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[bookmark: _Toc427322448]Introduction
This literature review highlights the relevant resources the research team will leverage in developing the methodology for calculating Momentum Savings from lighting controls across the Northwest. The research team reviewed regional and national lighting controls literature—both in-progress and complete—with the purpose of answering the following three research questions:
· What type of lighting control data have past regional and national studies collected?
· Which space and control types are most important to the Momentum Savings methodology?
· What methods do analysts currently use to estimate lighting control savings?
The research team reviewed 32 documents from 16 organizations and found 26 to have applicable and useful information relevant to the lighting controls momentum research. The remaining six documents either lacked specific information regarding lighting controls, or had too narrow a geographic or technological focus. Table 4 of the Appendix provides a detailed bibliography of all the sources discussed in this review.
This structure of this memo is as follows:
· A Summary of Findings from the literature review organized thematically to present answers to the three research questions presented above
· The Review of Key Sources organized by study/paper, to present the relevance of each to the lighting control Momentum Savings research
· A discussion of Other Studies reviewed by the research team, but considered less relevant for the Momentum Savings research


[bookmark: _Toc427322449]Summary of Findings
This section provides a summary of the key literature review findings, including the most relevant resources reviewed by the team, an assessment of high impact space and control types, and an overview of the evaluation methods used for calculating savings from lighting controls.
Relevant Resources
Table 1 provides a list of the resources most relevant to the research team for use in developing the Momentum Savings methodology for lighting controls. These resources indicate the types of lighting control data currently available across the lighting market to date, and where gaps may exist requiring further analysis. The research team grouped the resources into the following broad categories to align with the tasks included in the Momentum Savings research.
1. Data Collection – These resources will support the development of the sampling and data collection plans (tasks 3 through 5 of the Momentum Savings methodology).
2. Market Characterizations – These resources will aid in defining the market size and make-up required for the Momentum Savings calculations (task 6 of the Momentum Savings methodology).
3. Lighting Control Savings Calculation – These resources will support the calculation of Momentum Savings from lighting control technologies (task 6 of the Momentum Savings methodology).
The research team also identified which resources align with the following seven sub-categories: 
· Hours of Use – the length of time lighting fixtures operate with and without lighting controls
· Savings Fractions – the percent reduction or percent savings associated with lighting controls
· Market Size – the assumed and actual penetration of lighting controls
· Lighting Control Codes – codes requirements for lighting controls in the Northwest
· Current Practice/Market – relevant applications for lighting controls and current market practices
· Evaluation Methods – calculating energy savings from lighting controls
· Sample Design – the sampling plan for collecting site data to inform the Momentum Savings calculations (task 3 of the Momentum Savings methodology)
6
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[bookmark: _Ref424133931][bookmark: _Toc427322453]Table 1: Relevant Studies by Category of Information[footnoteRef:1] [1:  X indicates that the resource contains pertinent information the referenced column header. An asterisk (*) indicates that the resource conducted primary data collection. Items without asterisks indicate that the resource mainly utilizes data from secondary resources.] 

	
	
	
	Savings Calculation
	Market Characterization
	Data Collection

	Publisher
	Source Name (as referenced in memo)
	Year
	Hours of Use
	Savings Fractions
	Market Size
	Code
	Current Practice
	Evaluation Methods
	Sampling Design

	BPA, PG&E and SCE
	Exterior Occupancy Controls Assessment
	2014
	X*
	X*
	
	
	
	
	

	CPUC
	Database of Energy Efficiency Resources
	2014
	
	X
	
	
	
	
	

	CPUC
	Database of Energy Efficiency Resources
	2016
	X
	
	
	
	
	
	

	DNV GL
	Lighting Retrofit Control Measures
	2014
	
	
	
	
	X
	X
	X

	LBNL
	Meta Analysis of Energy Savings from Lighting Controls
	2011
	X
	X
	
	
	
	
	

	Navigant Research
	Intelligent Lighting Controls for Commercial Buildings
	2013
	
	
	
	
	X
	
	

	Navigant Research
	Intelligent Lighting Controls for Commercial Buildings
	2015
	
	
	
	
	X
	
	

	NBI
	Lighting Control Systems Research Methodology 
	2012
	
	
	
	X
	
	X
	

	NEEA
	Commercial Building Stock Assessment
	2014
	
	
	X*
	
	
	
	

	NREL
	Lighting Controls Evaluation Protocol
	2013
	
	
	
	
	
	X
	X

	NW Council
	The Sixth Plan: Commercial Master Workbook
	2009
	
	
	X
	
	
	
	

	NW Council
	The Sixth Plan: Interior Lighting Controls Workbook
	2009
	
	X
	
	
	
	
	

	NW Council
	The Sixth Plan: Side Daylighting Workbook
	2009
	
	X
	
	
	
	
	

	RTF
	RTF Guidelines
	2014
	
	
	
	X
	
	X
	

	RTF
	RTF Research Plan
	2014
	
	
	
	
	
	
	X

	RTF
	RTF Statistics Review
	2012
	X
	
	
	
	
	
	

	RTF
	RTF Priority Input Sheet
	2012
	
	X
	
	
	
	
	

	RTF
	RTF Reference Data
	2012
	
	X
	
	
	
	
	


Source: Research team analysis, 2015

Priority Building, Space, and Lighting Control Types 
High impact areas for lighting controls include offices, retail, assembly, school, warehouse, outdoor and parking spaces.  The research team defines “high impact” areas as those where most lighting controls Momentum Savings are expected to occur. The team identified high impact applications (shown in Table 2) based on market activity, existing controlled-lighting load, and potential for lighting controls. Specifically, the research team conducted reviews of:
· The Northwest Energy Efficiency Alliance’s (NEEA) most recent, 2014 Commercial Building Stock Assessment (CBSA) to determine penetration of lighting controls by building and space type
· A summary provided by Mike Kennedy on lighting control codes
· Previous Regional Technical Forum (RTF) work, including the RTF lighting calculator
The research team also verified these high impact areas via conversations with market experts, including Mudit Saxena from TRC, Rob Carmichael with Cadeo, Levin Nock and Charlie Grist at BPA, Kate Grant with the Consortium for Energy Efficiency and Mike Baker with SBW Consulting.
Even though building code is predominantly based on space type, the research team categorized the data by building type before categorizing the data by space type to mitigate the uncertainty associated with each combination. As usage patterns and purchasing decisions of lighting controls vary by space type more so than building type, a building type/space type combination is necessary for sampling design and market activity analysis.
[bookmark: _Ref424055781][bookmark: _Toc427322454]Table 2: High Impact Building, Space, and Control Type Combinations
	 
Building - Space Type
	Binary (on/off) controls
	Controls with intermediate power levels (i.e. dimming capabilities)

	
	Scheduling Clock/Timer
	Photocells
	Occupancy Sensors
	Advanced Lighting Controls (EMS/networked)
	Daylight Dimming

	Office - Office Rooms
	
	
	X
	X
	X

	Retail/Service - Sales
	X
	
	X
	X
	X

	Assembly - Assembly
	X
	
	X
	X
	

	School K-12 - Classroom
	
	
	X
	X
	X

	Warehouse - Storage Low Bay
	X
	
	X
	X
	

	Warehouse - High Bay
	
	
	X
	X
	

	Outdoors
	
	X
	
	X
	X

	Exterior Parking and area lights
	X
	X
	X
	X
	X

	Interior Parking Garage
	
	
	X
	
	


Source: Research team analysis

Evaluation Methods
Several sources point to use of pre- and post-installation measurements as the most accurate method for estimating savings. However, that accuracy comes at a high cost. The research team reviewed evaluation, measurement, and verification (EM&V) methodology protocols, complete EM&V studies, and evaluations for estimating lighting control savings that did not require metering of lighting fixtures. 
The majority of these works recommended the use of pre-installation and post-installation measurements for verifying savings from lighting controls. Two out of the three EM&V methodology reports recommended using a pre- and post-installation measurement approach (ACEEE and DNV GL). The third report, from the National Renewable Energy Laboratory (NREL), suggested the use of multiple measurement methodologies, including:
· Pre- and post-metering for lighting sweep controls, energy management systems, and time clocks
· Pre-only metering for occupancy sensors, given that the sensors have infrared sensing capabilities
· Post-only metering for dimming controls, conditional upon the assumption that uncontrolled lighting would equal controlled lighting power usage
Recommendations from the six complete EM&V studies reviewed were consistent—pre- and post-installation measurement provides the most accurate estimate of savings from lighting controls. This method allows analysts to determine the impact of lighting controls upon hours of use and/or energy consumption, required for calculating savings. One additional study[footnoteRef:2] conducted only pre-installation measurement to determine occupancy rates, which were used to calculate hours of use and simulated energy savings from occupancy sensors. Another study[footnoteRef:3] did not conduct metering to determine impacts. Instead, it measured affected floor space dimensions to generate simulated savings results. [2:  The joint BPA, PG&E and SCE study on exterior occupancy lighting applications.]  [3:  The CEC study on office daylighting potential.] 

Pre- and post-installation measurements require extensive metering, and while this may be the most accurate way of estimating savings, it is also the most costly. The research team will make its recommendation on the most cost-efficient data collection plan as part of task 5 of the Momentum Savings research.


[bookmark: _Toc427322450]Review of Key Sources
This section provides detailed reviews of resources considered most relevant (those shown in Table 1) to the Momentum Savings research. The research team grouped resources by the organization that published each document in the following order:
· Regional Technical Forum (RTF)
· Northwest Power & Conservation Council (“the Council”)
· Northwest Energy Efficiency Alliance (NEEA)
· California Public Utilities Commission (CPUC)
· Lawrence Berkeley National Laboratory (LBNL)
· Bonneville Power Administration, Pacific Gas & Electric, Southern California Edison (BPA, PG&E, SCE)
· Massachusetts Energy Efficiency Program Administrators
· Navigant Research
· National Renewable Energy Laboratory (NREL)
Regional Technical Forum
The RTF is an advisory committee to the Council that develops and validates methodologies for evaluating energy efficiency measures. The research team emphasized RTF resources during the literature review due to the RTF’s strong understanding of energy efficiency measures in the Northwest. More importantly, this focus ensures that data collection, sampling, and savings calculations supports the Momentum Savings methodology by aligning with the RTF guidelines, protocols, and assumptions where appropriate. This alignment with the RTF includes:
· Developing baselines, savings methodologies and data collection plans
· Designing samples and data collection plans
· Measuring lighting control energy impacts
· Summarizing hours of use and savings fractions from lighting controls
The team reviewed the following RTF documents. Each document includes a brief description and the key uses to the Momentum Savings methodology development.

RTF Guidelines
The RTF Guidelines provide direction for determining appropriate baselines, measure savings and measure lifetimes. This document provided guidance on the research team’s development of the current practice baseline definition for lighting control Momentum Savings, as presented in the baseline definition memo.[footnoteRef:4] [4:  Navigant Consulting, Inc. Lighting Controls Momentum Savings Baseline Definition Memo. Rep. Bonneville Power Administration, July 2015. Web. Developed in conjunction with this literature review memo.] 

RTF Research Plan
The RTF Research Plan includes instructions on sample design, data collection, and data management, as well as, analysis detail for its research on the non-residential lighting retrofit market. This resource, while limited to only retrofit measures, provides useful statistical information to inform the sampling plan as part of task 3 of this project. Specific statistical information includes sample size targets to achieve the required precision and confidence levels between lighting control types, for estimating hours of use (HOU) versus hours of operation (HOO). HOU is the number of hours that lights are actually on, while HOO is number of hours that the space is occupied based on interviews. The RTF interview guide, discussed below, structures questions around the ratio of HOU to HOO—low, medium, or high—and how analysts use it to derive savings fractions for controls. The appendix to the RTF Research Plan also includes explanations for the assumptions used to estimate the coefficient of variance (CV)—a measure of probability distribution—for the ratios applied to each lighting control type. 
RTF Lighting Calculator & Interview Guide
The RTF Lighting Calculator and the RTF Non-Res Lighting Standard Interview Guide provide information on hours of use, savings fractions, and savings methodology. The RTF conclusions from its analysis of the interviewee responses and logger data will provide an indication of the accuracy of this approach.[footnoteRef:5] [5:  Conclusions regarding the accuracy of the interview guide approach are expected in September 2015, based on conversations with Mike Baker.] 

The RTF Lighting Calculator integrates the RTF Non-Res Lighting Standard Interview Guide as its primary input tool. The interview guide spreadsheet contains detailed questions for interviewees about lighting controls (Table 5 in Appendix B), and the calculator provides the algorithms for calculating savings based on their responses. 


[bookmark: _Ref424199344]Table 3 shows three recommended methods for calculating savings from lighting controls from the lighting calculator. SRM #1 and SRM #2 leverage interview responses and savings assumptions (Table 6 in Appendix B). The Best Practices approach leverages actual logger data to derive savings. The research team will consider these three methods when formulating its recommended data collection plan.
[bookmark: _Toc427322455]Table 3: RTF Lighting Calculator Savings Methodologies
	Methodology
	Description

	Simplest Reliable Method #1 (SRM #1)
	Calculate hours of use savings based on the project-level hours of operation provided in the survey form. This is a high level calculation. 

	Simplest Reliable Method #2 (SRM #2)
	Calculate hours of use savings based on the space-level hours of operation provided in the survey form. This should result in a more nuanced calculation with higher granularity.

	Best Practices Method
	Calculate savings based on actual logger data. This method uses observed data as opposed to facility interviewee responses, and should result in the most accurate results. 


Source: RTF Lighting Calculator; Research team analysis
Other RTF Documents
The research team also reviewed the following RTF documents that summarize hours of use and savings fractions from studies across the country. These may be useful for determining input assumptions for the Momentum Savings calculation methodology.
· RTF Priority Input Sheet: Provides percent reductions in operating hours, aggregated from LBNL, California, and Efficiency Maine data sources, due to different lighting controls (shown in Table 7 in Appendix B).

· RTF Reference Data: Compares estimated percent savings by either energy, or hours of use reductions across different sources and utilities including:
· Comparison of percentage savings from lighting controls for different Northwest utilities (aggregate – not distinguished by control type)
· LBNL estimated percentage energy savings by building type and lighting control
· California percentage reductions in operating time for occupancy sensors, from a standard performance contract manual
· Efficiency Maine Technical Reference Manual (TRM) estimated percentage energy savings by space type
· Pacific Power estimated percentage energy savings by control type and state (Washington versus other states)
· Idaho Power estimated percentage energy savings by control type
· Avista Utilities’ percentage reductions in operating hours by space type


See Table 8 in Appendix B for further detail.
· RTF Statistics Review: This workbook aggregates different hours of use assumptions from various resources including:
· A comparison of hours of use between California (DEER – November 2011), New York (technical reference manual), and the Northwest (BPA Lighting C&I calculator) by building type
· The default hours of use assumptions from the RTF calculator
· A statistical summary of consolidated CA, NY, and BPA hours of use for each building type, with unique points at the space type level, and with outliers removed
Northwest Power & Conservation Council
This section summarizes findings from three workbooks developed by the Northwest Power & Conservation Council (“the Council”). The Council documents assumptions used in calculating savings from energy efficiency resources for each Power Plan. 
Workbooks from the Council’s Sixth Regional Power Plan (the Sixth Plan) provide information and methods that the research team can leverage to determine the baseline and savings from lighting controls. These workbooks provide assumptions for the penetration rates of controls and assumptions on code adoption in the Sixth Plan. Additionally, the workbooks provide methods for calculating control savings for both interior and perimeter daylight spaces, as well as, estimates of savings fractions from engineering assumptions and hours of operation by space and control type combinations from an older source (the Sixth Plan cites an Ecotope 2003 report).
The following presents relevant findings from three workbooks that support the Sixth Plan:
The Sixth Plan: Commercial Master Workbook
The Commercial Master Workbook contains assumptions on penetration rates and applicability factors of lighting controls installed in the Northwest. The baseline definition memo summarizes various benchmarks to consider when calculating Momentum Savings, including the penetration rates provided in this workbook. The research team will also leverage the measure applicability factors as a quality control step within the Momentum Savings methodology, to ensure calculations do not exceed the maximum technical savings possible.
The Sixth Plan: Interior Lighting Controls Workbook
The Interior Lighting Controls Workbook contains information on hours of use, savings, and savings methodology for occupancy sensors and dimming controls in interior building spaces. These assumptions serve as the basis for interior lighting control measure savings in the Sixth Plan and the research team can leverage them for calculating Momentum Savings. 
The Sixth Plan assumes that occupancy sensors reduce hours of use by either 20 percent or 35 percent, based on space type, while dimming controls reduce power consumption by 34 percent for the hours in dimmed mode. Table 9 and Table 10 in Appendix B present these results. The research team created the last column of Table 10, “Effective HOU Savings (Dimming)”, to compare savings from dimming controls to savings from occupancy sensors via the same units of measurement. The analysis indicates that stairwells in restaurant, lodging, and assembly buildings have the largest effective HOU savings from dimming controls at 63 percent, while open offices spaces in offices, universities, and other health buildings have the largest HOU savings from occupancy sensors at 35 percent.


The Sixth Plan: Side Daylighting Workbook
The Side Daylighting Workbook contains information on hours of use, savings, and savings methodology for daylighting controls located in the building perimeter spaces. These assumptions serve as the basis for side daylighting measure savings in the Sixth Plan and the research team can leverage them for calculating Momentum Savings. 
The Sixth Plan assumes that dimming controls result in 35 percent savings on a Lighting Power Density (LPD) basis. The Council calculates this using a 50 percent reduction from the baseline LPD (based on spaces with no daylighting controls). They then subtract 15 percent due to lighting codes that requires bi-level switching in perimeter offices, which results in additional savings over manual switching. The side daylighting workbook uses the same calculated hours of use as the interior lighting controls workbook and also estimates the fraction of total floor area that perimeter area makes up (Table 11 in Appendix B).
Northwest Energy Efficiency Alliance
This section presents a summary of findings from two studies published by the Northwest Energy Efficiency Alliance (NEEA). NEEA is a non-profit group that represents over 140 Northwest utilities and organizations. This group focuses on increasing energy efficiency via efficient products, best practices, and other means. 
Two studies published by NEEA provide information for developing the sample design and Momentum Savings methodology:
· The Commercial Building Stock Assessment (CBSA) is a survey-based assessment of commercial building energy use characteristics published in 2014 that provides lighting control saturation data by building and space type. CBSA contains over 250 variables for each site surveyed, including building type, building size, lighting equipment and more. The research team can leverage this data to inform the sample design.
· The Luminaire-Level Lighting Controls (LLLCs) Market Baseline prepared by Navigant for NEEA, forecasts the sales of LLLCs for the next 20 years in the Northwest region absent of any programs.
Commercial Building Stock Assessment
The CBSA provides information regarding the prevalence of lighting controls by building and space type in the Northwest. This provides the research team with an indication of space types to focus data collection efforts on and demonstrates how lighting control installations have progressed based on building vintage.
Approximately 25 percent of interior building space in the Northwest already contains lighting controls. Assembly, office, retail, school, and warehouse buildings make up approximately 63 percent of that controlled interior space. Nearly 80 percent of exterior building space contains lighting controls. Assembly, office, retail, school, and warehouse buildings make up approximately 77 percent of that controlled exterior building space.
NEEA: Luminaire Level Lighting Controls Market Baseline
The LLLC Market Baseline report could be used as a calibration point for deriving market-level Momentum Savings. This study does not provide baseline forecasts at the level of granularity needed for Momentum Savings calculations, but it could be used as a comparison point when calculating market-level Momentum Savings.
The model outputs include LLLC sales as a percentage of the total controllable fixtures by building type for the next twenty years. The stock turnover baseline model calculates the expected installed base of LLLC and other control types by building type and market segment.
Lawrence Berkeley National Laboratory: Meta-Analysis of Energy Savings from Lighting Controls
This section summarizes the research team’s review of the Lawrence Berkeley National Laboratory (LBNL) study titled “Meta-Analysis of Energy Savings from Lighting Controls,” published in September 2011. This study aggregates “240 savings estimates from 88 papers and case studies, categorized into daylighting strategies, occupancy strategies, personal tuning and institutional tuning” (LBNL). These papers and case studies range from the Lighting Research Center to LBNL itself to ACEEE.
This study provides savings fractions by building and control type which can supplement RTF assumptions in the calculation of Momentum Savings. Multiple lighting experts regarded this study as a ‘go-to’ summary of the best available data on lighting controls during their discussions with the research team. After filtering savings estimates by statistical significance, soundness of methodology, peer-reviewed status, and savings types, LBNL developed their most accurate estimate of energy savings by building type and control type (Table 12 in Appendix B).
BPA, PG&E, SCE: Exterior Occupancy Controls Assessment
Published in August 2014, this collaborative report between BPA, PG&E, and SCE sought to further understand the occupancy patterns of exterior building spaces. The group collected a large amount of data regarding, among others: installed fixture wattage, lighting fixture technology, daytime occupancy rate, and nighttime occupancy rate for each of the sampled sites.
This assessment will inform the sample design and Momentum Savings calculations for exterior lighting controls. The assessment itself includes three phasesonly two of which are currently complete. The first phase provides useful information on monitoring and assessing the sampled sites’ lighting controls. The second phase includes analysis of behavior to understand building occupancy, and predicts savings potential from lighting controls for the sampled locations. Phase three will build upon the results of phase two with an increased sample size.
Massachusetts Energy Efficiency Program Administrators: Retrofit Lighting Controls Measures
Published in 2014, KEMA (now DNV GL) prepared this report for the Massachusetts Program Administrators to improve the lighting control options offered by their retrofit program. The report covers:
· Massachusetts lighting controls general market and technology specific trends
· Current and expected future state of lighting controls market
· Impact evaluation and savings estimation approaches


The research team can use this document in determining current methods for estimating controls savings. The report also includes survey results around the most likely sectors to adopt lighting control retrofits, and estimates of the prevalence of lighting controls installed in commercial buildings over the past year.
Navigant Research: Intelligent Lighting Controls for Commercial Buildings
This section summarizes findings from the research team’s review of the 2013 and 2015[footnoteRef:6] Navigant Research reports “Intelligent Lighting Controls for Commercial Buildings.” These reports highlight general market trends, influences of code, and forecasts of savings, saturation, and market shipments of intelligent lighting controls. Savings estimates are derived from a NREL document that cites ASHRAE 90.1 as its source for lighting control savings factors, while saturation and shipments are market estimates from Navigant Research. [6:  The 2015 report provides new research in addition to an update of the analyses presented in the 2013 report.] 

Findings from this study may serve as useful input assumptions into the Momentum Savings methodology. The Navigant Research reports provide assumptions for savings and saturation forecasts as shown in Table 13, Table 14, and Table 15 of Appendix B. Other market trends identified in this report include:
· Larger-sized buildings tend to adopt networking lighting controls faster than smaller buildings due to the complexity of their lighting systems
· Increased mandates for specific lighting controls for certain space types due to ASHRAE 90.1 and California’s Title 24
· Falling costs for lighting control systems have made it easier for commercial customers to install such systems in their buildings
· Non-energy benefits are becoming increasingly more important relative to energy benefits
NREL: Lighting Control Evaluation Protocol
Published in May 2012, this PowerPoint presentation showcases a set of guidelines for evaluating a lighting controls project. The information provided pertains to measure definitions (control types), installation types, savings calculations, and implementer and evaluator protocols.
This information is useful as a best practices reference for designing the data collection process of this project. Additionally, this document includes four equations for calculating energy savings that cover a framework for looking at interactive heating and cooling effects from lighting controls—something that the research team may consider when developing the Momentum Savings methodology.


[bookmark: _Toc427322451]Other Studies
This section summarizes other studies the research team reviewed and considered less relevant for the purposes of this study. These studies appear in alphabetical order based on the organization publishing the study.
ACEEE: New EM&V and Program Approaches for Smart Connected Devices
This white paper explores alternative evaluation and measurement approaches using internet-connected devices to replace or augment traditional, lengthy logging studies. The paper presents an analysis of a dataset – provided by a lighting vendor – containing occupancy, energy usage, building type and other lighting aspects for a portfolio of networked lighting systems.
The potentially relevant finding from this study is data from networked lighting controls may be cheaper and quicker for measurement and verification purposes as opposed to traditional 12-18 month loggers. This may be an option to pursue with respect to the sampling plan.
BPA: Northwest Non-Residential Lighting Market Characterization
This report presents the results of a non-programmatic savings[footnoteRef:7] analysis for the non-residential lighting market in the Northwest. This report is not directly relevant to this research because the Momentum Savings findings pertain specifically to efficient lighting technologies, and not lighting controls. The report does not account for the impact of occupancy sensors, dimming controls, or other advanced lighting controls. However, the research team must consider this methodology to ensure lighting controls Momentum Savings do not include savings already accounted for by lighting Momentum Savings. [7:  Non-programmatic savings are now referred to as Momentum Savings.] 

CEC: Office Daylighting Potential
This California Energy Commission report estimates savings that could be realized from installing photocell daylighting controls in California office spaces that are exposed to daylight. This report utilizes California’s Commercial End-Use Survey (CEUS) dataset, and simulates savings using Radiance modelling software. The research team does not recommend using this approach in its derivation of Momentum Savings for lighting controls, because of its specificity to a single building and control type.
CEE: Residential Lighting Controls Market Characterization
This report presents a market characterization of residential lighting controls in the North America market. The Consortium for Energy Efficiency published the report in January 2014. While there are similar technologies used in both the residential and commercial spaces, this report is not useful because all saturation values, space types, and estimated savings are provided for residential homes, not non-residential buildings.


California Public Utilities Commission: Database of Energy Efficiency Resources
This section summarizes the research team’s review of the California Public Utilities Commission’s (CPUC) Database of Energy Efficiency Resources (“DEER”), which contains savings estimates for various energy efficiency measures. The CPUC publishes lighting-specific workbooks with hours of use by building type and sometimes space type.
While this resource is specific to California, the hours of use assumptions are still applicable towards the Momentum Savings research as they serve as good comparison point for RTF hours of use assumptions. The 2014 and 2016 versions of DEER provides hours of use with and without lighting controls across different building types, California climate zones, lighting technologies (linear fluorescents, compact fluorescent lamps and high bay lamps), and building vintage. The 2016 version of DEER includes hours of use assumptions by activity area (i.e. space type), but does not yet contain data on lighting controls or control savings. Both versions of DEER derive hours of use estimates from numerous, California-specific measurement and verification studies.
Independent Case Studies
The research team reviewed one PG&E and three SMUD site-specific lighting controls evaluations:
· PG&E: Ace Hardware LED High-Bay Lighting and Controls Project
· SMUD: Airco Mechanical Advanced Lighting Controls Project
· SMUD: Blue Diamonds Growers Advanced Lighting Controls Project
· SMUD: Intel Advanced Lighting Controls Project
The research team may pursue a similar evaluation methodology presented in these studies in its data collection plan. These four studies investigated occupancy sensors, daylighting (via photocells), and networked systems and all four studies utilized pre- and post-metering to calculate the impact of these lighting controls. The PG&E study tested six different levels of control strategies, which could be an approach worth considering for the research team’s data collection plan.
LBNL: Responsive Lighting Solutions
LBNL published this report in September 2012 which investigates “responsive lighting solutions” as an avenue of satisfying the General Service Administration’s requirement to meet energy and greenhouse gas reduction targets. Responsive lighting solutions are retrofit packages that include workstation-specific luminaires, individually-dimmable ballasts, workstation occupancy sensors, and energy management systems. This study installed responsive lighting solutions in seven sites in five federal buildings in California and measured occupancy satisfaction, energy savings, costs/payback, and the potential for responsive lighting solutions to generate significant energy savings. Where applicable, analysts measured metrics both pre-installation and post-installation.
The savings methodology presented in this report could be useful for the data collection plan. This report provides information on advanced controls not discussed in other literature reviewed. However, this report focuses on individual workstation-specific controls, which are not specific to this study on Momentum Savings. Additionally, this report focuses only on federal buildings in California and its conclusions may not be applicable to all non-residential building types in the Northwest.
NBI: Lighting Control Systems Research Methodology
The New Buildings Institute (NBI) published this white paper in December 2012 to facilitate establishing standardized metrics to evaluate the performance of advanced lighting control systems.
This document could be useful towards developing a savings methodology that accounts for code for the Momentum Savings study, something that is not addressed in other resources reviewed. The three main metrics that NBI proposed were:
· Daily consumption profile: the average lighting power density for each weekday hour in watts per square foot
· Average lighting power density: the average power usage across all daytime weekday hours and all nighttime weekday hours
· Annualized energy consumption: an estimation of the annual energy use for a site, normalized on a square foot basis
In addition, this study suggests a standardized methodology for comparing energy usage to code, called the Lighting Energy Code Comparison (LECC). The LECC process utilizes data from California’s DEER database to project energy consumption from lighting end-uses for building and space types.
NEEA: Commercial Lighting Retrofit Market Characterization
Published in March 2014, NEEA commissioned this report to better understand the commercial lighting retrofit market in the Northwest. Much of the focus of this study was upon technology replacements (replacing T12 with T8 lighting fixtures) and the relationships between contractors, utilities, manufacturers, and customers.
A section of this report focuses on lighting controls – mainly drawing the conclusions that lighting controls are currently not prevalent in building stock. The report cites 30 percent of commercial lighting nationwide has advanced lighting controls (more than just a manual switch) and that many customers are unaware that installing lighting controls can result in significant energy savings. This report provides general market insights, but is not considered significant for this study due to the focus on lighting technology replacements and interviews with market actors as opposed to logging data.
The Sixth Plan: Top Daylighting Workbook
This resource is not helpful toward the lighting controls study, because it is a supply curve workbook on top daylighting, which is not so much a lighting control as it is a type of lighting. There is no applicable information regarding hours of use or savings due to control types examined in this study.


[bookmark: _Toc427322452]Conclusion and Next Steps
The research team identified high impact space and control type applications, their corresponding hours of use assumptions and savings fractions, and recommended protocols for deriving savings from lighting controls.  The literature provides a good foundation for developing a Momentum Savings methodology.  The research team will leverage the resources presented in this report to develop the sampling plan, data collection plan, and Momentum Savings methodology for this project.  
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	Source Name (as referenced in the memo)
	Publisher
	Publishing Year
	MLA Citation
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[bookmark: _Ref423939339][bookmark: _Toc427322457]Table 5: RTF Lighting Calculator Controls Questions
	Category
	Response Options

	Installed Location
	Fixture, ceiling, wall

	Occupancy Sensor Control Strategy
	Occupancy, vacancy

	Occupancy Sensor Time Delay Setting
	Open-ended

	Bi-Level Switching or Dimming Control Strategy
	Manual, occupancy, photocell, scheduling

	Daylight Sensor Switching
	Stepped (if so, number of stepped levels), continuous

	Window Orientation
	North, south, east, west


Source: RTF Lighting Protocols Interview Guide
[bookmark: _Ref423939378][bookmark: _Toc427322458]Table 6: RTF Lighting Calculator Savings by Control, Building and Space Types
	Lighting Control Type
	Impact
	Control Savings Fraction (CSF)
	Applicable Building Types
	Applicable SUTs

	Manual Light Switch
	Hours of Use
	0%
	All
	All

	Daylight Controls – Continuous Dimming
	Fixture Wattage
	30%
	Office, School K-12
	Open Office, Classroom

	Daylight Controls – Multi-Step Dimming
	Fixture Wattage
	20%
	
	

	Occupancy Sensor
	Hours of Use
	30%
	College/University, Area Lighting, Parking Garage, School K-12, Warehouse
	Classroom, Parking Garage/Exterior, Classroom, Aisle Lighting

	Occupancy Sensor w/ Daylight Sensor – Continuous Dimming
	Hours of Use, Fixture Wattage
	40%
	
	

	Occupancy Sensor w/ Daylight Sensor – Multi-step Dimming
	Hours of Use, Fixture Wattage
	35%
	
	

	Occupancy Sensor w/ Daylight Sensor – On/Off Operation
	Hours of Use
	35%
	
	

	Bi-Level Lighting
	Fixture Wattage
	35%
	College/University, Office, School K-12
	Classroom, Stairway


Source: RTF Lighting Calculator
[bookmark: _Ref423939593]
[bookmark: _Ref298509465][bookmark: _Toc427322459]Table 7: RTF Priority Input Savings Fractions by Space Type and Control Type
	Space Type
	Occupancy Sensor
	Daylight Sensor
	Bi-level Switching
	Dimmers, Wireless on/off Switches
	Advanced Controls
	Occupancy & Daylight
	None

	Assembly
	36%
	36%
	6%
	6%
	36%
	40%
	0%

	Break Room
	20%
	20%
	6%
	6%
	36%
	40%
	0%

	Classroom
	18%
	29%
	6%
	6%
	60%
	34%
	0%

	Computer Room
	35%
	18%
	6%
	6%
	36%
	34%
	0%

	Conference
	35%
	18%
	35%
	35%
	36%
	40%
	0%

	Dining
	35%
	18%
	6%
	6%
	36%
	40%
	0%

	Gymnasium
	35%
	35%
	6%
	6%
	36%
	40%
	0%

	Hallway
	15%
	15%
	6%
	6%
	36%
	34%
	0%

	Hospital Room
	45%
	27%
	6%
	6%
	36%
	35%
	0%

	Industrial
	45%
	0%
	35%
	35%
	36%
	40%
	0%

	Kitchen
	30%
	0%
	6%
	6%
	36%
	34%
	0%

	Library
	15%
	18%
	6%
	6%
	60%
	34%
	0%

	Lobby
	25%
	18%
	6%
	6%
	36%
	40%
	0%

	Lodging (Guest Rooms)
	45%
	0%
	35%
	35%
	36%
	40%
	0%

	Open Office
	22%
	27%
	35%
	35%
	36%
	40%
	0%

	Parking Garage
	15%
	0%
	0%
	0%
	36%
	0%
	0%

	Private Office
	22%
	27%
	35%
	35%
	36%
	40%
	0%

	Process
	45%
	0%
	6%
	6%
	60%
	34%
	0%

	Public Assembly
	36%
	36%
	6%
	6%
	36%
	40%
	0%

	Restroom
	40%
	0%
	6%
	6%
	36%
	40%
	0%

	Retail
	15%
	29%
	6%
	6%
	60%
	34%
	0%

	Stairs
	25%
	0%
	0%
	0%
	36%
	18%
	0%

	Storage
	45%
	0%
	6%
	6%
	60%
	40%
	0%

	Technical Area
	35%
	18%
	6%
	6%
	36%
	34%
	0%

	Warehouses
	31%
	28%
	35%
	35%
	60%
	40%
	0%

	Other
	7%
	18%
	6%
	6%
	36%
	34%
	0%


Source: RTF Priority Input Sheet
[bookmark: _Ref423939861]

[bookmark: _Ref298509789][bookmark: _Toc427322460]Table 8: RTF Reference Data Lighting Controls Savings by Space Type and Source
	Space Type
	CA-OC
Savings
	LBNL-OC
	LBNL Daylighting
	EMaine
	Pacific Power
	Idaho Power
	Avista Utilities

	Savings Units
	HOU
	Energy
	Energy
	Energy
	Energy
	Energy
	HOU

	Assembly
	45%
	36%
	36%
	
	
	
	

	Break Room
	25%
	
	
	20%
	
	
	

	Classroom
	30%
	18%
	29%
	30%
	
	
	20%

	Computer Room
	35%
	
	
	
	
	
	

	Conference
	35%
	
	
	45%
	
	
	

	Dining
	35%
	
	
	
	
	
	

	Gymnasium
	35%
	
	
	35%
	
	
	

	Hallway
	25%
	
	
	15%
	
	
	

	Hospital Room
	45%
	
	
	
	
	
	35%

	Industrial
	45%
	
	
	
	
	
	

	Kitchen
	30%
	
	
	
	
	
	

	Library
	15%
	
	
	
	
	
	

	Lobby
	25%
	
	
	
	
	
	

	Lodging (Guest Rooms)
	45%
	45%
	
	
	
	
	

	Open Office
	15%
	22%
	27%
	15%
	
	
	35%

	Private Office
	30%
	22%
	27%
	30%
	
	
	

	Process
	45%
	
	
	
	
	
	

	Public Assembly
	35%
	36%
	36%
	
	
	
	

	Restroom
	45%
	
	
	40%
	
	
	

	Retail
	15%
	
	29%
	
	
	
	

	Stair
	25%
	
	
	
	
	
	

	Storage
	45%
	
	
	55%
	
	
	

	Technical Area
	35%
	
	
	
	
	
	

	Warehouses
	45%
	31%
	28%
	50%
	
	
	35%

	Other
	15%
	7%
	18%
	
	
	
	

	Parking Garage
	15%
	
	
	
	
	
	


Source: RTF Reference Data
[bookmark: _Ref423939681]

[bookmark: _Ref424658820][bookmark: _Toc427322461]Table 9: The Sixth Plan Interior Lighting Controls Hours of Operation and Use by Building Type 
	Building Type
	Hours of Operation
	Hours of Use
	Building Type
	Hours of Operation
	Hours of Use

	Large Off
	4,300
	3,870
	Warehouse
	3,800
	3,420

	Medium Off
	3,800
	3,420
	Supermarket
	5,800
	5,220

	Small Off
	3,800
	3,420
	MiniMart
	5,800
	5,220

	Big Box
	4,800
	4,320
	Restaurant
	5,100
	4,590

	Small Box
	3,900
	3,510
	Lodging
	4,200
	3,780

	High End
	3,400
	3,060
	Hospital
	6,400
	5,760

	Anchor
	4,000
	3,600
	OtherHealth
	3,600
	3,240

	K-12
	2,900
	2,610
	Assembly
	2,800
	2,520

	University
	3,000
	2,700
	Other
	3,600
	3,240


[bookmark: _Ref423939683]Source: Northwest Power & Conservation Council, Conservation Supply Curves
[bookmark: _Ref298500744][bookmark: _Toc427322462]Table 10: The Sixth Plan Interior Lighting Controls Savings
	Building Type
	Space Type
	Control Type
	Fraction of Building Wattage in Area
	Hours Saved (Occupancy Sensor Only)
	Control Factor (Dimming Only)
	Daily Dimmed Hours
	Effective HOU Savings (Dimming)

	Large Off
	Open Off
	Occ
	40%
	35%
	 
	 
	

	Medium Off
	Open Off
	Occ
	40%
	35%
	 
	 
	

	Small Off
	Open Off
	Occ
	40%
	35%
	 
	 
	

	Big Box
	Sales
	Dim
	80%
	 
	66%
	3
	8%

	Small Box
	Sales
	Dim
	80%
	 
	66%
	1
	3%

	High End
	-
	Dim
	80%
	 
	66%
	1
	3%

	Anchor
	-
	Dim
	80%
	 
	66%
	1
	3%

	K-12
	Classroom
	Occ
	30%
	20%
	 
	 
	

	University
	Open Off
	Occ
	30%
	35%
	 
	 
	

	Warehouse
	Aisle Light
	Occ
	80%
	35%
	 
	 
	

	Supermarket
	Sales
	Dim
	80%
	 
	66%
	5
	14%

	MiniMart
	Sales
	Dim
	80%
	 
	66%
	1
	3%

	Restaurant
	Stairwell
	Dim
	3%
	 
	66%
	23
	63%

	Lodging
	Stairwell
	Dim
	3%
	 
	66%
	23
	63%

	Hospital
	Exam
	Occ
	10%
	20%
	 
	 
	

	OtherHealth
	Open Off & Exam
	Occ
	20%
	35%
	 
	 
	

	Assembly
	Stairwell
	Dim
	3%
	 
	66%
	23
	63%

	Other
	Stairwell
	Dim
	3%
	 
	66%
	23
	63%


Source: Northwest Power & Conservation Council, Conservation Supply Curves
[bookmark: _Ref423939893]

[bookmark: _Ref298510059][bookmark: _Toc427322463]Table 11: The Sixth Plan Side Daylighting Hours of Operation 
	Building Type
	Daylight Perimeter Area as Percent of Floor Area
	Baseline Hours of Use

	Large Off
	38%
	3,870

	Medium Off
	35%
	3,420

	Small Off
	58%
	3,420

	K-12
	25%
	2,610

	University
	35%
	2,700

	Other Health
	37%
	3,240

	Assembly
	30%
	2,520

	Other
	27%
	3,240


Source: Northwest Power & Conservation Council, Conservation Supply Curves
[bookmark: _Ref423940113][bookmark: _Toc427322464]Table 12: LBNL Average Energy Savings by Building Type and Control Type
	Building Type (Alone)
	Occupancy
	Daylighting
	Personal Tuning
	Institutional Tuning
	Multiple Types

	Office
	22% (n=23)
	27% (n=18)
	35% (n=13)
	36% (n=11)
	40% (n=24)

	Warehouse
	31% (n=4)
	28% (n=1)
	-
	-
	-

	Lodging
	45% (n=2)
	-
	-
	-
	-

	Education
	18% (n=5)
	29% (n=7)
	6% (n=2)
	-
	34% (n=7)

	Retail (other than Mall)
	-
	29% (n=3)
	-
	60% (n=1)
	-

	Healthcare Inpatient
	-
	-
	-
	-
	35% (n=1)

	Public Assembly
	36% (n=2)
	36% (n=1)
	-
	-
	-

	Healthcare Outpatient
	23% (n=1)
	-
	-
	-
	-

	Other
	7% (n=1)
	18% (n=1)
	-
	-
	-


Source: LBNL, 2011
[bookmark: _Ref423940149][bookmark: _Toc427322465]Table 13: Navigant Research 2013 Lighting Controls Savings Assumptions
	Lighting Control Type
	Units
	Savings

	Light Switch
	(%)
	0%

	No Controls
	(%)
	0%

	Daylight Controls (DC) - Continuous Dimming
	(%)
	30%

	DC - Multiple-Step Dimming
	(%)
	20%

	DC - On/Off
	(%)
	10%

	Occupancy Sensors (OS)
	(%)
	30%

	OS with DC - Continuous Dimming
	(%)
	40%

	OS with DC - Multiple-Step Dimming
	(%)
	35%

	OS with DC - On/Off
	(%)
	35%


Source: Navigant Research, Intelligent Lighting Controls, 2013
[bookmark: _Ref423940151]

[bookmark: _Ref298510376][bookmark: _Toc427322466]Table 14: Navigant Research 2013 Lighting Controls Saturation Assumptions
	Application
	Typical Size of Space (SF)
	Avg. Number of Occupancy Sensors (Units)
	Avg. Number of Photosensors
(Units)
	Avg. Number of Switches
(Units)

	Assembly & Athletic
	20,000
	8.0
	2.0
	10.0

	Bathroom
	250
	1.0
	-
	1.0

	Boarding
	200
	1.0
	-
	1.0

	Classroom & Dining
	500
	1.0
	1.0
	2.0

	Display - Small
	5,000
	4.0
	-
	5.0

	Display - Big Box
	50,000
	10.0
	10.0
	10.0

	Food Prep & Shop
	500
	1.0
	-
	1.0

	Hall - Offices
	500
	2.0
	-
	1.0

	Hall - Open Spaces
	1,000
	1.0
	2.0
	1.5

	Office & Healthcare - Private
	150
	1.0
	0.2
	1.0

	Office & Healthcare - Open
	10,000
	5.0
	13.3
	10.0

	Storage & Ship/Rec
	20,000
	8.0
	10.0
	8.0

	Utility
	1,000
	1.0
	-
	1.0


Source: Navigant Research, Intelligent Lighting Controls, 2013
[bookmark: _Ref423940179][bookmark: _Toc427322467]Table 15: Navigant Research 2015 Lighting Controls Savings Assumptions
	Lighting Control Type
	Units
	Savings

	Lights with No Controls
	(%)
	0%

	Lights with Timers
	(%)
	0%

	Occupancy Sensors
	(%)
	24%

	Lights with Dimmers
	(%)
	36%

	Lights with Full EMS Control
	(%)
	38%


Source: Navigant Research, Intelligent Lighting Controls, 2015
