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Acronyms and Abbreviations 

AADT Average Annual Daily Traffic 
ANSI American National Standards Institute 
CCT correlated color temperature 
cd candela(s) 
CRI color rendering index 
DOE U.S. Department of Energy 
FLH Office of Federal Lands Highway 
HID high-intensity discharge 
HPS high-pressure sodium 
IES or IESNA Illuminating Engineering Society of North America 
IP Ingress Protection 
LED light-emitting diode 
NFPA National Fire Protection Association 
NEMA National Electrical Manufacturers Association 
NPS National Park Service 
lm lumen(s) 
lx lux 
m2 square meter 
PNNL Pacific Northwest National Laboratory 
SSL solid-state lighting 
W watt(s) 
Wh Watt-hour(s) 
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1.1 

1.0 Executive Summary 

The U.S. Department of Energy (DOE) is evaluating the Baker-Barry Tunnel as a potential 
GATEWAY Demonstrations project for deployment of solid-state lighting (SSL) technology.  The 
National Park Service (NPS) views this project as a possible proving ground and template for 
implementation of light-emitting diode (LED) luminaires in other NPS tunnels, thereby expanding the 
estimated 40% energy savings from 132 MWh/yr for this tunnel to a much larger figure nationally.   

Most of the energy savings in this application is attributable to the instant-restrike capability of LED 
products and to their high tolerance for frequent on/off switching.  Rather than brightly lighting both ends 
of the single-lane tunnel during the day (treating both as entrances), the traffic signals already used to 
determine the direction of traffic could also be utilized to reduce light levels at the tunnel exit.  Some 
LED luminaires rival or outperform their high-intensity discharge (HID) counterparts in terms of efficacy, 
but options are limited, and smaller lumen packages preclude true one-for-one equivalence.  However, 
LED products continue to improve in efficacy and affordability at a rate unmatched by other light source 
technologies; the estimated simple payback period of 20 years (given a $0.17/kWh electricity rate and 
excluding both installation costs and maintenance savings) can be expected to improve with time.1 

The proposed revisions to the existing high-pressure sodium (HPS) lighting system would require 
slightly increased controls complexity and significantly increased luminaire types and quantities.  In 
exchange, substantial annual savings (from reduced maintenance and energy use) would be 
complemented by improved quantity and quality of illumination.  Although more advanced lighting 
controls could offer additional savings, it is unclear whether such a system would prove cost-effective; 
this topic may be explored in future work. 

This document was revised in March 2012 to correct the reported payback periods, which exclude 
installation costs and maintenance savings. 

 

                                                      
1 Detailed DOE SSL forecasts can be found at  www.ssl.energy.gov/tech_reports.html. 

http://www.ssl.energy.gov/tech_reports.html




 

2.1 

2.0 Background and Purpose 

In March 2010, GATEWAY performed a preliminary analysis of the existing high-pressure sodium 
(HPS) lighting system on behalf of NPS.  This report supersedes the previous analysis by incorporating its 
contents and providing revised, updated, or expanded material as follows: 

· Per documents received from NPS on April 28, 2010 

o Estimated tunnel height revised from 17 to 16 feet  

o Centerline of drivelane offset 18 inches from centerline of luminaires and tunnel 

o Widths revised as follows:  10.5 feet for drivelane, 3.5 feet for north bikelane, 4.5 
feet for south bikelane 

o Estimated daily traffic revised from greater than 2,400 to less than 2,400 vehicles 

o Estimated distance from entrance to first (existing) energized luminaire encountered 
at night revised from 16.5 to  35 feet 

· Per changes to the recently updated ANSI/IES RP-22 

o Revised criteria for the transition zone gradient 

o Revised wall illumination criteria 

· Veiling luminance calculations corrected to exclude areas outside the interior zone 

· Estimated surface reflectances revised 

· Minimum ingress protection (IP) rating revised from 65 to 66 for power-wash cleaning 

· Evaluation of alternative light-emitting diode (LED) luminaires 

· Evaluation of illumination levels under emergency power 

· Incorporation of simple traffic-signal-based on/off lighting controls 

The potential for advanced lighting controls as a supplemental energy-savings measure may be 
detailed in a follow-up report.  

 

 





 

3.1 

3.0 Existing Tunnel and Lighting System 

The Baker-Barry Tunnel was constructed in 1918 in what is now the Golden Gate National 
Recreation Area.  The tunnel allows Bunker Road to pass under Highway 101 and through a hill on the 
north side of the Golden Gate Bridge.  According to a recent inspection by the Office of Federal Lands 
Highway, the tunnel is 2,690 feet long, 16 feet in height (approximately 15 feet clearance), and 20 feet 
wide, as indicated in Figure 3.1 (FLH 2002).   

 

Figure 3.1.  Tunnel cross-section (Image credit: FLH) 

Separate construction drawings produced for NPS in 1993 indicate a tunnel length of 2,360 feet, 
consistent with analysis by GATEWAY indicating an approximate length of 2,346 feet (using satellite 
imagery from Google).  It is assumed this NPS length measurement is accurate. 

A single driving lane is bounded on either side by unprotected bicycle lanes.  Posted speed limit is 
25mph for both approaches and within the tunnel, with vehicular traffic flow running roughly NW 
to/from SE (aligning more closely with the East-West axis than with the North-South axis).  The direction 
of one-way traffic reverses periodically via traffic signals at either end, as indicated in Figure 3.2.2  
Elimination of oncoming traffic allows the tunnel to be classified as “divided,” and the approach can be 
classified as “mountain” as illustrated by Figures 3.3 and 3.4.  It appears neither of the two approaches to 
the tunnel is illuminated by pole-mounted luminaires.  Average annual daily traffic (AADT) is 

                                                      
2 Images captured using the Street View tool in Google Maps, for Bunker Road at Danes Drive. 
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approximately 600 vehicles.  Pavement surface is asphalt (assumed R3), and the walls and arched ceiling 
are concrete, for estimated ceiling/walls/pavement reflectances of 30/30/20.  Average ambient 
temperature is approximately 14°C and maximum is approximately 40°C.3  Tunnel and luminaires are 
periodically cleaned via hose-down.   

 

Figure 3.2.  View from SE opening (Photo credit: Google) 

 

Figure 3.3.  View of SE entrance to mountain tunnel (Photo credit: Google) 

                                                      
3 From http://www.wrcc.dri.edu/htmlfiles/citycomptemp.html for San Fran Mission Dolore, accessed 2010-03-25. 

http://www.wrcc.dri.edu/htmlfiles/citycomptemp.html
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Figure 3.4.  View of NW entrance, just past signal (Photo credit: Google) 

The lighting system is divided into different zones for visual adaptation purposes.  Upon entering the 
tunnel vehicles first pass through a 200-foot threshold zone, followed by a 250-foot transitional zone and 
1,460-foot interior zone, and then another 250-foot transition zone and 200-foot threshold zone before 
exiting the tunnel.  Luminaires on the emergency panel and panel L3 are operated continuously; all others 
are switched off at night.  Existing luminaire types and operation are summarized in Table 3.1.  Product 
cutsheets are also provided in Appendix B.  Note that the cutsheet for the 100W ballast specified by NPS 
indicates the product is not offered in 480V; this suggests that either two ballast types are used for the 
100W luminaires, or luminaire types indicated 480V (phase to phase) may actually be wired 277V (phase 
to neutral). 

 
Table 3.1.  Existing GE Lighting Solutions HPS luminaires 

Type Catalog # HPS 
Lamp 

Initial  
Output 

(lm) 

Input 
Power 
(W) 

Initial 
Efficacy 
(lm/W) 

Location Operation Voltage 

H4D TUN40S5 400W 39,616 464 85 Threshold 
zone 

Daytime 
only 

480V 

H2D TUN25S5 250W 21,750 300 73 Transition 
zone 

Daytime 
only 

480V 

H1D TUN10S5 100W 7,379 130 57 All zones Daytime 
 only 

480V 

H1C TUN10S5 100W 7,379 130 57 All zones Continuous 480V 

H1E TUN10S5 100W 7,379 126 59 All zones Continuous 
and 

Emergency 

277V 

  A more detailed overview of the luminaire layout and circuiting is provided in Figure 3.5, where 
zones are represented by blocks, and rows within each block correspond to mode of operation.  
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Figure 3.5.  Existing luminaire layout and circuiting (derived from NPS drawings4) 

                                                      
4 According to Sheet E1 of the 1993 NPS set, every fourth luminaire in the threshold zone is 100W.  It is assumed 
that in fact every fifth luminaire in this zone is 100W. 
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The diagram can be more readily understood via some examples:  Upon entering either entrance 
during the day, the first four luminaires encountered are 400W, followed by one 100W luminaire; this 
series is repeated until the transition zone is reached (200 feet into the tunnel).  Upon entering the tunnel, 
the 20th luminaire encountered during the day is the first energized luminaire encountered at night.  
Similarly, the 10th luminaire encountered during the day is the first energized luminaire encountered when 
the tunnel is running solely on emergency power. 

The existing luminaires are available in a variety of distributions; it is not clear which specific 
distributions were installed.5  Given the periodically reversing flow of traffic and the location of 
luminaires over the single drive lane, a symmetric (as opposed to asymmetric) distribution would be 
appropriate.  The only bilaterally symmetric distribution for which GE offers photometry is their 150W 
STM optic, characterized in Figure 3.6 below and featuring 78% efficiency.  The following calculations 
approximate 100W, 250W, and 400W by scaling down or up from the 150W output based on rated lamp 
lumens.6  It is also not clear which ballasts were used for this project; this determines input wattage and 
efficacy.  Lacking detailed luminaire specifications, initial luminaire efficacy is estimated at 59 lm/W for 
100W HPS, 71 lm/W for 250W HPS, and 85 lm/W for 400W HPS. 
 

 

Figure 3.6.  Elongated (elliptical) bilaterally 
symmetric intensity distribution for 150W HPS, 
represented by candela traces for two vertical planes, 
one at 0-180 degrees horizontal (slightly asymmetric 
curve 1 in black) and 90-270 (curve 2 in blue). 
 

 
  

                                                      
5 Note that the asymmetric CBM counter-beam optic indicated on the manufacturer cut-sheet is an example only. 
6 Analysis of the CBM optic, for which GE offers photometry at more than one wattage, suggests that optical 
efficiency may not be significantly influenced by lamp wattage. 
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FY09 electric billing data for the tunnel lighting system (provided by NPS on April 13, 2010) is 
shown in Table 3.2. 

 
Table 3.2.  FY09 electrical energy cost 

Year Month kWh/mo $/mo 
2008 10 20,576 3,876.29 

11 21,746 3,545.31 
12 19,374 2,644.43 

2009 1 20,320 2,751.59 
2 22,499 3,022.98 
3 20,763 2,846.09 
4 25,091 3,474.24 
5 23,680 4,242.11 
6 26,015 5,216.83 
7 28,491 5,712.96 
8 24,900 4,993.36 
9 24,511 4,916.00 

Year total: 277,966 47,242.19 
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4.0 IES Recommendations and Existing HPS 

Given that there appear to be no pole-mounted luminaires outside the tunnel, the nighttime tunnel 
drivelane luminance is more than three times higher than the tunnel approach luminance; it is assumed 
that the traffic signals and low speed limit effectively mitigate this abrupt change from normal roadway 
illumination inside the tunnel to zero fixed lighting outside the tunnel. 

Pertinent criteria are provided in IESNA RP-22 (tunnels) and RP-8 (bikeways).  Luminaires should be 
listed for wet locations and have an ingress protection (IP) rating of 65 or better to exclude dirt and to be 
“protected against water jets” during hose-down cleaning; an IP-66 rating is recommended by 
GATEWAY to be “protected against powerful water jets” (NEMA 2002). 

Luminaires should be arranged and controlled in a manner that does not result in luminaires 
disappearing over the windshield at a “frequency effect” of less than 4 Hz or greater than 11 Hz; 
additional measures should be considered if drivers are exposed to more than 20 seconds of such flicker.  
Frequency effect is not expected to be problematic, as indicated in Table 4.1.   

 
Table 4.1.  Frequency effect and duration of exposure for 25 mph traffic 

Parameter   IES Threshold Zone  Transition Zone Interior Zone 

Day Night Day Night Day Night 

Spacing (ft) n/a 3.7 37 9.25 37 19.5 39 

Frequency  
effect (Hz) 

≤ 4 
or 

≥ 11 

9.9 1.0 4.0 1.0 1.9 0.9 

Duration (s) ≤ 20 5.5 6.8 39.8 

Drivelane photometric criteria and calculations are summarized in Table 4.2.  Luminance calculation 
grids span the first quarter of each zone; the veiling luminance grid spans the second quarter of the 
lengthy interior zone in order to keep the driver in this zone (per IES). 

A light loss factor (LLF) of 64% was used for the existing HPS luminaires, based on a lamp lumen 
depreciation (LLD) factor of 85% and a luminaire dirt depreciation factor (LDD) of 75% for a 
“Moderate” level of smoke/dust generating activities nearby. 7  This assumes group cleaning and 
relamping at approximately 70% of rated life (per IESNA DG-4-03), whereby daytime-only luminaires 
are serviced less frequently than continuous-operation luminaires.  Spot relamping may be enabled by the 
traffic signals and low nighttime usage (possibly reducing the cost of tunnel closures), but this could 
compromise light levels and uniformity.8  Regular hose-down cleaning is assumed to occur every 4 years, 
based on 13 hours of operation per day for daytime-only luminaires.  

                                                      
7 Assumes less than 600 micrograms of air particulate per cubic meter. 
8 According to the data in Table 3.2., system energy use in FY09 averaged 18% below expected and was at best 1% 
below expected.  This suggests that at any given moment during that period, approximately 18% of luminaires 
appear to have had failed lamps. 
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Table 4.2.  IES recommendations vs. estimated existing HPS illumination for the vehicular lane 

Operating 
Mode 

Zone 

Average Maintained  
Roadway Luminance 

(cd/m2) 

Roadway 
Avg:Min 

Uniformity 

Roadway 
Max:Min 

Uniformity 

Veiling 
Luminance 

Ratio 

Target Predict. Target Predict. Target Predict. Target Predict. 

Day 

Threshold 140 to 170 134 

≤ 2.0 

1.3 

≤ 3.5 

1.5 
n/a 

- 

Transition 
(1st step) 

ratio ≤ 2.5 4.1 ratio 1.4 2.5 - 

Interior 
(2nd step) 

≥ 3 6.3 
1.1 2.1 ≤ 0.3 0.11 

ratio ≤ 2.5 5.3 ratio 

Night 

Threshold 

≥ 2.5 

2.7 

≤ 2.0 

2.0 

≤ 3.5 

3.0 
n/a 

- 

Transition 3.2 1.2 1.5 - 

Interior 3.0 1.3 1.7 ≤ 0.3 0.17 

The current level of illumination in the threshold zone appears to fall just short of current IES 
recommendations for daytime operation.  However, these calculations conservatively assume no daylight 
contribution, so field measurements will likely yield somewhat higher levels than predicted.  IES 
indicates daylight can provide adequate illumination for approximately the first 23 and the last 49 feet of 
the tunnel.  Nighttime threshold uniformity appears slightly sub-standard but is probably adequate. 

The luminance gradients from threshold zone to transition zone and from transition zone to interior 
zone are both considered excessive.  The transition zone length is clearly inadequate by current IES 
standards, as indicated in Table 4.3.  The transition zone should be divided into a minimum of four 
“steps” to allow drivers to gradually adapt to interior zone levels, and a fifth step should be added to the 
threshold zone.  Table 4 summarizes existing and recommended zone lengths. 

 
Table 4.3.  Zone lengths and transitional luminance “steps” 

Zone Existing per NPS IES minimum9 

  Length (ft) # steps Length (ft) # steps 

Threshold 200 0 176 1 

Transition 250 1 660 4 

Interior 1460 1 n/a 1 

Photometric criteria and calculations for bikelanes and non-roadway surfaces are summarized in 
Table 4.4. 
  

                                                      
9 See Appendix A for spreadsheet calculations. 
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Table 4.4.  IES recommendations vs. estimated existing HPS illumination for non-vehicular surfaces 

Operating 
Mode 

Zone 

Bikeway 
Average Horizontal 
Illuminance (lux) 

Bikeway 
Avg:Min 

Uniformity 

Bikeway 
Minimum Vertical 
Illuminance (lux) 

Roadway / Wall 
Luminance Ratio10 

Target Predict. Target Predict. Target Predict. Target Predict. 

Day 
(IES) 

Threshold 

≥ 20.0 

1877 

≤ 4.0 

1.7 

≥ 10.0 

376 

≤ 2.5 

1.1 

Transition 388 1.6 82 1.0 

Interior 86 1.1 33 1.0 

Night 
(IES) 

Threshold 

≥ 20.0 

41 

≤ 4.0 

12.1 

≥ 10.0 

3.9 

≤ 2.5 

1.3 

Transition 45 1.3 7.9 1.0 

Interior 42 1.4 7.4 1.1 

Vertical illuminance in the bikelanes is compromised at night by the increased luminaire spacing that 
results from the extinguishing of daytime-only luminaires, particularly in the interior zone. 

Uniformity of horizontal illuminance in the bikelane is compromised at night by the absence of an 
energized luminaire at the tunnel entrance, as illustrated in Figure 4.1.  Note, however, that uniformity of 
drivelane luminance does meet IES recommendations. 

 

Figure 4.1.  Low nighttime light levels at tunnel entrance 
  

                                                      
10 Wall measurements taken vertically at 3.3 and 6.6 feet above pavement. 
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Emergency luminaire spacing generally ranges from 74 feet in the threshold and transition zones to 
78 feet in the interior zone.  However, the emergency luminaires spanning the border between transition 
and interior zones are spaced 118 feet on center, resulting in measurement points and uniformity ratios 
which do not comply with National Fire Protection Association (NFPA) requirements, as indicated in 
Table 4.5.  This could be resolved by using luminaires with broader distributions and/or by moving more 
luminaires to the emergency circuit. 

 
Table 4.5.  NFPA requirements vs. estimated existing HPS emergency illumination 

Operating 
Mode 

Zone 

Bikeway 
Average Horizontal 
Illuminance (lux) 

Bikeway 
Minimum Horizontal 

Illuminance (lux) 

Bikeway 
Max:Min 

Uniformity 

Target Predict. Target Predict. Target Predict. 

Emergency All ≥ 10 21 ≥ 1 0.4 ≤ 40 132 

It is assumed that the emergency circuit is on an adequately sized uninterruptible inverter-type power 
source, as opposed to a generator, designed to maintain the arc in the event of normal power failure.  If 
the arc were allowed to extinguish, this would result in an unacceptable time delay before restrike, leaving 
the tunnel in darkness for several minutes. 

Note that given the following tunnel characteristics, the simpler IES methods were chosen for 
determination of required threshold zone luminance (Table vs Lseq) and transitioning (Step Down vs 
Reduction Curve): 

· Traffic signals at entrances 

· Low speed limit 

· Divided traffic 

· Existing lighting system serves as baseline 

· LED luminaires offer improved color characteristics 

New or more demanding tunnels may merit a more extensive analysis by a qualified professional. 
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5.0 LED Alternatives 

Many LED products are available on the market, but few feature performance approaching the 
challenging requirements of this project.  Following is a summary of traits sought as a first-pass filter 
during the product search: 

· Mounts directly to ceiling (preferably not via an “elbow” bracket) 

· Less than 12 inches height (for vehicle clearance) 

· LED-tailored optical components (as opposed to repurposed HID refractors) 

· Photometry and cutsheets available online (not strictly by request) 

· IP-65 or better (IP-66 preferred for ease of maintenance) 

· Elongated bilaterally symmetric intensity distribution (luminaires are centered across tunnel 
and the existing fixture spacing is based on an oval-shaped “footprint” of coverage) 

· Wide variety of lumen packages offered at same drive current (dimming would add cost) 

· Initial output of 20,000 lumens or more (to approach half of 400W HPS) 

· Luminaire efficacy comparable or superior to HPS 

The search included floodlights, pole-mounted luminaires, and products marketed for application in 
tunnels, parking structures, canopies, and high-bay or low-bay industrial facilities; a tabulated summary 
and selected product cutsheets are provided in Appendix D. 

As of June 21, 2011, only three of 279 products listed on the Lighting Facts website under fixture 
type “Outdoor area/roadway fixture” featured initial output exceeding 20,000 lumens.1  Two of these 
products were made by Visionaire Lighting, and the other was made by BetaLED.  GATEWAY received 
confirmation from Visionaire that the high-output ELE-2 and ELE-3 luminaires, which are typically pole-
mounted, could be modified for ceiling-mounting (standard for the smaller ELE-1); however, the 
approximate 60 lm/W efficacy of these products falls short of HPS.   

The nearly 30,000 lumen ALX2 from Lithonia Lighting was the highest lumen package found by 
GATEWAY, but it offers 66 lm/W efficacy, is not available in an elliptical intensity distribution, and 
does not appear to be capable of ceiling-mounting.  The 78 lm/W efficacy of the over 22,000 lumen 
ceiling-mounted HBL-192G from Day-Brite Lighting is better, but elliptical “aisle” photometry was not 
available online. 

BetaLED came closest to meeting the above criteria; models used in this analysis are summarized in 
Table 5.1, and cutsheets are provided in Appendix C.2  Although existing locations are utilized where 
possible, not all luminaires could be simply replaced one-for-one.  Also, several new types are introduced 
to accommodate the added transition zone steps.  Note that whereas HPS lamp efficacy increases with 
increasing nominal wattage, the efficacy of these LED products is not a function of wattage.   

                                                      
1 Average initial output for this dataset was 6373 lm (SD 3242); average efficacy was 66 lm/W (SD 12); average 
CCT was 5034K (SD 892). 
2 The optic used in this analysis is already available in the LEDway product line, and according to the manufacturer 
will soon be added to the CAN-EDG product line. 
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Table 5.1.  BetaLED luminaires used in this analysis  

Type Catalog # 
Initial 
output 
(lm) 

Input 
power 
(W) 

Initial 
efficacy 
(lm/W) 

Location Operation Voltage 

L4D0 CAN-EDG-1S-DM-
16-D-UH-525-60K 24,820 265 94 

Threshold 
start 

Daytime 
only 

480V 

L4D1 CAN-EDG-1S-DM-
12-D-UH-525-60K 18,700 204 92 

Threshold 
step 

Daytime 
only 

480V 

L2D0 CAN-EDG-1S-DM-
14-D-UH-525-60K 21,718 233 93 

Transition 
start 

Daytime 
only 

480V 

L2D1 CAN-EDG-1S-DM-
14-D-UH-525-60K 21,718 233 93 

Transition 
step 1 

Daytime 
only 

480V 

L2D2 CAN-EDG-1S-DM-
16-D-UH-525-60K 24,820 265 94 

Transition 
step 2 

Daytime 
only 

480V 

L2D3 CAN-EDG-1S-DM-
08-D-UH-525-60K 12,498 133 94 

Transition 
step 3 

Daytime 
only 

480V 

L1C CAN-EDG-1S-DM-
06-D-UH-525-60K 9,374 102 92 All zones Continuous 480V 

L1E CAN-EDG-1S-DM-
06-D-UL-525-60K 9,374 102 92 All zones 

Continuous 
and 

Emergency 
277V 

A correlated color temperature (CCT) of 6000K was selected for optimal efficacy; this is offset by the 
conservatively assumed lumen maintenance or “lamp” lumen depreciation (LLD) of 70%.  Upon release 
of the forthcoming IES TM-21-11, LED luminaires may be evaluated by one of the following two 
methodologies: 

· Assume the same percentage lumen maintenance for all products, and credit longer-lived 
products during economic analysis, or 

· Assume the same service life (in hours) for all products, and calculate appropriate lumen 
maintenance percentages for each product separately. 

The latter approach may allow for the use of a higher LLD value, which would in turn allow for the 
use of lower-cost products.  In either case, IES LM-80 reports and in-situ temperature measurement test 
data will be needed for more detailed evaluation of useful lifetime claims when TM-21 is released.   

The frequency of hose-down cleaning is liberally assumed to be the same for LED as for HPS, i.e., 
approximately every 16,800 hours.  However, note that whereas the “breathing” effect exhibited by HID 
luminaires can cause dirt accumulation in the optical chamber, many LED luminaires (like those offered 
by BetaLED) have no such cavity and only collect dirt on the outside of the lens.  Luminaire dirt 
depreciation is thus assumed to be the same for LED as for HPS. 

The 400W HPS luminaires provide just enough light, and cannot be replaced one-for-one by the 
substantially lower-output LED luminaires.  The same LED optic (illustrated in Figure 5.1) was used 
throughout.     
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Figure 5.1.  Elongated (elliptical) bilaterally 
symmetric intensity distribution for 191W BetaLED, 
represented by candela traces for two vertical planes, 
one at 0-180 degrees horizontal (curve 1 in black) and 
90-270 (curve 2 in blue). 
 

GATEWAY analysis indicates more focused beams would neither produce adequate uniformity nor 
allow for reduced wattage.   

Similarly, the use of asymmetric intensity distributions for negative contrast (vertical face of 
obstacles dark) or positive contrast (vertical face of obstacles luminous) would likely result in increased 
equipment cost.  In theory, an LED luminaire could be designed such that the asymmetric optics reverse 
direction according to the direction of traffic flow (controlled via the traffic signals); GATEWAY is not 
aware of any such products.  In practice, more LEDs (and more money) would likely be required to 
achieve this effect. 

The 100W HPS luminaires in the interior zone provide too much light by day and just enough light by 
night.  Daytime-only locations in this zone were consequently abandoned, thereby reducing both initial 
system cost and daytime energy use. 

Given the inadequate transition zone, and given the poor bikelane/egress uniformity produced by the 
nighttime and emergency systems (due to gaps in the layouts), it would be prudent to do some re-
circuiting if at all possible.  The following design assumes that while it is feasible to rewire, it is desirable 
to either abandon or reuse existing locations, minimizing the creation of new locations – particularly in 
the interior zone where luminaires are more broadly spaced.  Bidding contractors will need to determine 
whether it would be more cost-effective to simply replace all conduit and junction boxes; if this is the 
case, luminaire spacing could be revised for improved uniformity and aesthetics.   

Transitional lighting is not required for traffic exiting the tunnel; periodic switching of LED 
luminaires (on at entrance and off at exit) is enabled by the instant-restrike capability of these light 
sources. 
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Proposed revisions to the lighting layout are illustrated in Figure 5.2 below, and are summarized as 
follows: 

· Threshold zone 

o Moved two entrance luminaires from daytime circuit to continuous-operation circuit 

o Increased number of (lower-output) luminaires as needed 

o Switched daytime-only luminaires off approaching tunnel exit 

o Divided into two sub-zones per Table 5.2 

· Transition zone 

o Expanded zone length 

o Divided into four sub-zones per Table 5.2 

o Increased number of luminaire types and locations as needed 

o Moved two luminaires from continuous-operation circuit to emergency circuit 

o Switched daytime-only luminaires off approaching tunnel exit 

· Interior zone 

o Deleted daytime-only luminaire locations 

 
Table 5.2.  Revised tunnel zones 

Zone Sub-Zone 
Minimum step 

duration  
(seconds) 

Length 
(feet) 

Threshold 
Start n/a 120 
Step 2 80 

Transition 

Start 3 110 
Step 1 4 150 
Step 2 5 190 
Step 3 6 220 

Interior n/a n/a 620 
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Figure 5.2. Revised layout and circuiting for LED lighting system 
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Note that traffic is shown flowing from West to East.  In this scenario, daytime transitional lighting is 
only required on the West end of the tunnel, so daytime-only luminaires (types L4DX and L2DX) in the  
threshold and transitional zones at the East end of the tunnel are temporarily extinguished. 

Also note that luminaire types L4D0, L4D1, and L2D0 are used in pairs – effectively doubling the 
quantities of existing type H4D and H2D luminaires in these locations.  Conduit and/or junction boxes 
would need to be added accordingly.  Luminaires in each L2D0 pair should be located close together 
(effectively combining to simulate a single luminaire) to prevent issues with flicker effect. 

Table 5.3 summarizes the resulting predicted drivelane lighting performance.  Daytime luminance in 
the first part of the threshold zone is slightly below target, but as with the HPS system, this 
(conservatively) assumes no daylight contribution and is not expected to be problematic. 

 
Table 5.3.  IES recommendations vs. estimated LED illumination for the vehicular lane 

Operating 
Mode 

Zone 

Average Maintained  
Roadway Luminance 

(cd/m2) 

Roadway 
Avg:Min 

Uniformity 

Roadway 
Max:Min 

Uniformity 

Veiling 
Luminance 

Ratio 

Target Predict. Target Predict. Target Predict. Target Predict. 

Day 

Threshold 
start 

≥ 140 132 

≤ 2.0 

1.2 

≤ 3.5 

1.5 

n/a 

- 

Threshold 
step 

≥ 119 120 1.1 1.2 - 

Transition 
start1 

ratio ≤ 2.5 2.3 1.3 1.6 - 

Transition 
step 1 

ratio ≤ 2.5 2.0 1.2 1.5 - 

Transition 
step 2 

ratio ≤ 2.5 2.4 1.3 1.9 - 

Transition 
step 3 

ratio ≤ 2.5 1.7 1.1 1.4 - 

Interior 
≥ 3 3.1 

1.9 3.4 ≤ 0.3 0.21 
ratio ≤ 2.5 2.3 

Night 

Threshold 

≥ 2.5 

3.3 

≤ 2.0 

1.6 

≤ 3.5 

2.6 
n/a 

- 

Transition 3.1 1.6 2.7 - 

Interior 3.0 1.9 3.2 ≤ 0.3 0.21 

Table 5.4 summarizes the predicted illumination of bikelanes and vertical surfaces.  Daytime vertical 
illuminance in the bikelanes is compromised slightly by the elimination of daytime-only luminaires in the 
interior zone.  Performance would now be consistent across daytime and nighttime operation, and 
superior to the existing HPS luminaires at night.  For greater system cost, but comparable energy use and 

                                                      
1 The ratio for transition start is taken relative to threshold start, not threshold step. 
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improved vertical illumination, NPS could instead retain all existing locations and use lower-output 
luminaires. 

 
Table 5.4.  IES recommendations vs. estimated LED illumination for non-vehicular surfaces 

Operating 
Mode 

Zone 

Bikeway 
Average Horizontal 
Illuminance (lux) 

Bikeway 
Avg:Min 

Uniformity 

Bikeway 
Minimum Vertical 
Illuminance (lux) 

Roadway / Wall 
Luminance Ratio1 

Target Predict. Target Predict. Target Predict. Target Predict. 

Day 
(IES) 

Threshold 
start 

≥ 20.0 

1474 

≤ 4.0 

1.5 

≥ 10.0 9.0 ≤ 2.5 

0.7 

Threshold 
step 

1699 1.0 0.6 

Transition 
start 

879 1.3 0.7 

Transition 
step 1 

415 1.3 0.6 

Transition 
step 2 

166 1.3 0.7 

Transition 
step 3 

95 1.1 0.7 

Interior 42 1.6 0.7 

Night 
(IES) 

Threshold 
≥ 20.0 42 ≤ 4.0 1.8 ≥ 10.0 8.7 ≤ 2.5 

0.6 
Transition 0.6 

Interior 0.7 

Table 5.5 demonstrates the improved uniformity resulting from the revised emergency lighting. 
 

Table 5.5.  NFPA requirements vs. estimated LED emergency illumination 

Operating 
Mode 

Zone Bikeway 
Average Horizontal 
Illuminance (lux) 

Bikeway 
Minimum Horizontal 

Illuminance (lux) 

Bikeway 
Max:Min 

Uniformity 

Target Predict. Target Predict. Target Predict. 

Emergency All ≥ 10 22 ≥ 1 4.8 ≤ 40 12 

Energy savings are summarized in Table 5.6.  In instances where LED luminaires replace 100W HPS 
luminaires one-for-one, the increased efficacy allows for 20% lower wattage.  Substantial savings are 
realized by simply using the traffic signals to toggle daytime-only luminaires (types L4DX and L2DX) on 
or off based on the direction of traffic flow.  Additional savings are attributable to reduced light levels in 
the interior zone (consistent with IES), but some of these savings are negated by the extended length of 
the brightly illuminated transition zone.  Daytime-only luminaires are assumed to operate 13 hours per 
day. 
  
                                                      
1 Wall measurements taken vertically at 3.3 and 6.6 feet above pavement. 
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Table 5.6.  Estimated energy usage by luminaire type 

HPS 
type 

Watts per 
location 

# of  
locations 

# operating Load (kW) Electrical Energy 
Day Night EM Day Night EM kWh/yr Annual cost 

H4D 464 88 88   40.8   193,881 $  32,960 
H2D 300 28 28   8.4   39,885 $    6,781 
H1D 130 60 60   7.8   37,036 $    6,296 
H1C 130 31 31 31  4.0 4.0  35,327 $    6,006 
H1E 126 30 30 30 30 3.8 3.8 3.8 33,135 $    5,633 

Totals: 64.8 7.8 3.8 339,265 $  57,675 

LED 
type 

Watts per 
location 

# of 
locations 

# operating Load (kW) Electrical Energy 
Day Night EM Day Night EM kWh/yr Annual cost 

L4D0 530 56 28   14.8   70,464 $  11,979 
L4D1 408 40 20   8.2   38,746 $    6,587 
L2D0 466 18 9   4.2   19,914 $    3,385 
L2D1 233 22 11   2.6   12,170 $    2,069 
L2D2 265 10 5   1.3     6,291 $    1,070 
L2D3 133 12 6   0.8   3,789 $        644 
L1C 102 31 31 31  3.2 3.2  27,718 $    4,712 
L1E 102 32 32 32 32 3.3 3.3 3.3 28,612 $    4,864 

Totals: 38.3 6.4 3.3 207,705 $  35,310 

There appears to be no need to add load to any of the circuits.  Assuming the electricity rate is flat, the 
percent electricity cost savings would equal the estimated 39% energy savings.  Estimated LED product 
cost is summarized in Table 5.7, based on an informal distributor-net price quote from the manufacturer, 
and assuming luminaires are not purchased (and marked-up) by the contractor.  Excluding installation 
cost and maintenance savings, and given an average electricity rate of $0.17/kWh (per Table 3.2), the 
simple payback period is estimated at 20 years.   

 
Table 5.7.  LED luminaire cost 

Type # of heads 
Product cost 

Per head By type 
L4D0 112 $          1,620 $  181,440 
L4D1 80 $          1,300 $  104,000 
L2D0 36 $          1,460 $    52,560 
L2D1 22 $          1,460 $    32,120 
L2D2 10 $          1,620 $    16,200 
L2D3 12 $              980 $    11,760 
L1C 31 $              820 $    25,420 
L1E 32 $              755 $    24,160 

  Total: $  447,660 
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6.0 Conclusions 

It appears the use of LED luminaires in tunnel lighting applications can be both photometrically 
viable and economically feasible.  Much of the nearly 40% energy savings (132 MWh/yr) is attributable 
to the technology’s instant-restrike capability and its high tolerance for frequent switching, which can 
allow for a 50% reduction in operating time for daytime-only luminaires in the threshold and transition 
zones.  However, at this time there appears to be only one manufacturer meeting (and a few others 
approaching) the requirements of this particular project.  The shortage of equivalent products may be 
problematic if three names are required for bidding purposes. 

In addition to energy savings and reduced maintenance, the proposed LED lighting system offers the 
following improvements: 

· Duration and gradient of transition brought in line with current IES recommendations 

· Bikelane uniformity brought in line with current IES recommendations 

· Emergency egress uniformity brought in line with current NFPA requirements. 

This analysis relies on a number of assumptions.  Following is a summary of items to be physically 
verified (by others) in the field: 

· Tunnel length (opening to opening) 

· Surface reflectances 

· Airborne particulate density 

· Ambient temperature range 

· Physical condition of existing junction boxes, conduit, and wiring 

· Circuit load capacities 

· Luminaire locations and types (optic, ballast, voltage, and circuit) 

· Feasibility of interfacing with traffic signals for control of luminaires. 

Supplemental to contractor estimates of installation costs for the proposed LED lighting system, the 
economic analysis would benefit from NPS maintenance cost data for the existing HPS lighting system. 

Equipment cost would be reduced and energy savings would be increased if a higher lumen 
maintenance value were justified per the forthcoming IES TM-21.  However, this apparently would not 
dramatically improve payback.  For example, if 85% lumen maintenance (rather than 70%) was estimated 
this would result in energy savings of approximately 151 MWh/yr, a total cost of $407,500 for luminaires, 
and a simple payback period of 16 years (instead of 20).1   

                                                      
1 Note that according to the so-called “six times rule” in the draft IES TM-21, a luminaire utilizing light sources 
backed by 10,000 hours of LM-80 data cannot be rated for more than 60,000 hours useful lifetime.  For a 
continuously-operated luminaire, this would translate to just under seven years maximum rated useful life.  Also, 
note that lumen maintenance is just one of a number of possible luminaire failure mechanisms. 
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Alternatively, luminaires could be proactively dimmed to the assumed level of lumen maintenance, 
effectively harvesting the otherwise wasted energy in the early years of operation, and extending useful 
life.  As the system ages, the degree of dimming would need to be reduced to maintain light levels. 

A more elaborate control system could be implemented for increased energy savings, but it is not yet 
clear whether such a system would prove cost-effective.  For example, a system with digitally addressable 
luminaires and motion sensors could allow for dynamic and automated changes to control zones, thus 
enabling “chasing” effects whereby luminaires are brought to full power when approached by vehicles 
and then dimmed (again) to partial output once passed.  Wireless controls may offer additional 
advantages, but application compatibility would need to be verified.  However, such advanced control 
systems may face challenges including sensor coverage (and quantity), sensor degradation, system 
compatibility, system cost, and possible liability issues.  Installation of data-loggers or similar equipment 
to monitor/reveal the tunnel usage profile would greatly facilitate decision making. 
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Luminaire Data – Existing HPS 
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Appendix C 
 

Luminaire Data – LED Evaluated 
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Luminaire Data – Additional LED Products Considered 
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