
RESIDENTIAL DISAGGREGATION 
NEGAWATT 

CONSULTING 

 

 Page 1 of 51 

 

SAN DIEGO GAS AND ELECTRIC COMPANY 

EMERGING TECHNOLOGIES PROGRAM 

PROJECT ID ET13SDG1031 

 

 

 

RESIDENTIAL DISAGGREGATION 
 

 

   FINAL REPORT 

 

PREPARED FOR 
KATE ZENG, NATE TAYLOR, & MATT SMITH 

SAN DIEGO GAS AND ELECTRIC COMPANY 

EMERGING TECHNOLOGIES 

8306 CENTURY PARK COURT 

SAN DIEGO, CA 92123 

 

 

PREPARED BY 
BO WHITE, MARC ESSER 

NEGAWATT CONSULTING, INC. 

WWW.NEGAWATTCONSULT.COM 

 

 

 

08/22/2014 
 

http://www.negawattconsult.com/


RESIDENTIAL DISAGGREGATION 
NEGAWATT 

CONSULTING 

 

 Page 2 of 51 

 

Acknowledgements 

San Diego Gas and Electric Company (SDG&E) and the authors of this report would like to acknowledge 

the assistance and cooperation of our host site participants and families that went out of their way to 

allow for our onsite testing and continual coordination. We would also like to thank the technology 

vendors that we evaluated for their valuable time and effort. 

 

 

 

 

 

Project Team 

SDG&E – Kate Zeng, Emerging Technologies Program Manager; Nate Taylor, Matt Smith, Managers 

Host Site Participants – Numerous homeowners 

NegaWatt Consulting – Bo White, Project Engineer; Marc Esser, Principal 

 

 

 

 

 

Disclaimer 

While SDG&E and the authors of this report did their best to come up with sensible results and 

recommendations, this report is provided as-is. The models, figures, formulas, and recommendations 

may not be appropriate or accurate for some situations. It is the reader’s responsibility to verify this 
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Executive Summary 
The focus of this case study of non-intrusive load monitoring (NILM) algorithms by four vendors at 11 

non-randomly selected homes in the SDG&E region was to evaluate the rough accuracy of each 

algorithm in an effort to better understand the state of that industry. Whole building electrical power 

and energy use data was granted to the vendors at four approximate frequencies of 10-seconds, 1-

minute, 15-minutes, and 1-hour. There were three data sources for this whole building data: two 

Rainforest Automation Eagle gateways obtaining high frequency data from the utility electricity smart 

meter, different only in firmware; and SDG&E Green Button Connect data. The average sampling and 

recording rate of the Eagle gateways was 10-seconds and the researchers also up-sampled this data to 

1-minute and 15-minute intervals. The Green Button data was at 1-hour intervals for most homes and 

15-minute intervals at two homes based on the homes’ electricity rate schedule. 

In addition, zip code location was granted to all vendors at the beginning of the study. Home appliance 

survey data was granted near the end. The vendors were asked to provide disaggregated predictions 

based on up to all four frequencies prior to and after receiving the appliance survey data. In respect of 

their valuable time, they were not required to provide all. Incidentally, most vendors used only the 10-

second gateway data and the Green Button data and some only provided pre-appliance-survey 

predictions. The researchers suggested to the vendors to provide hourly and daily predictions but they 

were allowed to give predictions at higher or lower frequencies. The researchers reviewed all vendor 

predictions but focused the analysis on the daily predictions if provided by each vendor for comparison 

and simplicity’s sake. In cases that only monthly predictions were provided, those were analyzed. 

Abbreviated hourly and minute interval results are provided in section Accuracy Calculations. 

The researchers found that various complexities made it difficult to confidently calculate disaggregation 

accuracy across all vendor predictions and all measured major appliances at each home. First, measuring 

at only the home breaker-level meant that in numerous cases other plug loads or lighting were in the 

same data streams as major appliances. Second, some homes had multiple instances of appliances such 

as refrigerators and only some of those breakers were measured due to measurement and verification 

(M&V) equipment and installation cost and risk constraints. Third, there were occasional gaps in the 

whole building meter data and the breaker level data. For all of these reasons, the focus of the accuracy 

calculations are on those appliances that the researchers found to be on dedicated breakers. 

The four NILM vendors were given anonymized names of Vendor A, Vendor B, Vendor C, and Vendor D. 

Two of these vendors (B & C) provided daily disaggregation predictions based on the 10-second whole 

building data, both before and after receiving the appliance survey data. Vendor B alone provided 

“improved” daily predictions after reviewing researcher provided preliminary plots1. Vendors C & D 

provided pre-appliance-survey daily predictions based on the Green Button whole building data. Vendor 

C also provided post-appliance-survey daily predictions. Vendor A provided only monthly pre-appliance-

survey predictions based on all whole building frequencies while Vendor B provided only monthly post-

                                                           
1 After reviewing some individual daily plots with the timestamps hidden, the vendor tuned their algorithm. All 
vendors were given this option but only Vendor B participated. 
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appliance-survey predictions using the Green Button data. Table 1 shows calculated accuracy “a” for all 

of these daily predictions and Table 2 shows “a” for all of the monthly predictions. Please note that 

Vendor C provided microwave predictions and Vendor D provided air conditioning predictions but the 

researchers did not find enough true positive instances for analysis. Please also note that there is some 

overlap in the end use categories since that column is the union of all the categories self-chosen by the 

vendors. Grey boxes indicate that the vendor intentionally omitted the respective combination of end 

use category and input dataset. Using ASHRAE 14 (ASHRAE, 2002) as a rough guideline, green boxes 

indicate good accuracy (a > 0.7), yellow is fair (0.6 < a < 0.7), and red is poor (a < 0.6). 

 
Table 1: Disaggregation accuracy of daily predictions where provided by vendors  

 
Table 2: Disaggregation accuracy of monthly predictions where provided by vendors  

The accuracy metric was calculated exactly as in previous research conducted by EPRI (EPRI, 2013). The 

accuracy (a) equation was 1 − 𝑅𝑀𝑆𝐸 𝑥̅⁄  or equivalently after expanding 

1 −
1

𝑥̅
 √

1

𝑛𝑜𝑏𝑠
∑(𝑥𝑖 − 𝑥𝑖)2

𝑛𝑜𝑏𝑠

𝑖=1

 

EV 0.75 #N/A 0.88 0.73 #N/A 0.57 0.57 #N/A

Pool Pumps 0.81 0.74 0.74 0.74 0.67 0.66 0.81 0.74

Refrig. 0.72 0.54 0.78 0.54 #N/A #N/A #N/A 0.78

HVAC 0.46 #N/A 0.47 #N/A #N/A #N/A #N/A 0.63

WH 0.59 #N/A 0.59 #N/A #N/A #N/A #N/A 0.67

HVAC & WH #N/A 0.26 #N/A 0.25 0.36 #N/A 0.36 #N/A

Dryer #N/A 0.69 #N/A 0.69 #N/A 0.69 #N/A #N/A

Oven #N/A 0.26 #N/A 0.26 0.05 #N/A 0.05 #N/A

Cook & W/D 0.54 #N/A 0.35 #N/A #N/A #N/A #N/A 0.49

Solar 0.34 #N/A #N/A #N/A #N/A #N/A #N/A 0.83
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where 𝑥𝑖 are the ground truth measurements, 𝑥̅ is the mean of 𝑥𝑖, 𝑥𝑖 are the vendor predictions, and 

𝑛𝑜𝑏𝑠 are the number of observations. An accuracy of 1 would be perfect and values below roughly 0.6 

(and including negative numbers) are considered poor. Before applying these equations, the researchers 

first filtered (and in the sole case of refrigerators, processed) the raw 1-minute ground truth data on a 

home by home and breaker by breaker basis, the exact methods of which will be detailed later. Then, 

this filtered ground truth data set was grouped over all homes by appliance category and then 

compared to the respective vendor predictions. The appliance categories shown are the appliance 

category names chosen by the vendors so they are not always directly comparable to each other. Please 

note that values near zero were filtered out. False positives and negatives significantly decrease 

accuracy and the researchers chose not to focus on that issue. However, abbreviated results without the 

values near zero omitted and including the metric of F-score are given in section Accuracy Calculations. 

As expected, the vendors performed their best disaggregation on end-uses with high power magnitude 

and/or regular runtimes (e.g. electric vehicles, pool pumps, and refrigerators). For daily electric vehicle 

predictions based on the HAN 10s data, accuracies ranged from 0.73 to 0.88. For pool pumps, accuracies 

ranged from 0.74 to 0.81 and for refrigeration, accuracies ranged from 0.54 to 0.78. This is valuable to 

utilities and the respective homeowners because they represent a high percentage of those homes’ 

energy use. The next best categories were dryers and water heating. For dryers, Vendors C and D had 

accuracies of 0.69. For water heating, Vendor B had an accuracy of 0.67 in their “improved” dataset. 

While the vendors did poorly on most of the other categories according to the chosen accuracy metric, 

the reader should keep in mind the sample size, data quality, and other limitations of this study. 

Furthermore in the body of the report, individual home results will be presented where the vendors do 

significantly better. 

As stated previously, one of the vendors (Vendor A) only provided monthly pre-appliance-survey 

predictions so they cannot be directly compared to any of the other vendors. Using the chosen accuracy 

metric, they fared poorly. A major reason could be that they had difficulties dealing with the occasional 

and sometimes large gaps in the whole building data. Since they only provided monthly predictions, no 

single days could be omitted. Concerning HVAC in particular, Vendor A’s models rely on seasonal 

variations and were trained with data from areas where temperatures change significantly. So, when 

used in an area like San Diego, where HVAC isn't operational most of the time, their model over-

estimated the portions of total power that is dictated by temperature. According to the vendor, this 

could easily be remedied by more training data collected from the specific location. In addition and due 

to time constraints, they only provided results for the first two months of the data collection period and 

did not give themselves extra time to train their algorithms. 

The researchers conclude that in general the vendors have promising NILM algorithms. Their accuracy 

was found to be very good in some cases. However, accuracy did vary substantially across some homes. 

The researchers are unsure of the reasons and recommend further study, especially on less energy 

intensive and complex buildings. There are numerous other studies concurrently underway that would 

be worthwhile to stay updated upon.  
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Introduction 
Residential NILM is of interest to the California IOUs because it could prove to be a cost effective way to 

make use of the large data set unleashed by the swift installation of residential smart meters in 

California. These smart meters already have a protocol in place (SEP) to securely and wirelessly send 

high frequency demand data to low cost gateways. The IOU authentication process for these gateways is 

relatively simple and there are a few gateways on the market. However, most of these gateways are 

currently used simply to display instantaneous whole building demand or simple plots. NILM is an 

opportunity to gather more useful information from the raw data. The purpose of this study is to simply 

test the accuracy of the some NILM vendors’ algorithms. 

Substantial previous research has been completed about residential NILM. The researchers focused their 

background research on the specific topic of measuring the accuracy of NILM algorithms. EPRI recently 

completed a large study (EPRI, 2013) that focused heavily on accuracy measurements. While the report 

could not be obtained for financial reasons, the researchers reviewed slides of their accuracy results and 

obtained their chosen metrics directly from one of the researchers. Research by Batra and Kelly et al. 

(Nipun Batra, 2014) focused even more precisely on the issue of metrics. The central focus was to 

provide a common framework for the NILM industry to measure the accuracy of their algorithms. 

Metrics from both of these sources were used by the researchers. In addition, research similar to the 

EPRI research is currently underway at PNNL (RS Butner, 2013). Their accuracy metrics also informed the 

researchers’ work and the researchers collaborated by phone with the authors. 
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Project Objective 
[Exact copy of a similar section in Appendix A: Project Plan] 

As noted in Appendix A: Project Plan:  

The goal of this project is to judge the efficacy of several commercially available NILM residential 

disaggregation technologies. SDG&E would like to understand how accurately these vendors can 

detect the use of individual appliances. While they may in the future also evaluate the energy 

saving recommendations the vendors can provide, the focus for now is to only verify the 

accuracy of the disaggregation. 
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Project Methodology 
[Full details can be found in Appendix A: Project Plan and Appendix B: Measurement & Verification Plan] 

The Project Plan contains detailed information on the following: 

 Technology description 

 Description of incumbent technology 

 Project Goals 

 Technology Application 

 Project Milestones 

The M&V Plan contains detailed information on the following: 

 Test Site Description 

 Measurement & Verification Options 

 Data Collection / Analysis Procedures 

 Calculations of technology algorithm accuracy 

Technology Overview 
[Updated copy of a similar section in Appendix A: Project Plan] 

Multiple vendors of non-intrusive load monitoring (NILM) technologies are studied here. They all 

disaggregate residential electrical utility smart meter data into constituent large appliance or appliance 

group energy use without any individually measured appliance data. High frequency (10 second interval 

on average) smart meter data is obtained using a Zigbee and Internet enabled third party gateway 

installed in the home. Hourly (or in two cases 15 minute) green button electrical data is also provided to 

the vendors as supplemental information. Gas usage was completely ignored. All vendors disaggregate 

to the best of their ability using their own techniques and all focus on appliances that use more than 100 

Watts. All vendors’ can optionally include energy saving recommendations but the focus of this study is 

the quality of the disaggregation itself. Most of the vendors prefer to use data at the highest resolution 

possible and all vendors have the ability to utilize well-structured raw data from any reliable sensing 

hardware. All have the technical ability to parse and analyze Green Button data but some (Vendors B 

and C) did not consider it very valuable on its own. While no vendors shared their algorithms with the 

researchers, Vendors B and C intimated that their algorithms yield much more accurate results with sub 

1 minute raw whole building data versus 15 minute or 1 hour data. 

Some vendors have the ability to display their results to the occupants using a website, smartphone, 

and/or tablet app (not tested by the researchers). Others primarily tailor their results directly to the 

utility, hope the utility will improve their infrastructure to store high frequency data without the use of 

on-site gateways, and hope to gain access to all residential smart meter data from utility servers.  

All vendors consider home survey data to be valuable and can incorporate the information into their 

algorithms. However, it isn’t mandatory for any of their algorithms. Some prefer to also have home 

addresses in order to obtain demographic and climate information. In this study, the researchers only 

shared zip codes with the vendors. 
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See Table 3 for an anonymized comparison of the basic features of the technologies. For more detailed 

information about NILM strategies currently in use, see (Zoha A, 2012). 

Technology feature A B C D 

NILM of residential electricity X X X X 

Energy saving recommendations X X X  

User-facing graphical user interface X X Third party  

Analytics targeted at homeowner X X X  

Analytics targeted at the utility X X X X 

Table 3: Technology Comparison Chart 

There is no incumbent disaggregation technology but there is an existing related standard practice: the 

federally supported Green Button Connect program. This program gives residential utility customers the 

ability to grant utility authorized third parties automatic access to their smart meter data. The standard 

practice is for those third parties to simply provide quick access and plotting within a smartphone or 

tablet app, sometimes augmented by rudimentary analysis or recommendations – the hourly resolution 

not permitting significant depth. With the purchase and installation of compatible third party hardware 

(supporting Home Area Network / SEP 1.x), the customer can obtain higher frequency electrical data (up 

to roughly every 10 seconds) from the smart meter.  

Host Site Overview 
[Updated copy of a similar section in Appendix B: Measurement & Verification Plan] 

As stated in (NegaWatt Consulting, 2013a), “10 homes will be chosen from a group of about 27 homes 

owned by SDG&E employees”. First, surveys were distributed to all 27 employees in order for them to 

self-report which major electrical appliances they owned. The appliance surveys were then reviewed 

and 10 homes were chosen with as diverse an appliance pool as possible, without regard to whether the 

selection is representative of the market (at n=10 this would not be realistic). One additional home with 

a grid-tied solar photovoltaic system was subsequently added for a total of 11 homes. 

Here is a list of the major electrical appliance types that were collectively present at the homes: 

 Electric Water Heater 

 Pool Pump 

 Air conditioners 

 Fridge/Freezer Combo 

 Freezer 

 Beverage fridge 

 Dishwasher 

 Hot Tub 

 Electric Vehicle 

 Washer 

 Electric Dryer 

 Range 

 Oven 
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 Stand-alone Resistance Heater 

 Microwave 

All of the homes are in the SDG&E region and all have smart meters. 

Measurement & Verification Plan Overview 
[Updated copy of a similar section in Appendix B: Measurement & Verification Plan] 

Two SDG&E Home Area Network (HAN) approved gateways manufactured by Rainforest Automation 

with model name “Eagle” were installed at each home. One was customized for one of the vendors and 

the other was generic and connected to the researchers’ server. They were connected to the home’s 

Internet router and configured to communicate with the smart meter via Zigbee.  

The smart meter data was shared as individually gzip compressed xml and csv files, each containing 1 

hour of data, at 3 different resolutions: 10 second, 1 minute, and 15 minutes. The 10-second (on 

average) interval data was the raw instantaneous demand data and the other two resolutions were up-

sampled by the authors. 

Green Button electrical data (1 hour resolution in most cases) for each home was made available on the 

same server. The data followed Green Button data standards; the authors received this data from 

SDG&E and simply passed it on unprocessed. 

The vendors were notified that SDG&E preferred results based on all available resolutions of 10s, 1m, 

15m, and 1h. However, they were given the option to omit any at their discretion in interest of their 

time, professional judgment, and possible differences in their capabilities. Please note that 10s and 1h 

data is available for all smart meter customers as of today, with the 10s data requiring the purchase of a 

HAN gateway. The 15m resolution may be available for customers in the future. 

Please note that occasionally there was missing data. The vendors addressed this issue as best they 

could. Where there were extensive gaps of missing data, vendor results were ignored. 

Current transducers were installed on up to 12 circuits at each home. In the case of two homes where 

there were subpanels, the researchers installed 2 data loggers in each home. The researchers selected 

the circuits with the highest monthly energy usage. The priority at install time was to identify and 

include a) all circuits with greater than 20A capacity, and b) circuits with systems that are used regularly 

and that have a non-flat profile such as appliances (as opposed to flat profile systems such as lighting 

that were intentionally ignored). The current transducers were connected to a line-powered logger 

inside the electrical panel (see Appendix B: Measurement & Verification Plan for instrumentation 

details). The logger data was then made available for online readout with a username and password via 

power line communication.  The logger saved 10 minutes of “volatile” 1 second data and 1 year of 1 

minute data. The 1 second data was occasionally referred to as needed but not saved. The 1 minute 

data was downloaded remotely, stored securely, and used for analysis by the researchers. 
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Whenever there were multiple loads on one circuit, all of those loads were manually cycled and power 

data was recorded in 1-second intervals with either a Fluke Power logger, Extech clamp-on meter, or the 

circuit-level logger, whichever was most appropriate based on site conditions. In the case of 

refrigerators, this one-time data (“pattern samples”) was then used to help the researchers remove 

anomalous data from those breakers. Data quality level was qualitatively noted for each circuit based on 

fieldwork conducted by the researchers. For those loads where the breaker was dedicated to the large 

load being measured, the logged data (per breaker) was used directly as “ground truth”. Non-dedicated 

breakers aside from refrigeration were omitted from the analysis in order to increase the confidence in 

the results. 

The vendors were asked to give two sets of final results, the first without the aid of home appliance 

surveys and the second with surveys such that the researchers could evaluate the usefulness of survey 

data. The presumption was that appliance surveys would be difficult to convince homeowners to 

complete and the researchers were interested in algorithm accuracy with and without it. 
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Applicable standards 
While there is substantial past and concurrent NILM research and while some vendors have expressed 

interest in M&V standards, there are not any NILM specific codes or standards. However, one related 

standard is Smart Energy Profile (SEP) by the Zigbee Alliance (Zigbee Alliance, 2013). 

The SEP standard is relevant to disaggregation in the California market since the smart meters currently 

exclusively use this standard to deliver demand data over Zigbee from the smart meter to HAN devices. 

There are multiple HAN devices readily available in the market that comply with SEP, are approved by 

the utilities, are relatively inexpensive ($50-$100), provide high-resolution demand data (8-11 second 

interval), and are user installable. All vendors were comfortable using SEP compliant and utility 

approved HAN gateways manufactured by a third party.  
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Project Results and Discussion 

Detailed Host System Description 

Overview 

As stated in the Project Methodology section, 11 homes were outfitted with 2 HAN gateways and a 

circuit level power logger each. The gateway data and Green Button Connect 1h electricity data was 

shared with the vendors for their use in their disaggregation algorithms. The vendors were not given 

access to the homes, the home addresses, or the homeowner names. The researchers installed all of the 

instrumentation, obtained appliance surveys (with SDG&E assistance), and surveyed each home’s 

appliances on-site. The researchers granted the vendors the appliance survey data near the conclusion 

of the project for their use in their second and final batch of results. 

The researchers installed all of the hardware themselves and the homeowners were not requested to 

modify their behavior in any way. The researchers outlined the project to the homeowners and 

occasionally requested them to reboot some of the hardware to improve data collection and remote 

access. 

Monitored Points 

The researchers logged whole building real power via the gateways and breaker-level real power via a 

professional-quality power meter manufactured by eGauge. The power meter also measured or 

calculated and recorded apparent power at each breaker, voltage and frequency on both legs, and 

current on each pole of every chosen breaker. 

NILM Algorithms 

The vendors chose not to disclose details about their respective NILM algorithms for proprietary 

reasons. 

Accuracy Calculations 
As stated section Executive Summary, the chosen accuracy metric was 1 − 𝑅𝑀𝑆𝐸/𝑥̅. While that is a 

mathematically sound metric, there are numerous decisions that had to be made in choosing the data to 

enter into that equation. The equation requires two time synchronized vectors, one being “ground 

truth” measurements and the other being vendor predictions, at the same interval. So, one of the first 

important decisions is interval length. EPRI found in their study that longer prediction intervals led to 

better accuracy. The researchers choose to focus on daily intervals since it was the most common 

interval chosen by the vendors and there were an adequate number of observations.3  

A second issue is that each source of raw data (two gateways and one breaker-level power meter) had 

its own data quality issue. Each gateway had different poor data quality days making it more difficult to 

directly compare vendors to each other. In an attempt to address this issue, the vendor used the same 

                                                           
3 Abbreviated hourly and minute-interval results are also provided later in this section. 
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filter to omit days of gateway data. At 10-second intervals, the maximum possible points in a day are 

8640. The researchers chose 7000 as a reasonable and consistent cut off point for both data sets.  

The breaker-level data did not have any significant gaps during the measurement period but it did have 

a different and very significant data quality issue: the common presence of extraneous end-use loads on 

the measured breakers. In an effort to address this most simply, the vast majority of breakers with 

extraneous loads were completely omitted from the analysis. This choice to omit data significantly 

reduced the size of the data set but allows for more confidence in the results. 

The only breakers where the researchers removed loads were the refrigeration breakers. The 

refrigeration could not be analyzed otherwise because all refrigerators were served by single pole 

breakers with additional outlets, often including regularly used kitchen outlets. Since refrigeration is a 

large end use, the researchers decided to clean that ground truth data rather than completely omit the 

category. To clean the data, the researchers first visually inspected all the refrigeration ground truth 

plots and omitted homes where there were substantial deviations from a typical refrigerator load curve. 

Then, the researches omitted very low power values (less than 25 Watts) under the assumption that 

there is no typical refrigeration energy use state in that range. Then, the data was stepped through in 7 

hour windows, minimum energy use was calculated, and this minimum was subtracted from all data 

points in that time window. This removed any steady and extraneous plug loads. Finally, values above 

225 Watts were replaced with interpolated values using the nearest points less than 225 Watts. This 

removed large magnitude extraneous plug loads like toaster ovens.4 

Another issue was related to time synchronization. The vendors reported their predictions for different 

spans of time, making it more difficult to fairly compare them to each other. The researchers chose not 

to filter the vendor predictions to only include days where they all provided results since it would 

significantly reduce sample size. However, they did provide some plots of individual home/appliance 

combinations to portray the issue. 

Finally, the researchers chose to remove days of low daily energy in the ground truth and the 

predictions in an effort to ignore the false positives and false negatives (and subsequently treat them 

separately by providing abbreviated results with those days included). The limit chosen was 400 Watt-

hours. When those data points are not removed, accuracy in general decreases.  

Thus far, only one accuracy metric aggregated over all homes has been provided (in the Executive 

Summary). Numerous additional metrics are shown in the remaining tables below. The first three 

columns of metrics were calculated exactly as in previous research conducted by EPRI (EPRI, 2013). The 

formula for the first metric (accuracy a) is provided in the Executive Summary. The second and third 

metrics 𝑋̅ and 𝜎 are respectively the mean and standard deviation of the errors 𝑥𝑖 − 𝑥𝑖  and are in units 

of Watt-hours. r² is the coefficient of determination, F is the f-score, ∑ 𝑥𝑖  is the sum of all the included 

ground truth measurements, ∑ 𝑥𝑖  is the sum of all the included vendor predictions, ETE or error in total 

                                                           
4 Please note that this also unfortunately removes defrost cycles. However, that daily energy use is much less than 
daily cooling energy use. 
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energy assigned is ∑ 𝑥𝑖 − ∑ 𝑥𝑖, 𝑎𝑇 or total accuracy is |𝐸𝑇𝐸|/ ∑ 𝑥𝑖, and NEP or normalized error in 

assigned power is 
1

∑ 𝑥𝑖
∑ |𝑥𝑖 − 𝑥𝑖|

𝑛𝑜𝑏𝑠
𝑖=1 . ETE, NEP, and f-score were obtained directly from previous 

research by Batra and Kelly et al. (Nipun Batra, 2014). Values near one are desirable for the accuracy 

metrics, coefficient of determination, and f-score. Values near zero are desirable for the error metrics. 

The highlighting used in select columns of the tables is similar to that used in the Executive Summary 

where green is best, yellow is fair, and red is poor. 

Table 4 shows all of the calculated metrics for the daily predictions provided by the vendors. The 

calculations were performed after filtering the data and aggregating the data from all included homes. 

The values near zero in both the ground truth and vendor predictions were ignored. The dataset is 

identical to that used to produce Table 1 in the Executive Summary, therefore the accuracy a column is 

identical. The dataset used to create Table 5 is identical to that used in Table 4 except that values near 

zero were not ignored. It is the only table or figure provided in this report where those values were not 

ignored. Table 6 shows all of the calculated metrics for the monthly predictions and is therefore an 

expanded version of Table 2 from the Executive Summary.  

Table 7 and Table 8 show metrics for the daily predictions itemized by home. Similarly, Table 9 shows 

itemized results for the monthly predictions albeit a subset for brevity. They are organized similarly to 

the previous tables except that each row represents an appliance category instance at only one home. 

The “End Use” column now includes an identifying number for the home and the appliance category 

names have been abbreviated. 

Table 10 shows aggregated hourly interval results and Table 11 shows aggregated minute interval 

results. These two tables are the only instances of results at those intervals in this report. For the hourly 

datasets, values less than 17 Watts were ignored and hours with less than 291 HAN gateway data points 

were ignored. For the minute-interval datasets, values less than 25 Watts were ignored and minutes 

with less than 4 HAN gateway data points were ignored. While these values are somewhat arbitrary, the 

researchers found them to be reasonable and more importantly kept them consistent across similar 

data sets. 
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Table 4: All metrics for aggregated daily predictions with values near zero ignored 

End Use a σ rmse NEP ETE F

EV 0.75 1372 2607 76 11.58 2.95 0.12 0.77 880 871 -9.7 0.99 1

Pool  Pumps 0.81 860 1383 106 8.73 1.63 0.1 0.85 925 845 -80.3 0.91 1

Refrig. 0.72 375 270 89 1.63 0.46 0.23 0.68 145 128 -17.3 0.88 1

HVAC 0.46 1055 754 67 2.4 1.3 0.44 0.54 161 99 -61.7 0.62 1

WH 0.59 3452 1606 26 9.32 3.81 0.37 0.91 242 153 -89.8 0.63 1

Cook & W/D 0.54 889 827 45 2.66 1.21 0.33 0.75 120 91 -28.7 0.76 1

Solar 0.34 4713 2953 33 8.47 5.56 0.56 0.33 280 415 135.5 0.52 1

PoolPump 0.74 1186 1622 141 7.73 2.01 0.15 0.68 1090 952 -138.3 0.87 1

Refrig. 0.54 458 489 168 1.46 0.67 0.31 0.02 244 168 -76.2 0.69 1

HVAC & WH 0.26 3658 3334 81 6.7 4.95 0.55 0.61 543 267 -276.4 0.49 1

Dryer 0.69 2168 1553 23 8.54 2.67 0.25 0.99 196 146 -49.9 0.75 1

Oven 0.26 1187 866 37 1.98 1.47 0.6 0.04 73 45 -27.9 0.62 1

EV 0.88 789 1236 53 12.11 1.47 0.07 0.93 642 615 -27.4 0.96 1

Pool  Pumps 0.74 991 1645 267 7.43 1.92 0.13 0.73 1983 1755 -227.7 0.89 1

Refrig. 0.78 186 205 246 1.28 0.28 0.15 0.11 316 329 12.6 0.96 1

HVAC 0.47 921 688 151 2.19 1.15 0.42 0.3 330 230 -100.3 0.7 1

WH 0.59 3277 1580 70 8.95 3.64 0.37 0.92 627 397 -229.4 0.63 1

Cook & W/D 0.35 994 1169 111 2.35 1.53 0.42 0.68 261 175 -85.4 0.67 1

EV 0.73 2242 2409 38 12.38 3.29 0.18 0.77 470 433 -37.6 0.92 1

Pool  Pumps 0.74 1186 1622 141 7.73 2.01 0.15 0.68 1090 952 -138.3 0.87 1

Refrig. 0.54 458 489 168 1.46 0.67 0.31 0.02 244 168 -76.2 0.69 1

HVAC & WH 0.25 3319 3005 106 5.94 4.48 0.56 0.63 630 298 -331.9 0.47 1

Dryer 0.69 2168 1553 23 8.54 2.67 0.25 0.99 196 146 -49.9 0.75 1

Oven 0.26 1187 866 37 1.98 1.47 0.6 0.04 73 45 -27.9 0.62 1

Pool  Pumps 0.67 1871 2086 107 8.47 2.8 0.22 0.16 906 940 34.2 0.96 1

HVAC & WH 0.36 2241 2144 124 4.88 3.1 0.46 0.65 605 668 63.4 0.9 1

Oven 0.05 1004 721 42 1.3 1.24 0.78 0.04 54 89 34.9 0.36 1

EV 0.57 3125 3357 106 10.58 4.59 0.3 0.55 1121 1145 23.7 0.98 1

Pool  Pumps 0.66 1928 1872 230 7.86 2.69 0.25 0.46 1807 1627 -179.6 0.9 1

Dryer 0.69 2368 2269 17 10.54 3.28 0.22 0.76 179 167 -12.1 0.93 1

EV 0.57 4229 3128 26 12.15 5.26 0.35 0.77 316 206 -109.5 0.65 1

Pool  Pumps 0.81 1115 1425 81 9.71 1.81 0.11 0.37 786 734 -52.7 0.93 1

HVAC & WH 0.36 2241 2144 124 4.88 3.1 0.46 0.65 605 668 63.4 0.9 1

Oven 0.05 1004 721 42 1.3 1.24 0.78 0.04 54 89 34.9 0.36 1

Pool  Pumps 0.74 991 1645 267 7.43 1.92 0.13 0.73 1983 1755 -227.7 0.89 1

Refrig. 0.78 186 205 246 1.28 0.28 0.15 0.11 316 329 12.6 0.96 1

HVAC 0.63 639 507 118 2.23 0.82 0.29 0.64 264 211 -52.5 0.8 1

WH 0.67 2429 1571 71 8.86 2.89 0.27 0.91 629 463 -165.8 0.74 1

Cook & W/D 0.49 660 979 108 2.32 1.18 0.28 0.83 251 200 -51.4 0.8 1

Solar 0.83 1427 936 121 9.9 1.71 0.14 0.83 1198 1035 -163.4 0.86 1

Vendor C, Post-Survey, HAN 10s , Dai ly, Included Homes  Aggregated

Vendor C, Pre-Survey, GB, Dai ly, Included Homes  Aggregated

Vendor B, Post-Survey, HAN 10s  Improved, Dai ly, Included Homes  Aggregated

Vendor C, Post-Survey, GB, Dai ly, Included Homes  Aggregated

Vendor D, Pre-Survey, GB, Dai ly, Included Homes  Aggregated

Vendor B, Pre-Survey, HAN 10s , Dai ly, Included Homes  Aggregated

Vendor B, Post-Survey, HAN 10s , Dai ly, Included Homes  Aggregated

Vendor C, Pre-Survey, HAN 10s , Dai ly, Included Homes  Aggregated
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Table 5: All metrics for aggregated daily predictions with values near zero included 

End Use a σ rmse NEP ETE F

EV 0.65 1450 2951 98 9.37 3.29 0.15 0.79 918 871 -47.6 0.95 0.87

Pool  Pumps 0.6 1959 2252 151 7.48 2.99 0.26 0.77 1130 845 -285 0.75 0.82

Refrig. 0.72 375 270 89 1.63 0.46 0.23 0.68 145 128 -17.3 0.88 1

HVAC 0.12 1000 801 221 1.45 1.28 0.69 0.45 321 123 -198.2 0.38 0.63

WH 0.43 2932 1866 48 6.11 3.48 0.48 0.89 293 153 -140.7 0.52 0.7

Cook & W/D 0.07 531 674 172 0.93 0.86 0.57 0.69 159 131 -28.2 0.82 0.85

Solar 0.34 4713 2953 33 8.47 5.56 0.56 0.33 280 415 135.5 0.52 1

PoolPump 0.55 2110 2528 178 7.3 3.29 0.29 0.48 1299 952 -346.7 0.73 0.89

Refrig. 0.54 458 489 168 1.46 0.67 0.31 0.02 244 168 -76.2 0.69 1

HVAC & WH -0.04 2334 1958 433 2.92 3.05 0.8 0.64 1263 273 -990.5 0.22 0.46

Dryer 0.47 744 1363 68 2.9 1.55 0.26 0.99 197 147 -50.6 0.74 0.98

Oven -1.1 624 1184 406 0.64 1.34 0.98 0.09 259 156 -103.1 0.6 0.56

Microwave -0.05 130 123 499 0.17 0.18 0.76 0.11 85 33 -51.5 0.39 0.6

EV 0.86 710 1103 68 9.53 1.31 0.07 0.97 648 615 -33.8 0.95 0.88

Pool  Pumps 0.74 988 1636 270 7.35 1.91 0.13 0.75 1985 1755 -229.8 0.88 0.99

Refrig. 0.78 186 205 246 1.28 0.28 0.15 0.11 316 329 12.6 0.96 1

HVAC 0.01 921 819 450 1.24 1.23 0.74 0.2 560 322 -237.7 0.58 0.7

WH 0.4 2964 2203 126 6.12 3.69 0.48 0.85 771 397 -373.5 0.52 0.72

Cook & W/D -0.02 593 871 332 1.04 1.05 0.57 0.67 344 217 -126.8 0.63 0.81

EV 0.14 5518 6077 96 9.49 8.21 0.58 0.28 911 438 -472.8 0.48 0.6

PoolPump 0.55 2110 2528 178 7.3 3.29 0.29 0.48 1299 952 -346.7 0.73 0.89

Refrig. 0.54 458 489 168 1.46 0.67 0.31 0.02 244 168 -76.2 0.69 1

HVAC & WH -0.01 2226 1930 433 2.92 2.95 0.76 0.66 1263 319 -944.1 0.25 0.64

Dryer 0.47 744 1363 68 2.9 1.55 0.26 0.99 197 147 -50.6 0.74 0.98

Oven -1.1 624 1184 406 0.64 1.34 0.98 0.09 259 156 -103.1 0.6 0.56

Microwave -0.05 130 123 499 0.17 0.18 0.76 0.11 85 33 -51.5 0.39 0.6

Pool  Pumps 0.65 1988 2083 115 8.12 2.88 0.24 0.28 934 940 5.8 0.99 0.96

HVAC & WH 0.06 2162 1668 433 2.92 2.73 0.74 0.54 1263 668 -595.1 0.53 0.45

Oven -1 779 890 343 0.59 1.18 1.32 0.02 202 194 -8.5 0.96 0.44

EV 0.49 3290 3348 123 9.27 4.69 0.35 0.58 1140 1209 69.1 0.94 0.99

Pool  Pumps 0.66 1923 1870 231 7.83 2.68 0.25 0.47 1808 1627 -180.4 0.9 1

Dryer 0.29 900 1787 72 2.83 2 0.32 0.86 204 167 -36.7 0.82 0.79

AC -0.25 1605 1195 538 1.6 2 1 0 862 5 -856.7 0.01 0.01

EV 0.48 3819 3552 33 10.06 5.22 0.38 0.74 332 206 -125.6 0.62 0.88

Pool  Pumps 0.63 2069 2155 115 8.12 2.99 0.25 0.67 934 734 -200.4 0.79 0.83

HVAC & WH 0.06 2162 1668 433 2.92 2.73 0.74 0.54 1263 668 -595.1 0.53 0.45

Oven -1 779 890 343 0.59 1.18 1.32 0.02 202 194 -8.5 0.96 0.44

Pool  Pumps 0.74 988 1636 270 7.35 1.91 0.13 0.75 1985 1755 -229.8 0.88 0.99

Refrig. 0.78 186 205 246 1.28 0.28 0.15 0.11 316 329 12.6 0.96 1

HVAC -0.02 944 850 450 1.24 1.27 0.76 0.21 560 296 -264 0.53 0.58

WH 0.46 2495 2177 126 6.12 3.31 0.41 0.84 771 463 -307.8 0.6 0.72

Cook & W/D 0.11 511 769 332 1.04 0.92 0.49 0.76 344 224 -120.2 0.65 0.63

Solar 0.82 1455 981 122 9.86 1.75 0.15 0.83 1203 1035 -168.2 0.86 1

Vendor D, Pre-Survey, GB, Dai ly, Included Homes  Aggregated

Vendor C, Post-Survey, GB, Dai ly, Included Homes  Aggregated

Vendor B, Post-Survey, HAN 10s  Improved, Dai ly, Included Homes  Aggregated

Vendor B, Pre-Survey, HAN 10s , Dai ly, Included Homes  Aggregated

Vendor C, Pre-Survey, HAN 10s , Dai ly, Included Homes  Aggregated

Vendor B, Post-Survey, HAN 10s , Dai ly, Included Homes  Aggregated

Vendor C, Post-Survey, HAN 10s , Dai ly, Included Homes  Aggregated

Vendor C, Pre-Survey, GB, Dai ly, Included Homes  Aggregated
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Table 6: All metrics for aggregated monthly predictions 

 

 

 

 

 

 

 

 

 

End Use a σ rmse NEP ETE

Refrig. 0.29 22776 20897 6 43.5 30.91 0.52 0.11 261 124 -136.6 0.48

HVAC -1.09 77786 74161 10 51.43 107.5 1.51 0.05 514 1181 667 -0.3

Microwave 0.32 3029 1952 12 5.27 3.6 0.58 0.13 63 33 -29.8 0.53

W/D -0.25 19886 16745 10 20.79 26 0.96 0.09 208 380 172.3 0.17

Dish. -0.54 8677 7864 10 7.61 11.71 1.14 0.07 76 148 71.4 0.06

Refrig. 0.43 21041 13118 6 43.5 24.8 0.48 0.05 261 174 -87.4 0.67

HVAC -2.35 2E+05 73990 10 51.43 172.1 3.02 0.09 514 2069 1554 -2.02

Microwave 0.36 3296 2363 8 6.31 4.06 0.52 0.02 50 27 -23.2 0.54

W/D -0.12 19872 9970 12 19.86 22.23 1 0.17 238 476 237.8 0

Dish. -0.45 9572 5525 10 7.61 11.05 1.26 0.05 76 168 91.7 -0.21

Refrig. 0.36 23337 15268 6 43.5 27.89 0.54 0.18 261 121 -140 0.46

HVAC -2.27 1E+05 82574 10 51.43 168.4 2.85 0.03 514 1982 1468 -1.85

W/D -0.15 20434 10047 12 19.86 22.77 1.03 0.17 238 483 245.2 -0.03

Dish. -0.47 9682 5658 10 7.61 11.21 1.27 0.07 76 171 94.9 -0.25

Refrig. 0.39 22831 13525 6 43.5 26.54 0.52 0 261 382 120.5 0.54

HVAC -3.76 2E+05 92657 8 43.89 208.9 4.27 0.14 351 1849 1498 -3.27

Pool  Pumps 0.79 37591 26853 9 217 46.2 0.17 0.81 1953 1683 -269.5 0.86

HVAC 0.34 25737 19908 19 49.4 32.54 0.52 0.16 939 712 -226.9 0.76

Vendor A, Pre-Survey, HAN 1-minute, Monthly, Included Homes  Aggregated

Vendor A, Pre-Survey, HAN 15-minute, Monthly, Included Homes  Aggregated

Vendor A, Pre-Survey, GB, Monthly, Included Homes  Aggregated

Vendor B, Post-Survey, GB, Monthly, Included Homes  Aggregated

Vendor A, Pre-Survey, HAN 10s , Monthly, Included Homes  Aggregated
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Table 7: All metrics for itemized daily predictions with values near zero ignored (1 of 2)  

 

 

 

 

 

 

 

End Use a σ rmse NEP ETE F
Cook-W-D 3 0.63 1252 1120 13 4.55 1.68 0.27 0.83 59 43 -16.3 0.73 1

Cook-W-D 7 0.52 928 585 18 2.28 1.1 0.41 0.48 41 34 -7.1 0.83 1

Cook-W-D 8 0.45 500 562 14 1.38 0.75 0.36 0 19 14 -5.4 0.72 1

EV 5 0.75 1372 2607 76 11.58 2.95 0.12 0.77 880 871 -9.7 0.99 1

HVAC 3 0.51 794 591 44 2 0.99 0.4 0.49 88 62 -26.2 0.7 1

HVAC 6 0.45 1554 780 23 3.16 1.74 0.49 0.69 73 37 -35.5 0.51 1

Pump 5 0.66 1116 1705 53 5.94 2.04 0.19 0.33 315 260 -55.1 0.82 1

Pump 8 0.91 604 886 53 11.52 1.07 0.05 0.85 611 585 -25.2 0.96 1

Refrig. 4 0.68 289 306 22 1.32 0.42 0.22 0 29 35 5.5 0.81 1

Refrig. 7 0.65 423 196 48 1.32 0.47 0.32 0.04 63 43 -20.3 0.68 1

Refrig. 9 0.82 355 350 19 2.76 0.5 0.13 0.19 52 50 -2.5 0.95 1

Solar 11 0.34 4713 2953 33 8.47 5.56 0.56 0.33 280 415 135.5 0.52 1

WH 7 0.59 3452 1606 26 9.32 3.81 0.37 0.91 242 153 -89.8 0.63 1

Dryer 10 0.69 2168 1553 23 8.54 2.67 0.25 0.99 196 146 -49.9 0.75 1

HVAC-WH 3 0.25 1214 947 28 2.07 1.54 0.59 0.17 58 42 -16.1 0.72 1

HVAC-WH 7 0.34 4949 3420 53 9.16 6.02 0.54 0.62 485 225 -260.3 0.46 1

Oven 1 0.15 1366 1008 22 1.99 1.7 0.69 0.01 44 30 -14.1 0.68 1

Oven 7 0.47 923 494 15 1.97 1.05 0.47 0.52 30 16 -13.8 0.53 1

Pump 5 0.58 1328 1702 62 5.17 2.16 0.26 0.2 321 265 -55.6 0.83 1

Pump 8 0.81 1075 1548 79 9.74 1.88 0.11 0.45 769 687 -82.6 0.89 1

Refrig. 4 0.59 518 138 40 1.31 0.54 0.4 0.03 52 32 -20.7 0.6 1

Refrig. 7 0.77 248 177 82 1.3 0.3 0.19 0.1 106 87 -19.6 0.82 1

Refrig. 9 0.41 781 784 46 1.86 1.11 0.42 0.05 86 50 -35.9 0.58 1

Cook-W-D 3 0.59 1472 1590 20 5.24 2.17 0.28 0.85 105 78 -27.2 0.74 1

Cook-W-D 7 0.32 1263 939 41 2.3 1.57 0.55 0.23 94 51 -43.6 0.54 1

Cook-W-D 8 0.07 583 990 50 1.23 1.15 0.47 0 61 47 -14.7 0.76 1

EV 5 0.88 789 1236 53 12.11 1.47 0.07 0.93 642 615 -27.4 0.96 1

HVAC 3 0.61 567 438 51 1.85 0.72 0.31 0.19 94 81 -13.3 0.86 1

HVAC 6 0.44 1307 684 72 2.65 1.47 0.49 0.28 191 113 -77.3 0.59 1

HVAC 8 0.52 576 518 28 1.62 0.77 0.36 0.67 45 36 -9.7 0.79 1

Pump 5 0.56 1145 1884 135 5.03 2.21 0.23 0.16 679 542 -137 0.8 1

Pump 8 0.84 834 1339 132 9.88 1.58 0.08 0.65 1304 1214 -90.8 0.93 1

Refrig. 4 0.67 331 302 63 1.37 0.45 0.24 0.07 86 104 18 0.79 1

Refrig. 7 0.84 152 131 126 1.24 0.2 0.12 0.13 156 148 -8.2 0.95 1

Refrig. 9 0.89 103 97 57 1.29 0.14 0.08 0 74 77 2.9 0.96 1
WH 7 0.59 3277 1580 70 8.95 3.64 0.37 0.92 627 397 -229.4 0.63 1

Vendor B, Post-Survey, HAN 10s , Dai ly, Itemized Per Home

Vendor C, Pre-Survey, HAN 10s , Dai ly, Itemized Per Home

Vendor B, Pre-Survey, HAN 10s , Dai ly, Itemized Per Home
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Table 8: All metrics for itemized daily predictions with values near zero ignored (2 of 2) 

End Use a σ rmse NEP ETE F
Dryer 10 0.69 2168 1553 23 8.54 2.67 0.25 0.99 196 146 -49.9 0.75 1

EV 5 0.73 2242 2409 38 12.38 3.29 0.18 0.77 470 433 -37.6 0.92 1

HVAC-WH 3 0.25 1214 947 28 2.07 1.54 0.59 0.17 58 42 -16.1 0.72 1

HVAC-WH 6 0.32 2223 837 25 3.48 2.38 0.64 0.49 87 31 -55.6 0.36 1

HVAC-WH 7 0.34 4949 3420 53 9.16 6.02 0.54 0.62 485 225 -260.3 0.46 1

Oven 1 0.15 1366 1008 22 1.99 1.7 0.69 0.01 44 30 -14.1 0.68 1

Oven 7 0.47 923 494 15 1.97 1.05 0.47 0.52 30 16 -13.8 0.53 1

Pump 5 0.58 1328 1702 62 5.17 2.16 0.26 0.2 321 265 -55.6 0.83 1

Pump 8 0.81 1075 1548 79 9.74 1.88 0.11 0.45 769 687 -82.6 0.89 1

Refrig. 4 0.59 518 138 40 1.31 0.54 0.4 0.03 52 32 -20.7 0.6 1

Refrig. 7 0.77 248 177 82 1.3 0.3 0.19 0.1 106 87 -19.6 0.82 1

Refrig. 9 0.41 781 784 46 1.86 1.11 0.42 0.05 86 50 -35.9 0.58 1

HVAC-WH 3 0.17 1409 731 55 1.91 1.59 0.74 0.1 105 167 61.8 0.41 1

HVAC-WH 7 0.46 2903 2616 69 7.24 3.91 0.4 0.56 500 501 1.5 1 1

Oven 1 0.04 1246 885 19 1.6 1.53 0.78 0 30 47 16.7 0.45 1

Oven 8 0.11 805 463 23 1.04 0.93 0.77 0.06 24 42 18.2 0.24 1

Pump 5 -0.02 4229 2059 26 4.59 4.7 0.92 0.08 119 206 86.9 0.27 1

Pump 8 0.81 1115 1425 81 9.71 1.81 0.11 0.37 786 734 -52.7 0.93 1

Dryer 10 0.69 2368 2269 17 10.54 3.28 0.22 0.76 179 167 -12.1 0.93 1

EV 5 0.57 3125 3357 106 10.58 4.59 0.3 0.55 1121 1145 23.7 0.98 1

Pump 5 0.6 1734 1447 123 5.6 2.26 0.31 0.01 688 660 -28.5 0.96 1

Pump 8 0.7 2151 2244 107 10.45 3.11 0.21 0.94 1118 967 -151.2 0.86 1

EV 5 0.57 4229 3128 26 12.15 5.26 0.35 0.77 316 206 -109.5 0.65 1

HVAC-WH 3 0.17 1409 731 55 1.91 1.59 0.74 0.1 105 167 61.8 0.41 1

HVAC-WH 7 0.46 2903 2616 69 7.24 3.91 0.4 0.56 500 501 1.5 1 1

Oven 1 0.04 1246 885 19 1.6 1.53 0.78 0 30 47 16.7 0.45 1

Oven 8 0.11 805 463 23 1.04 0.93 0.77 0.06 24 42 18.2 0.24 1

Pump 8 0.81 1115 1425 81 9.71 1.81 0.11 0.37 786 734 -52.7 0.93 1

Cook-W-D 3 0.59 1472 1590 20 5.24 2.17 0.28 0.85 105 78 -27.2 0.74 1

Cook-W-D 7 0.51 779 850 36 2.34 1.15 0.33 0.31 84 62 -21.8 0.74 1

Cook-W-D 8 0.66 266 314 52 1.19 0.41 0.22 0.2 62 60 -2.4 0.96 1

HVAC 3 0.61 567 438 51 1.85 0.72 0.31 0.19 94 81 -13.3 0.86 1

HVAC 6 0.66 855 584 41 3.05 1.04 0.28 0.63 125 95 -30.4 0.76 1

HVAC 8 0.67 441 356 26 1.69 0.57 0.26 0.86 44 35 -8.7 0.8 1

Pump 5 0.56 1145 1884 135 5.03 2.21 0.23 0.16 679 542 -137 0.8 1

Pump 8 0.84 834 1339 132 9.88 1.58 0.08 0.65 1304 1214 -90.8 0.93 1

Refrig. 4 0.67 331 302 63 1.37 0.45 0.24 0.07 86 104 18 0.79 1

Refrig. 7 0.84 152 131 126 1.24 0.2 0.12 0.13 156 148 -8.2 0.95 1

Refrig. 9 0.89 103 97 57 1.29 0.14 0.08 0 74 77 2.9 0.96 1

Solar 11 0.83 1427 936 121 9.9 1.71 0.14 0.83 1198 1035 -163.4 0.86 1
WH 7 0.67 2429 1571 71 8.86 2.89 0.27 0.91 629 463 -165.8 0.74 1

Vendor B, Post-Survey, HAN 10s  Improved, Dai ly, Itemized Per Home

Vendor C, Post-Survey, GB, Dai ly, Itemized Per Home

Vendor D, Pre-Survey, GB, Dai ly, Itemized Per Home

Vendor C, Pre-Survey, GB, Dai ly, Itemized Per Home

Vendor C, Post-Survey, HAN 10s , Dai ly, Itemized Per Home
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Table 9: All metrics for select vendor monthly predictions itemized by home 

 

 

 

 

 

 

 

 

End Use a σ rmse NEP ETE
Dish 3 -1.87 10917 4762 2 4.16 11.91 2.63 1 8 30 21.8 -1.63

Dish 5 -0.87 16330 11531 2 10.71 19.99 1.52 1 21 54 32.7 -0.52

Dish 7 0.48 4662 2378 2 10.12 5.23 0.46 1 20 25 4.8 0.77

Dish 8 -0.54 7451 6689 2 6.5 10.01 1.15 1 13 26 13.4 -0.03

Dish 9 0.38 4025 589 2 6.54 4.07 0.62 1 13 12 -1.2 0.91

HVAC 2 0.61 31278 4570 2 81.58 31.61 0.38 1 163 172 9.1 0.94

HVAC 3 -1.26 1E+05 77149 2 56.6 128.1 1.81 1 113 318 204.4 -0.81

HVAC 6 0.29 48663 19950 2 73.85 52.59 0.66 1 148 188 39.9 0.73

HVAC 7 -17.16 1E+05 1E+05 2 9.65 175.2 14.05 1 19 290 271 -13.05

HVAC 8 -1.34 71287 42645 2 35.46 83.07 2.01 1 71 214 142.6 -1.01

Micro 2 0.48 3334 272 2 6.43 3.35 0.52 1 13 6 -6.7 0.48

Micro 3 0.58 881 14 2 2.12 0.88 0.42 1 4 6 1.8 0.58

Micro 4 0.25 5919 1769 2 8.22 6.18 0.72 1 16 5 -11.8 0.28

Micro 5 0.45 4600 578 2 8.45 4.64 0.54 1 17 8 -9.2 0.46

Micro 7 n/a 4000 0 1 0 4 inf n/a 0 4 4 n/a

Micro 8 0.59 1640 527 2 4.24 1.72 0.39 1 8 5 -3.3 0.61

Micro 9 0.15 1804 299 2 2.15 1.83 0.84 1 4 4 -0.6 0.86

Refrig. 4 0.43 20322 11110 2 40.37 23.16 0.5 1 81 40 -40.6 0.5

Refrig. 7 0.45 17876 13987 2 41.13 22.7 0.43 1 82 47 -35.8 0.57

Refrig. 9 0.13 30131 30115 2 49.01 42.6 0.61 1 98 38 -60.2 0.39

W-D 3 0.74 8977 4287 2 38.34 9.95 0.23 1 77 68 -8.6 0.89

W-D 5 -0.59 34368 22737 2 25.89 41.21 1.33 1 52 121 68.7 -0.33

W-D 6 0.2 15325 8768 2 21.98 17.66 0.7 1 44 75 30.6 0.3

W-D 7 -0.73 16924 10388 2 11.48 19.86 1.47 1 23 57 33.8 -0.47

W-D 8 -3.73 23838 17549 2 6.26 29.6 3.81 1 13 60 47.7 -2.81

HVAC 2 0.58 33992 6426 4 81.56 34.59 0.42 0.82 326 190 -136 0.58

HVAC 3 0.88 7121 730 3 61.11 7.16 0.12 0.95 183 192 8.6 0.95

HVAC 6 0.24 53162 11314 4 71.25 54.35 0.75 0.76 285 72 -212.6 0.25

HVAC 7 -2.68 17164 19093 4 6.97 25.67 2.46 0.92 28 91 62.7 -1.25

HVAC 8 0.54 12592 4679 4 29.01 13.43 0.43 0.99 116 166 50.4 0.57

Pump 5 0.7 34720 32715 5 160.8 47.7 0.22 0 804 664 -140.2 0.83
Pump 8 0.85 41180 16169 4 287.2 44.24 0.14 0.95 1149 1019 -129.3 0.89

Vendor A, Pre-Survey, HAN 10s , Monthly, Itemized Per Home

Vendor B, Post-Survey, GB, Monthly, Itemized Per Home
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Table 10: All metrics for aggregated hourly predictions with values near zero ignored 

 
Table 11: All metrics for aggregated minute-interval predictions with values near zero ignored  

 

 

End Use a σ rmse NEP ETE F
Pool  Pumps -0.06 815 877 444 1.13 1.2 0.72 0 504 799 295.1 0.41 1

Refrig. 0.38 29 27 4423 0.06 0.04 0.45 0 283 184 -98.9 0.65 1

HVAC-WH -1.77 528 764 422 0.34 0.93 1.57 0.2 141 259 117.5 0.17 1

Dryer 0.27 928 603 73 1.51 1.11 0.62 0.01 110 95 -15.5 0.86 1

Oven -0.3 541 537 40 0.59 0.76 0.92 0.02 23 13 -10.5 0.55 1

Microwave -0.09 49 59 45 0.07 0.08 0.7 0 3 3 -0.6 0.8 1

EV 0.17 1688 1469 86 2.7 2.24 0.63 0.02 232 229 -3.6 0.98 1

Pool  Pumps -0.06 815 877 444 1.13 1.2 0.72 0 504 799 295.1 0.41 1

Refrig. 0.38 29 27 4423 0.06 0.04 0.45 0 283 184 -98.9 0.65 1

HVAC-WH -1.73 362 625 712 0.26 0.72 1.37 0.21 188 306 117.7 0.37 1

Dryer 0.27 928 603 73 1.51 1.11 0.62 0.01 110 95 -15.5 0.86 1

Oven -0.3 541 537 40 0.59 0.76 0.92 0.02 23 13 -10.5 0.55 1

Microwave -0.09 49 59 45 0.07 0.08 0.7 0 3 3 -0.6 0.8 1

Pool  Pumps 0.85 145 214 403 1.74 0.26 0.08 0.88 700 734 33.4 0.95 1

HVAC-WH -0.52 709 529 592 0.58 0.88 1.22 0.51 344 623 279 0.19 1

Oven -0.54 615 288 59 0.44 0.68 1.39 0.09 26 61 35.3 -0.35 1

EV 0.61 1081 671 290 3.23 1.27 0.33 0.21 937 1037 99.1 0.89 1

Pool  Pumps 0.8 276 172 850 1.63 0.33 0.17 0.69 1382 1452 70 0.95 1

Dryer 0.66 551 536 61 2.24 0.77 0.25 0.02 137 167 30.2 0.78 1

EV 0.82 653 165 69 3.71 0.67 0.18 0.06 256 216 -40 0.84 1

Pool  Pumps 0.85 145 214 403 1.74 0.26 0.08 0.88 700 734 33.4 0.95 1

HVAC-WH -0.52 709 529 592 0.58 0.88 1.22 0.51 344 623 279 0.19 1
Oven -0.54 615 288 59 0.44 0.68 1.39 0.09 26 61 35.3 -0.35 1

Vendor C, Pre-Survey, HAN 10s , Hourly,  Included Homes  Aggregated

Vendor C, Post-Survey, HAN 10s , Hourly,  Included Homes  Aggregated

Vendor C, Pre-Survey, GB, Hourly,  Included Homes  Aggregated

Vendor C, Post-Survey, GB, Hourly,  Included Homes  Aggregated

Vendor D, Pre-Survey, GB, Hourly,  Included Homes  Aggregated

End Use a σ rmse NEP ETE F

Pool  Pumps 0.91 61 154 29343 1.87 0.17 0.03 0.71 54906 54726 -180.3 1 1

Refrig. 0.78 21 19 69332 0.13 0.03 0.17 0.41 8814 7899 -914.4 0.9 1

HVAC-WH 0.68 537 991 4346 3.47 1.13 0.15 0.85 15095 13733 -1362 0.91 1

Dryer 0.69 771 480 3284 2.9 0.91 0.27 0.66 9511 8528 -983 0.9 1

Oven 0.38 727 637 2553 1.55 0.97 0.47 0.24 3955 3324 -631.4 0.84 1

Microwave 0.44 423 392 987 1.03 0.58 0.41 0.22 1014 873 -141.4 0.86 1

EV 0.94 184 113 6332 3.8 0.22 0.05 0.19 24048 23071 -977.5 0.96 1

Pool  Pumps 0.91 61 154 29343 1.87 0.17 0.03 0.71 54906 54726 -180.3 1 1

Refrig. 0.78 21 19 69332 0.13 0.03 0.17 0.41 8814 7899 -914.4 0.9 1

HVAC-WH 0.58 372 725 8962 1.95 0.81 0.19 0.89 17457 16448 -1010 0.94 1

Dryer 0.69 771 480 3284 2.9 0.91 0.27 0.66 9511 8528 -983 0.9 1

Oven 0.38 727 637 2553 1.55 0.97 0.47 0.24 3955 3324 -631.4 0.84 1

Microwave 0.44 423 392 987 1.03 0.58 0.41 0.22 1014 873 -141.4 0.86 1

Vendor C, Pre-Survey, HAN 10s , Minute Interval ,  Included Homes  Aggregated

Vendor C, Post-Survey, HAN 10s , Minute Interval ,  Included Homes  Aggregated
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Now, to review some select individual home daily-interval accuracy results, Figure 1 and Figure 2 

compare the daily accuracy of Vendors B and C for those three appliance categories where they overlap: 

electric vehicles, pool pumps, and refrigeration. In general, they do similarly well on the same homes 

and each do very well on at least one home per category.  

         
Figure 1: Vendor B and C daily accuracy per home for EV and pool pumps 

  
Figure 2: Vendor B and C daily accuracy per home for refrigeration 

Figure 3, Figure 4, Figure 5, and Figure 6 show one timeline plot for each vendor for the electric vehicle 

category and the pool pump category. They each perform extremely well, even detecting a change in 

the regular operation of the pool pumps in late November. Please note that they each miss the spike in 

energy use in early December. However, this is likely inconsequential for most utility purposes. 
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Figure 3: Vendor B accurate detection of pool pump 

 
Figure 4: Vendor C accurate detection of pool pump 

 
Figure 5: Vendor B accurate detection of EV 
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Figure 6: Vendor C accurate detection of EV 

In contrast, Figure 7 and Figure 8 show one timeline plot for each vendor for a particular home where 

they vary dramatically on refrigeration accuracy. It is clear that the discrepancy is due the period of 

unusually high refrigeration use from mid-November to mid-December. For whatever reason, one 

vendor included these days and the other did not which led to the high discrepancy in accuracy. As 

indicated in the legend, it is possible that the outlet on the same breaker was used consistently for some 

extraneous appliance during that period only (and was not successfully omitted by the researchers’ 

anomalous data filter).  

 
Figure 7: Vendor C poor accuracy on refrigeration due to unusual period of ground truth 
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Figure 8: Vendor B good accuracy on refrigeration for more typical period of ground truth 

Figure 9 shows an accurate detection by Vendor B of spa water heating. However, note that while 𝑅2 is 

very good the accuracy metric is much lower. The scatter plot and individual daily errors plot in Figure 

10 depict the reason. The vendor has very accurately found the variation in energy use from day to day 

but consistently slightly underestimated the energy use, especially for higher energy use days. 

 
Figure 9: Vendor B good accuracy on water heating but consistently slightly low prediction 

        
Figure 10: Vendor B water heating scatter plot and plot of errors 
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Figure 11 shows very accurate detection of a dryer by Vendor C. Please note that similar to the water 

heating example above for Vendor B, Vendor C has found the load shape more accurately than the 

magnitude. 

 
Figure 11: Vendor C good accuracy on dryer 

Project Error Analysis 

Project Plan Deviation 

The major Project Plan deviations were that certain tasks were omitted. First, “Percent of total home 

energy use detected” was not calculated since numerous breakers in the ground truth data sets were 

omitted. Second, analysis of hourly and minute interval vendor predictions was abbreviated as opposed 

to being given equal footing with daily interval predictions. 

Anomalous Data and Treatment 

As described in the Accuracy Calculations section, the daily data was treated using the following 

methods and all systematically with Python scripts (other interval data was treated similarly): 

 Filtered out daily energy use measurements and predictions less than 400 Watt-hours  

 Ignored days where there were less than 7000 10-second whole building data points 

 Removed extraneous loads from refrigeration data 

 Ignored breakers with extraneous loads (except refrigeration) 

Technical, Statistical, and Error Analysis 

Mean and standard deviation of the errors between the ground truth and the predictions are given in 

section Accuracy Calculations. M&V equipment accuracy is given in Appendix B: Measurement & 

Verification Plan. The major issue of data quality in the breaker level ground truth data was handled by 

assigning a data quality index to every breaker. Aside for the refrigeration, any breaker that was not 

dedicated to the desired appliance was omitted from the analysis.  
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Conclusions 
The researchers found that every vendor had something valuable to offer to SDG&E and/or its 

customers. Vendors B and C performed fairly well with high frequency HAN data. Vendor D performed 

fairly well with Green Button data and Vendor A’s product is well suited for Green Button Connect. 

Across all vendors, high energy consuming devices like pool pumps and electric vehicles are easiest to 

detect. These can be detected with either Green Button or HAN data while successfully detecting 

smaller appliances is easier with HAN data. Home appliance survey data helps improve NILM accuracy 

but is not necessary. 

Benefits 
There are numerous benefits to accurate residential NILM. It provides insight into customer energy use 

that could yield energy savings opportunities. For instance, the vendor or utility could recommend 

replacing a refrigerator if the data showed that it was inefficient. NILM could also make home owners 

more engaged with SDG&E. It could potentially help resolve bill disputes. It could also help predict how 

a customer’s utility bill would change if they switched to time of use rates. 

Possible Risks 
The risks include the following: 

 Inaccuracies could discourage home owners from trusting the service 

 Additional cost to hire the vendors 

 Must purchase a HAN gateway to get the 10 second data that most of the vendors preferred 

Technology Improvement Opportunities 
The technology improvement opportunities include: 

 Improve data quality issue with HAN gateways 

 NILM vendors to provide data only for unique appliance categories instead of grouping them 

 IOUs could provide higher quality and higher frequency data to NILM providers 

Applicability of Case Study Findings to Other Load Types and Sectors 
This case study is only applicable to residential customers with smart meters. 

Considerations for Large-scale and Persistent Market Implementation 
Large-scale implementation is worthwhile to pursue pending cost. All of the vendors are ready to 

provide a service to the IOUs and/or directly to customers. In particular, Vendor B and Vendor C 

performed well with high frequency HAN whole building power data. Vendor D performed well with 

Green Button data. Vendor A’s product appears to be best suited for continued Green Button Connect 

participation at this time. 

In regards to HAN data quality, the IOUs should continue their development efforts with HAN device 

manufacturers such as Rainforest Automation. The IOUs should consider allowing manufacturers to 

retrieve higher frequency power data and the manufacturers should continue their efforts to provide 

buffered data to fill in gaps of poor internet connectivity. 
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Possible future Study 
Future study could include: 

 Large scale testing on 100s to 1000s of homes 

 Directly monitoring power on a subset of preferred end-uses and requiring vendor predictions at 
a specific interval in order to allow more targeted analysis 

 Gas end-use NILM 

 Higher frequency whole building data to NILM vendors 

 Behavioral studies (e.g. review effectiveness of vendor’s energy efficiency recommendations) 
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Glossary and Acronyms 
10s – 10 seconds 

1h – 1 hour 

1m – 1 minute 

15m – 15 minutes 

Cook – Electric cooking appliances (i.e. ovens and ranges) 

CPUC – California Public Utilities Commission 

Dish – Dishwasher 

EV – Electric vehicle 

GB – Green Button 

HAN – Home Area Network 

HVAC – Heating, ventilation, and air conditioning 

IOU – Investor Owned Utility 

IPMVP – International Performance Measurement and Verification Protocol 

M&V – Measurement & Verification 

Micro – Microwave  

NILM – Non-Intrusive Load Monitoring 

Pump – Pool pumps 

Refrig. – Refrigerators and freezers 

SDG&E – San Diego Gas & Electric 

SEP – Smart Energy Profile 

Solar – Solar photovoltaics 

W/D – Washer and dryer 

WH – Electric water heating 
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Appendix A: Project Plan 
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Appendix B: Measurement & Verification Plan 
[Intentionally blank page] 
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