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MARKETS

SHIRA HOROWITZ®, BRANDON MAUCH®, AND FALLAW SOWELL®"*

ABSTRACT. A doubly censored Tobit model is used to forecast hourly air-conditioner
usage for individual households. The model is appropriate for a range of temperatures
S0 it is possible to accurately forecast the electricity load to help balance the electricity
grid in new settings, eg. solar and wind generation. Individual models are simulated
and summed to obtain aggregate forecasts and confidence intervals. The model allows
for correlation between the individual shocks that occur in a region. This approach
gives substantially more accurate results than the moving average method typically

used for forecasting and measuring direct load control.

1. INTRODUCTION

Demand response is the reduction of electric loads via price signals or remote access.
Electric grid operators and electrical utilities implement demand response to maintain
grid reliability or provide electrical service at lower cost. One type of demand response
is direct load control (DLC) where electrical appliances are remotely powered off. From
a grid perspective, load reduction (decrease in demand) is similar to generation increase
(increase in supply). Unlike generation where the supply is deterministic (barring events
that lead to a forced outage), the DLC resource is uncertain and must be forecasted.
While generators are paid according to the quantity of energy supplied, DLC partic-
ipants are paid based on the amount of load reduction®. Load reductions cannot be

directly measured; they are estimated by subtracting actual load during a DLC event
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from a customer’s forecasted load conditional on the DLC event not occurring. In this
paper we propose a new method for forecasting and measuring DLC of residential ACs

using a Tobit model with upper and lower censoring.

1.1. Direct Load Control. Effective DLC is widely used to reduce peak load, which
delays the need to build power plants or transmission lines. However, in recent years
it is also used as reserve capacity for contingencies in the grid. PJM, a northeastern
grid in the US, provides 20% of its contingency reserves with DLC resources (PJM,
2012). DLC can also be used to adjust load as a means of balancing variability of wind
and solar resources (Callaway, 2009; Koch et al., 2010; Newell and Felder, 2007). The
Department of Energy stated that increased reliance on electricity generation from wind
and solar power is one factor that will drive demand response programs (DOE, 2008).
Increased use of DLC will require more accurate load forecasting techniques that are
easy to implement, like the method we develop in this work. Model accuracy is needed
over a range of temperatures since DLC can be called for peak load reductions at high
temperatures as well as contingency reserves at lower temperatures.

ACs are well suited for DLC since they can be powered off for short periods of time
without much customer discomfort. A California utility surveyed customers during a
pilot study and found the majority did not notice DLC events lasting 15 minutes or less
(Sullivan et al., 2012). AC’s also comprise a large portion of residential loads (roughly
20% of residential electricity consumption) (EIA, 2012b).

Advanced electric meters (i.e. smart meters) allow finer control over electric loads and
provide more load data which will enable greater use of DLC in electric grids (Strbac,
2008; Hamilton and Gulhar, 2010). As of 2011, 13.4% of all electricity customers had
smart meters (FERC, 2011a), but the Department of Energy is providing funds to
quickly increase this level (DOE, 2012). There is a need for models to efficiently take

advantage of this new data. This Tobit model captures the realistic situation that AC
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loads are bounded below by zero and above by the maximum energy consumption for
a particular AC.

Recent changes in wholesale electric markets will also increase the use of DLC. In
2011, FERC issued order number 745 which directs wholesale energy market operators
to compensate demand side resources (eg. DLC) the full energy market price as long
as dispatching the DR resource is cost-effective (FERC, 2011). Each market operator
sets a threshold price based on historical data which is used as the minimum price at

which DR resources are compensated.

1.2. Load Forecasting. Accurate load forecasts are essential for efficient DLC. DR
resources are paid the energy market locational marginal price for the reduced load
based upon the customer baseline (CBL). This is an estimate for a counterfactual event,
i.e. the expected load conditional on the DLC event not happening. Inaccuracies in
the CBL lead to incorrect and unfair payments. Underpayments for DR resources
discourage participation while overpayments lead to excessive charges on load serving
entities who pay for the reductions. System planners need to accurately know how
much load reduction to expect during a DLC event. Reducing uncertainty in the load
forecasts will become more important as DLC resources provide more ancillary services
to help balance the smart electricity grid.

Default CBLs differ across markets (Grimm, 2008; Kema, 2011). Most are simple
moving averages. In the PJM RTO, the default CBL is the average hourly load profile
from the 4 highest load days of the previous 5 similar day types (weekdays, Satur-
days, Sundays/holidays) (PJM, 2012). The California ISO, the New York ISO and the
New England’s ISO calculate CBLs by averaging loads from the previous 10 similar
days (CASIO, 2012; NYISO, 2010; ISONE, 2012). The Electric Reliability Council of
Texas publishes 3 different default CBL calculations: a linear regression of energy con-

sumption on covariates representing weather conditions, daylight hours, season and day
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of the week; a moving average of 8 of the previous 10 similar days; or a model that av-
erages days with load profiles similar to the event day (ERCOT, 2012). All ISO/RTOs
accept alternative methods for CBL determination as long as it is approved. This paper
presents such an alternative.

Broadly speaking, air conditioner load forecast models can be classified into two dis-
tinct categories: engineering models and statistical models. Both model types attempt
to forecast AC load as a function of several variables, primarily: temperature and time
of day. The most common are engineering models of a house that consist of a system of
differential equations that capture the evolution of indoor temperature and the on/off
cycles of the air conditioner compressor given weather variables such as temperature,
solar radiation, etc. These models requires measuring the thermal characteristics and
thermostat settings of each house for use as parameters (Bargiotas and Birdwell, 1988;
Molina et al., 2003; Gustafson et al., 1993). Another approach is to use maximum
likelihood to estimate these parameters from historical data (Pahwa and Brice, 1985;
El-Ferik et al., 2006; Kamoun and Malhamé, 1992). The latter method still requires
knowledge of the thermostat setpoints. Unfortunately, these models are sensitive to
changes in the physical properties of the residence such as home improvements.

There is comparatively less work on statistical models applied to AC load forecasts,
especially residential. Statistical models do not directly model the dynamics of energy
flows. Instead they capture trends in historical AC load data to predict future loads.

Parametric models of AC duty cycles have been used to estimate load reductions by
comparing controlled and non-controlled AC data (Ryan et al., 1989). Autoregressive
models have been used in AC forecasts for non-residential buildings (Penya et al.,
2011), but not the highly variable residential data. Machine learning type models have
been proposed to forecast building energy consumption using support vector regression
(Xuemei et al., 2010) and artificial neural networks (Beccali et al., 2004). These types

of models capture the non-linearities in energy demand, but are data intensive for each
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household. A recent proposal to forecast load reduction from AC DLC relies on fitting
a model to load measurements at a feeder circuit level (Eto et al., 2012). This method
cannot forecast load for individual households and requires a large fraction of ACs on
each feeder participate in DLC so that it can distinguish the signal from the noise. This
is a concern for forecasts with lower temperatures.

This paper considers a doubly censored Tobit model to forecast hourly individual AC
loads. This accounts for the non-linearities inherent in AC energy consumption while
not requiring extreme amounts of data. The model uses ambient temperature and time
of day as covariates. The individual forecasts are aggregated via simulation to create
day-ahead hourly aggregate load forecast and confidence intervals.

The remainder of this paper is organized as follows: section 2 describes the dataset.
Section 3 describes the Tobit model and the theoretical framework of the model. The

results are in section 4 and section 5 covers the policy implications.

2. DATA

Under a confidentiality agreement, a dataset was obtained from Pepco Holdings,
Inc. The dataset contains AC energy consumption data, weather data and individual
characteristics for the 536 residential ACs from July - October 2010. Due to data quality
issues 69 units were discarded with the analysis performed on the remaining 467 units
(details on data quality and cleaning protocol are in appendix A). Data loggers were
installed on the ACs during the month of July so the initial date of data collection
varies. The data loggers recorded current measurements for the compressor circuits.
During installation, technicians took spot measurements of voltage and power which
were used to convert the current measurements to power measurements. The raw data
were instantaneous power values recorded at three minute intervals. A constant power
level is assumed during each three minute period to estimate energy consumption at

the hourly time scale, i.e. the compressor was assumed to be on or off for the entire
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3 minute period. Adding the three minute periods, the hourly estimates take on 21
discrete values. This discreteness does not have a significant effect on the final results
which are aggregated over all units.

The ACs were serviced by one of three utilities: Potomac Electric Power Company
(PEPCO), Delmarva Power and Light (Delmarva) and Atlantic City Electric (ACE).
Hourly temperature data were collected from weather stations located near each utility’s

territory and were assumed to be uniform throughout each region; see table 1.
[Table 1 about here.]

There were three missing temperature measurements which were interpolated from the
adjacent hours.

All the customers in the data sets had signed up to participate in DLC programs.
Some customers had only recently enrolled and their DL.C was not active. Data on when
individual customer’s DLC became active is unavailable. For each AC unit, dummy
variables are used to model the impact of DLC events.

In order to participate in the DLC program, customers agreed to have either switches
capable of remote operation installed on the AC compressor circuit or smart thermostats
that could be adjusted remotely. Customers received notice 24 hours prior to a DLC
event. During the time period covered in the data, 8 DLC events occurred ranging in
duration from one to four hours. Customers had the option of overriding the signal if
they wanted. However, this only occurred with one customer in the dataset. Summary

statistics for the dataset are in table 2.

[Table 2 about here.]

3. FRAMEWORK

3.1. Tobit Model. Preference for AC usage is positively related to temperature. At
higher temperatures, consumers want more cooling, even if their AC has reached is

maximum capacity, while at cooler temperatures, consumers want less AC, and if it
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is cool enough, they may even want a negative amount of cooling (i.e. heat). Actual
AC electricity load is constrained by zero and its maximum capacity. These structural
restrictions on observed AC energy consumption are modeled with a doubly censored
Tobit model (Tobin, 1958).

A model is needed to capture the AC electricity load over a range of temperatures.
Most current residential DLC programs are concerned with peak shaving, i.e. reducing
demand only when temperature are extremely high. The need to balance the grid
during contingencies or to accommodate alternative energy sources can occur at almost
any temperature, and, hence, a model is needed to accurately forecast the AC electricity
load (possible savings) when the temperature is say 79 not just at 97.

The desired electricity load for an individaul AC ¢ at time ¢ (incremented hourly) is

modeled as a latent variable y;;:

24
yir = > (BpniDnt + Brp,iDniTy) + Br2 T + BriiTiy + BeiEy+ Bpi P+ €y (1)
h=1
where T} is max(0, R, — 65), R, is the temperature in degrees Fahrenheit during hour

t, Dy is an indicator variable for hour h, F;, an indicator variable for a DLC event

during hour ¢, P, is an indicator for the three hours immediately after an event and

2

By, is a parameter for AC ¢ for covariate x. The error €;; ~ N(0,07) accounts for an
unobservable shock.

The shifted temperature term and temperature squared account for non-linearities
of the observed temperature range. The terms in the parentheses are hourly intercepts
and linear responses to temperature to account for consumers’ diurnal activity cycle.
The lagged temperature term is included to account for the home’s thermal inertia.
A lag of 1 was included because the partial-autocorrelation function was insignificant
for longer lags. DLC events in the dataset are accounted for with E;. A DLC event

may increase a customer’s preference for AC immediately after the event, P, is included

to account for this. Additional variables were considered such as lagged AC load, eg.
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humidity, however these variables were either strongly collinear with other covariates
or did not improve the model’s fit.

Certain ACs had one or more hours of the day that had very few uncensored y;,
values (eg. all the values at 3 a.m. for a particular AC were 0). This lack of observed
variability prevents both identification and convergence of the optimization routine.
Any hour with 3 or fewer uncensored values was combined with the previous or next
hour (whichever had fewer uncensored values) until each bin contained greater than 3
uncensored values.

Combine the covariates into X, and all 3, ; into 3; to write (1) as
Yir = X' Bi + €z

The observed data censor y;, between 0 and \;, the capacity of the AC, to obtain

i+, the actual energy consumption of AC 7 during hour ¢:

0 Y <0

Yir =19 vy 0<yi, <N\
Ai Ai <y

This model is estimated for each AC by maximum likelihood. The likelihood function is
in appendix B. Robust standard errors allow for heteroscedasticity and autocorrelation

and use Newey-West weights.

3.2. Forecasting and Confidence Intervals. We simulate a load aggregator bidding
DLC into the forward energy market the day before a DLC event occurs. For example, a
load aggregator would place a bid in the forward market on August 14 for a DLC event
that is to occur on August 15. The aggregator would have data up to and including
August 13 to forecast load for the August 15 event. The forecasts reported in this
paper are computed the same way. The August 15 forecast uses parameter estimates

constructed with data up to and including August 13. The August 16 forecast uses
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data up to and including August 14. Each AC, i therefore has different parameters ,@i,d
for each day d. The estimates, Bi,d and &; 4 use all available X;; where t <d — 2. To
ensure at least two weeks of data, the forecasts were made from August 15 to October
1.

The starting values used for the nonlinear optimization routine for August 15 were
the ordinary least squares estimates using data up to August 14. The starting values
for each successive day d > 1 are the ML estimates from the previous day: Bi,d_l and
Gi4—1. Results were not sensitive to changes in the starting values.

The forecasted latent variable for AC ¢ at time ¢ on day d is:
Ui, =X/ BiaVted

Simulation is used to compute aggregate forecasts and confidence intervals. A simulated
random error is added to the latent estimate and then censored to obtain M observed

load estimates v;;,, for each AC i at each time t € d, Ul ym = Uiyt €itm

*

0 Ui pm < 0

. — * * )

Uz,t,m Ui,t,m O < Ui,t,m < >\Z
*

>\z' >\z S Uz’,t,m‘

Sum across ACs to obtain M aggregated loads at each time, ¢
N
Ytym:ZUi’t’m form=1,..., M. (2)
i=1
ACs in the same electric utility are in the same geographic region. This raises the
concern that their shock can be correlated. If ignored, the confidence intervals for
the aggregate load will be too optimistic. The Gaussian errors are allowed to have

correlation p across ACs for each ¢ in each utility. The m® simulation draws a random
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error, e; 4, from N(0,3,). For N ACs in a single utility the covariance matrix is

A2 A A A A
01,4 PO1,4d02d *°* PO1,dON,d
A A A2 A A
PO2,4d01,d O34 *** PO2,dONd
g =
A A A A A2
PON,dO1,d PON,dO2,d **°* ON.d

The correlation p is selected to have the highest agreement between the observed con-
fidence intervals and the theoretical confidence intervals for the aggregate load. This

can be thought of as a GMM estimation problem. See Appendix C for details.

4. RESULTS

The Tobit model described in section 3 is estimated for each AC in the sample.
Figures 1, 2 and 3 shows the median and upper and lower quartiles of the t-statistics
for the ﬁAXﬂ- for all individual models. The estimated models are used to forecast AC
load each hour from August 15, 2010 to October 1, 2010. The following steps produce

hourly aggregate AC load forecasts for each day during the simulation period.

(1) Estimate the Tobit models for data collected up to day d — 2.
(2) Calculate an hourly forecast for each AC for day d.
(3) Simulate individual forecasts and aggregate to get expected load and confidence
intervals.
(4) Repeat 1 -3 for d+1,d+2....
[Figure 1 about here.]
[Figure 2 about here.]
[Figure 3 about here.]
Aggregate forecasts were produced using the simulation method described in section

3. For each electric utility a correlation coefficient p was estimated. Table 3 shows the

correlation coefficients for each electric utility.
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[Table 3 about here.]
[Figure 4 about here.]

The Tobit based forecasts are compared to the default CBL used in the PJM RTO
since PEPCO is in PJM territory. The default CBL in PJM is the average hourly load
profile from the 4 highest load days of the previous 5 similar day types (weekdays,
Saturdays, Sundays/holidays) (PJM, 2012). Table 4 shows the mean squared error
(MSE) for the default CBL and Tobit models. The Tobit model has a MSE that is an
order of magnitude lower than the default CBL. Representative examples of the Tobit
based forecasts, currently used default CBL and actual values are given in Figures 4
and 5. Figure 4 shows the actual load, Tobit based forecast and 50% confidence interval
for the PEPCO utility. Figure 5 compares the default CBL forecast to the Tobit based

forecast.
[Figure 5 about here.]

Since the Tobit model presented here uses hourly temperatures, it is important to see
how well it performs over a range of temperatures. Figure 6 shows the forecast errors
plotted against the ambient temperature. At high temperatures there is a tendency
to over-forecast. One possible explanation is that vacations occur more frequently at
the end of summer. This is the time period where the forecasts were made, based on
data collected earlier in the summer. A full summer of training data may improve the

forecasts by allowing monthly indicators in the model.
[Figure 6 about here.]

[Table 4 about here.]

5. Poricy IMPLICATIONS AND DISCUSSION

Demand response is increasing in the US as a way to make the electric grid more
reliable and provide services at lower cost. Forecasting, measurement and verification of

direct load control are becoming increasingly important, as penetration levels of demand
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response increase. Forecasting is important for system planning and measurement and
verification are necessary to ensure that payments are fair. Forecasting, measurement
and verification are difficult because of the need to measure the quantity of power that
was not used, i.e. a counterfactual.

This paper introduces censored regression as an improvement on current methods
to forecast available direct load control resource. The aggregate forecast accounts for
correlation between individual shocks. This forecast can be used to determine AC load
in the counter factual where DLC is not applied. This method is more accurate than
the moving averages used by most ISO’s, and is simple, easy and cheap to implement.

This method can be further refined and extended in future work.
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APPENDIX A. DaTA CLEANING PROTOCOL

Six ACs had too few observations (fewer than 9 days; the remaining ACs all had more
than 52 days) and were removed. The data from 2 ACs were collected at the wrong
frequency (not three minute) and were removed. Some of the ACs showed they were
rarely used (less than 3 hours during the entire summer). Data from these ACs were
not analyzed since they provided no information for forecasts. Several ACs had 20A
loggers even though the AC capacity was greater than 20A. If an AC logged data at 20A
more than 10% of the time, we assume that it required a higher amperage logger, and
discard the data. There were also several ACs that became stuck on a particular value.
An AC was removed if it switched state (from off to on or vice versa) in fewer than 2%
of its observations. Finally, we removed ACs that had unrealistically low readings (all

observations below 3 amps). A summary of the AC data discarded is in table 5.

[Table 5 about here.]

APPENDIX B. ToBIT MODEL DERIVATIONS

This is a derivation of the Tobit model. Lower and upper bounds for censoring are
represented here as a and b. For this paper, a = 0 and b = \. To simplify the notation,

drop i, the index for AC from the derivations. The latent variable is:

y: = thﬁ + €.
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The censored variable is:

a yr < a
Y= vy a<y; <b
b b<y;.

Define the indicator variables:

0 a<yy, 0 otherwise

1 vy <a 1 a<y; <b
I(a) = { = I,(ab) = { v and 1,(b)

L by
0 y; <b.

Assume the latent variable, y; has distribution N(u,o?). The entire probability density

of the lower censored region is applied at a, and the same for the upper censored region

at b. The probability density function for the censored variable is:

fly) = i

The log-likelihood function ¢(Y;, X,,0) can be expressed in terms of the vector of

parameters @ = [3' ¢]" and 7, the length of the time-series

(Yo, X,.0)) = illnu(ym

T

S {It(a) in (@ (L)) + na)n (o

t=1 o

Let 1 = X3 to obtain

(

Y — K
o

WY X,0 = % l]t(a) In (cp (‘L_Xéﬁ» - It(ab); In (270%)

=1 o

—Jt(ab>(yt_2f2t/5)2 + I,(b) In <q> (Xti_b»] .
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/
The gradient is V{(Y;, X,,0) = { 5 gf,] where

. a—X!3 X!B—b
o ) (LX) L= XX 00 ) (X
ap = | o (a*féﬁ) o2 (XZU*b> o
ot [ o(=F) (x18-a
- ]t(@) ' 2 - ‘[t(ab)
Oo P d (a Otﬁ‘) o
X3
(- X8, *(55) (b- X8

+1;(ab) = —|—It(b)q) (X'B b) =
The gradient contains the indeterminate form lim, , g(é)) = %. To evaluate the
gradient we apply L’Hopital’s rule for z < —38 use g(é% —Z.

The HAC variance is based on Bernard and Busse (2003). The auto-covariance is

1 T—0
Z VX, 0)VI(Xors,0).

v(0) =

7-_

The Newey-West weights are expressed as w(d) = 1 — T+1 where A < /7, we use
A = 794, The variance of likelihood estimate with the HAC correction is expressed in

terms of the auto-covariance and Newey-West weights:

w( ) +A(=9)).

M|>

Varve = w(0 )+
6=1

The variance with HAC correction also uses the Hessian H = V2/

Var(0) = (—H) 'WVarVi(—H/7)™!

APPENDIX C. CONFIDENCE INTERVAL FOR p

The confidence interval for p is obtained by inverting the GMM objective function,
also called the DM test in Newey and McFadden (1986).
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The parameter estimates for the individual Tobit models are obtained by maximum
likelihood. For a single utility collect all the estimates in ), i.e. the ML 6 estimates
from each AC. The the gradient for each AC, V/(Y,, X,,6), set to zero are the mo-
ment conditions for these estimates. Together these are the scores and will be denoted
S(1). The moment conditions are satisfied at the ML estimates. The estimated models
and the normality assumption on the errors (for the Tobit model) implies the forecast
distributions for each AC. These can be used to obtain the forecast distribution for the
utility’s aggregate load for AC generation. These AC’s are in the same utility and will
experience correlated shocks. The common correlation of p is assumed between every
AC in the utility.

Instead of calculating the distribution of the aggregate load forecast analytically, the
correlated errors will be simulated. The implied individual forecasts will be summed
to simulate an aggregate forecast. The order statistics from the simulated aggregate
forecasts are a consistent estimates for the critical values for the forecast distribution.
For the population parameter value py the observed aggregate load for the utility, Yy,
will be in the simulated confidence interval with the correct probability. The 95%, 90%

and 50% confidence intervals give moment conditions for the estimation of p.

X (f/<¢u P)dn025m) < Yan < f/(w, p)d,h,[.975M]> — 95
1 > A

GY.p) = T X (Y(¢7P)d,h,[.o5M} < Yin <Y(, p)dyhy['%M]) -9
d,h R A

X (Y(@bap)d,h,[.%M} <Yun <Y(¥, P)d,h,[.75M]> - 5

where }A/(w, p)ank is the k™ order statistics of the simulated aggregate forecasts and M
is the number of simulations. This paper used M = 1000. The results did not change
for larger M.

The GMM objective function can be written

0 S@)

Q. p) =| S(¥) G,p)
0 W[ GWnp
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Because the Tobit parameters v are just identified with the scores from the MLE,
the weighting matrix only influences the last three moments that estimate p.

Optimal two-step GMM is used with W = [ in the first step. Because p does not enter

the scores, the 1 estimates do not change as p takes different values. The confidence

intervals for p are obtained by

where 1@ are the MLE Tobit estimates and j is the efficient second round GMM estimate.
For this data set 7 = (48 days) x (24 hours) = 1152.
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Tables

TABLE 1. Temperature statistics during the period July - September
2010 from each region where the air conditioners are located.

Utility
PEPCO ACE Delmarva
Minimum temperature (°F) 57 49 54
Maximum temperature 98 99 96
Mean temperature 76 73 74

Standard deviation 7 9 8
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Tables

TABLE 2. Summary statistics from AC data set.

Utility
Variables PEPCO ACE Delmarva Total
Number of total air conditioners 181 72 214 467
Air conditioners cycling at 50% 58 72 88 218
Air conditioners cycling at 75% 68 0 68 136
Air conditioners cycling at 100% 55 0 58 113
Air conditioner size < 2 kW 50 10 49 109
Air conditioner size > 2 and < 3 kW 83 42 110 235
Air conditioner size > 3 and < 4 kW 36 17 50 103
Air conditioner size > 4 kW 12 3 5 20
Average air conditioner size 2.6 2.7 2.5 2.5




Tables

TABLE 3. Estimated correlation coefficients for each electric utility.

Utility
PEPCO ACE  Delmarva
Correlation Coefficient p 19 45 26

95% Confidence Interval for p (.10, .34) (.25, .75) (.15, .47)
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Tables

TABLE 4. Mean squared errors.

Tobit default CBL

PEPCO 0.034 0.260
ACE 0.041 0.347
Delmarva 0.027 0.302




Tables

TABLE 5. Number of ACs discarded from the dataset.

Data Problem Number of ACs
Length of time less than 9 days 6
Incorrect time intervals 2
AC nearly always off 10
AC maxed out 11
Stuck values 13
Values unrealistically low 27

Total discarded 69




