancillary services. Similar shifts would occur among the individual industrial customers.
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Table 5. Characteristics of total load and its components for 12 days in February 1999

Energy Regulation Load

(MW)
followine

(MW) Share (%) (MW) Share (%) Share (%)

Total load 1954 — 31.2 — 63.9 —

Nonindustrial load 1284 65.7 2.2 7.2 27.0 42.3

Industrial load 670 34.3 29.0 92.8 36.9 57.7

1 264 13.5 16.4 52.6 20.9 32.7

2 33 1.7 2.8 9.0 4.2 6.6

3 77 3.9 6.4 20.5 5.9 9.2

4 10 0.5 0.5 1.7 0.4 0.6

5 10 0.5 2.9 9.2 5.4 8.5

6 275 14.1 -0.1 -0.2 0.0 0.0

Thekindsofsubsidies identifiedhereamongcustomers andcustomerclasses likely exist
for other electricity products, including installed-capacity requirements. Forinstalled capacity,
industrial customers (with high load factors) are probably subsidizing other customers with
lower load factors.

The results presented here are consistent with anecdotal evidence from other control
areas. The regulation requirements for one utility are 50% higher when a single metal-
fabrication customer operates thanwhenthat customer is offline. Anotherutility has two steel
mills that account for 3% of total load, but over 50% of regulation and load-following
requirements. A steel mill in a third utility's service area accounts for 1% of load and 22% of
regulationrequirements; a papermill in the sameserviceareaaccounts for5%ofloadbut only
1% of regulation. Finally, these results for February 1999 are very similar to those obtained
with analysis of late-summer 1999 data from the same control area.
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APPENDIX

REGULATION VECTOR-ALLOCATION METHOD

Wecanthinkof regulation as a vector andnotjust a magnitude. Forexample, startwith
load A. It might be a single house or an entire control area with a regulation burden of 8.
Consider another loadi? with a regulation burden of6 that we want to combine with A Ifloads
Aand Bare perfectly correlated positively, they add linearly, as shown inthe top ofFig. 20. If
the two loadsare perfectlycorrelatednegatively, their regulationburdenswouldadd as shown
in the middle of Fig. 20. Typically, loads are completely uncorrelated and the regulation
requirement forthe total is thesquare rootof thesumofthesquares, or 10in thiscase(bottom
ofFig. 20).

Multiple uncorrelated loads arealways at 90 degrees to every otherload. Theyarealso
at 90 degrees to the sum of all the other loads. This characteristic requires adding another
dimension each time another load is added, which is difficult to visualize beyond three loads.
Fortunately, the math is not any more complex. The fact that each new uncorrelated load is at
90degrees toevery other load andtothetotal ofalltheother loads isquite useful. Theanalysis
of any number of multiple loads canalways be broken down into a two-element problem, the
single load and the rest of the system.

Return to the two-load example but consider the more general case where loads A and
B areneither perfectly correlated nor perfectly uncorrelated. Wemay knowthe magnitude of
Aand the magnitude of B, but we do not knowthe magnitude of the totalwithout measuring
it directly (i.e., we do not know the direction of each vector). We can, however, measure the
totalregulation requirement andusethisvector method toallocate thetotalrequirement among
the individual contributors.

Weknowthetotal regulationrequirement becausewemeterit directlyasthe aggregated
regulation requirement ofthecontrol area. Wecanknowtheregulation requirement ofanyload
bymetering it also.Wecanknowthe regulation requirement of theentiresystem lessthe single
load we are interested in by calculating the differencebetweenthe systemload and the single
load at every time step, separating regulation from load following, and taking the standard
deviation of the difference signal. Knowing the magnitudes of the three regulation
requirements, we can drawa vectordiagram showing howthey relate to eachother (Fig. 21).

How much of the total regulation requirement is the responsibility of loadA1 We can
calculate the amountofA that is alignedwiththe total andthe amount ofJ? that is alignedwith
the total. We can do this geometrically (as shown below) or with a correlationanalysis.
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Total Regulation Burden = 14

Load A Regulation Burden = 8 Load B Regulation Burden = 6

Total = 2
->»«-

B = 6

A = 8

Total = 10

Fig. 20. The relationships among the regulation components (A
and B) and the total ifA and B are positively correlated
(top), negatively correlated (middle), or uncorrelated
(bottom).

Y is perpendicular to the total regulation T (uncorrelated). X is aligned with T
(correlated). A's contribution to T is X. Knowing A, B, and T, we can calculate X. (We could
also calculate Y, but there is no need to do so.) We can write two equations relating the lengths
of the various elements:

A2=X2 + Y2

B2 = (T-X)2+Y2

Subtract Eq. A-2 from Eq. A-l to get

A2-B2=X2-(T-X)2+Y2- Y2;
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Fig. 21. The relationship amongthe regulationburdens of loads
A and B and the total (7) when A and B are neither
perfectly correlated nor perfectly uncorrelated.

A2- B2=X2-(T2- T*X- TxX+X2)=-T2 +2T*X.

Solving forX (load A's contribution to the total 7)yields

X=(A2- B2+T2)/2T. (A-3)

Recall that we can decompose a collection of any number of loads into a two-load
problem consisting ofthe load we are interested inand the rest ofthe system without that load
(Fig. 22). We can solveEq.A-3 for as manyindividual loads as we wish. Variable Tremains
the total regulation requirement, variable A becomes each individual load's regulation
requirement, and variable Bbecomes the regulation requirement of the total system less the
specific load of interest.

This allocation method works well with any combination ofindividually metered loads
and load profiling for the remaining loads. The load profiling can beas simple asmaking the
usual assumption that the other loads' regulation requirements are proportional totheir energy
requirements. Ormeasurements of a sample set can betaken to determine the magnitude of
their regulation burdens. This vector-allocation method is used to determine the regulation
burden ofeach ofthe metered loads. The residual regulation burden is then allocated among
the remaining loads, assuming they are perfectly uncorrelated.

ALTERNATIVE APPROACH

We initially tested an alternative approach. That approach calculated the incremental
regulation requirement for each load by calculating the system regulation requirement without
that load and then defining the allocation for the individual load as the difference between the
total regulation requirement and theregulation requirement without that single load.
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Fig. 22. Application of vector-allocation method to the case
with more than two loads.

Incremental ,-a/IV-VIV7^

Incremental-,'I-Incremental
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IVIV-VIX7^

This method works well in many cases. However, when a load reduces the overall
regulation requirement, this method blows up. Consider an example in which load A has a
regulation requirement of 40, load B has a requirement of 22, and the total is 30. The
incremental burden for A is +10, and for B it is -8. The total incremental burden is +2, which
means that A is charged for 150 (= 30 x 10/2) and B receives a credit for 120 (= 30 * -8/2).
These results are unappealing because they are so sensitive to small changes in the incremental
contributions of any single load. In this case, load A would get charged for 150 MW, even
though its total was only 40 MW, a completely unrealistic result. (Even if loads are 100%
correlated, no load should get charged for more regulation than it would require if it was the
only load in the control area.) The method developed in the body ofthe report, and which we
recommend, assigns a regulation requirement of 33.6 to A and -3.6 to B, yielding results that
are much more reasonable.
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