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Innovative Approaches to Verifying Demand
Response of Water Heater Load Control
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Abstract—This study describes a pilot effort to measure load re-
ductions from a residential electric water heater (EWH) load con-
trol program using low-cost statistically based measurement and
verification (M & V) approaches. This field experiment is described
within the larger framework of overcoming barriers to participa-
tion of neninterval metered customers in Demand Response (DR)
Programs. We worked with PJM Interconnection and a Curtail-
ment Service Provider (CSP) to collect hourly load data for two
substations and several hundred households over six weeks of load
control testing. The experimental design reflected constraints im-
posed by limited funding, manpower, equipment, and the routine
operation of the load contral system by the CSP. We analyzed sub-
station- and premise-level data from these tests in an attempt to
verify several “point estimates” taken from the hourly diversified
demand curves nsed by the CSP to establish aggregate load reduc-
fions from their contro] program. Analysis of premise-level data
allowed for provisional verification that the actval electric water

heater load control impacts were within a —60 to 410% band of-

the estimated values. For sub-station level data, measured values
of per-unit load impacts were generally lower than the CSP esti-
mated values for Eleciric Cooperative #2, after accounting for con-
founding influences and operational test problems. Based on this
experience we offer recommendations to ISO and utility DR pro-
gram managers to consider before undertaking further develop-
ment of alternatives to the conventional but costly program-wide
load research approach.

Index Terms—Demand management, electricity markets, load
control, load management, load sheddmg, statistics, substation
measurements, water heating.

1. NOMENCLATURE

ADDF Adjusted Diversified Demand Facior.

ALM Active Load Management.

AMR Automatic Meter Reading.

CSP Curtailment Service Provider.

DR Dermand Response,

ELRP Economic and Emergency Load Response Pro-
grams.

ETS Electric Thermal Storage.

EWH Electric Water Heater.

FERC Federal Energy Regulatory Cornmission.

ISO Independent System Operator.
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Mé&V Measurement and Verification.
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SCADA  Substation Control and Data Acquisition

II. INTRODUCTION

SOs that oversee and administer wholesale electricity mar-

kets are making efforts to ensure that these markets provide
comparable opportunities for participation of both supply-side
and demand-side resources, consistent with FERC policy di-
rection: Demand Response (DR) programs allow for customer-
operated resources, including on-site generators and end-use
loads, to offer and receive payments for measurable reductions
in their power demands during emergency events or in response
to high real-time or forward market prices.!

Experience thus far has shown that larger and interval-me-
tered customers can effectively participate in 1SO-operated
emergency, real-time, and day-ahead wholesale energy markets
[1]. Such mobilization of end-use loads in response to price or

‘system emergency signals can be shown to have very significant

benefits both in terms of system reliability and dampening of
volatile market clearing prices [2).

A difficult technical and program design issue is posed by
smdll customers without interval meters, who are often excluded
from participation by requirements for measurement and veri-
fication (M&V) of their hourly load reductions. FERC has en-
couraged 1SOs 1o take steps to develop solutions to this problem,
and PIM Interconnection has responded with a pilot DR pro-
gram targeted 4t smaller, noninterval metered customers [3].

ISO-New England and New York ISO have adopted mea-
surement and verification protocols that allow statistical sam-
pling of small customer loads as a substitute for direct interval
metering for certain DR programs [4]. However, the guidelines
for statistically based M&V remain general, and there are VETy
few documented examples of its successful application for 1SO-
based small customer DR programs [5). The participation bar-
riers faced by small, noninterval metered customers are likelyto
persist-until there are standardized M&V protocols in place that
are acceptable to ISO administrators (and system dispatchers)
and have-been empirically validated.

One component of PJM's small customer pilot prognm
seeks to identify and test new approaches for M&V of these
customers. PJM approached the US Department of Enesy
(DOE) and Lawrence Berkeley National Laboratory {(LBNL)
regarding a collaborative effort in this area. In this paper, we
present an overall perspective on measuring and verifying
demand reductions for noninterval metered customers together

'Regional transmission organizations offering DR programs inchde
ISO-New England, New York ISO, PIM Interconnection, ERCOT, and CAISO.
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with initial results for one (of many possible} novel approaches
to the problem.

1T, M&V METHODS FOR SMALL CUSTOMER LOAD CONTROL

Estimating the impacts of residential load contrel has been
of interest to utility planners and engincers since it became a
comumon industry practice [6]. Much effort has been devoted to
thoroughly understanding the natural diversity of end-use loads
and their behavior under various load control regimens (7, 8, 9).
Much of this foundational work was accomplished using load
research methods, in particular end-use load research, and stan-
dard experimental frames including comparison of average load
curves for a population on “control” (test) and “normal” (non-
control) days [10], [13], [15]. In addition to premise- or appli-
ance-tevel lpad measurement, some analysts have estimated the
impacts of end-use load control at niore aggregate levels, no-
tably feeder circuits [11], substations [12], [13], municipalities
[14], and the utility system [15]), [16]. These studies often used
“notch” tests, *nick” tests, or “SCRAM” tests that are designed
to elicit the maximum possible instantaneous demand drop from
end-use load control strategies.

Each of these measarement approaches has potential draw-
backs and implementation requirements that creates challenges
in different settings. For example, [13] notes the difficulty. in
performing side-by-side comparisons of circuit-level data for
“test” and “‘baseline” days, especially for temperature-sensitive
loads, as the circuit-level loads on a given day can be affected
by the temperature trends of several preceding days. Addition-
ally, Reed er al. [11] discuss the need for frequent data scan-
ning (short averaging intervals), as low as 50 scans per second,
when attempting to detect the impacts of load control at the cir-
cuit level, Several analysts suggest the simultaneous application
of load impact measuremnent using different methods applied at
different estimation levels [117, [12], [15], as is attempted here.

Table I provides a framework for considering conventional
and alternative M&V approaches for DR programs_targe‘ﬁng
smaller customers without interval meters. Table Lhighli ghts un-
conventional sampling or experimental design sirategies (shown
in italics) that might be utilized given the availability of data
and the level at which impacts are being estimated (e.g., end
use, premmise, utility system). For example, the conventional ap-

proach used to measure and verify load impacts of noninterval -

metered customers in DR programs typicalty relies on a sample
of interval-metered end-use loads or premises. Average load re-
ductions are calculated for the sample; results are then used to
represent the entire program population (see Table I—Grid Lo-
cations A4 and B4 [1], [4], [5], [15]:2A drawback of this con-
ventional M&V approach is its costliness and the time required
for implementation, factors which are particularly limiting for
load aggregators participating in pilot programs that may be
short-lived or whose economics are sensitive to fixed costs.?

2The extrapolation atgorithm depends on sample design, especially whether
the sample was stratified according to a variables thought to significamly influ-
ence load impacts (e.g., KWh monthly vsage).

3A PURPA-compliant load research survey for a small customer load control
program comprising 50000 participants can cost $50000-%75 G0O.
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TABLE 1
M&V PROTOCOL FRAMEWORK FOR CUSTOMERS PARTICIPATING
IN DR PROGRAMS

Impact Estimation Level

1. 2. 3. 4,
Data Premise/ Program/
Source End-use Facility ~ Substation System
A. End-use Interval End-use Load
Conventional Metering [7, Research
8,9,10] Sample [15]
Unconventional End-use Extrapoluie
Load from
Research subistation
Sample results
B, Premise/
Facility Class Load
Conventional Interval Research
Metering Sample [1, 4,
5]
Unconveitional Class Extrapolate
: Load Sfrom i
Research substation
Sample resulrs
C. Substation " SCADA
Conventlonal 11, 12,
13, 14]
Extrapolate
Unconventional SCADA Jrom
substation
. data [12)
D. Program/
System ) System Data
Unconventional [16}

Note; Bold lettering signifies the “conventional” M&V
Approach; italic lettering signifies unconventional and pos-
sibly innovative approaches.

This framework of possible M&V protocols suggests there
may be opportunities for cosl-saving innovation in M&V ap-
proaches, Several have been tried, notably extrapolation of in-
terval metering tesults at substation [Grid Location C4] and
system levels [Grid Location D4]. The work reported here ex-
plores two unconventional and possibly inpovative M&V ap-
proaches: interval netering of a sample of pretnises drawn at the
substation level and used to represent the entire program popula-
tion [Grid Location B41; and substation-level interval metering
used to measure the average per-unit diversified demand of the
entire program [Gnd Location C41,

The venue for this M&V experimentation was a PIM-spon-
sored Small Customer Pilot Program. The objective was to ex-
plore whether unconventional and less costly M&V approaches
implemented at the substation level might provfde lower-cost,
quicker-turn-around estimates of the diversified demand im-
pacts of a water heater load control program. The experimenta)
M&V approach utilized interval metering to simultaneously
measure aggregate load impacts at the Medium-Voltage (MV)
substation transformer bank and per-end use load impacts at the
premise-level #The intent was to develop some field experience
with these two unconventional but promising approaches to

4As the paper describes, in applying this approach it is critical to choose an
MV network serving a customer population with a high saturation of progrem
participants, so that the aggregate effect of many small load impacts is observ-
able.
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measuring the load impacts of small customer DR programs,
subject to the practical constrainfs of working with distribution
utilities and load aggregators that have limited manpower and
equipiment resources and need to maintain normal operations
of their load contro! system.

IV. SMALL CUSTOMER PILOT PROGRAM CHARACTERISTICS

The CSP participating in PIM’s small cistomer pilot program
operates an integrated load management system that serves the
needs of rural electric cooperatives located throughout the PTM
control area. This integrated system comprises 45 000 load con-
trol switches and delivers an estimated 35 MW of load reduc-
tion in swmmer (50 MW in winter) through control of residential
electric water heaters, water pumps, and electric thermal storage
space heaters. Communications and dispatch is coordinated via
a head-end computer system and an extensive telephone/radio
cominunications system. The systemn has been in place for ~ 20
years and is operated on a daily basis to manage the daily max-
imum demand presented by rurat cooperatives to wholesale sup-
pliers.

LBNL worked with the CSP and two of its client electric co-
operatives to identify target substations suitable for TNEASUTing
the aggregate impacts of load control and to develop a regimen
of short-duration foad control tests that met the following oper-
ational criteria;

* did not interfere with ongoing system operations;

* were notin the busiest seasons (summer and winter); and

* minimized the potential intervening effects of seasonal

nonresidential loads.

The two substations selected are both important delivery
points (and therefore metering points) for wholesale service
from PIM-member penerators. Table Hs provides summary
information en the two substations, including (1) the customer
mix and the number of households with electric water heating
{EWH) load control devices; (2) the total coincident peak de-
mand at each substation, with the residential component b_rdken
out separately; (3) the number of premise-level load research
monitoring devices that were utilized at each substation; and
(4) the CSP’s estimated load reduction per electric water heater
control point for each of the intended load control test periods,
expressed as an Adjusted Diversified Demand Factor (ADDF).

The CSP uses these hourly ADDF values along with water
heater address groupings stratified by size and customer usage

SNote that the CSP-provided ADDF values can vary between substations for
the same hourly period. This reflects adiustment by the CSP to reflect household
demographics (EWH size and vintage, household size, etc.} particular to each
cooperative. ’

TABLE 1"
CHARACTERISTICS OF ELECTRIC COOPERATIVES

Rurz! N (2) €3] {4)
Network Customers Peak Premise- Estimated ADDF

Demand | level Load (kW/participant)

(kW) Contro]
Data

Electri¢ 215 Oct. 2-3 pn1: -0.65
Coop#1 premises Oct. 3-4 pm: -0.675
-Total 4,400 6,500 with hourly | Nov. 7-8 am; -0.85
-Res. 4,350 6,250 interval Nov. 8-0 am: -0.925
-EWHLC 631 AMR Nov. 6-7 pm: -1.175
group Nov. 7-8 pin: -1.115
Electric 9 premises | Oct 2-3 pm: -0.8
Coop#2 with GE Oct. 3-4 pm: -0.85
-Total 895 1,990 TMR-92 Nov, 7-8 am: -1.0
-Res. 395 1,990 15-minute Nov. 8-9 am: -0.925
-EWHLC 243 interval Nov. 6-7 pm: -1.05
group meters Nov. 7-8 por: -1.03

characteristics to form load control strategy tables that locally
optimize dispatch according to network needs, time of day,
season, and other variables. The ADDF values together with
the. estimated restore demand function conmstitite the core
assumptions underlying the estimated diversified water heater
load control impacts, and were drawn from [9], [13] and [17).
In addition to -exploring applications of unconventional,
lower cost M&V approaches, the specific experimental ob-
jective ‘of this study was to measure and verify a selection
of “point estimates” taken from the ADDF curve, shown In
Fig. 1.5 This choice of M&V approach—mneasuring individual
point estimates from a daily seasonal end-use diversified de-
mand curve—verifies the overall estimation approach without
measuring a particular (peak) summer or winter hour.

V. MEASUREMENT APPROACH

The experimental design and schedule for the load control
tests was developed within the operational constraings imposed
by the CSP. A six week period from early October 10 mid-
November 2003 was selected to avoid the sinmer and winler
peak demands and take advantage of utility staff that were avail-
able during the $houlder season. Three separate load control
“notch” tests, defined by start time and duration, were under-
taken to provide “point estimates™ of load reductions for com-
parison to the CSP ADDF values for electric water heater (see
Table ). The load control tests were:

E"]‘he'A_\_DDF values-used by the CSP in formulating load conirol strategies
applied Summer Season diversified demand data for May-October and Winter
Season diversified demand data for November through April.
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Fig. 1. Summer season hourly diversified demand curve.

«  Test A: 2-4 pm, Tuesdays and Thursdays in October?

«  Test B: 7-9 am, Tuesdays and Thursdays in November®

«  Test C: 6-8 pm, Tuesdays and Thursdays in November.
Wednesdays were designated as “baseline” days, with no load
control scheduled.?The CSP and two cooperatives collected data
for the test period, which was forwarded to LBNL for analysis.
Operating difficulties were encountered during the tests, as the
CSP reported that paraile] Electric Thermal Storage (ETS) load
control and Voltage Control (VC) devices had been inadver-
tently dispatched during many of the EWH load control tests.
This seriously confounded efforis to analyze the substation level
data, as the estimated demand impact of the ETS and VC pfo—
grams was comparable to or larger than the EWII program in
some cases. Ultimately, LBNL was able to estimate Joad con-
trol impacts only for Electric Cooperative #2 after making some
adjustments 10 the sub-station level data. '

VI. RESULTS

For the premise-level data LBNL estimated the load reduction
due 10 EWH load contro! by measuring the differences in hourly
usage patterns between the “Load Control Test” and “Baseline”
days. For substation-leve! data, “Load Control Test” day data
was cxamined to determine the demand drop at the time of con-
trol and the demand recovery when control was relinquished.

A. Premise-Level Results

LBNL. applied a normalization technique to the raw premise-
level observations in order to account for load shape or magni-
tude differences betwsaen the Test and Baseline day [6]. Normal-
izing is a straightforward process of shifting the load shape in

"October is considered part of the Suminer Season
SNovember is considered part of the Winter Season

9Mondays and Fridays were aveided, as the pre- and post-weekend weekdays
often have a different load shape and/or magnitude.

121 23 4567 8910112123

45678 9101112

Time PM
TABLE I -
LoAD CONTROL TEST RESULTS FOR ELECTRIC COOPERATIVE #1
4] - (2) (3) (4) 5)]
Date — Test Observed Observed | "Normalized” } "Norma-
Type Average p-value Average lized”
Load Load p-valua
Reduction Reduction

(kW) (kW)

10/7/2003 - A -0.16 0.23 -0.21 0.11
10/9/2003 — A -0.56 <0.001 -.46 <0.001
10/14/2003 - A -0.17 0.14 -0.16 0.22
10/16/2003 — A 0.16 0.23 . -0.06 0.89
10/21/2003 - A l1.08 <0001 -6.69 =0.0001
10/23/2003 - A -2 61 <0.001 -1.37 <0.0001

11/4/2003 - B -1.08 -0.04 -0.75 <(.0001

11/4/2003 - C -0.48 0.01 -0.43 0.01
11/6/2003 - B -0.93 <0.001 -0.58 000
11/6/2003 - C -0.31 0.06 -0.03 0.88
11/11/2003 ~-B -0.17 0.35 -0.49 0.01
11/11/2003 -C =0.32 0.10 -0.40 0.63
11/13/2003 - B -1.02 <(.001 -0.87 <0.0001
1113/2003 -C -0.53 0.01 -0.5¢ 0.00
11/18/2003 -8B -0.16 0.36 -0.27 0.12
11/18/2003 - C 0.00 1.00 -0.39 0.06
11/20/2003 - B -0.63 0.00 -0.51 0.00
11/20/2003 - C 0.19 0.35 -0.19 0.36

Note: A=2pm-4pm; B=7am-9 am; C =6 pm- 8 pm

the hour just before the test period so that the test day and base-
line day load shapes coincide exactly in thai hour. Normaliza-
tion reduces the bias and variability in load reduction estimates,
without resorting to complex models adjusting for weather or
other variables, and helps adjust-for any skew in Baseline Day
load profite or load level. The observed and normalized results
provide a good estimate of the effect of load control while at-
tempting to account for some intervening influences and effects.
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Tables I1T and IV summarize the premise-level results for Elee-
tric Cooperatives # 1 and 2, respectively. Each row represents
a comparison of a Load Control Test Day and a Baseline Day
in sequential order of testing. The first eight rows summarize
measurement results for the 2-4 pm sununer period, The sub-
sequent twelve rows show measurement results for the 7-9 am
and 6-8 pim winter period tests. Column (2) shows the observed
mean kilowatt value of the difference between each pair of Load
Control Test and Baseline Days and is calculated for the entire
poputlation (N} of premise-level intervat meters available at each
electric cooperative. A negative value signifies a load reduction.
Column (4) provides the corresponding “normalized” mean dif-
ference for each test period, LBNL calculated a p-value (using a
paired t-test) for both the observed and normalized differences
in load between each test and baseline period (see Columns 3
and 5). Premise-level data comparisons considered statistically
significant (p-valve less than 0.1) are shown in italics,10

B. Substation-Level Results

Substation-level load impact analysis can be based on either
a simple time series analysis of loads over the fest period or
by a comparison of load values between “baseline” and “test”
days. Because of inadvertent intervening load contro! opera-
tions (e.g., ETS}, we opted for the simplest possible analysis
scheme—using the load values immediately preceding the load
control as the baseline against which the effects of Toad con-
trol are measured. This simple method yields estimates of the
instantaneous Diversified Demand Drop as well as the subse-
quent Demand Recovery, from which a measure of diversified
duty cycle for the end use can be derived [12].

Interval (15 min.) metered data was available at the substa-
tion tevel for both Electric Cooperatives 1'and 2. We discarded
results for Electric Cooperative # | because of the inadvertent
operation of an electric thermal storage (ETS) space heater Joad
block during all of the test periods which was in aggregate larger
than the corresponding electric water heater load block (755
versus 631 units). s

The magnitude of the confounding effect of other load con-
trol operations was much smaller at Electric Cooperative #2. At
this coop, two load blocks besides the EWH load block were dis-
patched during the October and November load control tests-—a

toad block comprising a 2.5% conservation voltage reductjon |

(CVR), and a load block comprising 15 ETS units. We adjusted
for the CVR operation by subtracting 2.5% of the substation
voltage values at the start and the end of the tests from the cal-
cufations of Diversified Demand Drop and Demand Recovery.
The ETS load block was small and considered negligible rela-
tive to the EWH load block (i.e,, 15 ETS units versus 243 EWH

10The pairwise t-test assesses differences betwean paired ecbservations, via
a ane-sample t-test on differences computed for each pair. The estimated dif-
ference (i.e., estimated load reduction) is the result of simple averaging of the
observed pairwise differences. The p-value is the statistical significance of a
t-test on the distribution of differences; a p-value of less than 0.1 means there is
4 90% confidence that the magnitude and sign of the mean is not the result of 2
random distribution but is due to our experimental design. Though we think the
t-tests are a good description of these differences, note that the formal require-
ments for the t~test are nol met by this configuration of data, and the p-values
and estimated differences should be taken as heuristic rathes than as formal sta-
tistical estimates. For example, the pairs are not independent observations nor
are the data necessarily normally distributed.

TABLE TV
LoaD CONTROL TEST RESULTS FOR ELECTRIC COOPERATIVE #2
{n (2) 3 4) {5)
Date — Test Cbserved | OCbserved "Norma- "Norma-
Period Average pvalue lized" lized” p-
Leacd Average value
Reduction Load
(kW) Reduction
(kw)

10/7/2003 - A 0.14 0.78 -0.45 0.38
10/9/2003 - A 0.42 047 -0.37 0.46
10/14/2003 - A D19 0.55 0.42 017
10/16/2003 - A 0.14 0.81 -0.03 0.96
10/21/2003 - A -0.97 0.08 -0.48 0.17
10/23/2003 - A -0.33 0.63 -0.31 0.49
11/4/2003 - B -2.76 0.06 -2.00 0.28
11/4/2003 - C -1.97 0.05 0.02 0.98
11/6/2003 - B -3.73 0.05 -2.22 0.14
11/6/2003 -C -1.82 0.07 -0.79 0.43
11/11/2003 - B -0.71 0.40 -1.54 0.14
11/11/2003 - -1.26 018 -1.20 0.22
11/13/2003 = B -1.88 0.13 117 0.28
11/13/2003 - C -0.93 0.25 -1.09 0.34
1MHB8/2003-B | . 0.13 0.90 005 0.96
11/18/2003 - C -0.75 6.40 -0.15 0.83
11/20/2003 - 8 -1.42 0.07 -0.94 0.18
11/20/2003-C -1.22 0.06 -1.13 0.09

Note: A=2pm-4pm; B=7am—9 am; C= 6 pm— § pm

units). We included the ETS units along with the EWH units
in calculating per-unit demand reductions.!"The results of this
analysis of adjusted substation load data for Electric Coopen-
tive # 2 are shown in Table V.

VI DISCUSSION
A. Eleciric Cooperative #1: Premise-Level Results

Electﬁ_c Cooperative # 1 was selected for load contro] testing
because of the large number of EWH program participants (215)
fitted with hourly inteérval meters. This large sample produced

‘statistically robust results that were not tainted by the inadver-

tent gperations problem, as none of the interval-metered EWH
customers were part of the ETS load block.

As shown in Table I11, 15 of 18 observed mean difference
comparisons and 18 of 18 normalized difference comparisens
were signed correctly (i.e., signifying a measured load reduc-
tion), and eleven of twelve mean difference COIMpArisons were
statistically significant at a 90% confidence interval based on
the normalized results. Fig. 2 compares the average load re-
ductions with the CSP-estimated ADDF values for each pe-
riod; average load impacts in each period that are statisticaly
significant are shown with a dashed bar. Fig. 2 shows the w-
derlying variability in the observed usage data across compar-
ison periods, as well as the effect of normalization on this vari-

UQur rationale was thar electric water heaters and thermal storage spice

heaters are intrinsically energy storage devices and have comparable connecied
loads.
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Fig. 2, . Observed load reduction vs estimated ADDF value (electric cooperative # 1).

TABLE V
SUBSTATION LOAD CONTROL TEST RESULTS £OR ELECTRIC COOPERATIVE #2

Div :
oate | Tstype | Dmend | Recouet | oty

(kW) ycle
7-Oct A 777 184.9 0.42
9-Oci A 588 286.9 0.20
14-Oct A 101.2 3413 0.30.
16-Oct A 4357 g 0.36
21-Oct A 93.8 204.2 0.32
23-Oct A 849 405.9 0.21
Average 2-4 pm Summer 92.0 314.2 0.29
Unit Demand Drop: 0.4
Unit Demand Recovery: ' 1.2
4-Nov B 254.9 T 0.75
6-Nov B 313.9 4183 0.75
11-Nov B 306.2 434.2 0.71
13-Nov B 2500 3309 0.76
18-Nov B 2414 3832 0.83
20-Nov B 25114 3985 063
Average 7-9 am Winter 269.7 384.5 0.70
Unit Demand Drop: 1.1 0.82
Unit Demand Recovery: 1.5
4-Nov C 161.9 4187 0.39
G-Nov C -39 480.7 NIA
t1-Nov c -3.1 3321 MN{A
13-Mov C 827 265 1.00
18-Nov c 156.5 576.3 0.27
20-Nov C 197.7 14 N/A
Average 6-8 pm Winter 88.7 3011 0.33
Unit Demand Drop 0.4
Unit Demand Recovery : 1.2

ability, Normalization had the effect of reducing the load im-
pact values for each control strategy, especially in those cases

where the observed impacts were significantly higher than the
estimated (ADDF) values. However, in several cases where the
observed values were incorrectly signed or very low, the nor-
malization adjusted the impact value sufficiently closer to the
estimated (ADDF) value to at least have the correct sign. The
overall effects of normalization were to 1) reduce the variability
of the load impact values, and 2) produce average load impacts
that were lower than the estimated (ADDF) values. The av-
erage cbserved load reduction over the 18 control-versus-base-
line comparison periods is —0.55 kW/participant with a stan-
dard error of 0,041, while the average normalized load reduction
is —0.41 kW /parlicipant, with a standard error of 0.05. These
values are much lower than the ADDF values provided by the
CSP

B. Electric Coopergtive #2: Premise-Level Results

Only nine interval load recorders were available for place-
ment on EWH program participants served by this substation;
none of these participated in the ETS program. The observed
and normalized premise-level results of the load control testing
are shown in tabular format in Table IV, while Fig. 3 compares
the observed and normalized average load reductions for these
nine premises with the estimated ADDF values. Only six 0b-
served load impact results and one normalized load impact re-
sult were statistically significant, which is primarily a result
of the 'small sample size. The normalized mean difference re-
sults are signed correctly in 15 out of 18 load control tests. The
normalization step does appear to modulate both the very low
and very high individual load impact values. In fact, for Sub-

station # 2 the normalized impact values are very close to the

estimated (ADDF) values, both for the individual load control
strategies and for the overall average. The average observed load
impact over the 18 control-versus-baseline comparison periods
is —1.08 kW/participant, with a standard error of 0.195 while
the average normalized load reduction is —0.88 kW/participant
with a standard error of 0.22. On average, the observed and nor-
malized results tend to support the ADDF values provided by
the CSP for each load control period.



HEFFNER ef al.: INNOVATIVE APPROACHES TG VERIFYING DEMAND RESPONSE OF WATER HEATER LOAD CONTROL 7

 Obgoreed

Fig. 3.

C. Electric Cooperative #2: Substation-Level Resulis

Table V summarizes the adjusted substation level measnre-
ments of Diversified Demand Drop for the 18 load control tests,
Dividing the Demand Drop by the units controlled (including
both EWH and ETS devices} yields a per-unit demand impact,
which can be compared to the ADDF load curves (see Fig. 1)
and the normalized premise-level mean dilference results (see
Fig. 3}, Following Heffner and Kaufman [12], the Demand Re-
covery, or Rebound Effect, can be calculated over the period im-
mediately before and after the time when control is relinquished,
The quotient of these two terms provides a rough estimate of the
diversified device duty cycle for that particular Joad control test
period and is a proxy for the percentage of devices that are ac-
tive over a given test period. For water heaters, this calculation
of duty cycle will vary according to time of day, length of the
control test period, and other variables, such as inlet water and
possibly ambient temperature. 2

Table VI compares the load impacts from the CSP’s engi-
neering estimales {(ADDF) with normalized premise-level and
adjusted substation level dala for the three load control test
strategies. The measured values of per-unit load impact from
sub-station level dala are generally lower than the normalized
load impacts from premise-level data for Electric Cooperative
#2, after adjusting for the intervening effects of CVR and ETS
operations. The measured load impacts for Test Period B from
the two methods are reasonably in line with one another. For
Test Period A, the premise-level and substation-level results
are both much lower than the ADDF value, with the substation
level results less than half of the ADDE value. The sub-station
level results for Test Period C are skewed by conditions in the
evening hours of 4 of 6 November test days when either the
Demand Drop, Demand Recovery, or Duty Cycle is signed
incorrectly or cannot be calculated.

2additional data from load controt tests of differing duration and conducted
during other times of the day weuld make it possible to folly characterize the
aggregate characteristics of this EWH program, including howurly diversified de-
mand and the net restore demand function [9).

Observed load reduction vs estimated ADDF value (electric cooperative # 2).

- TABLE VI
COMPARISON OF LOAD IMPACT MEASUREMENTS AT THE SUBSTATION AND
PRrEMISE LEVEL FOR ELECTRIC COOPERATIVE #2 (IN KW PER UNIT)

Test A TestB TestC
(Summer 2 (Winter 7 (Winter 6
pm -4 pm) am - § am) pm - 8 pm)
CSP-provided .
ADDF Values -0.83 6.97 108
Coop # 2 Premise
Level (normalized) -0.62 -1.30 0.7z
Coop # 2
Substation Level - -0.36 -1.05 -0.38
Demand Drop
Coop # 2
Substation Levef ~ 1.22 1.49 117
Demand Recovery

D. Possible Causes ofDiscrepancr’es Berween Engineering
Estimates (ADDF Values) and Measured Resilts

There arc a number of possible explanations for the discrep-
ancies between the CSP’s ADDF estimates of hourly diversi-
fied demand and the corresponding field measurements. First,
since no end-use load meters were available, both the interval
meter data from premises and substation are susceptible to in-
tervening factors that affect the Jevel and shape of the measured
toads. These electric cooperatives serve rural households with
other significant end-uses at both the premise and network levels
whose on- and off-cycles could mask or distort the measured
EWH load impact. Some measured diversified demand impacts
are considerably closer to the ADDF estimates (see Test Period
B, which are winter morning results) than others (see Test Period
A which is the summer aftemoon). These larger discrepancies
may be caused by the relatively small number of load conio}
test data points, especially when one or two tests are strongly af-
fected by exogenous factors such as unseasonably cold or warm
weather. Finally, there is the possibility that the engineering esti-
ates are indeed overstated in at least a few cases. Other utilities
use much lower diversified demand values for their sumimertime
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Electric Cooperative # 1: Premise-leve] Data (Averages)
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Fig. 5. MV-leve! load shape—electric cooperative # 2.

electric water heater loads, reflecting the warmer piped water
supply during summer. In contrast, the Summer and Winter di-
versified demand curves used by the CSP are not very much
different, based on an assumed prevalence of well water versus
piped water supply in the rural areas served by Electric Coop-
eratives # 1 and 2.

E. Qualitative Load Shape Analysis

Fig. 4 shows a typical average load curve derived from the
premise-level data for Electric Cooperative # 1. Comparing the
load curves of the two Test Days (October 7 and 9) with the
Baseline Day (October 8) it is easy 1o see the characteristics of
electric water heater load control—a sharp reduction in load at
2 pm followed by a “rebound effect” after control is released at
4 pm. .

Fig. 5 illustrates some of the practical issues associated
with load impact measurements taken at the substalion level.
During the 7-9 am load control tests on November 11 and 13
we can clearly see the impacts of electric’ water heater load

control—rapidly reduced load at the time conirol is instituted
followed by a rebound effect after control is relinquished.
This expected pattern is reflected in the values of Table V. The
relatichship between EWH/ETS control and substation load
is much Jess clear for the evening load control test—a large
rebotind effect is apparent but there is little or no demand drop
at the'time that EWH/ETS control is initiated. Accounting for
the intervening factors that distort or obscure the expected load
curve behavior is very difficelt short of extensive time-serics
analysis and multivariate regression analysis—both of which
are outside the scope of this modest experimental effort.

VIII. LIMITATIONS OF THE PILOT M&V APPROACHES

The adjusted substation-level data from Coap # 2 yields load
impact measurements much lower than the ADDF values pro-
vided by the CSP or the premise-level data, except for Test B
(Winter Momning). Using substation-level load reduction mea-
surements alone would suggest that the ADDF values are oo’
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TABLE VI
ESTIMATED, QBSERVED AND NORMALIZED LOAD REDUCTION VALUES
Load ) . . \ . 4 .
Control Efectric Cooperatlve #1 - Per unit Electric Cooperallve 2 - l_’er Linit
Test Load Reduclion {kW/participant) Load Reduction (kW/parlicipant)
ADDF © Obs. Norm. ADDF Obs, - Norm.
Values Premise Premise Valuas Premise Premise
reported Level Level reported by Level Level
by GSP Data Data CsP Data Data
A: Qct 2-
4 pm -0.66 -0.74 -0.32 -0.82 -0.21 -0.62
B: Nov 7-
9 am -0.89 -0.67 -0.49 -0.97 -1.73 -1.30
C: Nov 1.17 -0.24 -0.34 -1.05 132 -0.72
6-8 pm
Average
over all -0.91 -0.55 -0.41 -0.95 -1.08 -0.88
lests
Std Error 0.04 0.05 0.1% .22
90 % Gl (-0.62, (-0.52, (-1.40, {-1.28,
-0.48) -0.37) -0.786) -(0.46}

high for Summer Aflernoon and Winter Evening but about right
for Winter Morning (see Table V). _

The premise-level measurements indicate that load impacts
are on average lower than the ADDF values, but not uniformly
lower (see Table VII). The overall load impact measurement
from normalized premise-level data is ~ 60% lower than the
average ADDF value for Electric Cooperative #1, if we consider
the normalized results, but is within 10% of the average ADDF
value for Electric Coop # 2.

The M&V results reported here use a noncenventional ap-
proach that has not yet been approved or adopted for measure-
ment and verificalion applications by PIM. A primary purpose
of this study is 10 help the CSP, PIM, and other 1SOs consider
how “legacy” EWH load control programs (i.e., that have oper-
ated for many years but can’t provide recent PURPA-compliant
M&V studies) may provide verifiable, cusiomer load resources
for wholesale electricity markets in a manner acceptable to 1SOs
and other stakeholders. Based on our analysis, it is not yet clear
whether there are any shorteuts to a conventional PURPA-com-
pliant load research approach as the basis for measuring and
verifying the load impacts of noninterval metered customers.

IX. RECOMMENDED NEXT STEPS

Despite limitations on the usefulness of the pilot M&V re-
sults, they form a basis for considering which novel appreaches
may have relatively more promise, and the types of technical is-
sues that should be accounted for in future efforts. Should PIM
or another ISO wish to go forward with additional Mé&V experi-
mentation along the lines described in this study, we recommend
the following improvements and suggestions:

1) Interveming Operations: The present analysis was harn-

_pered by both inadvertent load control and normal CSP
load centrol operations that interfered with the planned

2)

3)

4)

5)

lodd contro! tests. This problem could be averted in fu-
ture if the CSP set np and documented customized load
control test strategies that would reside on the CSP’s head
end computer and could be implemented as required in
order to verify load impacts.

More Observations: The load contro] test fegimen was
kept to a minimum to avoid placing undue burdens on
either the CSP or electric cooperative staff. Any subse-
quent effort should be designed to provide additienal con-
rol-baseline observitions.

Include Shorter and Longer Duration Load Control
Tests: A mix of load control test durations will allow for
better characterization of the Demand Drop, Demand Re-
covery, and Diversified Duty Cycle for the EWH program
on an aggregate and premise-level basis. The net restore
demand function for the program could also be explicitly
measured.

Additional 15-minute interval meter load recorders:
Electric Cooperative # 2 figlded nine 1S-minute interval

- load recorders. While not statistically representative, it

has been a very useful data sonrce. The most desirable
experimental design would be a formal sample design de-
signed to provide known precision and confidence infer-
vals given the variability within the participant population
served by each cooperative or each MV network.
Additional post-test analysis, including rudimentary
model development: The variability of hourly loads be-
tween test and baseline days is the real challenge to this
type of analysis. Some (but not nearly all) of this vari-
ability should be possible to control for with a model-
based approach incorporating key variables influencing
day-to-day load levels, notably temperature, day of the
week, and a “community activity” index of some type.
Time-series analysis of substation level data is another
promising possibility.
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