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1. EXECUTIVE SUMMARY 

Redding Electric Utilities (REU) contracted TRC to provide an impact evaluation of their Commercial Lighting 
Program for Fiscal Year (FY) 2017. The primary purpose of the impact evaluation was to provide verified 
electricity (kWh), demand (kW), and lifecycle savings for reporting to the California Energy Commission (CEC). 

TRC verified a sample of 14 out of 67 total projects, with an emphasis on projects with high ex ante savings and a 
target of 90% confidence / 10% precision. TRC used the on-site verification to gather data on the quantity of 
measures installed, installed wattage, operating hours and baseline measure characteristics (based on facility 
operator interviews and site observations), and facility type. TRC used a desktop review to identify the baseline 
wattage based on the California Municipal Utilities Association (CMUA) Technical Reference Manual (TRM)1, 
verify the Savings Reduction Factor to account for increasing efficacy requirements in appliance regulations and 
increasing lighting power density requirements in Title 24, and verify HVAC interactive effects and coincident 
demand factors.  

Based on results of our on-site verification and desktop review, TRC adjusted savings for all projects sampled. 
TRC’s primary adjustment to first year kWh savings came from adjustments to operating hours; in addition, at 
one project with large savings, TRC made a large reduction in measure quantity. TRC’s primary adjustment to 
lifecycle savings was reductions to the effective useful life (EUL); TRC calculated a measure-specific EUL based on 
measure life and operating hours, while the program assumed 15 years for all measures. TRC’s primary 
adjustment to demand savings (in addition to the adjustments in measure quantity) was removing demand 
savings for exterior lighting projects. Using a stratified ratio method, TRC calculated realization rates and ex post 
savings shown in Figure 1. 

Figure 1. Summary of Savings 

Savings Ex Ante Ex Post Realization 
Rate 

Precision 

First year savings (kWh) 3,179,485 2,604,717 0.82 5.6% 

Lifecycle savings (kWh) 39,338,929 17,657,382 0.45 10.7% 

First year demand (kW) 421 288 0.68 19.5% 

Assuming a net-to-gross ratio of 0.80 for commercial lighting measures, TRC calculated first year net savings of 
2,083,774 kWh and lifecycle net savings of 14,125,904 kWh. 

TRC provided several recommendations for improving realization rates in the future, including: 

 Use actual (documented) facility operating hours for interior measures  

 Use 4,100 operating hours for exterior measures 

 Calculate a measure-specific Effective Useful Life (EUL) 

 Use a Coincidence Demand Factor (CDF) that is specific to the building type, and that is zero for exterior 
measures 

                                                           

 

1 TRC used the 2016 version of the TRM and TRM calculators, since those resources were published at the start of FY2017. 
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 Update Savings Reduction Factors, which account for reductions in savings for the second baseline (used 
in the lifecycle savings calculation) to account for codes and standards requirements that lead to 
increased efficacy  

 Retain complete project backup documentation 

 Enhance documentation for T12 replacements 

 Implement desk reviews of all applications  

 Use a standard checklist for inspections 

 Review the program application form for potential improvements 

 Consider offering lighting controls 

Because TRC evaluated the FY2017 program, and REU made substantial changes to the program in FY2018, REU 
may have fully or partially carried out some of these recommendations already. 
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2. INTRODUCTION 

Redding Electric Utilities (REU) contracted TRC and its subcontractor Ridge and Associates (collectively referred 
to in this report as “TRC”) to provide an impact evaluation of their Commercial Lighting Program for Fiscal Year 
(FY) 2017. This program provides rebates for efficient lighting to commercial customers. In FY2017, almost all 
incentivized measures were LED lamps or LED fixtures.  The program did not incentivize lighting controls, 
although some customers installed controls outside of the program. All installations were for customers that 
retrofitted their existing lighting systems. Customers claimed operating hours specific to their facility. 

The purpose of the impact evaluation was to provide verified electricity (kWh), demand (kW), and lifecycle 
savings for reporting to the California Energy Commission (CEC). TRC also provides recommendations for 
improving realization rates in future program years.  
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3. METHODOLOGY 

 Sampling Methodology 

In FY2017, there were 67 projects in the program. By “project”, TRC refers to a unique site, which may have had 
multiple measures installed. This section describes the approach that TRC used to select a sample of projects for 
verification. 

The 67 projects varied in ex ante savings, with four projects contributing almost half of the total ex ante savings. 
Consequently, TRC used a stratified ratio estimation design to select a sample of projects for verification. Using 
stratified ratio estimation reduced the total number of projects TRC needed to verify to reach the targeted 90% 
confidence /10% precision compared to simple random sampling.   

The first step was for TRC to decide which projects should be excluded from their analysis because they were 
too small to merit the cost of a detailed review of their savings. TRC decided that any project with less than 
12,000 kWh should be dropped, leaving 51 projects from which to draw the sample. 

Next, TRC used the Dalenius Hodges technique (described in the Appendix: Section 8) to define three strata. 
Figure 2 presents the population of projects within each stratum and the total kWh in each. The three strata 
total 98% of ex ante first year savings, because the excluded projects (with savings smaller than those in stratum 
1) comprise the remaining 2%. Stratum 3 contains the four largest projects. 

Figure 2. Strata Identified for Sampling 

Strata 
Number of 

Projects kWh 
Percent of 

Savings 
Sample 

Size 

1 33 
           

698,431  22% 4 

2 14 
           

974,716  31% 4 

3 4 
       

1,443,027  46% 4 

Total 51 
       

3,116,175  100% 12 

Figure 3 shows that the distribution of the ex ante first year savings for the 51 projects is highly skewed, with the 
four projects in stratum 3 constituting almost half the total savings. 
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Figure 3. Distribution of Ex Ante First Year kWh Savings for Projects in Sampling Strata 

 

For strata 1 and 2, TRC selected a random sample of four projects in each stratum, and then randomly selected 
an additional 4 projects in each stratum to serve as backups in case some participants could not be reached or 
refused to participate in on-site verification. For stratum 3, TRC selected all four projects (a census). 

REU staff members contacted participants to alert them that TRC would be contacting them to request a site 
visit. TRC reached out to the 12 projects in the original sample. Most agreed the request, including all four 
participants in stratum 3. Five participants in strata 1 or 2 originally did not respond to TRC’s request. 
Consequently, TRC contacted customers at back-up project sites and arranged site visits. Two participants that 
had originally been contacted later responded to TRC’s request and agreed to a site visit. Consequently, TRC 
ultimately verified 14 projects. Figure 4 lists the projects that TRC verified.  

Figure 4. Projects Verified 

Strata Project ID Note if Back-up Project used 

1 31   

1 8   

1 45 Back-up for Project 33  

2 57 Back-up for Project 13  

2 37 Back-up for Project 2  

2 9   
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3 56   

 -

 100,000

 200,000

 300,000

 400,000

 500,000

 600,000

 700,000

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49 51

kW
h



Redding Electric Utilities| Commercial Lighting Program Impact Evaluation 

6  |  TRC Energy Services  

 Verification for Sampled Projects 

For the sample of projects, TRC conducted on-site verifications and a desktop review, as described below. Based 
on the on-site findings and desktop review, TRC adjusted input parameters for the savings calculation for each 
project.  

Projects 56 and 97 had a large number of measures installed. Due to limited time and to reduce the burden for 
the facility staff that hosted the on-site visit, TRC verified a sample of measures at these projects representing at 
least two-thirds of the claimed savings in both cases. TRC then assumed that our findings for those measures 
applied to the remainder of the project – i.e., multiplied the realization rate for the sampled measures by the 
project-level ex ante savings to calculate the project-level ex post savings.  

 Data Collected through On-Site Verification and File Review  

For the on-site verification of projects, TRC: 

 Verified the number of installed measures claimed and that they are still operating;  

 Verified the lighting wattage met the specifications in program files; 

 Identified the location of the installed measures as conditioned or unconditioned space and the type of 
business, since these influence HVAC interactive effect (IE) factors and the coincidence demand factor 
(CDF). 

TRC also asked facility staff:  

 To confirm operating hours for the lighting measures affected by the retrofit,  

 About the type of lamp or fixture removed in the retrofit (i.e., for the pre-retrofit lighting equipment). 
For projects that claimed T12 replacements, TRC provided a to-scale picture of different types of linear 
fluorescent lamps: T5s, T8s, and T12s, when asking about pre-retrofit equipment. 

As part of the desktop review, TRC: 

 Reviewed the project files to identify the baseline lamp or fixture and adjusted the baseline wattage 
assumption to align with the California Municipal Utilities Association (CMUA) Technical Reference 
Manual (TRM)1, to provide consistency in assumptions.  

 Identified the correct TRM interactive effects and CDFs based on the TRM.   

 Reviewed the Savings Reduction Factor. This factor is a reduction in first year savings that both REU and 
TRC applied to lifecycle savings. It accounts for improvements in efficacy and lighting power density 
(LPD) requirements required by federal regulations, and California building code (Title 24) that would 
have been triggered when the project was retrofitted. Section 3.2.2 provides more information.  

 Confirmed that REU paid the rebate during FY2017, and that the project had not been claimed in 
FY2016. 

 Savings Calculations  

TRC used the following approach  to calculate program savings. 

First Year Savings Calculation 

                                                           

 

1 TRC used the 2016 version of the TRM and TRM calculators, since those resources were published at the start of FY2017. 
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TRC used the following equation to calculate first year kWh savings for almost all projects: 

First year savings (kWh) = Number of measures x (Baseline wattage – Installed wattage) x Operating hours x 
HVAC IE Energy Factor / 1000 W/kW, where 

Number of measures = the quantity of measures (number of lamps or fixtures) installed 

Baseline wattage = wattage of the lighting product (lamp or fixture) that was removed 

Installed wattage = wattage of the lighting product (lamp or fixture) that was installed  

Operating hours = number of hours the lighting operates per year, accounting for installed controls 

HVAC Interactive Effect (IE) Energy Factor = a multiplier that accounts for reduction in cooling energy 
because of reduced waste heat due to the more efficient lighting installed through the project 

In most projects, the pre-retrofit hours matched the post-retrofit hours. However, in some cases, controls had 
been installed after the project. TRC assumed the post-retrofit hours for both the pre-and post-retrofit hours. 
This is because none of the participants installed controls through the program, so the program should not be 
credited for reductions in operating hours. The post-retrofit operating hours better represent actual energy 
savings and are more verifiable than pre-retrofit hours. 

For almost all projects, the number of measures pre-retrofit equaled the number post-retrofit. However, there 
were three small projects where the participant intentionally decreased the number of lights, because the pre-
retrofit lighting output was higher than needed. TRC verified the reduction in quantity for these projects through 
facility operator interviews. For these three projects, TRC accounted for this difference in quantity as shown 
below. 

First year savings (kWh) = [(Number of pre-retrofit measures x Baseline wattage) – (Number of post-retrofit 
measures x Installed wattage)] x Operating hours x HVAC IE Energy Factor / 1000 W/kW 

Lifetime Savings Calculation 

TRC used the following equation to calculate lifetime kWh savings: 

Lifetime savings (kWh) = First Year Savings EUL/3 + First Year Savings x (100% - Savings Reduction Factor) x EUL x 
2/3, where 

EUL = Effective Useful Life, the measure life (in years) that the installed lighting measure is expected to 
operate before burnout or other failure 

Savings Reduction Factor = a percentage of first year savings that is applied to the remaining useful life 
of the installed measure to account for increasing lighting efficacy from federal regulations and building 
code (Title 24) 

For the EUL assumption, TRC used the minimum of the following values, aligning with the TRM1: 

 The measure-specific EUL calculated by dividing the measure life (50,000 hrs for LED fixtures and 25,000 
hrs for LED lamps) by the operating hours of that space. For example, for an LED fixture installed as 
exterior lighting – operating hours 4,100 per year, the EUL is 50,000 hrs / 4,100 hrs/yr = 12.2 yrs; or 

 15 years 

                                                           

 

1 CMUA TRM 2016 states that users should calculate measure-specific EUL based on measure life and operating hours with a maximum 
value of 15 years. TRM104 calculator v. 2016 provides measure life of 50,000 hours for LED fixtures and 25,000 hours for LED lamps. 
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All projects in the FY2017 program were early retirement, meaning that the customers replaced working fixtures 
or lamps with the high efficacy lighting projects. Per the TRM, the baseline for the Remaining Useful Life (RUL) of 
the measure is the replaced lighting product – i.e., the fixture or lamp that was installed prior to the project, and 
the second baseline is a code-compliant measure. To estimate the efficacy of a code-compliant measure, 

The CMUA Reporting Guidelines provides Savings Reduction Factor, because an adjustment in the second 
baseline wattage is sometimes needed to account for one or both of the following: 

1. Increasing efficacy requirements from federal appliance regulations, such as the Energy Independence 
and Security Act (EISA), or from state appliance standards, such as Title 20, and 

2. Increasing the stringency of lighting power density (LPD) requirements in the California Building Energy 
Efficiency Standards (Title 24) that are usually met by installing lighting products with higher efficacy.  

In the REU FY2017 database, these are referred to as the “Title-24 Adjustment Factor”. TRC uses the term 
Savings Reduction Factor, to account for both the adjustments from appliance regulations and from Title 24. 

REU provided TRC with the Savings Reduction Factor assumptions based on the methodology described in a 
CMUA reporting workbook. TRC reviewed the reduction factors in the CMUA reporting workbook, as well as the 
Title-24 Adjustment Factor that REU assumed in the FY2017 database. In some cases, REU assumed a different 
value than the values in the CMUA reporting workbook. TRC considered both the factors in the reporting 
workbook and the REU factors and chose the factor that we judged most accurate. For all measures, one of the 
values (either the reporting workbook or REU factor) was reasonable. In general, TRC assumed a reduction 
factor of 20% to account for increasing LPD requirements from Title 24 and added a reduction factor where 
needed to account for increasing efficacy in appliance regulations. 

Figure 5 shows the adjustment factors provided in the CMUA reporting workbook, the adjustment factors used 
by REU in the FY2017 for the ex ante lifecycle savings calculations, the reduction factor assumed by TRC for ex 
post calculations, and the rationale. Values in red indicate factors where REU or TRC assumed a different value 
than the CMAU reporting workbook. 
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Figure 5. Savings Reduction Factor Assumptions and Rationale 

Existing 
Fixture/Lamp 
Type 

CMUA 
Reporting 
Workbook 
Savings 
Reduction 
Factor 

REU 
Reduction 
Factor in 
FY2017 
Database 

Reduction 
factor 
used by 
TRC TRC’s Rationale 

T12 40% 60% 40% 

Estimated that T12 lamps use 19% more electricity than 
federal regulation compliant T8 lamps1, and assumed an 
additional 20% increase in efficacy to meet T24 LPD 
requirements; rounded to 40% for simplicity and to align 
with Reporting Guidelines value 

T8 10% 20% 20% 
Assumed 20% increase in efficacy to meet T24 LPD 
requirements 

T5 0% 20% 20% 
Assumed 20% increase in efficacy to meet T24 LPD 
requirements 

HID 20% 20% 20% 
Assumed 20% increase in efficacy to meet T24 LPD 
requirements 

Incandescent 100% 50% 50% 

Estimated that halogen lamps use 28% more electricity 
than EISA-compliant halogen lamps2, and assumed an 
addition 20% increase in efficacy to meet T24 LPD 
requirements; rounded to 50% for simplicity and to align 
with REU value 

CFL 100% 20% 20% 
Assumed 20% increase in efficacy to meet T24 LPD 
requirements 

LED3 0%   0% 
Assumed no adjustment needed to meet T24 LPD 
requirements 

As shown in the equation for calculating lifecycle savings, first year savings are multiplied by (100% - Savings 
Reduction Factor). Consequently, a Savings Reduction Factor of 0% leads to no adjustment to savings, and an 
adjustment factor of 100% leads to a savings calculation of 0. In general, TRC’s reduction factors aligned with 
those assumed by REU. The only variance was for T12s.  

Demand Savings Calculation 

TRC used the following equation to calculate first year demand (kW) savings: 

First year demand (kW) = Number of measures x (Baseline wattage – Installed wattage) x HVAC IE Demand 
Factor x CDF / 1000 W/kW, where 

HVAC Interactive Effect (IE) Demand Factor = a multiplier that accounts for reduction in cooling demand 
because of reduced waste heat due to the more efficient lighting installed through the project 

                                                           

 

1 Assumes a 2-lamp T12 fixture, where the T12 lamps use 72W and T8 equivalent lamps use 58W, per the TRM104 calculator v. 2016. 

2 Assumes a 60W incandescent lamp and 43W EISA compliant halogen, per the TRM104 calculator v. 2016. 

3 LED was not a baseline measure replaced in the FY2017 database, but we include this row for discussion purposes. 
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CDF = Coincident Demand Factor, a multiplier between 0 and 1 that accounts for the overlap in the 
system operation compared with timing of peak demand.  

Source of Inputs for Savings Calculations 

Figure 6 shows TRC’s source for each calculation input in our ex post calculations, the source for REU in their ex 
ante calculations, and the savings that each calculation parameter affects. 

Figure 6. Source of Savings Assumptions for TRC (Ex Post) and REU (Ex Ante) Calculations 

Parameter and Source Savings Affected 

Calculation 
Parameter 
(units) TRC's Source for Value REU Source for Value 

1st 
Year 
kWh 

Life-
cycle 
kWh 

Demand 
(kW) 

Measure 
quantity 
(number) Verified on-site 

Application, 
specification sheets, 
and/or inspections x x x 

Baseline 
Wattage (W) 

Identified lamp/fixture type from application and 
facility staff interview, and assumed TRM baseline 
based on lamp/fixture type 

Lamp/fixture type 
based on application 
and pre-inspection x x x 

Installed 
Wattage (W) Verified on-site and through specification sheets 

Application, 
specification sheets, 
and/or post-inspection x x x 

Operating 
Hours 
(Hours/year) 

Facility operator interview, compared to business 
operating hours. Assumed 4,100 for exterior 
measures per TRM and because control measures 
were verified on-site for all exterior projects 

Facility operator 
interview x x  

Savings 
Reduction 
Factor (%) 

Assumed deemed values from either CMUA 
Reporting Guidelines or REU 

Deemed values, some 
aligned with Reporting 
Guidelines 
assumptions  x  

HVAC IE 
Factors 
(Multiplier) 

Verified business type on-site and chose 
appropriate deemed values from TRM. Assumed 
no interactive effect for all exterior measures 

Assumed 1.08 energy 
factor and 1.2 demand 
factor for all projects, 
including exterior  x x  

Coincidence 
Demand Factor 
(Value 0-1)  

Verified business type on-site and chose 
appropriate deemed values from TRM. Assumed 0 
for all exterior measures 

Assumed 0.58 for all 
projects, including 
exterior   x 

Effective Useful 
Life (years) 

Calculated measure-specific EUL by dividing 
measure life (50,000 hrs for LED fixtures and 
25,000 hrs for LED lamps) by operating hours; and 
assuming max of 15 yrs 

Assumed 15 years for 
all measures  x  
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4. RESULTS BY PROJECT  

This section provides results for each project sampled for verification and identifies whether TRC made major 
modifications to quantities of fixtures, baseline or installed wattage, and operating hours. Projects are listed in 
descending order of ex ante kWh savings.  

Section 5.1 describes additional modifications that TRC made to all projects that affect lifecycle savings, 
specifically adjustments to the EUL and adjustments to the Savings Reduction Factor. Section 5.2 describes TRC’s 
adjustments to the CDF, which affects demand savings. TRC does not note adjustments to HVAC IE Savings 
factors, since these have a small impact on savings. Also, TRC verified that all projects were paid in FY2017, and 
that there was no savings claim for these projects in FY2016 (based on a review of the FY2016 database) so did 
not adjust savings based on timing for any projects. 

 Project 56  

Project Description: Project 56 is a large exterior and parking garage lighting project at a medical campus. The 
project replaced a variety of lighting including high pressure sodium, metal halides, incandescent, CFLs and 
fluorescent T8s with LED lamps and fixtures.    

EM&V Findings:  Because of the large number of measures installed in this project, TRC verified 36 measures 
(totaling 615 lamps and fixtures) of the total 56 measures (totaling 819 lamps and fixtures) – approximately 
three-fourths of the lighting products claimed.  

In general, TRC’s on-site observations matched the claimed fixture types and quantities. TRC notes the following 
discrepancies: 

 For one measure installed in stairs, the program listed the old fixture quantity at 12 and the installed 
quantity at 35. TRC counted 12 installed LED fixtures. Because the facility staff could not verify that a 
different quantity was installed pre-retrofit, TRC assumed 12 for pre and post-retrofit.  

 In a trash area, the program listed 44 fixtures. TRC counted 48 installed LED fixtures and adjusted the 
calculation accordingly. 

 In one parking area, the program listed lists 114 fixtures T8s. TRC counted 42 installed fixtures each with 
2 LED tube lamps and adjusted the calculation accordingly. 

 In the parking structure, the program listed 200 fixtures. TRC counted 189 installed LED fixtures and 
adjusted the calculation accordingly. 

TRC made a significant adjustment to operating hours. The program assumed continuous operation: 8,670 hours 

per year. Because this is an exterior lighting project, TRC assumed 4,100 operating hours per year for all 

measures except the parking garage where we assumed 8,760 hours.  

 Project 59  

Project Description: Project 59 is an interior lighting project in a retail store. The project replaced metal halide 
lamps in high bay fixtures with LEDs lamps.  

EM&V Findings: TRC observed that the number of high bay retrofits on the sales floor and the tire sales area 
matched the number that the program claimed.  TRC observed that the customer installed additional LEDs in 
other areas of the facility, but since those actions were not conducted within the program, TRC did not account 
for them in the calculations.  

Based on TRC’s interviews with facility staff and the business hours, the lights in most areas of the sales floor 
and the tire bay operate 6,542 hours per year (19 hours per day Monday through Friday, 17 hours per day on 
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Saturdays, and 16 hours per day on Sunday, and six holidays per year). The program had assumed 4,200 hours 
for these areas. 

Facility staff reported that lights in another portion of the sales floor are controlled by a lighting management 
system that shuts off 30%-50% of fixtures for seven hours per day when there is sufficient daylight present. TRC 
assumed 3,994 hours per year for this area (based on the assumption that they would be off an additional 7 
hours per day compared with the other lighting), which is higher than the 2,048 hours assumed by the program. 

 Project 12  

Project Description: Project 12 is an interior lighting retrofit on the sales floor and in the fitting rooms of a 
department store. The project replaced T8 lamps with reduced wattage T8s and upgraded CFL fixtures with LED 
replacement kits.   

EM&V Findings: There was a large discrepancy in the number of two lamp reduced wattage T8s between the 
program’s claims and TRC’s observations. Instead of the 756 lamps claimed by the program, TRC found 267 
lamps and adjusted the measure quantity accordingly. For all other measures, the measure quantities and 
wattages matched the program claimed. 

For operating hours, the program assumed 5,280 hours per year. Facility staff indicated that lighting run time 
hours are 11.5 hours per day six days per week and 7.5 hours per day one day per week, with two days of 
holiday closures. Consequently, TRC adjusted operating hours to 3,959 hours per year.  

 Project 34  

Project Description: Project 34 is an interior lighting project at a municipal waste handling facility that replaced 
high bay metal halide lamps with LED retrofit kits.  

EM&V Findings: During TRC’s visit, various construction equipment was in operation at the main building, which 
made it challenging for TRC to precisely verify the 120 fixtures that the program claimed. TRC’s final tally was 
110 fixtures.  

Facility staff verified that the pre-retrofit fixtures were metal halide. 

For operating hours, the program assumed 6,916 hours per year. Facility staff indicated that controls have been 
installed, so that the lighting run time is 12 hours per day for 6 days each week. Consequently, TRC adjusted 
operating hours to 3,744 hours per year. 

 Project 9 

Project Description: Project 9 is an interior and exterior lighting project at a gas station. The interior lighting 
project replaced T12s with linear LEDs and recessed CFLs with LEDs. The cooler and freezer lighting project 
replaced T12s with tubular LEDs. The exterior lighting project upgraded metal halide wall packs to LED wall packs 
and upgraded pole mounted fixtures with LED replacement kits. Linear LED T8s replaced exterior T12s under the 
building’s eaves. 

EM&V Findings:  The quantities and types of fixtures observed by TRC mostly matched the project files, with the 
following exceptions: 

 The program claimed four LED lamps for each reach-in freezer, while TRC found six LED lamps in each 
freezer.  

 The program used T12s as the pre-retrofit lighting on the sales floor. Because there was no 
documentation of existing T12s and the facility operator could not verify the baseline condition, TRC 
assumed the pre-retrofit lighting was T8s for this location.   
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 Instead of four outdoor light poles in the program database, TRC observed five light poles.  

 The program claimed that interior pre-retrofit recessed fixtures were 32W CFLs, but TRC confirmed they 
were 26W CFLs, because the facility staff had old replacement lamps on-site for observation.   

TRC verified that the site reduced the number of T8 lamps on the sales floor from 118 to 77 because the pre-
retrofit lighting used 4-lamp fixtures and the post-retrofit lighting used 2-lamp fixtures. The site contact 
confirmed that the pre-retrofit fixture used 4-lamp fixtures, as claimed by the program. 

The program claimed that the run time hours of the interior lights were near continuous (8736 hours per year). 
TRC reduced operating hours for most measures because facility staff reported they only run during business 
hours: 6,552 hours per year (18 hours per day from 6 AM to midnight). For exterior lighting, TRC assumed 4,100 
hours per year, which was slightly lower than the program’s claim: 4,368. 

 Project 15  

Project Description: Project 15 is an exterior lighting project at a car dealership that replaced pole mounted 
metal halides with LED fixtures.  

EM&V Findings: TRC observed that the quantity, types and locations of fixtures matched what the program 
claimed. TRC confirmed the pre-retrofit fixtures were metal halides and that the baseline fixture was 1100W. 
While this is a high wattage, TRC verified that this is an appropriate wattage given the fixture type and business 
(car dealership), but slightly adjusted the wattage to 1080W to align with the TRM value. 

For operating hours, the program assumed 4,368 hours per year. TRC assumed 4,100 hours per year and 
observed that the lights were controlled by photo cell sensors. 

 Project 18  

Project Description: Project 18 is an interior and exterior lighting project at a gas station. The interior lighting 
project upgraded T12 ceiling lights to linear LEDs and upgraded T12s and incandescent cooler lights with LEDs. 
The exterior lighting project replaced metal halide wall packs with LED wall packs, metal halide canopy lights 
with LED Panels and metal halide flood lights with LED flood lights.   

EM&V Findings: TRC observed that the quantity, types and locations of fixtures matched what the program 
claimed. 

The program claimed that the run time hours of the interior lights were near continuous (8,736 hours per year).  
TRC reduced operating hours for most measures because facility staff reported they only run during business 
hours: 19 hours per day during the week, 14 hours on Saturdays and 12 hours on Sundays: 6,292 hours per year. 
For exterior lighting, the program assumed 4,368 hours per year. TRC assumed 4,100 hours per year and noted 
that these are controlled by photo sensors. TRC assumed that the small number of coolers and freezer lights 
operate continuously (8,760 hours per year) based on facility staff interviews.   

 Project 37  

Project Description: Project 37 is an exterior lighting project at a construction company building. The project 
replaced 45-watt exterior pole mounted metal halide lamps and 24-watt wall packs with LED lamps.   

EM&V Findings: TRC identified a discrepancy in the quantity of lamps claimed in the REU lighting calculator: 26 
pole mounted LEDs and eight wall packs, and the REU program database: 36 pole mounted LEDs and 14 wall 
packs. TRC observed 32 pole mounted LEDs and 13 wall packs on-site.  The program files did not include 
supporting invoices. Facility staff reported that all measures were replaced through the program. TRC assumed 
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the quantity of lamps that we observed on-site for the ex post savings calculations: 32 pole-mounted and 13 
wall-packs. 

For operating hours, the program assumed 4,368 hours per year. TRC assumed 4,100 hours per year. TRC 
observed that all lighting was controlled by photocell sensors. Facility staff verbally indicated that before the 
retrofit, half of the wall packs were controlled by a timer and operated 16 hours per day.  

 Project 57 

Project Description: Project 57 is an interior lighting project at a bowling alley that replaced fluorescent T12s and 
T8s with linear LED lamps, and replaced incandescent can lights with LED lamps. Facility staff confirmed that the 
pre-retrofit lamps in the lanes were T8s, and the pre-retrofit lamps in all other interior spaces were T12s. 

EM&V Findings: TRC observed that the quantities, types and locations of the LEDs installed generally what the 
program claimed.  

For operating hours, the program assumed 4,940 hours per year. TRC increased this slightly to 5,460, based on 
facility staff interviews, who reported that lighting operating hours are the same as the business hours (9 am to 
midnight, 7 days per week). 

 Project 97 

Project Description: Project 97 is an interior lighting project at a newspaper publishing company. The project 
replaced fluorescent T8 lamps with linear LED lamps, and fluorescent u-bend lamps with LED lamps. 

EM&V Findings: Because the project included 90 measures, TRC verified a sample of measures comprising 1,008 
of the 1,574 lamps claimed (verified approximately two-thirds of the claimed lamps). 

TRC observed that the quantities, types and location of lighting matched what the program claimed in almost all 
areas. In the press room, TRC observed 235 lamps instead of the 250 that the program claimed.  

Lighting operation hours differ by area of the building. The program assumed a range of operating hours that 
ranged from 1,040 to 8,000 hours per year for most areas1. TRC assumed the following annual operating hours 
based on interviews with facility staff:  

 Administrative area – 8.5 hours per day on week days and fewer hours on weekend days: 3,094 

 Circulation – 8 hours per day, 7 days per week: 3,276 

 Reel/Roll Room and Press Room – 8 hours per day, 7 days per week: 3,640 

 Packaging Center –24 hours per day, 7 days per week: 8,760  

TRC noted that occupancy sensors were in use throughout the building. The hours above include reductions 
from the sensors. For the packaging center, facility staff reported it is continuously (near continuously) occupied.  

 Project 8  

Project Description: Project 8 is an interior lighting project at a civic auditorium. The project replaced four-foot, 
four lamp T8 fixtures with LED panel fixtures.  

                                                           

 

1 The program assumed 120 hours per year for the electrical room, but installed very few measures in this area.  
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EM&V Findings: TRC verified that 36 LED panel fixtures were installed as the program claimed. The program 
estimated each fixture to be 50W each, but the specification sheet indicates they are actually 60W. (TRC did not 
verify wattage in-field, because these fixtures are approximately 30 feet above the floor.)  Facility staff 
confirmed that the pre-retrofit fixtures were 4-foot 4-lamp T8s. 

For operating hours, the program assumed 3,380 hours per year. TRC increased this to 4,784, based on 
interviews with facility staff who reported that the space is operational 13 hours per day from Monday to Friday 
and 11 hours per day on the weekends. (TRC believes that the program may have only included weekday hours.)  
TRC verified that the fixtures are controlled manually by a switch, so do not have controls.  

 Project 30  

Project Description: Project 30 is an interior lighting project at a car dealership. The project replaced T8 lamps 
with LED lamps.  

EM&V Findings: TRC observed that the installed lighting quantities and types matched what was claimed by the 
program.  

The program claimed operating hours of 4,212 hours per year. Facility staff personnel estimated lighting hours 
of operation equal to the business hours (9:30 am to 7 pm six days per week, 12 to 4 pm one day per week) with 
an additional 30 minutes before and after operation. Consequently, TRC assumed 3,536 hours per year. 

 Project 31  

Project Description: Project 31 is an exterior lighting installation at a university. The project replaced metal 
halides with LED fixtures in the parking lot. 

EM&V Findings:  The quantities and type of fixtures matched the project files: 4 poles with 2 fixtures each, and 
TRC confirmed the baseline wattage of 440 W per fixture.  

For operating hours, the program assumed 4,200 hours per year. TRC assumed 4,100 hours and observed 
photocells on-site. 

 Project 45 

Project Description: Project 45 is an interior and exterior lighting project at a driving training center. The project 
replaced T12 lamps with linear LEDs, and high output T12 lamps within exterior signage with linear LEDs.  

EM&V Findings: TRC observed that quantity, types and locations of fixtures matched what the program claimed. 
For the interior T12 lamps, the facility staff confirmed that they reduced the number of lamps from 88 lamps: 21 
4-lamp fixtures and 2 2-lamp fixtures) to 46 (23 2-lamp fixtures) because the pre-retrofit light levels were 
excessive. Facility staff also confirmed that the replaced lamps were T12s.  

The program claimed 3,640 hours per year for the interior lights. TRC confirmed these hours based on facility 
staff interviews: 8 hours per day during the weekdays and 9 hours per day on the weekends. For the exterior 
sign lighting, the program assumed 4,368 hours per year. TRC assumed 4,100 hours for the exterior lighting and 
observed that the sign light is controlled by a timer and operates during night and evening hours.  
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5. ADDITIONAL ADJUSTMENTS AFFECTING LIFECYCLE OR 

DEMAND SAVINGS  

 Additional Adjustments Affecting Lifecycle Savings 

In addition to the adjustments noted in Section 4 that affect first year and lifecycle savings, TRC made the 
following adjustments that only affect lifecycle savings. 

TRC adjusted the EUL as described in Section 3.2.2, by calculating a measure-specific EUL by dividing measure 
life (50,000 hrs for LED fixtures and 25,000 hrs for LED lamps) by operating hours, and assuming a maximum of 
15 years. For almost all measures, this led to an EUL less than 15 years, with an EUL of approximately 3 to 9 
years for most lamps and 6 to 12 years for most fixtures. The program assumed 15 years for all measures. TRC’s 
adjustment significantly reduced lifecycle savings.  

TRC generally assumed the same Savings Reduction Factors as REU (described in the REU FY2017 database as 
the “Title-24 Adjustment Factor”). The one difference was for T12s: TRC assumed 40% and REU assumed 60%. 
Because a lower reduction factor increases lifecycle savings, this adjustment increased lifecycle savings in the 
four projects that included T12 lamps. However, because the total number of T12 lamps was small (330 total 
lamps of the 4,089 lamps verified in the sampled projects), this only slightly increased lifecycle savings.  

Overall, TRC’s lifecycle savings were significantly lower than program claims, because of the decrease in EUL. 

 Additional Adjustments Affecting Demand Savings 

The program assumed a Coincidence Demand Factor (CDF) value of 0.58, regardless of the facility type and 
regardless of whether the project was interior or exterior. Using values from the TRM, TRC assumed a CDF that 
was specific to the facility type and zero for exterior projects as shown in Figure 7. 

Figure 7. Project-Specific Coincidence Demand Factor (CDF) Assumed by TRC 

Project 
Number Project Description 

CDF Assumed 
by TRC 

56 Exterior project at medical facility 0 

59 Grocery 0.69 

12 Department Store 0.76 

34 Light Industrial Manufacturing 0.70 

9 Small Retail 0.88 

15 Exterior project at car dealership 0 

18 Small Retail 0.88 

37 Exterior project at construction firm 0 

57 Assembly 0.53 

97 Small office 0.69 

8 Assembly 0.53 

30 Small Retail 0.88 

31 Exterior project at university 0 

45 Small Office 0.69 

For interior projects, TRC’s assumed value was generally higher than the program assumption of 0.58, which 
increased demand savings. However, this was outweighed by TRC’s adjustment to zero for exterior projects, 
which included the largest savings project in FY2017: Project 56.  
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6. PROGRAM-LEVEL RESULTS  

 Summary of Savings for Sampled Projects  

Figure 8 provides results for each sampled project.  

Figure 8. Savings for Sampled Projects 

Project Information Ex Ante Ex Post 

Strata 
Project 
Number 

1st year 
kWh 

Lifecycle kWh 
1st year 

kW 
1st year 

kWh 
Lifecycle kWh 

1st year 
kW 

3 56 645,330 8,220,885 48 447,260 2,821,331 - 

3 59 296,136 3,849,764 59.7 353,310 1,429,385 58.9 

3 12 257,003 3,341,034 31.4 125,594 1,294,159 26.8 

3 34 244,559 3,179,269 22.8 133,024 769,817 24.9 

2 9 57,440 547,827 4.8 45,687 186,122 5.8 

2 15 71,328 927,260 10.5 60,680 641,333 - 

2 18 60,166 606,823 5.6 47,419 328,385 4.5 

2 37 75,215 977,793 11.1 63,202 667,983 - 

2 57 79,238 722,685 10.3 74,334 499,989 8.1 

2 97 137,310 1,779,923 24.5 99,933 632,948 17.6 

1 8 15,507 201,590 3 17,848 161,671 2.2  

1 30 10,681 138,852 1.6 9,749 59,736 2.7 

1 31 10,342 134,447 1.6 9,938 105,040 - 

1 45 15,036 135,324 2.6 13,383 66,347 2.6 

Total 1,975,290 24,763,478 237 1,501,361 9,664,247 154 

 

Figure 9 shows the calculation parameters, summarizes TRC’s adjustments to each, and notes if the adjustment 
had a low, medium, or high impact on total savings for the sampled projects. As shown, the primary adjustment 
to:  

 First year kWh savings was from adjustments to operating hours,  

 Lifecycle savings was from adjustments to the EUL, and  

 Demand savings was from removing savings for exterior lighting projects. 
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Figure 9. Summary of Adjustments 

Calculation 
Parameter 

Adjustments Savings Affected 

1st Year 
kWh 

Lifecycle 
kWh 

Demand 
(kW) 

Measure Quantity Major reduction for Project 12. All other projects had 
minor or no adjustments 

Medium Low/ 

Medium 

Medium 

Baseline Wattage Very minor adjustments made Low Low Low 

Installed Wattage Very minor adjustments made Low Low Low 

Operating Hours Significant adjustments made to several projects, including 
reductions for Projects 56, 34, 9, and 18 

High Medium 

 

Adjustment Factor Minor adjustments to T12 measures 

 

Low 

 

HVAC Interactive 
Effect (IE) Factors 

Minor adjustments made, mostly to assume no interactive 
effect for exterior measures which reduced savings 

Low Low Low 

Coincidence Factor  Major reductions made to all projects with exterior 
installations, including 56, 15, 37, and 31. For exterior 
measures, program assumed demand savings but TRC 
assumed 0 savings  

  

High 

Effective Useful Life 
(EUL) 

Major reductions made to most projects, because TRC's 
measure-specific EUL was shorter than 15 years for most 
measures 

 

High 
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 Program-level Savings 

Based on the project-level savings shown above, and the project weights based on its strata, TRC calculated 
realization rates for first year energy, lifecycle energy, and demand savings. TRC used a stratified ratio estimator 
approach to extrapolate results from the sample to the program (See Appendix A). Under this approach, the 
realization rate for each stratum are applied to the unsampled projects in the same stratum.  This provided 
greater precision than a means method in which the average realization rate across all strata is applied to all 
unsampled projects. 

As shown in the figures below, TRC estimated a realization rate that was reasonably high for first year savings 
(0.82) but lower for demand (0.68) and lifecycle (0.45) savings.  

Figure 10. Realization Rate and Savings for First Year Energy (kWh)  

Strata 
kW Realization 

Rate 
Ex Ante Gross 

kW Savings 
Ex Post Gross 
kW Savings 

1 0.99            698,431               689,661  

2 0.81            974,716               793,353  

3 0.73        1,443,027            1,059,189  

Sub Total          3,116,175            2,542,202  

Excluded Projects 0.99              63,310                 62,515  

Program-Level  0.82        3,179,485            2,604,717  

 

Figure 11. Realization Rate and Savings for First Year Demand (kW) 

Strata 
kW Realization 

Rate 
Ex Ante Gross 

kW Savings 
Ex Post Gross 
kW Savings 

1 0.86               105                     91  

2 0.54               141                     76  

3 0.68               162                   111  

Sub Total                 408                   277  

Excluded Projects 0.86                 13                     11  

Program-Level  0.68               421                   288  

 

Figure 12. Realization Rate and Savings for Lifecycle Energy (kWh) 

Strata 
kW Realization 

Rate 
Ex Ante Gross 

kW Savings 
Ex Post Gross 
kW Savings 

1 0.62     8,037,970              5,016,108  

2 0.52   11,406,163               5,878,137  

3 0.33   19,176,196              6,314,692  

Sub Total     38,620,329             17,208,937  

Excluded Projects 0.62        718,600                  448,444  

Program-Level 0.45    39,338,929             17,657,380  

The achieved precision for first year energy (kWh) was 5.6%, for demand (kW): 19.5%, and for lifecycle savings: 
10.7%. The failure to achieve the targeted level of precision for kW was because the four exterior sites had ex 
post estimates of 0 kW. The worse precision for lifecycle and demand savings compared to first year savings is 
because the realization rates for those estimates is lower. 
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For net savings, TRC assumes a net-to-gross (NTG) ratio of 0.80 based on DEER2014. Although DEER2016 was in 
effect at the start of FY2017 which assumes a lower NTG for commercial lighting measures, the CMUA TRM 2016 
assumed DEER2014 values. Applying this NTG ratio to gross savings, TRC calculated first year net savings of 
2,083,774 kWh and lifecycle net savings of 14,125,904 kWh. 
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7. CONCLUSIONS AND RECOMMENDATIONS 

Overall, TRC calculated a realization rate that was fairly high for first year savings (0.82) but lower for demand 
(0.68) and lifecycle (0.45) savings. TRC’s primary adjustment to first year kWh savings came from adjustments to 
operating hours; in addition, at one project with large savings, TRC made a large reduction in measure quantity. 
The primary adjustment to lifecycle savings was reductions to the EUL. The primary adjustments to demand 
savings (in addition to the adjustments measure quantity) was removing demand savings for exterior lighting 
projects. Using these realization rates, TRC verified the following program-level savings: 2,604,717 kWh for first 
year savings, 17,657,380 kWh for lifecycle savings, and 288 kW for first year demand savings. Applying a NTG 
ratio of 0.8, TRC calculated first year net savings of 2,083,774 kWh and lifecycle net savings of 14,125,904 kWh. 

TRC targeted 90% confidence and 10% precision. Our achieved precision was better than the target for first year 
energy savings (5.6%), slightly worse than the target for lifecycle savings (10.7%), and significantly worse than 
the target for demand savings (19.5%). The failure to achieve the targeted level of precision for demand savings 
was because the program claimed demand savings for exterior sites, resulting in a low realization rate and high 
standard deviation among projects for demand savings. 

Below, TRC provides program recommendations for REU.  During TRC’s evaluation of the FY2017 program, REU 
reported that substantive changes have been made to the program in FY2018, incorporating many of the 
recommendations listed below. Also, according to REU staff, the program is evaluated periodically to 
incorporate changes as implementation as effective and efficient as possible.  

Use actual (documented) facility operating hours for interior measures. The program should require backup 
documentation for operating hours assumptions, such as a website or written explanation of facility hours of 
business. TRC increased operating hours for some projects and decreased it for others, but the overall 
adjustment was a reduction. 

Use 4,100 operating hours for exterior measures. In addition to aligning with the TRM guidance, this 
assumption more accurately reflects customers’ operating hours. All exterior projects that TRC verified installed 
some type of control (such as a photocell or timer). TRC’s largest adjustment in savings came from our reduction 
of operating hours at project 56 (the largest savings project), an exterior project where the project had assumed 
continuous operation. 

For lifecycle savings program reporting, calculate a measure-specific EUL. The EUL should vary based on the 
stipulated operating hours of the space, and whether a lamp (measure life = 25,000 hours) or fixture (measure 
life = 50,000 hours) is installed. TRC’s primary adjustment to lifecycle savings was reducing the EUL of measures. 

Use a CDF that is specific to the facility type and is zero for exterior projects. TRC removed all demand savings 
for exterior projects (aligning with the TRM) and made minor demand savings adjustments for interior projects. 
At a minimum, use zero for exterior projects. 

Update Savings Reduction Factors. TRC found a discrepancy between the REU Title-24 adjustment factors 
(which account for increasing lighting efficacy requirements from recent appliance standards and building 
codes) and the savings reduction factors provided in the CMUA reporting workbook for a few technologies. For 
some technologies, TRC found that the REU factor was more accurate. However, the 2017 CMUA Reporting 
Guidelines1 provides updated savings reduction factors for several technologies, and TRC believes that some of 
these revisions result in more accurate savings assumptions. REU should review all savings reduction factors 
used in the dual baseline lighting calculations to ensure that factors are appropriate. 

                                                           

 

1 Table G-1 in http://cmua.org/wpcmua/wp-content/uploads/2018/01/CA-POU-Energy-Efficiency-Reporting-Guidelines_12-29-2017.pdf  

http://cmua.org/wpcmua/wp-content/uploads/2018/01/CA-POU-Energy-Efficiency-Reporting-Guidelines_12-29-2017.pdf
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Retain complete project backup documentation. This includes retaining the invoices and program application in 
each project file to allow the program to review and potentially update incorrect values. In addition, implement 
a routine check that the values in the lighting calculator align with the values in the program database. TRC 
found instances where there were no invoices or program application, or where the lighting calculator and 
program database showed different quantities of measures retrofitted. 

Enhance documentation for T12 replacements. Document the pre-retrofit installed T12s with a photo or 
require that customers provide photo documentation. Previous site surveys identified that a minority of existing 
linear lamps are T12s. The Commercial Saturation Survey1, which collected data in California commercial 
buildings 2009-2012 found that T12 comprised 13% of linear lamps, and the Northwest Energy Efficiency 
Alliance (NEEA) Commercial Building Stock Assessment which collected data in Pacific Northwest commercial 
buildings in 20142 found that 16% of power indoors and 29% of power outdoors for linear lamps was from T12s. 
Results for 2018 would show a lower penetration of T12s, because efficacy requirements in federal appliance 
standards cannot be met through traditional T12 lamps. For REU to claim T12s as the existing baseline, the 
program should document this condition during a pre-retrofit inspection or require customers to provide 
evidence of this condition. If no evidence is provided, consider adjusting baseline assumption to T8 condition. 

Implement desk reviews of all applications. Before any application is accepted into the program, use a standard 
checklist to review critical parts of the application such as operating hours on exterior fixtures, business hours of 
interior fixtures and complete backup documentation. If the program already uses an application review 
process, consider ensuring the process includes a review of the appropriate key information and is being used 
consistently by all program staff. This may allow REU to find and correct discrepancies or poor assumptions 
earlier and lead to more accurate savings estimates. 

Use a standard checklist for any pre- or post-inspections. When the program performs site inspections, a 
standard checklist will ensure that the key factors that estimate savings such as operating hours, lighting 
quantities, and pre-retrofit lighting types are verified and adjusted if needed. If the program already uses 
checklists for inspections, consider ensuring that the checklist includes all key factors and is being used 
consistently by all inspectors. This may allow REU to find and correct discrepancies or poor assumptions and 
lead to more accurate savings estimates. 

Review the program application form for potential improvements. The information provided on the program 
application provides a lot of the information used to calculate reported savings, so it is critical to ensure the 
form is easy to use and understand. If the application does not include an email and phone number for 
customers to call with questions about the application, TRC suggests adding both. If there is an email and phone 
number, ensure that all customer inquiries are answered immediately. This may help reduce errors in data 
collected from applications, particularly for projects for which REU does not conduct a pre-retrofit inspection. 

Consider offering lighting controls. The FY2017 projects only included lamps and fixtures. Several projects did 
not have controls pre-retrofit indicating savings potential. Several participants installed controls after the LED 
retrofit. It is not clear if the program induced the controls installation. REU should investigate how to offer 
controls while maintaining a relatively low level of free ridership. (TRM 2016 assumes NTG is 0.8 for commercial 
lighting measures.) For large, interior projects, consider offering customers more advanced controls, including 
advanced lighting controls (ALCS) or on-board controls that are included with the fixture. These nuanced 
controls would provide savings by tuning both the load and operation to be tailored to actual lighting 
requirements.  It would be more expensive to implement than standard on/off controls and therefore might 

                                                           

 

1 Itron. “Commercial Saturation Survey”, published 2014. 
http://www.calmac.org/publications/California_Commercial_Saturation_Study_Report_Finalv2.pdf  

2 NEEA 2014 CBSA, published 2016. https://neea.org/resources/2014-cbsa-regional-summary  

http://www.calmac.org/publications/California_Commercial_Saturation_Study_Report_Finalv2.pdf
https://neea.org/resources/2014-cbsa-regional-summary
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justify a higher incentive value. REU should also account for the reduction in savings from controls if they are 
installed with high efficacy lighting. For example, for a project that includes an LED retrofit and ALCS installation, 
REU should assume the pre-existing technology for the first baseline for the LED savings, but assume LEDs as the 
installed technology for calculating savings from the ALCS. In other words – REU should not claim savings from 
the pre-existing technology twice: in the calculations for the LED retrofit and the ALCS savings, but rather only 
for the LED retrofit. 
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8. SAMPLING APPENDIX 

A.1. Determination of Strata Boundaries 

The Dalenius and Hodges (1959) method begins with the creation of numerous and narrow strata. 

Within each stratum, the frequency of coupons within each stratum, f(y), is calculated. Next, the square 

root of f(y), f y( ) , is calculated and the cumulative of  f y( )  is formed. The total of cum f y( )  is 

then divided by the number of desired strata to determine the division points on the cum f y( )  scale.  

The above rule assumes equal widths d for the class intervals, and it must be modified when the class 

intervals have variable widths dy . The approach recommended by (Kish, 1965) is to multiply the f(y) by 

the width the interval, take the square root of this value, and cumulate the values d f(y)y . Finally, as in 

the above case, the total of cum d f(y)y  is then divided by the number of desired strata to determine the 

division points on the cum  d f(y)y  scale. 

A.2. Sample Size: Stratified Ratio Estimation 

We assume that an impact evaluation study is to be conducted of a given population of N projects in a 

given program. In the study, the sample sites will be monitored and savings determined based on actual 

loads and observed operations. We let y denote any characteristic to be determined from the on-site 

evaluation, and the evaluation team let x denote any suitable characteristic of the site. 

The ratio estimator is defined in Equation 1.  

𝑟𝑠𝑡𝑟𝑠 =
∑ 𝑦ℎ

"𝐿
ℎ=1

𝑋
     (1) 

where 

 𝑦ℎ
" = 𝑋ℎ ×

�̅�ℎ

�̅�ℎ
 

�̅�ℎ and �̅�ℎ; h=1, . . . , L, are estimated stratum specific means, 𝑌ℎ; h=1, . . . , L, are known 

stratum specific totals and  

  𝑋 = ∑ 𝑋ℎ
𝐿
ℎ=1  

 

For each stratum:  

  (2) 

 

    (3) 

 where 

  𝑉𝑦
2 =the square of the coefficient of variation of y 

  𝑉𝑥
2 =the square of the coefficient of variation of x 
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We calculate the relative precision (rp) at the 90% level of confidence as: 

   𝑟𝑝 =
1.645∗𝑠𝑒(𝑟𝑠𝑡𝑟𝑠)

𝑟𝑠𝑡𝑟𝑠
    (4) 

The term se(rstrs) is the standard error of the ratio. A 90% confidence interval for rstrs was calculated 

using the rp. A confidence interval for the mean or total was calculated in a similar way. 

A.3. Choosing the Sample Size 

We assume that the ratio model provides a reasonably accurate description of the relationship between y 

and x in the target population. We also assume that the sample design will be efficiently stratified as 

discussed in the following section and that the analysis will use stratified ratio estimation.  

Under these assumptions and the added assumption that the population size N is large, then the expected 

relative precision is given by the equation: 

n

er
rp 645.1      (5)

 

The term er is the error ratio, which is the key measure of the population variability in the relationship 

between x  and y  for stratified ratio estimation.  The role of the error ratio in stratified ratio estimation 

is virtually the same as the role of the coefficient of variation in simple random sampling. It is the key 

measure of variability when stratified ratio estimation is to be used to analyze the data and the key 

determinant of the expected relative precision, along with the sample size n. 

 If the population is relatively small, the finite population correction factor can be added, giving 

n

er

N

n
rp  1645.1    (6)  

If the desired relative precision D is specified, then the preceding equations can be solved to determine 

the required n. If the population size N is large, we have  

2
645.1











D

er
n     (7) 

If the population is small, the sample size can be calculated in two steps. First, calculate 

2

0

645.1










D
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Then calculate 

Nn

n
n

0

0

1
     

 


