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Preface

Energy Solutions provided monitoring, data collection, and data analysis services for an LED Street
Lighting Assessment project under contract to the Emerging Technologies Program of Pacific Gas
and Electric Company. The project was done in collaboration with Pacific Northwest National
Laboratory (representing the Department of Energy) as part of the GATEWAY demonstration
program. The project replaced high pressure sodium luminaires on four avenues in a San
Francisco, CA neighborhood with new LED luminaires from four companies, Beta LED, Cyclone,
Leotek, and Relume, referred to hereinafter as A, B, C, and D, respectively.
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Executive Summary

This report summarizes an assessment project conducted to study the performance of light
emitting diode (LED) luminaires in a street lighting application. The project included installation of
four manufacturers’ LED street lights on public roadways in San Francisco, California.
Quantitative light and electrical power measurements as well as surface and overhead photographs
were taken to compare base case high pressure sodium (HPS) performance with that of the LED
replacement luminaires. Estimated economic performance of the LED luminaires as compared to
HPS street lights was also calculated and qualitative satisfaction with the LEDs was gauged through
a resident survey.

Demonstration areas were chosen on 38t 41st 42nd and 44t Avenue, between Taraval and
Santiago Streets in the residential Sunset District of San Francisco. Each avenue has a total of five
street lights from the beginning to end of the block. The three central street lights on each avenue,
at spacings of 150" and 200°, comprised the Test Area. The two additional street lights, one on
either side of the Test Area, served as buffers. On each avenue, all five original HPS Type 11
dropped-lens luminaires were first replaced with 100 watt nominal HPS Type II full cutoff
luminaires, and then with a like number of LED luminaires from four different companies (one
company on each street). Mounting heights for the luminaires ranged from 24’ to 34’ above the
road surface, and the street lights were located on alternating sides of the streets within the Test
Areas.

This report is intended to independently demonstrate the performance of a number of
currently available products in one specific application. It is not intended to compare
manufacturers of LED products against each other. The best product for any given
application will depend heavily on the particular characteristics and relevant criteria for
that application. This report cannot be used for commercial purposes.

Energy Performance

While lighting performance varied among the LED luminaires assessed in this study, energy savings
potential was high in each case, with energy reductions ranging from 50% to 70% over the current
HPS system. A summary of measured electric power results from the study are tabulated in Table 1
below for the base case HPS luminaires and for luminaires from each LED manufacturer. Annual
savings for electrical energy and cost are estimated based on an assumed 4,100 annual hours of
operation.!

! From PG&E LS-2 Rate Schedule, Appendix E.
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Table I: Average Luminaire Power and Estimated Savings

Estimated Eneray Cost

Power Annual Energy Savings Sa\%iyn s
Luminaire Type Power (W) Savings (W) (4100 hr/yr, kWh) 9
HPS Type Il cut-off 138.32 - - -
LED A 58.66 79.66 (57.6%) 321 $30.20
LED B 62.22 76.10 (55.0%) 342 $28.45
LEDC 41.25 97.07 (70.2%) 398 $38.77
LED D 69.21 69.11 (50.0%) 283 $25.01

This study estimates that if the nationwide stock of installed HPS roadway luminaires were
replaced with LED luminaires such as those that were found to perform well in the field, 8.1 TWh
of total annual energy savings could be achieved, with a corresponding 5.7 million metric tons of
CO emissions abated (See Potential Energy Savings Section).

Lighting Performance?

Illuminance measurements to evaluate HPS and LED performance were taken over a grid covering
the roadway surface under each Test Area and illuminance metrics were calculated identically for
each luminaire type over both luminaire spacings (150” and 200°) and over the sum of the two
spacings. Comparative metrics included maximum, minimum and average illuminance, uniformity
values (Coefficient of Variation, Average-to-Minimum Uniformity Ratio, and Maximum-to-
Minimum Uniformity Ratio), and the percentage of total Test Area grid points that were
measurably illuminated (.05 footcandles or greater).

In order to compare illuminance levels from the HPS and LED sources, both photopic and
scotopic illuminance levels were measured. Though standards for roadway lighting levels are
currently written only for photopic levels, illuminance levels under nighttime roadway conditions
typically fall under the mesopic range of visual perception, where both photopic and scotopic
illuminance are important. For more information on mesopic illuminance, which is presently
receiving more attention in the outdoor lighting design community, see Appendix B: Mesopic
Illuminance.

When comparing lighting performance for LED outdoor retrofits, it is important to recognize that
equivalent lumen output may not be necessary. This is because improvements in color rendering,
lighting distribution, and enhanced nighttime lighting conditions (scotopic or mesopic vision
advantages) may allow for a reduction in total lumen output from LED light sources relative to

HPS.

2 Though the four Test Areas chosen were largely similar in terms of street light locations, spacing, and
layout, variation in conditions including baseline lighting levels is such that direct comparisons should
not be drawn between the different manufacturer’s LED luminaires from measured results.
Accordingly, measured lighting performance for each LED luminaire is compared only to base case
HPS luminaire performance in that Test Area. However, computer modeling of a hypothetical Test
Area of the same general dimensions as the field Test Areas was also carried out in order to allow for
better comparison of lighting performance between LED luminaires. Summary results are provided
in the Executive Summary; a more in depth discussion can be found in the Lighting Performance
Section of this report.
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Two of the LED options, luminaire types A and C, delivered lighting performance that was
equivalent or better than the baseline HPS by most metrics, showing promise for broader
installation in similar applications. Some increase in lumen output may be desired to improve
average photopic illuminance levels, though lower average levels do not necessarily indicate worse
lighting performance. In comparing lighting quality, it was observed that the lighting distribution of
HPS luminaires was such that they typically over-lit the area directly beneath the luminaires, creating
‘hotspots,” or areas of relatively high illuminance and contrast, that may have inflated the average
illuminance calculations. LED options B and D showed limited applicability for the site dimensions

assessed in this study, though they may be appropriate for other types of installations.

Table I11: Comparison of Measured Photopic Performance for LED Luminaire A, Entire Test Area

Grid Average llluminance | Coefficient Average-to-Minimum
Points (All Measured Points, Of Uniformity
Luminaire || Illuminated® footcandles) Variation (Iluminated Points Only)*
HPS 85% 0.5 0.98 53:1
LED A 95% 0.3 0.82 34:1

LED luminaire A provided measurable illumination over most of the Test Area and was by most
metrics more uniform than the base case HPS luminaires. While LED A provided slightly reduced
average photopic values, average scotopic illuminance values were increased.

Table I111: Comparison of Measured Photopic Performance for LED Luminaire B, Entire Test Area

Average llluminance | Coefficient Average-to-Minimum
Grid Points | (All Measured Points, of Uniformity
Luminaire || Illuminated footcandles) Variation (luminated Points Only)
HPS 86% 0.5 0.84 55:1
LEDB 56% 0.2 1.42 3.7:1

As compared to the base case HPS luminaires, LED luminaire B provided a smaller area of
measurable illumination, mixed uniformity results, and lower average photopic illuminance, though
average scotopic illuminance remained the same or slightly increased, depending on spacing;

Table 1V: Comparison of Measured Photopic Performance for LED Luminaire C, Entire Test Area

Average llluminance | Coefficient Average-to-Minimum
Grid Points (All Measured Points, Of Uniformity
Luminaire || Illuminated footcandles) Variation (luminated Points Only)
HPS 79% 0.6 1.08 75:1
LEDC 83% 0.2 0.90 25:1

3 ‘Grid Points Illuminated’ is the percentage of grid points that were measurably illuminated (.05 footcandles or

greater).

4 Average-to-Minimum Uniformity was calculated as the average of illuminance values for grid points that were
measurably illuminated (.05 footcandles or greater), divided by minimum measured illuminance value.
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Like LED A, LED C provided measurable illumination over most of the Test Area at uniformity
greater than the base case HPS luminaires although both average photopic and scotopic values were
reduced.

Table V: Comparison of Measured Photopic Performance for LED Luminaire D, Entire Test Area

Average llluminance | Coefficient Average-to-Minimum
Grid Points | (All Measured Points, of Uniformity
Luminaire || Illuminated footcandles) Variation (luminated Points Only)
HPS 99% 0.5 0.96 5.0:1
LED D 66% 0.3 1.34 52:1

LED luminaire D, similar to luminaire B, provided a smaller area of measurable illumination, mixed
uniformity results, and lower average photopic illuminance than the HPS luminaires, though
scotopic averages increased slightly.

Due to variations between the Test Areas, direct comparisons should not be drawn on lighting
performance between the different manufacturer’s LED luminaires based on the measured results.
As a result, computer simulations were used to model photopic illuminance performance on a
hypothetical street, thereby eliminating field variables associated with each specific installation site.
The same metrics used for the measured results were calculated for these simulated results.

Table VI: Summary of Computer Modeled Photopic Lighting Performance Results at 150’ Spacing

Average lllumination | Coefficient Average-to-Minimum
Grid Points (All Modeled Points, of Uniformity
Luminaire || llluminated footcandles) Variation (All Modeled Points)
HPS 100% 0.63 0.87 9:1
LED A 99% 0.30 0.71 6:1
LEDB 2% 0.34 131 165:1
LEDC 100% 0.15 0.62 2:1
LEDD 79% 0.35 1.07 22:1

Economic Performance

As an emerging technology, LED street lights have yet to experience major market penetration, but
cost reductions and performance improvements are continuing to increase LED street lighting
viability. Lighting, energy, and economic performance will all be important factors in LED street
lighting developments. High initial cost of LED street lights has been a challenge for the economic
case, as demonstrated by previous studies,” but energy savings and projected maintenance cost
savings through the luminaire lifetime both improve LED street light economics. The level of
savings will of course depend on energy and maintenance costs for any given location.

5 See,Cook, et al. “PG&E Emerging Technologies Program Application Assessment Report #0714: LED Street
Lighting; Oakland, CA.” January 2008. Available online through the Emerging Technologies Coordinating
Council at http://www.etcc-ca.com
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In this evaluation, simple payback and net present value were calculated for each LED luminaire
type, considering both retrofit and new construction cases and based on estimated energy savings
from field measurements and estimated host site maintenance costs. Retrofit economics consider
the entire LED luminaire cost as well as cost of installation, while new construction only includes
the incremental cost of the LED luminaire above an HPS luminaire.

Economic estimates are sensitive to site-specific variables such as maintenance and energy
costs, and to LED luminaire cost. Of particular note, estimates are also dependant upon
assumptions for LED luminaire lifetime, which is a function of the life of all parts of the
luminaire (LEDs, driver, housing, coating, etc.). Manufacturers’ claims for luminaire
lifetimes are highly variable. For more details see the Economic Performance section.
Readers are advised to use their own cost estimates and assumptions when possible.

Table VII: LED Luminaire Economic Performance (relative to HPS base case)

New Construction Retrofit
Luminaire P?%gfk 15-Year NPV PSaI)r/T;)Fz;lfk 15,\]}(,‘\9/”
(Years) (Years)
LED A 6.3 $306.72 10.8 $99.72
LED B 13.3 -$16.09 18.1 -$223.09
LED C 3.7 $512.34 7.4 $305.34
LED D 15.3 -$96.43 20.4 -$303.43

The products evaluated here that generally performed better in terms of lighting performance also
proved to be more economically attractive. Results show longer paybacks for retrofit scenarios but
more reasonable paybacks for new street light installations, especially for LEDs A and C. Net
present value, a more robust metric for evaluating energy efficiency investments, is positive for
LEDs A and C in both the retrofit and new construction scenatio.

Overall results from this assessment show that energy savings potential from current LED street
lighting is significant. This savings potential is likely to further increase in the future as the energy
and lighting performance of LED street lights continues to improve. However, not all products
currently available are ready for mass deployment; limitations continue to exist in the lighting
performance of some. Additionally, economic viability, though subject to location details, will
remain a key factor that must be weighed in concert with lighting performance. Incentive program
development may further encourage LED street light adoption. This study recommends that any
such incentive programs include performance standards that consider warranty, efficacy, light
distribution, and other important criteria.

ES-5



Project Background

Project Overview

This LED street lighting assessment project studied the applicability of light emitting diode (LED)
luminaires as replacements for existing street lights. One hundred watt nominal high pressure
sodium (HPS) luminaires were replaced with new LED luminaires from four manufacturers on four
streets located in the residential Sunset District of San Francisco, CA. The LED technologies were
evaluated for lighting performance, energy and power usage, economic factors (such as simple
payback and net present value), and qualitative satisfaction. The assessment was conducted as part
of the Emerging Technologies Program of Pacific Gas and Electric Company (PG&E). The
Emerging Technologies program “is an information-only program that seecks to accelerate the
introduction of innovative energy efficient technologies, applications and analytical tools that are
not widely adopted in California.... [The] information includes verified energy savings and demand
reductions, market potential and market barriers, incremental cost, and the technology’s life
expectancy.”

Technology and Market Overview

The most prevalent roadway lighting technology today is high intensity discharge (HID), at over
90% of all roadway lights. These are commonly high pressure sodium lights, and less frequently
mercury vapor, metal halide and low pressure sodium.” HPS lights are used primarily because of
their long rated life and high efficiency relative to other options. However, HPS technology is not
without drawbacks, such as low color rendition (typical CRI of 22) due to narrow spectral
distribution.®

Though the market penetration of LED street lighting at the time of this assessment is low, the
technology is making inroads due to potential savings in energy and maintenance costs compared
to traditional HID sources. Also, due to the inherent directionality of LEDs, they offer the
potential for lighting performance improvements such as more efficient lighting distribution and
increased uniformity. The US Department of Energy (DOE) is currently evaluating outdoor
applications of LEDs through field demonstration and lab testing programs (such as CALIPER

¢ Pacific Gas and Electric Company (2006). Program Descriptions, Market Integrated Demand Side
Management, Emerging Technologies. PGE 2011.

7 Navigant Consulting, Inc. (2002). “US Lighting Market Characterization, Volume 1.” Table 5-17.

8 High-Intensity Discharge Lamps Analysis of Potential Energy Savings Docket #: EE-DET-03-001 USDOE
Technical Support Document: Energy Efficiency Program For Commercial and Industrial Equipment.
December 2004.



and GATEWAY),? and acknowledges that “LED technology is rapidly becoming competitive
with [HID] light sources for outdoor area lighting.”10

One of the major market barriers to LED roadway luminaire adoption currently is the initial cost
of LEDs, which tend to be much higher than HID sources. However, LED technology has been
experiencing steady rates of improvement not only in efficiency (approximately 35% annually) but
also in cost (approximately 20% annually) according to a DOE study.!' Another recent publication,
referencing an industry source, projects advancements in LED chip manufacturing will allow for
LED cost reductions in 2009 of up to 50% over current costs, with total costs of roughly a penny
per lumen.!? Finally, PG&E recently completed a follow-up assessment of LED street lighting in
Oakland, California that demonstrated a luminaire cost reduction of 36% in less than 12 months.!3

A new DOE report entitled ‘Energy Savings Estimates of LEDs in Niche Lighting Applications’
estimates that street and area lighting (including floodlights, parking garages, highway, billboard,
pathway, and more) represents over 178.3 TWh of national energy usage annually, or 40.7 GW of
electric power demand (assuming 4,380 hours of annual operation).!* The report concludes that at
100% replacement of all street and area lighting sources with high efficacy LED luminaries,
matching previous light sources lumen for lumen, the nation could save an impressive 44.7 TWh of
electrical energy annually.!>

However, a lumen for lumen replacement scenario for LED outdoor retrofits does not account for
improvements in color rendering, lighting distribution, and enhanced night time lighting conditions
(scotopic or mesopic vision advantages) that might allow for a reduction in total output from LED
light sources relative to HPS. Recognizing the increasing interest in nighttime performance of
LEDs, the DOE study notes that more energy savings would be possible if these factors were

® DOE’ Commercially Available LED Product Evaluation and Reporting (CALIPER) program supports testing

11

of a wide array of SSL products available for general illumination. DOE allows its test results to be
distributed in  the public interest for noncommercial, educational purposes only.  See

http://www.netl.doe.gov/ssl/comm_testing.htm.

DOFE’s GATEWAY Demonstration Programs support demonstrations of high-performance LED products
to develop field data and experience for applications that save energy, are cost effective, and maintain or
improve light levels. See http://www.netl.doe.gov/ssl/techdemos.htm.

LED Application Series: Outdoor Area Lighting. USDOE Building Technologies Program. PNNL-SA
60645.June 2008. http://www.netl.doe.gov/ssl/PDFs/OutdoorAreal.ighting.pdf

Navigant Consulting, Inc. (2000). “Solid State Lighting Research and Development Portfolio. Multi-Year
Development Plan. FY’07-FY’12.”

12 Kanellos, Michael. Gregntech Innovations: LED Lights to Drop by 50% or More Next Year? November 3, 2008.

http://www.greentechmedia.com

13 Cook, et al. “PG&E Emerging Technologies Program Application Assessment Report #0726: LED Street

14

Lighting, Phase III Continuation; Oakland, CA.” November 2008. Available online through the Emerging
Technologies Coordinating Council at http://www.etcc-ca.com

Navigant Consulting, Inc. (2008) Energy Savings Estimates of Light Emitting Diodes in Niche Lighting
Applications. Building Technologies Program, Office of Energy Efficiency and Renewable Energy, US DOE.

15 Ibid, page 61



taken into account.!® Because this is increasingly a part of the lighting design and energy planning
discussion, evaluation of photopic and scotopic illuminance to characterize nighttime lighting
performance of LED street lights is included in this assessment.

Demonstration Technology Information

Four LED manufacturers were asked to provide an LED street light product appropriate for
replacement of 100 Watt HPS cobrahead fixtures with Type II optics. The LED manufacturers
were provided with relevant demonstration Test Area dimensions, including mounting height, pole
spacing and curb to curb street width. Manufacturers were also asked to provide model numbers,
cut sheets, independent lab test reports if available, and unit pricing information.

While only one luminaire type was tested from each manufacturer in this demonstration, other
products available from these manufacturers will have differing performance characteristics.
Additionally, performance may improve in future generations of these products, some of which are
now available. Results from this demonstration are only meant to characterize performance of the
specific luminaire models evaluated under this study’s test conditions.

For the four LED products assessed in this demonstration, Pacific Northwest National Laboratory
provided test results on luminaire photometrics, power, and efficacy from independent testing
laboratories. Lab results for luminaires power consumption ranged from 36.7 watts to 73.3 watts,
with efficacies ranging from 18.7 lumens/watt to 71.2 lumens/watt. Cotrelated color temperatures
(CCT) were calculated to be from a low of 5,210 K to a high of 14,628 K, with Color Rendition
Indices (CRI) from 68 to 75.

Table VIII:; Laboratory Reported LED Lighting and Energy Performance

Luminaire Power Lumens / CCT (K) CRI
watt
LED A 58.6 54.7 6,227 75
LED B 544 18.7 14,628 74
LED C 36.7 71.2 5,210 68
LEDD 73.3 46.9 6,052 72

Each manufacturer also provided information regarding LED rated lifetimes and product
warranties. Warranties range from two to seven years, while LED lifetimes of 50,000 to over
100,000 hours were reported. While it is likely that well designed luminaires with quality
components can last beyond the minimum reported LED life of 50,000 hours, industry standard
methods to verify these lifetimes are still in development. Additionally, as a luminaire consists of
multiple components (LEDs, driver, housing, coating, etc.), the expected useful life of the luminaire
may not be the same as that of the LEDs. Instead, the lifetime should be considered to be limited
by the first of all the components comprising the luminaire to fail.

16 The DOE reportt leaves the energy savings analysis at equivalent lumen output because lighting standards
bodies such as the Illuminating Engineering Society of North America (IESNA) and the International
Commission on Lighting [Commission Internationale de 1'Eclairage] (CIE) do not yet include these factors in
standards development, though the research on and consideration of these factors continues.



Table IX: Manufacturer Information

Luminaire Warranty Rated LEDll_ife
(years) (hours)
LED A 5 117,000
LEDB 2 50,000
LEDC 5 50,000
LED D 7 70,000

Brief descriptions of each demonstration LED product are provided below; full lab test reports are
also included in Appendix F. 18

LED A: Type 11, full cutoff luminaire; 30 LEDs with individual clear optics below each, arranged in
three, 10 LED light bars, in an aluminum housing with no enclosure.

Figure 1: Side and Bottom Perspectives of LED A

17 Refers to rated LED life (rather than whole luminaire life) as provided by manufacturers in product
specification sheets.

18 Product photographs used here are from laboratory reports in Appendix F.



LED B: Type II, full cutoff luminaire; 14 white LEDs in a specular aluminum housing with clear
plastic cover.

Figure 2: Side and Bottom Perspectives of LED B

LED C: Type 111, cutoff luminaire; 36 LEDs in a cast aluminum housing, with a specular metal lens
frame, molded gray reflector and clear plastic enclosure.

Figure 3: Bottom Perspective of LED C



LED D: Type III, cutoff luminaire; 24 LEDs in 4 rows, tilted 35 degrees from vertical with
individual hemispherical integral lenses and formed reflectors, housed in extruded aluminum with a
specular intetiof.

Figure 4: Front Perspective of LED D



Project Objectives

The objectives of this study were to examine energy, lighting, and economic performance of LED
luminaires from four manufacturers as compared to cobra-head style HPS Type 1I full cutoff
luminaires. The potential electrical demand and energy savings were measured in terms of average
wattage and estimated annual kWh usage. Lighting performance was measured in terms of
illuminance (photopic and scotopic), uniformity, correlated color temperature (in Kelvin), and by
the satisfaction and concerns of interested parties. Finally, economic performance was evaluated
through simple payback and net present value analyses for substitution of HPS street lights with
LED luminaires, in new installation and retrofit scenatios.



Methodology

Host site information

A total of twenty LED luminaires from four different manufacturers were installed on four avenues
in a residential neighborhood in San Francisco, CA. Five luminaires were installed on each avenue
on 38t 41st 42nd and 44t Avenues between Santiago and Taraval Streets to replace all of the street
lights in the Test Areas. To establish a consistent baseline, new HPS Type II full cutoff luminaires
were installed along each demonstration avenue before replacement with the LED luminaires. Each
Test Area consisted of three luminaires from a single manufacturer, bracketed on both sides by
identical luminaires to serve as buffers. Spacing of monitored luminaires was 150’ and 200° (on
alternating sides of the street) in each location, and spacing from monitored luminaires to buffer
luminaires ranged from 60’ to 200°. Luminaire mounting heights ranged from 24’ to 34’ above the
road surface.

Streets used for demonstration purposes were chosen based on comparable street light spacing and
layout, consistent lamp wattage, and minimal obstructions for photometric measurements. Close
proximity of all demonstration sites was intended to facilitate demonstration activities and
consistent street lighting layouts were also intended to allow for comparisons between the
demonstration sites, though in practice none of the sites were equivalent enough for direct
comparison.

Monitoring Plan

The Monitoring Plan consisted primarily of illuminance measurements and time series power
measurements. The measurements taken included: photopic illuminance, scotopic illuminance,
correlated color temperature, RMS watts, amps, volts, and power factor. Estimated annual energy
usage from the lighting systems was also calculated based on PG&E rate schedules and the
estimated load (in watts) from each luminaire.

Both photopic and scotopic illuminance measurements were taken at a height of 18”7 above
ground, after civil twilight, and when ambient light from the moon was at a minimum. 280
measurement points were laid out on a 5’ x 12.5” grid in each monitoring area, totaling 350° x 45.
This monitoring grid followed as closely as possible Illuminating Engineering Society of North
America (IESNA) guidance for photometric measurements of street lighting systems.!” The
avenues in the demonstration area were 40’ in width with one parking lane and one traffic lane in
cither direction. An additional line of measurement points was included on the sidewalks on either
side of the avenues; inset 2.5’ from the curb. Note that photometric measurements only took place
at points within parking lanes where parked vehicles were not present and on sidewalks where there
were no obstructions from shadows.

Measurements in each Test Area were repeated twice: once with new HPS luminaires and once with
new LED luminaires. In Appendix C: Monitoring Layout, Figure 51 details the monitoring grid
layout out and Figure 52 represents the cells where measurements were recorded. Measurement
points were located in the following arrangement:

See LM — 50 — 99; IESNA Guide for Photometric Measurement of Roadway Lighting Installations.
Recommendations call for three luminaire cycles; the monitored cycle and one complete cycle on either side.
Due to street block and lighting configuration in the demonstration neighborhood, only two luminaire cycles
are included at each site; the monitored cycle and 2 a cycle on either side.



e 10 points transverse to the street lanes (east-west) at 5 spacing, with two points per lane
beginning "2 point spacing (2.5’) in from street curb (onto the sidewalk on either sides of
the road).

e Fach line of transverse points was laid out with 12.5” longitudinal (north-south) spacing
between them, beginning Y2 point spacing (6.25°) in from the first luminaire in each
monitored cycle, and ending 'z point spacing in the last luminaire in each monitored cycle.

Correlated color temperature measurements were taken directly under test fixtures for both HPS
and LED luminaires in each Avenue. If instrument limitations did not allow direct correlated color
temperature measurements, chromaticity coordinates were measured and later converted to
correlated color temperature based on published equations.?’ The method for obtaining correlated
color temperature values was identical for both HPS and LED luminaires.

Power measurements were 15 minute averaged recordings logged over several days, using a Dent
ElitePro Datalogger. Measurements included RMS Watts, Amps, Volts, and Power Factor and were
taken on one luminaire per Test Area.

Completion of illuminance measurements necessitated several visits to the sites. Monitoring
equipment for power measurements on the luminaires was installed during HPS fixture and lamp
change out, and was removed after power monitoring on the LED luminaires was complete.

A description of each of the field visits follow:

FIELD ViIsSIT 1
The following occurred during this visit:
1) Evaluate, select and photograph appropriate demonstration avenues.

2) Measure and mark the illuminance measurement grids in preparation for subsequent field
visits.

FIELD VISIT 2

The second visit took place during the last week of July. Prior to this visit, the existing dropped-
lens HPS fixtures were replaced with new HPS Type 11 full cutoff fixtures, and new lamps were
installed. The timing of this visit allowed adequate lamp burn-in time (100+ hours). During this
visit, photometric measurements were taken for the HPS luminaires. Information collected
included photopic and scotopic illuminance levels, and chromaticity coordinates. Photographs were
taken to provide qualitative indication of lighting performance. All light measurements were taken
after civil twilight. Specific objectives of Field Visit II included:

1) Collect HPS illuminance and CCT measurements on the Data Collection Form
(photopic illuminance (fc), scotopic illuminance (fc), chromaticity coordinates / CCT).

2) Take HPS on-site photographs

20 McCamy, Calvin S. (April 1992). "Correlated color temperature as an explicit function of chromaticity
coordinates". Color Research & Application 17 (2): 142-144.



FIELD VISIT 3

The third visit took place in the last week of August. During this visit, photometric measurements
of LED luminaires were taken. Information was collected on photopic and scotopic illuminance
levels. Illuminance measurements were taken at the same locations where they were taken for the
HPS luminaires and were taken after civil twilight. In addition, photographs were taken from the
same locations and with the same camera settings as in Field Visit II. Between the second and third
visits, new LED luminaires were installed to replace the HPS luminaires in the designated areas;
again allowing for 100+ hours of burn-in time.

Specific objectives of Field Visit I1I included:

1) Collect LED illuminance and CCT measurements on the Data Collection Form
(photopic illuminance (fc), scotopic illuminance (fc), chromaticity coordinates / CCT).

2) Take LED on-site photographs

OVERHEAD PHOTOGRAPHY VISITS

For broader perspective qualitative representations of lighting distribution and quality, overhead
photos were taken from a vantage roughly 40’ above road surface for each demonstration avenue
during two additional site visits. Photos were taken for HPS Type II full cutoff luminaires in
August and for LED luminaires in September.

Monitoring equipment used in the execution of the Monitoring Plan was either owned by Energy
Solutions, or obtained from the Pacific Energy Center Tool Lending Library or Sacramento
Municipal Utility District’s Energy and Technology Center. The equipment used is detailed below:

ILLUMINANCE METER

Solar Light SnP Meters with Photopic and Scotopic Detectors
PMA 220
PMA 2100 2!

CORRELATED COLOR TEMPERATURE METER
Konica Minolta Chroma Me