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Preface
This document is a report of observations and results obtained from a lighting demonstration project
conducted in cooperation with the U.S. Department of Energy (DOE) GATEWAY Demonstration
Program. The program supports demonstrations of high-performance solid-state lighting (SSL) products
in order to develop empirical data and experience with in-the-field applications of this advanced lighting
technology. The DOE GATEWAY Demonstration Program focuses on providing a source of
independent, third-party data for use in decision-making by lighting users and professionals; this data
should be considered in combination with other information relevant to the particular site and application
under examination. Each GATEWAY Demonstration compares SSL products against the incumbent
technologies used in that location. Depending on available information and circumstances, the SSL
product may also be compared to alternate lighting technologies. Though products demonstrated in the
GATEWAY program have been prescreened for performance, DOE does not endorse any commercial
product or in any way guarantee that users will achieve the same results through use of these products.
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Executive Summary
A pilot project was conducted in Sacramento, CA, to assess the performance of light-emitting diode
(LED) technology in ornamental post-top street lights. The goal of the study was to characterize best-in
class performance, as of March 2011, for two types of LED products relative to the existing 100 W highpressure sodium (HPS) luminaires: lamp-ballast retrofits and complete luminaire replacements.
Three lamp-ballast replacements were initially selected by the City, in coordination with
manufacturers and their sales representatives. An LED luminaire was subsequently selected by PNNL to
represent best-in-class LED performance for this particular project. Before measurements were taken in
the field and at a photometric testing laboratory, PNNL created a computer model using manufacturerprovided photometry and predicted that none of the LED products would match the photopic performance
of the existing HPS luminaires. The measurements not only verified none of these products matched the
initial light levels produced by the existing HPS luminaires, but also confirmed two of the products
greatly reduced the uniformity of illumination. Any energy savings from the LED products examined are
thus directly attributable to reduced photopic light levels.
The HPS-LED performance gap widened when light loss factors were considered. After several years
in development, the IES-recommended method for predicting LED lumen maintenance was published in
August 2011. Lumen maintenance was extrapolated from limited long-term test data using this new
methodology, rated LED drive current, and laboratory temperature measurements. The three lamp-ballast
retrofit kits are predicted to produce between 79 and 85 percent of initial light output after 36,000 hours
of operation. Meanwhile, the LED luminaire is expected to offer 86 percent lumen maintenance after
63,000 hours of operation. By comparison, HPS lamps are expected to exhibit 85 percent lumen
maintenance if proactively replaced at 16,800 hours (70 percent of rated life).
In another long-awaited development, the IES introduced guidance in June 2011 for the determination
of mesopic multipliers, which are used to adjust photopic quantities to account for differences in light
source spectral content and changes in spectral sensitivity when the eye adapts to the lower light levels
encountered outside at night. The performance of all four LED products would be improved relative to
HPS if photometry were evaluated in terms of mesopic adaptation, rather than making the customary
assumption of photopic adaptation.
The manufacturers did not offer higher-output versions of the products which would match
maintained HPS performance, so pricing and wattage were scaled hypothetically to allow for equitable
economic comparisons. Both values were scaled proportionately to account for lumen maintenance and
dirt depreciation (assuming either “early” or “later” replacement as defined later in this report) and visual
adaptation (treating as either photopic or mesopic). Simple payback period and life cycle cost were then
calculated for each product under each of the four scenarios. The results indicate the four LED products
evaluated would not represent cost-effective replacements for the existing HPS.
The Municipal Solid-State Street Lighting Consortium and the GATEWAY Demonstration program
will continue to monitor developments in this product category as LED efficacy and pricing improve.
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Acronyms and Abbreviations
ANSI

American National Standards Institute

ANSLG

American National Standard Lighting Group

avg:min

Average-to-minimum ratio

BUG

Backlight, Uplight, and Glare

CALiPER

Commercially Available LED Product Evaluation and Reporting

CCT

Correlated color temperature

cd

Candela(s)

CIE

International Commission on Illumination

CLTC

California Lighting Technology Center

CRI

CIE General Color Rendering Index (Ra)

DLC

DesignLights™ Consortium

DOE

U.S. Department of Energy

Duv

Distance from the Planckian locus on the CIE 1960 (u, v) diagram

fc

Footcandle(s)

HID

High-intensity discharge

HPS

High-pressure sodium

IES or IESNA

Illuminating Engineering Society of North America

IP

Ingress protection

ISTMT

In Situ Temperature Measurement Testing

K

Kelvin

kWh

Kilowatt-hour(s)

LCS

Luminaire Classification System

LDD

Luminaire Dirt Depreciation

LED

Light-emitting diode

LLD

Lamp Lumen Depreciation

NGLIA

Next Generation Lighting Industry Alliance

NEMA

National Electrical Manufacturers Association

NVLAP

National Voluntary Laboratory Accreditation Program

lm

Lumen(s)

PNNL

Pacific Northwest National Laboratory

R9

CIE Special Color Rendering Index for “Strong Red” Test Color Sample

S/P

Scotopic/photopic

SMUD

Sacramento Municipal Utility District

SSL

Solid-state lighting

Ts

In situ case temperature for the device under testing

W

Watt(s)
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1.0 Introduction
A pilot project was conducted in Sacramento, CA, to assess the performance of light-emitting diode
(LED) technology in ornamental post-top street lights. The project team consisted of:
•
•
•
•

The City of Sacramento (the City), represented by Sompol Chatusripitak
Mary Matteson Bryan, P.E. (MMB), contracted by the City as a consultant for this project
The Sacramento Municipal Utility District (SMUD), represented by Dave Bisbee, Connie
Samla, and Joe Tapia
The U.S. Department of Energy (DOE) Municipal Solid-State Street Lighting Consortium,
represented by Jason Tuenge of the Pacific Northwest National Laboratory (PNNL)

Additional field support was received from ADM Associates and the California Lighting Technology
Center (CLTC) as detailed in section 3.0 of this report.
This project was funded by SMUD to provide the City with guidance regarding product selection
under their ARRA grant. The goal of the study was to characterize best-in-class performance, as of March
2011, for two types of LED products relative to the existing high-pressure sodium (HPS) luminaires:
lamp-ballast retrofits and complete luminaire replacements. Screw-in lamp replacements were not
considered for the evaluation. It was expected that complete luminaire replacements would offer superior
performance relative to lamp-ballast retrofit kits due to the fully integrated optical and thermal
components. However, the City desired that the daytime appearance of the luminaires be maintained; this
effectively ruled-out luminaires featuring a clear globe or a horizontal aperture.
Products were evaluated in a new residential development undergoing construction south-east of the
intersection of Del Paso Road and Gateway Park Boulevard, as illustrated in Figure 1.1. Green arrows
indicate poles retrofit to LED, between which measurements were taken for both the HPS and the LED
products. Blue arrows indicate nearby poles that remained HPS throughout the demonstration.

1.1

Figure 1.1. Pole locations (Adapted from Google satellite imagery)

The test streets, Golden Alder and Golden Cedar, are generally representative of typical City
ornamental street lighting installations, where poles are arranged on both sides of the street in a staggered
manner. The existing luminaires, which utilize 100W HPS lamps, are mounted on poles 12 feet in height
(approximately 13.5 feet to optical center), as shown in Figure 1.2.

1.2

Figure 1.2. Northbound view of Golden Alder (Photo credit: MMB)
City pole drawings, manufacturer cutsheets, and dimensioned sketches of pole layouts are provided in
Appendix A.

1.3

2.0 LED Product Selection and Modeling
LED products evaluated in the demonstration are listed in Table 2.1 below, and cutsheets are
provided in Appendices B-E. The City does not have a standard make/model HPS lamp or ballast, so
rated values for the existing products are assumed.
Table 2.1. Manufacturer ratings for products evaluated
Product
Catalog #
Light
Replaces
source
type
Existing HPS
Philips Hadco 2
Simply LEDs
Sylvania
Sternberg

Type III globe
100W coated lamp
CA6730-T34L55
ACN-60-C-T3
LED55 RETROFIT750-T5M-D6 (78628)
A850ASRLED
6ARC45T3

Nominal
LED
drive current
(mA)
n/a

2100

CCT
(K)

HPS

n/a

Input
power
(W)
146

LED

Lamp
and
ballast

91
60
56

350
168
350

4000
5000
5000

Luminaire

96

350

4500

When this assessment was initiated in January 2011, the City of Sacramento had already selected –
with input from manufacturers and sales representatives – and physically evaluated the Hadco, Simply
LEDs, and Sylvania products for replacement of the HPS lamp and ballast.3 A number of other lampballast retrofit kits were rejected in the process, many on the basis of serviceability.
PNNL conducted a search for complete luminaire replacements in March 2011, assuming these
products would represent more optimally integrated solutions relative to lamp-ballast retrofit kits. The
search was based on use of existing poles and the following criteria:
• Form factor resembles existing (no flat lens luminaires)
• Tested per IES LM-79 in a textured or prismatic globe (IES 2008a)
• IES LM-63 format photometric file available (IES 2002)
• Nominal CCT of approximately 5000 K or lower4
• No compromise to maintained average horizontal drivelane illuminance (photopic)
• No compromise to drivelane avg:min uniformity ratio
• Input power less than existing.
Among the 19 manufacturers considered, no LED product was found to be equivalent to the existing
HPS on the basis of maintained photopic illuminance. The Sternberg luminaire appeared to be closest,
and was expected to generally outperform the lamp-ballast replacements, as illustrated in Table 2.2.
2

The catalog number shown here is for a modified version of the standard Hadco RPTLD-RL32-4-L55 product,
specially designed by the manufacturer for optical and mechanical compatibility with the existing HPS luminaire.
3
See Appendix D, page 9 for a statement from Sylvania submitted in response to a courtesy preview of this report.
4
The highest value already selected by the City. This value roughly corresponds to the average CCT of 5019 K for
the 336 products listed under the category of “Outdoor area/roadway fixture” on the DOE Lighting Facts website as
of September 7, 2011. Note that the “Outdoor decorative fixture” category may contain a variety of product types.
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Table 2.2. Predicted maintained drivelane illumination for Golden Cedar
Product
LLD LDD
Avg. Horizontal
Avg:Min
Illuminance (fc)
Uniformity
Existing HPS
Hadco
Simply LEDs
Sylvania
Sternberg

0.85
0.70

0.90

0.47
0.30
0.31
0.09
0.34

6.7
4.3
31.0
9.0
6.8

For preliminary design purposes, a lamp lumen depreciation (LLD) multiplier of 0.70 was applied to
all LED products, assuming useful lifetime is based on 70 percent lumen maintenance (L70).5 Similarly,
an LLD of 0.85 was assumed for HPS based on relamping at 70% of rated life per IES DG-4 (IES 2003).
Additionally, a luminaire dirt depreciation (LDD) multiplier of 0.90 was applied to all products.6 The
calculation grid was per IES RP-8 and excluded the sidewalks for simplicity (IES 2000).7 Golden Cedar
was used for the calculations since maximum pole spacing was greater here than on Golden Alder.
It is important to evaluate photometry for lamp-ballast retrofit kits installed in a comparable globe,
rather than as a bare lamp. Refractive globes were originally designed around high-intensity discharge
(HID) lamps such as HPS. Although it is possible for these globes to redirect lamp flux downward,
performance will likely differ for LED products due to the different form factors. For example, the
Sylvania product would have been expected to produce 0.23 fc average maintained if installed without a
globe (bare lamp), and the impact on intensity distribution is illustrated by the manufacturer-provided
data in Figure 2.1. The black lines in the polar plots trace luminous intensity (candelas) in the vertical
plane containing the point of maximum intensity, whereas the red lines trace intensity in the vertical-axis
cone containing the point of maximum intensity. The plots share the same scale to facilitate comparison.

Figure 2.1. Sylvania intensity distribution without globe (left) and with globe (right)
5

Consistent with industry practice. For example, see page 13.8 of IES HB-10-11.
Consistent with IES DG-4 for an enclosed and gasketed roadway luminaire installed in an environment with
airborne particulate matter less than 150 μg/m3 and cleaned every four years.
7
Additional guidance can be found in IESNA LM-50 (IES 1999).
6
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3.0 Field Measurements
Products were installed on-site to allow for field measurement and visual evaluation. Hadco and
Simply LEDs were measured on March 31 from 9:05 to 10:18 PM, under clear skies and at an ambient
temperature of 68 to 71 °F (20 to 22 °C). The existing HPS luminaires were measured June 2 from 9:00
to 9:45 PM, under overcast skies. Sylvania and Sternberg were measured on July 6 from 9:48 to 10:15
PM, under clear skies and at an ambient temperature of 78 to 83 °F (26 to 28 °C). On one night the moon
was approximately at quarter phase and was located near the horizon, producing negligible illuminance;
no moon was present on the other nights.
Figures 3.1 and 3.2 illustrate the location of the horizontal illuminance measurement locations; the
first and last columns of data were excluded from calculation of average values and avg:min ratios.
Vertical illuminance was measured facing and perpendicular to centerline of street.8 Horizontal
illuminance was measured with back of detector housing flush with pavement, whereas vertical
illuminance was measured 4.9 feet above pavement. Meters used are summarized in Table 3.1.

Figure 3.1. Horizontal illuminance grid for Golden Alder

8

Note that the vertical illuminance criteria offered in IES RP-8 are for meter facing the direction(s) of travel and
thus cannot be used for comparison.
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Figure 3.2. Horizontal illuminance grid for Golden Cedar
Table 3.1. Meters used for field measurements
Make/Model
Use
Minolta
Photopic
T-10
illuminance
Solar Light
PMA-2100
with 2130 and 2131 detectors
Gigahertz Optik
HCT-99
with CT-4501-4 detector
AEMC
F09
Extech
421501
AEMC
3910

Notes
Provided by SMUD
Calibrated November 12, 2010

Scotopic and photopic
illuminance

Provided by SMUD
Calibrated March 1, 2011

Chromaticity

Provided by SMUD
Calibrated August 3, 2010

Wattage

Provided by ADM Associates
Calibrated by ADM Associates
in-house March 30, 2011

Ambient temperature
Comparison with
the AEMC F09

Provided by ADM Associates

Existing HPS luminaires were cleaned and relamped, and lamps were seasoned for 100 hours before
measurements were performed. Products tested in March (HPS, Hadco, Simply LEDs) had been running
all day before power measurements were taken; the products tested in July (HPS, Sternberg, Sylvania)
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were given a minimum of 30 minutes to warm-up before taking power measurements, with most running
for over an hour beforehand. Whereas the lamp-ballast retrofit kits utilized the City-standard prismatic
acrylic globe, the Sternberg luminaire utilized a textured acrylic globe, as indicated in Figure 3.3 (photos
courtesy of SMUD). Raw illuminance measurement data are presented in Appendix F. Calculations
estimated zero contribution from neighboring HPS luminaires at the measurement points between the
poles retrofit to LED, and this is supported by the presence of measured zero values (which would have
been non-zero if contribution was significant).

Figure 3.3. Existing HPS with prismatic globe (left)
and Sternberg LED with textured globe (right)
Given the incomplete/unoccupied state of the residential development, and given the minimal volume
of driver/pedestrian activity, a formal public survey of visual perceptions has not yet been conducted.
Results for luminaire, drivelane, and sidewalk measurements are summarized in Tables 3.2 and 3.3. CCT
for the HPS lamps was assumed to approximately reflect the rated value of 2100 K.
Table 3.2. Luminaire and drivelane field measurements (initial performance) 9
Street
Product
Avg. input Photopic horizontal illum.
CCT
power (W)
(K)
Avg. (fc)
Avg:min
146
0.58
4.4
Golden Existing HPS
Alder
Hadco
91
0.53
2.8
4000-4200
Sylvania
55
0.22
7.9
5200
146
0.57
7.3
Golden Existing HPS
Cedar
Simply LEDs
59
0.40
15.2
5600-5800
Sternberg
96
0.46
5.6
4300

9

Illuminance values shown were derived from measurements taken with the Minolta meter.
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Table 3.3. Sidewalk field measurements (initial performance)
Street
Product
Photopic horiz. illum.
Min. vertical
illum. (fc)
Avg. (fc) Avg:min
0.32
3.6
0.13
Golden Existing HPS
Alder
Hadco
0.26
1.8
0.21
Sylvania
0.17
6.4
0.03
0.32
5.3
0.13
Golden Existing HPS
Cedar
Simply LEDs
0.12
4.3
0.08
Sternberg
0.38
4.8
0.12
Figures 3.4 and 3.5 provide plan view contour plots of photopic horizontal illuminance measurements
in the Golden Alder and Golden Cedar drivelanes, respectively. One of the Hadco units was improperly
wired in the field, causing it to extinguish while field measurements were being performed, and thereby
reducing the number of useable measurement points.

Figure 3.4. Plan view contour plots of drivelane horizontal illuminance measurements
for HPS (top), Hadco (center), and Sylvania (bottom)

3.4

Figure 3.5. Plan view contour plots of drivelane horizontal illuminance measurements
for HPS (top), Simply LEDs (center), and Sternberg (bottom)
Average drivelane illuminance and uniformity were visibly compromised using the Sylvania product,
as illustrated in the photographs in Figures 3.6 and 3.7. The Simply LEDs product also yielded a
uniformity ratio significantly higher than recommended by IES RP-8.
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Figure 3.6. Sternberg luminaires on Golden Cedar
(Photo credit: SMUD)

Figure 3.7. Sylvania lamp-ballast retrofit kits on Golden Alder
(Photo credit: SMUD)
Camera settings for Figures 3.6 and 3.7 are summarized in Table 3.4.
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Table 3.4. Camera settings for Figures 4.6 and 4.7
Photo
ISO
Aperture Shutter
Lens
(18-200 mm f/3)
Figure 3.6 800
f / 4.2
1/30 sec 34 mm

White
balance
4000 K

No

Figure 3.7

4000 K

No

1600

f / 4.0

1/13 sec

31 mm

Flash

By accounting for the increased efficacy of short-wavelength light at low levels of illumination,
mesopic multipliers can allow for the use of lower-cost and lower-wattage lighting products, depending
on the spectral power distribution of the light emitted. IES HB-10 introduced guidance for the use of
scotopic/photopic (S/P) ratios to determine mesopic multipliers (IES 2006, IES 2011c).10 Although the
City does not presently utilize mesopic multipliers, scotopic illuminance was measured in addition to
photopic illuminance to allow for calculation of the ratio for each luminaire type. The dual-detector S/P
meter used for field measurements is illustrated in Figure 3.8. Measurements are discussed in section 5.0
of this report.

Figure 3.8. S/P field measurements. (Photo credit: SMUD)

10

The forthcoming updates to IES TM-12 and/or IES RP-8 may offer a different approach, applying multipliers
point-by-point rather than on an average basis. Such guidance would supersede that offered in IES HB-10.
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Both the S/P ratio and the photopic luminance must be known to determine mesopic multipliers.
Figure 3.9 illustrates photopic luminance measurements performed by the CLTC using a Nikon 5400
camera with FC-E9 “fisheye” lens and Photolux 2.0 image-processing software.11 A brief discussion of
these measurements is provided in section 5.0 of this report. Note that the scale for the Hadco product
differs slightly from the other three.

Hadco (cd/m2)

Simply LEDs (cd/m2)

Sylvania (cd/m2)

Sternberg (cd/m2)

Figure 3.9. CCD luminance mapping (Adapted from images provided by the CLTC)

11

Software developed for this particular camera-lens combination by the French ENTPE. For details, visit
http://www.entpe.fr/fr/internet/contenu/departements/genie_civil_batiment/laboratoire_lash/domaines_d_action/lum
iere_et_vision/qualite_des_ambiances.
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4.0 Laboratory Measurements
Following completion of the field measurements, one specimen from each of the four LED
manufacturers was laboratory-tested per IES LM-79; this serves as a check on field measurements and
allows for more controlled monitoring of lumen maintenance in the future.12 These specimens were also
tested per the ENERGY STAR® In Situ Temperature Measurement Test (ISTMT) methodology,
whereby the hottest LED in the product is measured to allow for estimation of useful lifetime.13 The
lamp-ballast retrofit kits were tested in the City-standard prismatic globe. Detailed laboratory reports are
compiled in Appendices G-J.
The Simply LEDs specimen (one of the three used in the project), which was operational for the field
measurements, failed to energize for the subsequent laboratory testing. This specimen was shipped back
to the manufacturer, where it was repaired and then returned to the test lab.
Table 4.1 provides computer-modeled initial illuminance values (as opposed to the maintained
“design” values in Table 3.2) using available manufacturer data, for comparison with the field
measurements presented in Table 3.1. Note that manufacturer photometry was performed as follows:
• Existing HPS, Hadco, and Simply LEDs were all tested in the same Lexalite globe
• Sylvania was tested in a different globe (independent of this project)
• Sternberg was tested with the same Sternberg globe used for this project
Table 4.1. Modeled initial drivelane illumination (photopic)
Street
Manufacturer
Avg. horizontal illum. (fc)
Avg:min uniformity

Golden
Alder

Golden
Cedar

Existing HPS
Hadco
Simply LEDs
Sylvania
Sternberg
Existing HPS
Hadco
Simply LEDs
Sylvania
Sternberg

Mfr. data

Lab. data

Mfr. data

Lab. data

0.62
0.47
0.45
0.13
0.50
0.61
0.47
0.45
0.13
0.50

0.53
0.42
0.23
0.45
0.52
0.42
0.23
0.45

4.8
2.9
22.5
13.0
4.2
6.8
4.3
45.0
13.0
5.6

3.3
21.0
23.0
4.5
4.7
42.0
23.0
6.4

Table 4.2 summarizes laboratory measurements, including calculated downward efficacy; uplight is
excluded from this calculation to more accurately characterize useful lumens per watt of input power.

12

LM-79 testing was performed by a laboratory accredited by the National Voluntary Laboratory Accreditation
Program (NVLAP).
13
ISTMT was performed by a laboratory qualified, verified, and recognized through DOE’s CALiPER program.
For more on the ISTMT procedure, see the ENERGY STAR® Manufacturer’s Guide for Qualifying Solid State
Lighting Luminaires, available at www.energystar.gov/lightfixtures.
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Table 4.2. Photometry and colorimetry from laboratory testing of project specimens
Duv
CRI
R9
Product
Input Luminaire Downward CCT
(K)
efficacy
efficacy
power
(lm/W)
(lm/W)
(W)
Hadco
92
62
46
4397 0.004
69
-17
Simply LEDs
60
57
48
6634 0.001
66
-53
Sylvania
56
56
46
5397 -0.002
80
19
Sternberg
96
54
49
4783 -0.003
81
26
Products generally performed as would be expected from photometric data obtained from the
manufacturer. Exceptions include:
• Simply LEDs field-measured uniformity was somewhat better than would be expected from
manufacturer data
• Sylvania field-measured average photopic illuminance was somewhat better than would be
expected from manufacturer data but consistent with the laboratory data; field-measured
uniformity was somewhat better than would be expected by either the manufacturer data or
the laboratory data
• Sternberg had the lowest total efficacy and highest downward efficacy among LED products
• Laboratory-measured CCT relative to ANSI tolerances 14
o Hadco was slightly high (corresponding limit is 4260 K)
o Simply LEDs was very high (corresponding limit is 5311 K)
o Sylvania was slightly high (corresponding limit is 5311 K)
o Sternberg was slightly high (corresponding limit is 4746 K).
HPS manufacturer photometric data and field measurements of input wattage indicate initial
downward luminaire efficacy of 40 lm/W, compared to a range of 46 to 49 lm/W for the LED products.
Comparing with Table 4.3 it is clear that the total luminaire efficacies of these products (including any
uplight), ranging from 54 to 62 lm/W, also compared well with DesignLights™ Consortium (DLC)
qualified products, which are required to produce at least 40 lm/W (photopic).15 The histogram in Figure
4.1 illustrates the range of qualification dates, suggesting the dataset was representative of products
available at the time product specimens were acquired for this project.
Table 4.3. DLC Qualified Products as of April 12, 2011
LED Product Category
Initial efficacy (lm/W)
Min. Max. Avg. Std. Dev.
Outdoor pole/arm-mounted
41
71
52
8
decorative luminaires
52
82
66
10
Retrofit kits for
outdoor pole/arm-mounted
area and roadway luminaires

14

Avg. CCT
(K)

Data
points

4883

27

5396

6

ANSI provides tolerances for measured CCT and Duv as a function of rated CCT (ANSI 2011, ANSLG 2008).
Products are tested with globe, but may include luminaires other than post-top. For more information, visit
http://www.designlights.org/solidstate.about.php.
15
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Taable 4.4. Photometric classifications an
Product
LC
CS
Laterall & “vertical””
classsification
B-U
U-G Back
Up
FV
VH
(%)
Ratiings (%)
(%
%)
Existing HP
PS
2-4
4-3
24.7
17.9
6..8
Type III Medium

Hadco

5-5
1-5

6.9

25.6

155.1

Typee IV Short

Simply LED
Ds

1-3
3-1

20.5

14.9

3..3

Type III Short

Sylvaniaa

1-3
3-1

29.1

18.4

3..5

Typpe II Short

Sternberg
g

2-3
3-3

33.2

7.5

7..5

Type IV Medium

4.4

Data
source
Mfr.

Lab.

5.0 Mesopic Multipliers
As noted in section 3.0, both the S/P ratio and the photopic luminance of the target (the road surface)
must be known in order to determine an appropriate mesopic multiplier. Data collected during this
project allows for a choice of the following S/P ratios for each of the LED products:
• Based on scotopic illuminance measured by the Solar Light meter and photopic illuminance
measured by the Solar Light meter
• Based on scotopic illuminance measured by the Solar Light meter and photopic illuminance
measured by the Minolta meter
• Using the ratio reported by the testing laboratory.
Figure 5.1 illustrates the good agreement between photopic illuminance measurements taken using
the Minolta and Solar Light meters, even at lower illuminances where rounding by the latter is more
significant. However, Figure 5.2 indicates these meters are not interchangeable in calculating S/P ratios;
this may be largely attributable to rounding errors resulting from limited decimal resolution for the Solar
Light photopic measurements. Regardless of the meter used for photopic measurements, and contrary to
expectations, Figures 5.3 and 5.4 indicate the S/P ratio tended to increase with increasing photopic
illuminance.

Figure 5.1. Drivelane illuminance measurements (photopic) using different meters
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Figure 5.2. Drivelane S/P ratios using measurements from different meters for the denominator

Figure 5.3. Drivelane S/P ratios as a function of Solar Light measurements (photopic)
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Figure 5.4. Drivelane S/P ratios as a function of Minolta measurements (photopic)
Compare with Figure 5.5, which presents the same information for the HPS luminaires, albeit based
on the relatively limited set of Solar Light measurements. Correlation between photopic measurements
using either meter would likely be improved if more measurements had been taken; however, note that
the available data yields a curve-fitted line which does not start at the origin and pass through the (1,1)
coordinate, but is rather offset. Unfortunately, since none of the measurements were below 0.20 fc, it is
not clear whether S/P ratios under HPS would follow the same trend exhibited by the LED products, i.e.,
increasing with increased photopic illuminance.
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Figure 5.5. HPS data for comparison with LED data in Figures 6.1-6.4
Following are possible explanations for the apparent relationship between S/P ratio and photopic
illuminance for the LED products:
• The accuracy of the scotopic meter is compromised at low photopic illuminances 18
• The color of light emitted by these LED products is not spatially uniform, such that the
portion of scotopic (blue) spectral content generally decreases with increased distance from
pole (and increased angle from nadir)
• The relative contribution of sky glow (which likely differs in color) is greater at points of
very low illuminance.
The laboratory data cannot be used to evaluate spatial uniformity of color since an integrating sphere
(which does not record measurements in specific directions of emission) was used for colorimetry.19 In
addition, no photopic or scotopic measurements of sky glow illuminance contribution were recorded in
the field. Consequently, a definitive explanation cannot be offered for the apparent relationship between
S/P ratio and photopic illuminance for the LED products.
S/P ratios reported by the laboratory for the LED test specimens were significantly higher than the
values calculated from field measurements, as shown in Table 5.1. LED ratios were calculated as the
ratio of average scotopic and photopic illuminance, whereas HPS ratios were calculated as the average of
ratios at the fewer and unevenly-spaced Solar Light measurement points.

18

Solar Light indicates a range of 20 fc and a display resolution of 0.01 fc for the PMA-2131 detector.
Although colorimetry can be performed via goniophotomer (allowing evaluation of spatial uniformity of color),
few laboratories offer this service, and such data is rarely available from manufacturers.
19
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Table 5.1. Measured S/P ratios
Product
S/P ratios
Laboratory
Field
0.53
Existing HPS
Hadco
1.577
1.05
Simply LEDs
2.006
1.46
Sylvania
1.963
1.42
Sternberg
1.846
1.21
S/P ratios varied significantly under HPS according to the limited field measurements taken using the
Solar Light meter. IES HB-10 indicates an S/P ratio of 0.60 is representative for HPS having a CCT or
2000 K, and this value roughly aligns with the field measurements. By comparison, S/P ratios for
CALiPER benchmarks 08-122 (2042 K) and 09-105 (2130 K) were slightly higher at 0.63 and 0.67,
respectively.20 For the purposes of this analysis, it is assumed that an S/P ratio of 0.65 would serve as a
reasonable estimate of the S/P ratio for the existing HPS luminaires.
Figure 5.6 illustrates the logical and apparently strong relationship between CCT and S/P ratio. The
curve-fit equation is not shown since the dataset is quite limited and there is no single mathematical
relationship between these two metrics. It is possible for a variety of light sources, having unique spectral
power distributions and unique S/P ratios, to share the same CCT and Duv. The form of the curve-fit
equation is logarithmic, but the relationship could well prove linear given more data points. Note that an
S/P ratio of 1.0 would be expected to roughly correspond to a CCT of 2700 K.

Figure 5.6. Apparent relationship between CCT and S/P ratio

20

For more information, visit www.ssl.energy.gov/caliper.html.
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Figure 5.7 plots mesopic multipliers from IES HB-10 as a function of S/P ratio and adaptation
luminance. Note that multipliers approach 1.0 (no effect) when S/P ratio approaches 1.0 from above or
below, or when photopic luminance approaches or exceeds 3.0 cd/m2. Conversely, the effect is greatest
(scaling photopic values up or down) at low adaptation luminances and for S/P ratios that are either very
low or very high.

Figure 5.7. Mesopic multipliers as a function of S/P ratio and luminance
Table 5.2 illustrates adjustment of Minolta meter photopic measurements for comparison in terms of
mesopic visual adaptation, assuming:
• Diffuse 21 pavement having the overall reflectance of R3 pavement (Q0 = 0.07), calculated as
0.07 x 3.14159 = 0.22
• Spectrally neutral pavement reflectance
• Posted speed limit of 25 mph or less 22
• S/P ratios gleaned from laboratory measurements are more accurate than those from field
measurements, due to the greater environmental control and meter accuracy
• A single (averaged) S/P ratio for any given luminaire is sufficient for the use of mesopic
multipliers.23

21

It would be more accurate to account for the partially specular nature of asphalt pavement. However, IES HB-10
assumes diffuse pavement, and it is assumed diffuse pavement of equal reflectance will generally yield conservative
or comparable estimates of mesopic multipliers via higher average luminance.
22
Mesopic multipliers should not be applied where the speed limit exceeds 25 mph, per IES HB-10.
23
Consistent with the methodology presented in section 4.12.3 of IES HB-10.
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Table 5.2. Application of mesopic multipliers 24 to field measurements (initial performance)
Avg.
Street
Product
Avg.
Avg.
Inverse
Avg.
photopic photopic
S/P
mesopic
adjusted
lum.
illum.
ratio
multiplier
illum.
(cd/m2)
(fc)
(fc)
0.9264
0.58
0.44
0.65
0.54
Golden
Existing HPS
Alder
Hadco
0.53
0.40
1.577
1.1065
0.59
Sylvania
0.22
0.17
1.963
1.2601
0.28
0.9260
0.57
0.43
0.65
0.53
Golden
Existing HPS
Cedar
Simply LEDs
0.40
0.30
2.006
1.1923
0.48
1.1581
Sternberg
0.46
0.35
1.846
0.53
Application of mesopic multipliers would effectively bridge the initial performance gap for three of
the four LED products relative to HPS. Whereas illuminance for LED products was adjusted upward by
18 percent on average, HPS was adjusted downward by 7 percent. Although the 26 percent increase for
Sylvania was the highest among LED products, its mesopic multiplier did not overcome the initial
photopic performance gap. Photopic values shown were derived from measurements taken using the
Minolta meter, which claims a greater low-end measuring range (to 0.001 fc) than the Solar Light meter.
The range of calculated luminance values for the LED products roughly aligns with the CCD camera
measurements presented earlier in Figure 3.9. Computer simulations (using manufacturer data for HPS
and laboratory data for LED) summarized in Table 5.3 suggest that the assumption of perfectly diffuse
pavement (ignoring the partially specular nature of the asphalt pavement actually used on the test streets)
results in overstated luminance values, which then yield conservative estimates of mesopic multipliers.
Table 5.3. Simulated luminance for perfectly diffuse versus partially specular pavement
Street
Product
Perfectly diffuse
Partially specular
pavement
pavement

Golden
Alder

24

Existing HPS
Hadco
Simply LEDs
Sylvania
Sternberg

Avg. photopic
illum. (fc)

Avg. photopic
lum. (cd/m2)

Avg. photopic
lum. (cd/m2)

0.62
0.53
0.44
0.23
0.45

0.47
0.40
0.33
0.17
0.34

0.46
0.40
0.26
0.11
0.32

Mesopic multipliers shown here are inverted from the values offered in Table 4.2 of IES HB-10.
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6.0 Lumen Maintenance Life
Analogous to the use of mesopic multipliers, the assumed lumen maintenance has a significant impact
on product cost and energy use. IES TM-21 provides a standard methodology for extrapolation of useful
LED light source lifetime from IES LM-80 lumen maintenance data (IES 2011b, IES 2008b). Such
estimates are liberal when applied directly to luminaires or lamp-ballast retrofit kits, even when combined
with ISTMT data, since other unaccounted-for failure mechanisms may accelerate lumen depreciation
(NGLIA 2011). The TM-21 methodology allows for determination of unique LLD values for each LED
product, rather than an assumed value of 70 percent. For those products expected to maintain better than
70 percent of initial output at the end of an assumed service life, this could allow for further reductions in
LED quantity, product price, energy use, and payback period. At the very least, TM-21 offers a means of
identifying exaggerated or unsubstantiated claims of useful lifetime.
The following data were collected from manufacturers to allow for lumen maintenance extrapolation
per IES TM-21:
• LED drive current
• ISTMT data
• LM-80 report.
As indicated in previous sections of this report, laboratory ISTMT measurements of project
specimens were also performed for comparison with manufacturer data. Updated LM-80 reports were
requested subsequent to completion of field and laboratory measurements, but no such updates were
available at that time. It is important to note that IES TM-21 offers a standard means of estimating the in
situ lumen maintenance of LED light sources, but does not account for other possible failure mechanisms
such as degradation of external thermal management, optical, electrical, or electronic components.25
Table 6.1 shows that, relative to laboratory measurements of project specimens, accuracy of Ts ratings
varied from manufacturer to manufacturer. Such discrepancies may be attributable to testing of
replacement kits without a surrounding globe (i.e., not actually in situ) or to differences in globes used for
ISTMT. Interestingly, the relatively inaccurate ratings (Hadco and Sylvania) both understated case
temperature, whereas the accurate ratings slightly overstated case temperature.
Table 6.1. LED drive current and case temperature
Product
Replaces
Rated LED
drive current 26
Rating
(mA)
(mfr. data)
Hadco
Simply LEDs
Sylvania
Sternberg

Lamp
and
ballast
Luminaire

350
168
350
350

82.4
47.4
66.0
59.7

25

Ts (°C)
Project
LM-80
specimen
Low
89.8
85
46.9
n/a
75.9
55
58.2
45

LM-80
high
120
55
85
85

For more information, download the report, “LED Luminaire Lifetime: Recommendations for Testing and
Reporting, Second Edition,” available online at www.ssl.energy.gov/performance_guides.html.
26
TM-21 assumes constant LED drive current. Although these products were designed for constant drive current,
some products compensate for lumen depreciation by gradually increasing drive current (and wattage) over time.
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literature gathered at the beginning of the project was published before TM-21 was finalized,
manufacturer-rated lumen maintenance life are not considered as part of this analysis.
As illustrated in Figure 6.2, the TM-21 methodology predicts better lumen maintenance for the Hadco
LED light sources at Ts = 120 °C than for Ts = 85 °C. Since it is doubtful or perhaps impossible that
lumen maintenance would actually improve due to increased operating temperature, the more
conservative model (Ts = 85 °C) is assumed to be the more accurate of the two, and no interpolation is
performed for the measured Ts of 89.8 °C. Lumen maintenance of 81 percent is projected at 36,000 hours
of operation, which equates to roughly 9 years at 11 hours of operation per day.28

Figure 6.2. TM-21 extrapolations for Hadco specimen
Figure 6.3 shows that, when using the 350 mA data originally provided by the manufacturer, the
Simply LEDs product would be expected to diminish to 60 percent of initial output at the extrapolation
limit of 33,000 hours (based on 6,000 hours of LM-80 data for fewer than 20 test specimens). Using the
263 mA data subsequently provided by Simply LEDs to more closely match the rated 168 mA LED drive
current, the calculated lumen maintenance improves to 85 percent after 36,000 hours of operation (the
extrapolation limit for 6,500 hours of LM-80 data for fewer than 20 test specimens). By comparison,
Figure 6.4 illustrates the 77 percent lumen maintenance predicted for the Sylvania product after 36,000
hours of operation.

28

Rated life for HPS lamps is based on 11 hours of operation per start. In terms of cost analysis, this value is
slightly conservative relative to the approximate 11.5 hours per start indicated in IES DG-13 (IES 1998).

6.3

Figure 6.3. TM-21 extrap
polation for Siimply LEDs specimen

Figure 6.4. TM-21 extraapolations forr Sylvania speecimen
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Figures 6.5 and 6.6 demonstrate the significance of LM-80 test duration for the Sternberg product.
Using the complete set of data, lumen maintenance would be estimated at 82 percent after 63,000 hours of
operation.29 By comparison, the same lumen depreciation would be expected after just 33,000 hours of
operation if only the first 6,000 hours of LM-80 data had been available.

Figure 6.5. TM-21 extrapolations for Sternberg specimen
(based on first 6000 hours of LM-80 data)

29

Note the raw Sternberg LM-80 data exhibits discontinuity at 3,050 hours; a scaling factor was used by CREE to
adjust data points at/beyond 3,051 hours. Although no explanation has been offered by the manufacturer, such a
discrepancy may be attributable to the replacement of a measurement device.
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Figure 6.6. TM-21 extrapolations for Sternberg specimen
(based on full set of LM-80 data)
As noted in section 2.0 of this report, it is common practice to rate the useful lifetime of LED
products based on the hours of operation until light output diminishes to 70 percent of initial. However,
as demonstrated in Table 6.2, it is not unusual for TM-21 extrapolations to indicate less depreciation at
the extrapolation limit. To allow for evaluation to L70 per IES HB-10, Projected lumen maintenance
lifetimes are also provided.
Table 6.2. LED lumen maintenance life and extrapolation limit (rounded to the nearest 1,000 hr)
Projected L70 life
Product
Replaces
Extrapolation limit
Reported L70 life
(hr)
(hr)
(hr)
Hadco
Lamp
36,000
> 36,000
57,000
30
and
Simply LEDs
36,000
> 36,000
77,000
ballast
Sylvania
36,000
> 36,000
48,000
Sternberg
Luminaire
63,000
> 63,000
160,000

30

Only the 263 mA LM-80 data for the Simply LEDs product is used henceforth.
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7.0 Adjusting for Equivalence
Equivalence must be established before products can be equitably compared. Unfortunately, the
product search conducted in March 2011 found no lower-wattage LED products that were photopically
equivalent to the existing HPS. Energy savings from these LED products was largely attributable to
reduced photopic light levels. However, the purpose of this study was to characterize best-in-class
performance for LED products in this application, rather than to demonstrate their market-readiness.
The following analysis levels the playing field by one or both of the following methods:
• Normalizing for equal maintained photopic illuminance
• Normalizing for equal maintained mesopic illuminance.
Constant-wattage luminaires exhibit a gradual reduction in light output over time and thus must be
“oversized” initially to ensure adequate maintained illumination for the duration of operation. The
primary light loss factors associated with outdoor lighting are LLD (or lumen maintenance) and LDD.
Whereas HPS lamps generally fail before exhibiting unacceptable lumen depreciation, LED light
sources are generally expected to continue operating well after they have ceased to produce adequate
illumination. IES HB-10 recommends assigning an LLD of not higher than 0.70 to LED products,
assuming that higher values would not reflect the likely service life, i.e., replacement will only occur after
illumination has visibly diminished. However, economic analyses require accurate estimates of service
life, and the extrapolation limits established by IES TM-21 effectively discourage evaluation of L70
ratings for some LED products since these values must be Projected rather than Reported. Consequently,
the following analysis considers two scenarios for both photopic and mesopic equivalence:
• “Early” replacement (group relamping) of HPS at 70 percent of rated life, and of LED
products at the IES TM-21 extrapolation limit
• “Later” replacement (spot relamping) of HPS at end of rated life, and of LED products at the
Projected L70 lumen maintenance life.
Figures 7.1 and 7.2 illustrate lumen maintenance for each LED product relative to HPS for a number
of replacement cycles. Note that:
• HPS lumen maintenance is assumed to follow the curve provided in Figure 1 of IES DG-4 for
a clear 400 W HPS lamp operated horizontally
• HPS lumen maintenance would differ from what is shown in the later replacement scenario
due to the required spot-replacement for a significant portion of the lamp population
• Rated life for HPS lamps is typically based on 11 hours of operation per start and survival of
approximately 67 percent of the test population (when indicated with a plus “+” sign)
• If the LED light sources in the Sternberg luminaire maintain 70 percent of initial output for
the Projected 160,000 hours of operation (roughly 40 years at 11 hours of operation per day),
the LED driver(s) would likely require replacement in the interim.31

31

The City drawings do not indicate photocontrol is integral to luminaire or pole.
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Figure 7.1. Lumen mainteenance for rep
placement of LEDs at extraapolation lim
mit (green)
and for replaacement of HPS at 70 perccent of rated life (red)

Figure 7.2. Lumen maintenance for replacemeent of LEDs at L70 life (greeen)
and for replacement of HPS at end of rated life (red)

7.2

Luminaire dirt depreciation is a function of luminaire design, time between cleanings, and ambient
particulate level. According to data published by the Environmental Protection Agency (EPA),
concentrations of airborne particulate matter in Sacramento appear to be well below 150 μg/m3, indicating
a “Very Clean” environment per IESNA DG-4.32 Estimates of LDD are illustrated in Figure 7.3 as a
function of luminaire design and cleaning interval (IES 1971).33 The Sternberg luminaire has an ingress
protection rating of IP-65 and could thus be considered “tightly sealed,” whereas the existing globe
(which houses the other LED products and the HPS lamp) is not sealed but is effectively enclosed and
thus could be reasonably considered “semi-sealed” (NEMA 2002).

Figure 7.3. Luminaire Dirt Depreciation for < 150 μg/m3 environment
Geometries differed between Golden Alder (where Hadco and Sylvania were installed) and Golden
Cedar (where Simply LEDs and Sternberg were installed). To allow for apples-to-apples comparison of
products, the following analysis considers average horizontal illuminance on Golden Alder, based on
field-measured values for HPS and calculated values for LED (derived from laboratory test data).
Table 7.1 summarizes quoted pricing and initial photopic drivelane illumination for products tested as
part of this project. Pricing shown excludes sales tax and distributor/contractor markups, and may vary
based on region, size of order, customer/project profile, competition, and other factors. In addition, the
cost per lumen of LED products is expected to continue to decrease substantially over time (DOE 2011a).

Based on “coarse” particles between 2.5 and 10 μm in diameter (PM10) at site 060670010. Data is available
online at http://www.epa.gov/airtrends/pm.html.
33
The linear decay differs from the exponential decay indicated in IES DG-4 but aligns at 8 years for “enclosed and
gasketed” luminaires and provides a conservative means for evaluating longer intervals and other luminaire types.
32
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Table 7.1. Pricing in relation to initial photopic performance
Product
Unit price
Avg. horiz. illum (fc)
0.58
Existing HPS
Hadco
$656
0.53
Simply LEDs
$475
0.42
Sylvania
$500
0.23
Sternberg
$1168
0.45
Whereas HPS luminaire pricing generally does not vary greatly as a function of light output, LED
luminaire pricing can be nearly proportional to light output. Since the LEDs themselves represent a
significant portion of the luminaire cost, doubling the number of LEDs to produce twice the light output
can also result in nearly twice the cost. As a cost-saving alternative, LED drive current could be roughly
doubled without increasing the number of LEDs, but this approach generally compromises both efficacy
and lifetime.
Table 7.2 scales LED products in output, wattage, and price to match HPS in terms of maintained
photopic performance, rather than targeting IES RP-8 recommendations, assuming “early” replacement as
described above. These three values are scaled-up proportionately to approximate yield an equivalent
product, assuming increased LED light source quantity. Note that this method assumes LED light source
quantity is sufficiently granular to “right-size” products, thereby eliminating unnecessary wattage and
cost. Some LED luminaire manufacturers offer a more limited variety of lumen packages, akin to the
available HID wattage increments. It is important to note that this method also ignores the inferior
uniformity produced by the Simply LEDs and Sylvania products.
Table 7.2. Scaling for maintained photopic equivalence (early replacement)
Product
As received
Scaling
Scaled for maint. equivalence
factor
(interval)
Price
Input power
Initial illum.
LLD LDD Maint. illum.
($)
(W)
(fc)
(fc)
0.45
1.00
146
0.58
Existing HPS 0.85 0.90
(16,800 hr)
Hadco
0.83 0.82
0.36
1.24
813
114
0.66
(36,000 hr)
Simply LEDs 0.85 0.82
0.29
1.53
725
92
0.64
(36,000 hr)
Sylvania
0.79 0.82
0.15
3.00
1500
168
0.69
(36,000 hr)
Sternberg
0.86 0.84
0.33
1.37
1606
132
0.62
(63,000 hr)
Table 7.3 further scales LED products in output and price to match HPS in terms of maintained
mesopic performance, again assuming “early” replacement. Mesopic multipliers can be calculated based
on initial or maintained light levels, or for any point between. Given that mesopic multipliers would be
higher as products near the end of a replacement cycle (when photopic illumination levels are lowest),
and given that some LED products can exhibit substantial color shift over time (CALiPER 2011), the
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following mesopic multipliers were determined using initial light levels for conservative and accurate
adjustment of photopic values.
Table 7.3. Scaling for maintained mesopic equivalence (early replacement)
Product
Mesopic
Maint. illum.
Scaling
Scaled
(interval)
multiplier
adjusted (fc)
Factor
Price
Input power
($)
(W)
0.41
1.00
40
146
0.9265
Existing HPS
(16,800 hr)
0.40
1.05
686
96
Hadco
1.0981
(36,000 hr)
0.33
1.25
592
75
Simply LEDs
1.1352
(36,000 hr)
0.17
2.41
1206
135
Sylvania
1.1522
(36,000 hr)
0.37
1.11
1302
107
Sternberg
1.1425
(63,000 hr)
The analysis is repeated in Tables 7.4 and 7.5, this time evaluating replacement of HPS at end of rated
life and LED at the Projected L70 lumen maintenance life. It is assumed that the Sternberg luminaire
would be cleaned before 80,000 hours of operation – perhaps upon replacement of failed LED driver(s).
Table 7.4. Scaling for maintained photopic equivalence (later replacement)
Product
As received
Scaling
Scaled for maint. equivalence
(interval)
factor
LLD LDD Maint. illum.
Price
Input power
Initial illum.
(fc)
($)
(W)
(fc)
0.38
1.00
146
0.58
Existing HPS 0.75 0.87
(24,000 hr)
Hadco
0.70 0.72
0.27
1.43
936
131
0.76
(57,000 hr)
Simply LEDs
0.63
0.19
2.06
978
123
0.86
(77,000 hr)
Sylvania
0.76
0.12
3.12
1558
174
0.72
(48,000 hr)
Sternberg
0.80
0.25
1.51
1767
145
0.68
(160,000 hr)
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Table 7.5. Scaling for maintained mesopic equivalence (later replacement)
Product
Mesopic
Maint. illum.
Scaling
Scaled
(interval)
multiplier
adjusted (fc)
Factor
Price
Input power
($)
(W)
0.35
1.00
40
146
0.9265
Existing HPS
(24,000 hr)
0.29
1.21
795
111
Hadco
1.0916
(57,000 hr)
0.22
1.64
777
98
Simply LEDs
1.1657
(77,000 hr)
0.14
2.51
1256
141
Sylvania
1.1493
(48,000 hr)
0.29
1.23
1440
118
Sternberg
1.1365
(160,000 hr)
Figure 7.4 illustrates the effect of scaling LED product price for maintained equivalence to HPS, both
in terms of photopic and mesopic visual adaptation, and as a function of “early” or “later” replacement.
Observations:
• Scaled product price was always lower in the early replacement scenarios than in the later
replacement scenarios
• The Sylvania product had the second-lowest quoted price but jumped to second-highest when
scaled for maintained equivalence to HPS
• Quoted product price was not reduced in any scenario.
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8.0 Economics
The City indicated it is billed at a flat rate of $0.12/kWh under the SMUD street light schedule for
customer owned and maintained street lights,36 slightly higher than the national average of $0.10/kWh
(DOE 2011b). According to the City, the cost of spot replacement and repair of HPS luminaires ranges
from $400 - $750 per incident, including an average labor rate of approximately $165/hr fully burdened
(overtime is approximately $250/hr) and vehicle costs ranging from $200 to $300 per trip. The total
annual budget for street light maintenance is $1.7 million for approximately 35,000 to 40,000 street lights,
yielding an estimated $45 annual cost of maintenance per HPS luminaire.
Estimated annual maintenance costs are summarized in Table 8.1. Assuming an approximate 27,500
hour service life for HPS lamps (extrapolating from 67 percent survival at the 24,000+ hour rated life)
and a 60,000-hour service life for HPS ballasts, and assuming lamps are not replaced as ballasts are
replaced, the maintenance cycle can be estimated at 4.7 years.37 This yields a significantly lower figure of
roughly $213 on average to service a luminaire.38 Holding this value constant, the City budget would
need to be increased to accommodate the higher annual cost of maintenance for the early and later
replacement scenarios, due to the reduced service lifetimes of HPS lamps. Note that whereas these values
include HPS luminaire components, the labor and transportation rates do not.
Table 8.1. Estimated annual HPS maintenance cost for each replacement scenario
Replace.
Mean lamp life
Serviced annually
Service
Annual maint. ($)
scenario
cycle
(hr)
(yr)
Lamps Luminaires
Overall
Per
(yr)
budget
unit
Actual
27,500
6.84
5,479
7,990
4.7
1,700,000
45
Later
24,000
5.97
6,278
8,789
4.3
1,870,000
50
Early
16,800
4.18
8,968
11,479
3.3
2,442,449
65
Estimated cost to prepare and install each product is provided in Table 8.2, assuming $2,890 cost for
a two-person crew replacing products for the duration of an eight hour day. Based on the survey of City
installation personnel (see Appendix F), substantial preparation time in the shop was required for the three
lamp-ballast replacement products. To account for the learning curve associated with these new products,
it is assumed that only one employee would ultimately be needed to perform this work.
Table 8.2. Estimated cost to prepare and install each product (excluding product price)
Product
Field install Installed
Shop prep.
Shop prep.
Prep. and
install ($)
time (hr)
per day
time (hr)
cost ($)
Hadco
0.25
16.0
0.50
1,320
263
Simply LEDs
0.50
10.7
1.00
1,760
436
Sylvania
0.75
8.0
1.25
1,650
568
Sternberg
1.00
6.4
0.00
0
452
Simple payback period for each of the four scenarios is shown in Tables 8.3-8.6. Installed cost is
calculated as the sum of the cost to prepare and install and the scaled product price. Annual maintenance
36

Standard rates are accessible online at http://www.smud.org/en/residential/rates/Documents/1-SLS.pdf.
For simplicity, photocontrols and knock-downs are not considered in this analysis.
38
Administrative overhead is assumed to be separate or represent a relatively small portion of the annual budget.
37
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savings are calculated assuming no replacement of LED products, i.e., stopping just short of one LED
replacement cycle. For this reason, no value is shown if simple payback period exceeds the
corresponding LED replacement cycle, i.e., if the product does not pay for itself before it is to be
replaced. For simplicity, disposal costs are not considered as part of this analysis.
Table 8.3. Simple payback period for early replacement and maintained photopic equivalence
Product
Installed
Replace.
Annual cost ($)
Annual savings ($)
Payback
cost ($)
cycle (yr) Power Maint. Power Maint. Net
(yr)
HPS (base)
65
1.0
70
65
0
0
0
Hadco
1,076
9.0
55
0
15
65
80
> cycle
Simply LEDs
1,161
9.0
44
0
26
65
91
> cycle
Sylvania
2,067
9.0
81
0
-11
65
54
> cycle
Sternberg
2,057
15.7
64
0
7
65
72
> cycle

Table 8.4. Simple payback period for early replacement and maintained mesopic equivalence
Product
Installed
Replace.
Annual cost ($)
Annual savings ($)
Payback
cost ($)
cycle (yr) Power Maint. Power Maint. Net
(yr)
HPS (base)
65
1.0
70
65
0
0
0
Hadco
949
9.0
46
0
24
65
89
> cycle
Simply LEDs
1,028
9.0
36
0
34
65
99
> cycle
Sylvania
1,773
9.0
65
0
5
65
70
> cycle
Sternberg
1,754
15.7
52
0
19
65
84
> cycle

Table 8.5. Simple payback period for later replacement and maintained photopic equivalence
Product
Installed
Replace.
Annual cost ($)
Annual savings ($)
Payback
cost ($)
cycle (yr) Power Maint. Power Maint. Net
(yr)
HPS (base)
50
1.0
70
50
0
0
0
Hadco
1,199
14.2
63
0
7
50
57
> cycle
Simply LEDs
1,413
19.2
60
0
11
50
61
> cycle
Sylvania
2,125
11.9
84
0
-14
50
36
> cycle
Sternberg
2,218
39.8
70
0
0
50
50
> cycle

Table 8.6. Simple payback period for later replacement and maintained mesopic equivalence
Product
Installed
Replace.
Annual cost ($)
Annual savings ($)
Payback
cost ($)
cycle (yr) Power Maint. Power Maint. Net
(yr)
HPS (base)
50
1.0
70
50
0
0
0
Hadco
1,058
14.2
54
0
17
50
67
> cycle
Simply LEDs
1,213
19.2
47
0
23
50
73
16.6
Sylvania
1,823
11.9
68
0
3
50
53
> cycle
Sternberg
1,892
39.8
57
0
13
50
63
29.9
Again, note that while their light output has been scaled for maintained equivalence to HPS, the
Simply LEDs and Sylvania products greatly compromise uniformity of illumination in this application, so
they would not be truly equivalent without a redesign of their optical systems.
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To account for the time value of money, life cycle cost analysis was performed in addition to
calculation of simple payback period. Whereas HPS lamp-ballast technology has largely matured, LED
source-driver technology continues to rapidly evolve. For this reason, it is conservatively assumed that
LED drivers will be replaced as LED light sources are replaced to ensure compatibility. Although LED
pricing is expected to decrease roughly 22 percent annually through 2020 (DOE 2011a), real pricing is
conservatively held constant for this analysis.
Life cycle calculations are summarized in Tables 8.7-8.10, based on the following assumptions:
• End-of-year discounting
• Constant-dollar analysis, with a real discount rate of 3.0 percent
• Constant real pricing for products and labor
• NIST projections for future commercial sector electricity prices (NIST 2011c)
• Whereas HPS costs are annualized, residual value is used to credit LED products which
happen to be part way through a replacement cycle at the end of the evaluation period.
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Table 8.7. Life cycle cost for early replacement and maintained photopic equivalence
Product
Life cycle cost
Net savings
Analysis period
(2011 $)
(2011 $)
(yr)
Existing HPS
1960
n/a
20
($65 annual maint.)
Hadco
2840
-879
Simply LEDs
2853
-893
Sylvania
5108
-3148
Sternberg
3373
-1413

Table 8.8. Life cycle cost for early replacement and maintained mesopic equivalence
Product
Life cycle cost
Net savings
Analysis period
(2011 $)
(2011 $)
(yr)
Existing HPS
1960
n/a
20
($65 annual maint.)
Hadco
2474
-513
Simply LEDs
2482
-520
Sylvania
4320
-2359
Sternberg
2839
-878

Table 8.9. Life cycle cost for later replacement and maintained photopic equivalence
Product
Life cycle cost
Net savings
Analysis period
(2011 $)
(2011 $)
(yr)
Existing HPS
2274
n/a
30
($50 annual maint.)
Hadco
3220
-945
Simply LEDs
3012
-737
Sylvania
5742
-3468
Sternberg
3171
-896

Table 8.10. Life cycle cost for early replacement and maintained mesopic equivalence
Product
Life cycle cost
Net savings
Analysis period
(2011 $)
(2011 $)
(yr)
Existing HPS
2274
n/a
30
($50 annual maint.)
Hadco
2800
-526
Simply LEDs
2518
-244
Sylvania
4853
-2579
Sternberg
2654
-380
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9.0 Conclusions
The four products evaluated as part of this study are considered to have represented best-in-class LED
performance for this application as of March 2011, when product selections were finalized. However, the
resulting energy savings were found to be directly attributable to reduced illumination levels relative to
the existing HPS ornamental post-top street lights. Cost-effectiveness was also found to be inadequate
when the LED products were hypothetically scaled to match maintained HPS illumination, with pricing
and wattage scaled proportionately. The performance gap remained even when mesopic visual adaptation
and unrestricted extrapolation of LM-80 data were considered.
It is important to note, however, that the LED industry continues to improve rapidly – initial efficacy
is increasing even as the cost per lumen decreases. As a result, the potential for identification of a costeffective LED replacement in any given application can be expected to increase with time. Similarly, this
evaluation was restricted to products yielding an appearance similar to the existing HPS when viewed
during the day or at night. It is possible that superior alternatives were available, albeit in a format
considered incompatible with this particular application.
An important lesson reinforced by this project was the benefit of coordination between the
manufacturer and the customer to ensure optimal performance for a given LED product in this particular
application. This is especially critical for lamp-ballast retrofit kits, which are not necessarily compatible
with existing luminaires when essentially purchased “off-the-shelf.” The issue is of somewhat lesser
significance for complete luminaire replacements, since most components are already integrated by the
manufacturer for thermal, optical, electrical, and mechanical compatibility.
Considerable resources were required for this project, from product selection and evaluation to the
production of this report. The Municipal Solid-State Street Lighting Consortium recently issued the first
draft of the Model Specification for LED Roadway Luminaires, which is intended to minimize the burden
for municipalities and utilities considering LED products for similar applications.39 The template can be
customized to meet the particular needs of individual organizations in order to help them put together
effective bid documents. Some guidance is offered in the form of default criteria, which, for example,
effectively discourage specification of parameters such as LED drive current and operating temperature
(which should instead be clearly communicated by the manufacturer).
IES HB-10 and IES TM-21 were released during the course of this demonstration. Data generated as
part of this project may prove useful to standards organizations, manufacturers, and those considering
retrofitting to LED technology. For example, it is not clear whether measurement of the spatial variation
of color is feasible or of practical importance in terms of mesopic visual adaptation. Similarly, owners
would benefit from additional guidance when establishing parameters for lighting design and economic
analysis. Individuals responsible for the evaluation of product submittals must understand the nuances
and limitations of lumen maintenance life ratings.

39

For more information, visit www.ssl.energy.gov/specification.html and www.ssl.energy.gov/msslc_model
spec2011_webinar.html.
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Sylvania provided the following statement in response to reviewing a preliminary draft of the
GATEWAY report.

Dec 15, 2011
Thank you for providing the opportunity to have a preliminary review of your DOE Gateway report. The
SYLVANIA Area Light LED retrofit kit is designed to fit most exterior post top fixtures at mounting heights
up to 30’. This LED retrofit kit is also designed with the flexibility to adjust position within the fixture
along with two optics options to optimize the photometric distribution for the application.
Our ‘Buy 4’ program allows the end customer to purchase 4 of our LED retrofit kit products and then
install them to test to see if there is additional application support required. Additionally, we offer to
retrofit the end users fixture and provide a photo journal to ensure proper installation. These options and
services allow the end user to have the best possible solution for their post top lighting applications.
Due to the nature of the Gateway program test, SYLVANIA was not able to fully engage with the end
user to demonstrate the full support typically provided to our customers, ultimately ending in a less than
satisfying performance review.
We request that when you publish this report, you also note that SYLVANIA provides application support
along with trial purchasing programs with their LED Street lighting retrofit kits and due to the nature of
this test this additional support was not utilized to optimize the performance.

Readers should contact their Sylvania representative with any questions or requests for additional
information.
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Table F.1. Responses to questionnaire item #1 by City installation personnel on 2011-09-13
Question
How easy or difficult were the retrofit kits to install?
Describe any issues encountered with installation.
Manufacturer

Response from City personnel

Hadco

The installation was relatively easy with a short learning curve for the first two
units. There was a preparation that needed to be done in the shop before the field
installation. Once the prep work was done, the installation was completed in
about 15 minutes. The only drawback was the overall weight of the kit. It was a
challenge handling the kit during the installation due to the weight.

Simply LEDs

This product consisted of several discrete components that needed to be prepared
in the shop prior to field installation. The installation process was not difficult but
rather time consuming. The installation could be improved by redesigning the
mounting ring that interfaces the globe and the dome top. It needed to be better
secured to withstand vibration and gusty winds in the field.

Sylvania

The kits were not designed to fit the City of Sacramento’s light standards. The
mounting plate for each kit was modified to match the City’s light standard, a
process that took several weeks. The center shaft holding the light engine also
required an adjustment to match the globe. The installation required significant
shop preparation. The field installation would not be successful without a lengthy
shop preparation.

Sternberg

The kit was supposed to be designed for ease of installation thereby it was
available only as a fully assembled, self contained, unit complete with a globe, a
light engine, and a capital. But the total weight of the entire assembly and the size
of it made it very difficult to install in the field. Field personnel found it very
challenging to balance the heavy assembly with one hand while trying to make
electrical connections necessary for the installation in the field.

Table F.2. Responses to questionnaire item #2 by City installation personnel on 2011-09-13
Question
How easy or difficult was it to align the fixtures for proper lighting along the street?
Manufacturer

Response from City personnel

Hadco

The alignment was simple. The kits were configured to be Type III. The position
of the light engine was predetermined and the mounting was designed to snap in
place.

Simply LEDs

Aligning the kits was very simple because the kits were integrated into the globes
and dome tops. Any technicians familiar with installing the Lexalite 424 series
globes would have no difficulty aligning the kits.

Sylvania

The alignment was relatively simple as the light engine was designed to mimic a
HID.

Sternberg

There was no alignment issue as the kit was designed to mimic a HID in a typical
textured globe.
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Table F.3. Responses to questionnaire item #3 by City installation personnel on 2011-09-13
Question
Approximately how long did it take (man-hours), on average, to install one retrofit kit?
Manufacturer

Response from City personnel

Hadco

It took a two – person crew about 30 minutes to prep and 15 minutes to install in
the field.

Simply LEDs

It took a two - person crew about one hour to prepare the kit in the shop and thirty
minutes in the field to install and align the kit.

Sylvania

It took a two-person crew over an hour of shop prep and 45 minutes of field
installation.

Sternberg

It took a two-person crew about one hour to install.
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