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ABSTRACT

The purpose of this research was to identify the main causes of light pollution
from parking lot electric lighting installations and highlight the deficiencies of lighting
ordinances in preventing light pollution. Using an industry-accepted lighting modeling
program, AGi32, several site lighting designs were analyzed using three LED site
lighting fixture lines. The effects of light fixture mounting height, light fixture
distribution pattern, ground surface reflectance, light fixture spacing, and lumen output
were modeled in a sample parking lot area and in an example commercial retail site.
This thesis discusses the impact that these variables have on the contribution to sky
glow and light trespass. This study demonstrates that lighting ordinances that limit the
mounting height for parking lot light fixtures will cause a greater contribution to sky
glow than an unrestricted mounting height. It was also determined that the Model
Lighting Ordinance (MLO) limitations for total site lumens are disproportionately
liberal compared to the number of lumens required to adequately illuminate a parking

lot to meet industry-accepted light levels.

iii



ACKNOWLEDGEMENTS

Many individuals deserve thanks for the advice and guidance they provided
throughout this project. I am extremely grateful for Dr. Hongyi Cai for keeping me, the
research, and writing on track and moving in the right direction. His support was
tremendously helpful and motivating, and for that I am thankful. I would like to thank
Dr. Tom Glavinich for his support and mentorship through my undergraduate and
graduate coursework, and for helping mold my path as an engineer.

My main financial support for this study came in the form of tuition assistance
from my employer Henderson Engineers who has allowed me to work and reach the
next level in my education simultaneously. Having the resource of the computer
simulation programs at Henderson to perform calculations was also immensely helpful.
In addition to the resources made available by Henderson, my coworkers at Henderson
also deserve thanks for letting me bounce my ideas and frustrations off of them, and
giving me feedback.

Finally, I would like to thank my husband, Matt Royal for his continued love,
understanding, and support throughout my graduate studies. I could not have finished

this research without his encouragement and emotional support.



TABLE OF CONTENTS

ABSTRACT ... il
ACKNOWLEDGEMENTS . ..o v
TABLE OF CONTENTS ... .ottt v
LIST OF FIGURES. ... e vii
LIST OF TABLES . ... e viii
CHAPTER 1: BACKGROUND AND PREVIOUS RESEARCH..............ccevennn.. 1
1.1 INtroduction. .. ..o 1

1.2 Background............coooiiiiii 1

1.2.1 Standards for Site Lighting Design................coovvviiiiiiinn..n. 1

1.2.2 Light Pollution...........coooiiii e 4

1.2.3  Site Lighting Ordinances.............ccoovivriiiiiiiinnieieenninninnnnn, 7

1.3 Objectives and Research Scope...........ocoviiiiiiiiiiiiiiiiii, 11
CHAPTER 2: LITERATURE SEARCH.......oiiiiiiiii e 14
2.1 INtroduction. ... ..o 14

2.2 TM-10(2000) and TM-11 (2000).....ceemeiniiiiiea e 14

23 Outdoor Lighting Code Handbook................c.ocooiiiii 15

2.4 Model Lighting Ordinance.............ooevviiiiiiiniiiiiieiieieeaeaanans 16
CHAPTER 3: METHODOLOGY ...ttt 18
3.1 Introduction. ... ..o 18

3.2 Computer Simulation and Model Description...............c..covinne. 18

3.2.1 Square Sample AT€a.........ccovriiiiiiiiiiie i 19

3.2.2  Example Retail Parking Lot................cooiii. 21

33 Light FIXtUres. ...oouvvinii e e 24
3.4 Calculation POINtS. .......oouiitiiiiii i 26

3.4.1 Square Sample AT€a........c.oviriiiiiiiiii i 26

3.4.2 Example Retail Parking Lot..................oooiit, 28

3.5 Light Pollution Assessment and Controls..................c.cooviinninn... 31
CHAPTER 4: RESULTS AND ANALYSES. ..o 33
4.1 Introduction. ... ... 33



4.2 Simulation Results [ — Square Sample Area..............covvviiiiiininn... 33

4.2.1 Parking Surface Light Levels..............ccooiiiiiiiiiin.. 33

4.2.2 Light Levels at Mounting Height..................................L. 35

4.2.3 Sky Glow Contribution AnalysiS...........ccevvviiiiiiiiniennnnnn.. 39

4.3 Simulation Results I — Example Retail Parking Lot....................... 42

4.3.1 Parking Surface Light Levels..............ccooiiiiiiiiiiin.. 42

4.3.2 Comparison to Lighting Design Standards......................... 52

4.3.3 Light Levels at Mounting Height.............................o.l. 53

4.3.4 Sky Glow Contribution Analysis............cccvviiiiiiiniennannnn. 54

CHAPTER 5: CONCLUSIONS AND DISCUSSION. ..ottt 55
5.1 CONCIUSIONS . .. ettt ettt e 55

5.2 DISCUSSION . . . ettt e e 56

53  Further Research............cooiiiiiiii 56
APPENDICES. ..o 58
A GE EAMT Light Fixture Cut Sheet.............cooviiiiiiiiiiiiiiin 58

B GE EAMM Light Fixture Cut Sheet.............cooviiiiiiiiiiiiiiiiiin 63

C Cree The Edge Light Fixture Cut Sheet................coooiiiiiiiiiinn, 69
REFERENCES . .. e 72

vi



LIST OF FIGURES

Figure 1 — Square Sample Area Layout............coviiiiiiiiiiiiiiiiiiiiii e, 20
Figure 2 — Example Owner Retail Parking Lot Layout....................oooiiiiiiin, 23
Figure 3 — Square Sample Luminaire Images.............cooviiiiiiiiiiiiiiiiii e, 25
Figure 4 — Square Sample Calculation Planes..................ocooiiiiiiii i, 27
Figure 5 — Example Retail Lot — MLO Requirements Calculation Zones................. 29
Figure 6 — Example Retail Lot — Owner’s Requirements Calculation Zones............. 30
Figure 7 — Example Retail Lot Calculation Planes.....................ccocooiiiiiiiiin.n. 32
Figure 8 — Square Sample Area MH vs. Sky Glow...........ccoooiiiiiiiiiiiiiin, 41
Figure 9 — Example Retail Lot — Owner’s Requirements.................c.oeviiiiiininn... 44
Figure 10 — Example Retail Lot - MLO Requirements..............cccevuiiiiiiiiniinnnnn. 48
Figure 11 — Example Retail Lot — MLO Requirements, Maximum Lumens............. 50

vii



LIST OF TABLES

Table 1 — Recommended Maintained Illuminance Values for Parking Lots............... 2
Table 2 — Example Owner’s Site Lighting Design Criteria..............c.coovvvviieennann.n 4
Table 3 — Lighting Efficacies, LPDs, and Lumen Limits...................cooooviiiinn.. 9
Table 4 — Lighting Ordinances for Limiting Light Pollution............................... 11
Table 5 — Square Sample Area Fixture Data..............ccoooiiiiiiiiiiiiiii e, 26
Table 6 — Square Sample Area Parking Surface Light Levels.....................c.oo.. 34
Table 7 — Square Sample Area Mounting Height Light Levels............................. 37
Table 8 — Example Retail Lot Owner’s Requirements Illuminances....................... 43
Table 9 — Example Retail Lot MLO Requirements [lluminances........................... 47
Table 10 — Example Retail Lot Mounting Height Light Levels and Lumens............. 53

Table 11 — Example Retail Lot Mounting Height Lumens Contributing to Sky Glow..54

viii



CHAPTER 1 BACKGROUND AND PREVIOUS RESEARCH

1.1 Introduction

Parking lot lighting is installed to allow businesses or other institutions to
operate after sunset. Safety for vehicular traffic, pedestrians, and crime prevention are
key factors that influence a business owner to install a site lighting system. The
[Muminating Engineering Society (IES) has established and published the industry
standards for design in the field of commercial parking lot lighting, as well as related
interior and exterior lighting applications. Lighting designers and engineers follow these
standards as well as local lighting ordinances for creating and maintaining safe and

secure parking lot lighting environments.

1.2 Background
1.2.1 Standards for Site Lighting Design

For uncovered parking areas, the first “Recommended Practice of Outdoor
Parking Area Lighting” was published in 1960. This standard recommended an average
maintained horizontal illuminance of 1 footcandle (fc) with maximum of 4:1
average/minimum ratio (Subcommittee on Lighting of Service Stations and Parking
Areas of the Store Lighting Committee of the IES, 1960). For entrances and exits, the
average horizontal illuminance was proposed to be doubled. This standard, although
updated regularly, has not changed much in the past 50 years. Recommendations for

active parking lots of the current version — IESNA RP-20-98 — are shown in Table 1



(Subcommittee on Off-Road Facilities of the IESNA Roadway Lighting Committee,
1998).

As summarized in Table 1, the maintained horizontal and vertical illuminances
have minimum requirements of 0.2 fc and 0.1 fc. These minimum light levels are what
the IES believes will allow for orderly passage of vehicles and pedestrians. The
uniformity ratio (maximum to minimum) of illuminance, which has recommended
values of 20:1, is the metric used in design for enhancement of safety and security on a
site. A driver or pedestrian is likely to look at the brightest spot in their field of vision,
which increases the adaptation level of his/her eyes to the ambient light. Often, high
contrast between the brightest area and a pedestrian or vehicle in the darkest spot of the

site will leave them undetectable.

Table 1 Recommended Maintained [lluminance Values for Parking Lots

Basic (fc) Enhanced Security (fc)

Minimum Horizontal Illuminance' 0.2 0.5
Average Horizontal [lluminance 1 2.5
Uniformity Ratio, Maximum to Minimum 20:1 15:1
Minimum Vertical Illuminance” 0.1 0.25

1 Horizontal illuminance is calculated at the parking surface
2 Vertical illuminance is calculated at 5' above the parking surface at the point of lowest horizontal

illuminance, excluding facing outward along boundaries.



The definition of a “good” site lighting design varies from owner to owner;
some owners are satisfied with the minimum recommended light levels while others
want a site to be as bright as possible. While most owners do not have an owner’s
project requirement document for site lighting design expectations, a good site lighting
design minimizes the cost to the owner of the site, including the cost of materials and
installation, the energy cost to operate the light fixtures, and maintenance and
replacement cost across life of the installation. To reduce the cost, a lighting designer
would optimize a design to have the fewest number of fixtures, least number of poles,
and lowest number of watts per square foot to appease the owner. The energy efficiency
of a design must also meet all applicable energy code requirements.

Owners expect that a lighting design will meet the performance standards that
are widely accepted in the industry and it is also an obligation of professional practice
for the engineer. A few owners take control of their site lighting designs and require any
additional light for safety or aesthetic appeal. An owner concerned with safety that
wishes to have security cameras might care that the vertical illuminance levels be higher
for facial recognition. An owner that is concerned with the public image of their
business, and sometimes sustainability of the environment as well, may care to
minimize light trespass and glare to their neighboring businesses or residences.

For the purpose of this study, the Site Lighting Design and Coordination Criteria

document of one of the major retailers in the U.S. was used as an example of an



owner’s lighting standard (Owner', 2011). This standard is more detailed than the RP-
20-98 and focuses on creating a safe-feeling parking lot environment for their patrons
by requiring higher light levels in high traffic areas. This retailer also sets limits for

light trespass, sky glow, and glare. The owner’s parking lot lighting criteria are shown

in Table 2.
Table 2 Example Owner’s Site Lighting Design Criteria
Parking Lot Maintained Illuminance
Minimum Minimum Minimum Uniformit
Zone' Horizontal Horizontal Vertical Maximu m/Min}i/mum
(fc)* Average (fc)* (fc)’

Main Parking 0.75 2 0.4 5:1
Remote 0.75 NA. N.A. 10:1
Parking

Front Aisle 1.5 2.75 N.A. 5:1
Entry Drive 0.4 N.A. N.A. 10:1

1 As defined by Owner's Site Lighting parameters
2 Horizontal illuminance is calculated at the parking surface

3 Vertical illuminance is calculated at the center of Main Parking Area at 5' above the parking surface.

1.2.2 Light Pollution

The desired night-time lighting effect can be reached with a variety of different
light sources types, mounting heights, spacing, etc., but the lighting will always affect a
larger area than just the area intended to be lit. A single point of light is visible to all

neighboring residents and business owners; the amount of ambient light around that

1 Owner name not disclosed. For the purpose of this study, the owner name may remain
private without altering this report



point source plays a role in how much that source stands out. Light pollution can be
classified by three categories: light trespass, glare, and sky glow (Obtrusive Light
Subcommittee of the IESNA Roadway Lighting Committee, 2000a). Light trespass is
light that strays from its intended purpose and becomes a visual annoyance. Glare is an
extreme form of light trespass and can cause discomfort for the viewer or even
disability. Sky glow is the added sky brightness caused by the scattering of electric
lighting into the atmosphere (Obtrusive Light Subcommittee of the IESNA Roadway
Lighting Committee, 2000a). All three categories are unwanted effects that can be
caused by exterior lighting.

The scattering of light from ground electric lighting installations into the
atmosphere causes sky glow light pollution; it reduces the luminous contrast of the
night sky. As the number of acres of lit parking lot increases due to urban sprawl, it
becomes harder to see stars in the night sky. This indirect sky glow effect is considered
light pollution due to its unintentional, but potentially harmful effect on all neighboring
residents and nocturnal animals. Light pollution to the sky affects not only those who
have an interest in astronomy, but also casual observers who wish to see the stars. Light
pollution is more diffuse, in a larger scale, and more difficult to deal with than light
trespass. It has wide ranging effects over long distances: across a town, a city, or
metropolitan area. To get away from this effect, one must travel outside of populated
areas and further from cities. Some state, county, and city municipalities have

responded to this pollution with lighting ordinances that limit certain factors involved in



a site lighting design such as mounting height of light fixtures or total light output of
fixtures.

Light trespass is another version of light pollution, but at a smaller scale than
sky glow; light trespass occurs at a nearby property line. When the light from one
property directly falls on another property or building, it is considered light trespass.
The careful selection, positioning, and aiming of luminaries with appropriate luminous
intensity distributions can eliminate light trespass. In most applications, shielding
devices can be used to reduce the light levels at and beyond a property line. Some
municipalities set a limit on how much light can fall on a neighboring property defined
by either horizontal or vertical illuminance (foot-candles).

Having a point of light in the field of vision with a much higher luminance than
the rest of the visual field may cause disability or discomfort glare. Disability glare
reduces the ability to see or identify objects while discomfort glare produces ocular
discomfort, but does not reduce the ability to see (Subcommittee on Off-Road Facilities
of the IESNA Roadway Lighting Committee, 1998). Glare is especially problematic for
drivers exposed to oncoming headlights; a bright source of glare could leave a driver
momentarily unable see or identify objects in front of their vehicle. A quantitative
measurement of glare is the ratio of the average veiling luminance of the lighting
system and the average pavement luminance.

Glare in parking areas may render a driver unable to recognize or identify a
pedestrian, moving or parked vehicle, curbs or other pavement-level structures.

Extreme variations of field luminance and high brightness on axis or close to the field



of vision are two situations that affect parking lot traffic. Un-shielded light sources with

lower mounting heights are the primary cause of parking lot glare.

1.2.3 Site Lighting Ordinances and Codes

The definition of an acceptable site lighting design is different for several
affected parties. A site lighting design cannot be installed unless it meets all city,
county, and state lighting ordinances, or overlay district requirements. In most states,
the design must also meet applicable energy code requirements. The Authority Having
Jurisdiction (AHJ) will review all construction documents for compliance with
applicable lighting ordinances and energy codes. A design deemed non-compliant will
be returned to the engineer with comments that need to be addressed before re-
submittal.

An example of an energy code is ASNI/ASHRAE/IESNA Standard 90.1-2007,
which states that the exterior buildings grounds luminaires must have a minimum
efficacy of 60 Im/W unless controlled by a motion sensor (Standing Standard Project
Committee 90.1, 2007). ASHRAE 90.1-2007 also defines the lighting power density
allowance for uncovered parking areas to be 0.15 W/ft* of hardscape. In most
jurisdictions the requirements for the energy usage of light fixtures are completely
separate from the ordinances that specify light levels on the parking surface or light
pollution from the luminaires.

The previously mentioned example of an owner’s lighting standard places its

own requirement on the amount of light to be used on a design. The owner allows 5



Im/ft* to be used with an extra allowance of 600 square feet of hardscape for each
entrance. The owner intends to save energy and not install wasteful, unnecessary
lighting on its property by limiting the light output of the luminaires, not the power
consumption.

Each energy code has different limits for exterior lighting applications. Some
common energy codes, such as: ASHRAE 90.1 (2007), ASHRAE 90.1 (2010), IECC
(2012), California Energy Code (2010), and Florida Building Code (2007), have either a
luminaire efficacy requirement, a lighting power density requirement, or both, while
other lighting standards such as Owner’s (2011) and Pima County (2006) have lumen
limits instead. Both a lumen limit and a lighting power density allowance place a cap on

the amount of light that may be used on a site.



Table 3 Lighting Efficacies, LPDs, and Lumen Limits

Efficacy of 60
Im/W or Greater, Allowed Total Initial Luminaire
Code/Standard Unless Controlled LPD Lumens per Site
by Motion Sensor
Owner's Standard Not Required No Limit 5 Im/ft* + 3,000 Im per entrance
ASHRAE 90.1-2007 Required 0.15 W/t + 5% No Limit
ASHRAE 90.1-2010 Not Required No Limit No Limit
| , 0.10 W/ft* + -
IECC 2012 Required 750 W No Limit
2010 California Energy Required No Limit No Limit
Code
Florida Building Code 2007 Required 0.15 W/ft? No Limit
Not Required No Limit 300,000 lm/acre (full cut-off)
Pima County Arizona
S 200,000 Im/acre (full cut-off) +
Outdoor Lighting Code*” Not Required No Limit

12,000 Im/acre (unshielded)

1 For areas of moderately high ambient lighting levels

2 For urban area with primary land uses for commercial, business, industrial activity, apartments,
surrounded by suburban residential uses.

3 Pima County defines a full cutoff fixture as a luminaire where no candela occur at or above an angle

of 90 degrees above the nadir.

The AHJ often keep the needs of all residences and business owners in mind
when reviewing the design for code compliance. Each of these parties has its own
interest in the quality of a site lighting design: building occupants, general public,
patrons to adjacent buildings, building owner, developer, city occupants who wish to
have a dark sky without light pollution, neighboring businesses and residences who
wish to not have light trespass or off-site glare. Most lighting ordinances address the

desires and needs of all of these parties by requiring all exterior luminaires to be



installed in such a manner to keep direct light from falling on an adjacent property.
These lighting ordinances occasionally define a maximum illuminance for the property
line, but often do not specify whether the measurement is vertical or horizontal, or the
height of the measurement above the parking surface.

Some example site lighting ordinances are shown in Table 4 from the following
jurisdictions: Orange County, FL (Orange County Board of Commissioners, 2003);
Code of Miami-Dade County, FL. (Board of County Commissioners, 2011); Surprise
Arizona Code of Ordinances (Order of the Common Council, 2007); and Rock Hill
Zoning Ordinance (Order of the City Council, 2001). The restrictions listed are the only

light pollution requirements that a site lighting design must meet.
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Table 4 Lighting Ordinances for Limiting Light Pollution (LLF=light loss

factor, MH=mounting height)

Jurisdiction Summary Light Trespass Restrictions Pole.Helght
Requirements
Lighting to be designed to meet
recommendations of IESNA
LLF not less than 0.72
Orange County Florida Maximum of 0.5 fc at a residential 30'MH
property line
Maximum of 1.0 fc at a commercial
property line
Code of Miami-Dade County, Ma)§1mum of 0.5 fc Yerﬂcal anfi 0.5' fc
. horizontal on any adjacent residential None
Florida
property
M.aximum qf O.S.fc horizontal on any  Maximum of 25' MH for
Surorise Arisona Code of adjacent res1d§1;1tlal fproperty or public parking lot installations,
up . rght-of-way Maximum of 16' MH for
Ordinances

. . . lights within 50' of a
Minimum of 1.0 fc horizontal in all residential lot line

parking areas

Maximum Illumination of 0.5 fc at Maximum of 42' MH for
property line shared with residential large commercial
installations, Maximum
of 22' MH for lights
within 50' of a residential
lot line

Rock Hill Zoning Ordinance
Maximum illumination of 2.5 fc at
property line shared with commercial

1.3  Objective and Research Scope
The purpose of this study was to obtain additional information about the
correlation between factors of parking lot lighting design using LED luminaires and

light pollution. To this end, this study has three objectives. First, computer simulation

11



was used to examine the effect of light fixture mounting height and pavement
reflectance on sky glow and light trespass. Second, lighting layouts were designed to
meet the standards of the MLO and were focused on causing the largest and smallest
amount of sky glow. Third, site lumen limits were evaluated to identify a baseline
standard for designing a site with minimal sky glow effect. LED luminaires were used
in this study because they are the future of energy efficient parking lot lighting design;
as lighting power densities become more limited through energy codes, LED fixtures
are capable of meeting strict energy efficiency limits. The luminaires used in this study
are LED equivalents to the popular 1000 watt metal halide parking lot luminaires.

A long-term study is necessary to realize all these objectives, using both field
mock-up experiments and computer simulations. This thesis study was only an initial
research effort. To make this thesis study feasible within a brief time period, this study
was focusing on computer simulations using AGi32 of typical parking lot electric
lighting installation, which was assumed applicable everywhere given similar site sizes
and types of LED luminaires. Full-scale parking lot lighting installations for various
luminaires and layouts, and the tremendous light level measurements on different
parking lots in different locations across the country, were not covered in this thesis
study.

A review of related literature is summarized in Chapter 2 of this thesis. Chapter
3 explains the methodology of the computer simulations used to study light pollution.
The results from these computer simulations are summarized and analyzed in Chapter 4.

Chapter 5 closes with the conclusions that can be taken from the simulations, discusses

12



developments from this thesis that can be implemented in lighting ordinances to prevent

light pollution, and describes future research that would benefit this field.
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CHAPTER 2 LITERATURE SEARCH

2.1 Introduction

Previous research studies have been conducted on light pollution prevention in
roadway and parking lot lighting. The results and recommendations for design,
including: TM-10 (Obtrusive Light Subcommittee of the IESNA Roadway Lighting
Committee, 2000a), TM-11 (Obtrusive Light Subcommittee of the IESNA Roadway
Lighting Committee, 2000b), Outdoor Lighting Code Handbook (International Dark-
Sky Association, 2000), and Model Lighting Ordinance (MLO) (International Dark-Sky

Association and [lluminating Engineering Society, 2011) are expounded below.

2.2 TM-10 (2000) and TM-11 (2000)
IESNA Technical Memorandum 10 Addressing Obtrusive Light (Urban Sky

Glow and Light Trespass) In Conjunction with Roadway Lighting (TM-10) was
published to inform designers of the definitions and design application
recommendations to dispel obtrusive light (Obtrusive Light Subcommittee of the
IESNA Roadway Lighting Committee, 2000a). Although directed toward roadway
applications, this research correlates closely to parking lot applications and addressing
light pollution. In TM-10, it is stated that horizontal illuminance limitations do not
address the light trespass issue as much as vertical illuminance or light source

luminance limits. There are design recommendations and considerations for the

14



prevention of light trespass and glare, however TM-10 does not propose solutions for
sky glow.

IESNA Technical Memorandum 11 Light Trespass: Research, Results, and
Recommendations (TM-11) was based on surveys of individuals subjected to glare and
objectionable light sources (Obtrusive Light Subcommittee of the IESNA Roadway
Lighting Committee, 2000b). The recommendations for illuminance values on a plane
perpendicular to the line of site to the luminaire were based on the idea that the fixture
would be in view for frequent or long periods of time in a permanent installation. The
recommended light trespass limitations may not still be acceptable in the opinion of a
neighboring resident without further experimental validation, but it does set a baseline

standard for design.

2.3 Outdoor Lighting Code Handbook

The International Dark-sky Association published this handbook to discuss
issues related to site lighting ordinances and what topics can be written into site lighting
ordinances. This was a predecessor of the MLO, but unlike the MLO, it does discuss
mounting height restrictions. The handbook addresses the two intended results of pole
height restrictions: minimizing visual impact of the poles during the day and
minimizing the visual impact of the light at night especially the light trespass. It
continues on about the unintended results of limiting pole heights: the need for either

closer spacing of poles to achieve the same uniformity, the higher angle candlepower to

15



get the same lighting quality, and the efficiency decrease when the light fixtures are

mounted lower (International Dark-Sky Association, 2000).

2.4  Model Lighting Ordinance

In the midst of city, county, and state lighting ordinances that vary greatly and
do not effectively limit light pollution, a standard that is readily available for adoption
was needed to start to unifying ordinances. IES and the International Dark-Sky
Association (IDA) teamed up to write a model lighting ordinance for cities, counties,
and states to adopt into their zoning and planning ordinances. This standard is called the
Model Lighting Ordinance (International Dark-Sky Association and Illuminating
Engineering Society, 2011) and was made public in June 2011.

To meet the MLO standard, however, there are very few design parameters to
follow in order to prove compliance in either the prescriptive or performance methods.
To meet using the prescriptive method, the total lumens on the site must be under the
lumens per square foot for the appropriate lighting zone, all lights must not emit light
upward, and the fixtures’ B-U-G ratings must meet the minimum for its location relative
to the property line (International Dark-Sky Association and Illuminating Engineering
Society, 2011). B-U-G ratings are the backlight, uplight, and glare ratings for a light
fixture as defined by the TM-15-07 (Luminaire Classification Task Group of IESNA,
2007). Values range from B0 to B5, U0 to US, and GO to G5 with 0 ratings being the
lowest and 5 ratings being the highest percentage of light in each area. To follow the

performance method, the total lumens on the site must be under the lumens per square

16



foot for the appropriate lighting zone, the total lumens leaving the property must be less
than fifteen percent of the total fixture lumens, and the vertical illuminances on the
property line must be below a specified maximum level. The method for capturing the
total quantity of lumens leaving the site is described as a box of calculation planes. The
top of the calculation plane virtual enclosure is to be no higher than 33 ft above the
tallest luminaire. The MLO does not require that reflected light be taken into account
using this method to determine compliance. These limits do not address the quality of
the lighting at the parking surface, the average horizontal illumination on the pavement,
the uniformity, etc. The lighting design guidelines in IES RP-20-98 recommend that a
basic parking lot have a maintained horizontal illuminance of 0.2 fc, a horizontal
illuminance uniformity max/min ratio of 20:1, and a minimum vertical illuminance of
0.1 fc at 5° above the pavement a the lowest horizontal illuminance point
(Subcommittee on Off-Road Facilities of the IESNA Roadway Lighting Committee,

1998).
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CHAPTER 3 METHODOLOGY

3.1 Introduction

Due to relatively simple layout pattern and tremendous calculation workload,
parking lot lighting designs are typically completed using a computer simulation
program. There are many lighting simulation software programs available in the
lighting industry including: Radiance, Lightscape, Visual, etc. The lighting calculations
and visualization for electric lighting prediction program widely used today for this
application is Lighting Analyst’s AGi32 due to its reputation for having accurate
electric lighting simulation. AGi32 is one of the few lighting simulation software
programs that output a rendering of the lit environment. Using IES files for various
LED parking lot lighting fixtures, point-by-point calculations of incident direct and
reflected light on surfaces and imaginary planes were used to quantify the distribution

of artificial light and light pollution.

3.2 Computer Simulation and Model Description

Every commercial parking lot site is unique. To be able to methodically
compare variables as they relate to light pollution, a standard site must be chosen. The
middle portion of a parking lot is relatively similar from site to site. To model this, a
square sample area was modeled; this area is described in Figure 1. For comparing an
overall site with the lighting ordinances for light pollution, a sample site was used; this

site example is described in Figure 2.
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3.2.1 Square Sample Area

A grid of light poles, each with four identical fixture heads was arranged with an
even spacing in a square, see below in Figure 1. Light fixture types, spacing distances,
mounting heights, and ground reflectance values were varied. Three spacing distances
were used: 84°, 126°, and 168’. These spacing values correspond to two, three, and four
times the common mounting height of 42°. Light fixture spacing recommendations from
manufacturers are often given in terms of mounting height. The parking area was
extended on the outside of the poles to 2/3 the spacing. This keeps the calculation point
area proportional to the fixture spacing. Four common mounting heights were used: 30°,
34°, 38°, and 42°. These mounting heights are based on the standard pole heights
available. Two ground reflectance values were used: 0.26 and 0.38. The 0.26
reflectance surface property is an AGi32 representation of medium-grey asphalt. Light-
grey asphalt is represented in AGi32 as a surface with a reflectance of 0.38. Asphalt
was the material chosen for this model because it is more common than concrete for
parking lots; asphalt is strong enough for light-weight vehicles to be parked on it, yet it
is less expensive than concrete. With each of these variables accounted for, a total of
seventy-two unique simulations were modeled. The full radiosity method of calculation,
which accounts for both the direct and indirect components of the light, was utilized to

account for light reflected off of the parking surface.
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3.2.2 Example Retail Parking Lot

An example site layout from a major U.S. retail company was set-up with
calculation planes and light fixtures that are typical for design. The parking lot example
has these typical properties of a site: the parking spaces are grouped in front of the
building entrance, there are multiple entrances from adjoining streets to the parking
area, rows of parking spaces are uninterrupted by landscape islands, and there is a drive
aisle around the back of the building for truck access. Light fixtures have to be placed at
an intersection of parking spaces or in a landscaped area so that they will not interfere
with vehicular traffic. The site layout can be seen in Figure 2.

A combination of full radiosity and direct only calculation methods were used to
show compliance with different lighting ordinances. Since full radiosity accounts for all
of the reflected light, it usually yields higher light levels that contribute to light trespass
and sky glow. This can be detrimental when attempting to keep those light levels below
the limit. The direct only method does not account for the reflected light. Therefore, a
design that may appear to have too much light trespass to meet a lighting ordinance
using full radiosity may meet the lighting ordinance using the direct only method.
Lighting ordinances do not dictate to a lighting designer which method should be used.
Both calculation methods were used in this study for comparison.

Three lighting design intents were modeled. The first was to meet the Owner’s
Requirements for horizontal and vertical illuminances on the site. This design was
optimized to use the fewest number of light fixture heads to accomplish the minimum

light levels and meet the uniformity requirements. The second was to meet the
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recommended horizontal and vertical illuminances described in RP-20-98. The fewest
number of light fixtures was used to meet these minimum light levels and meet the
uniformity requirements. The third design intent was to meet the minimum horizontal
and vertical illuminances described in RP-20-98, meet the uniformity requirements and
use the maximum site lumens allowed by the MLO. This site was not optimized, but
rather pushed the limit of how many light fixtures could be used.

With all combinations of the two calculation methods and three design intents, a
total of six unique design simulations were modeled. All light fixtures were modeled

with a 42° mounting height.
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Figure 2 Example Owner” Retail Parking Lot Layout

2 Owner name not disclosed. For the purpose of this study, the owner name may remain
private without altering this report
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3.3  Light Fixtures

For the square sample area, the three light fixtures used were the GE Evolve
LED Area Light Medium Thin Profile (EAMT), GE Evolve LED Area Light Modular
Fixture - Medium (EAMM), and BetaLED The Edge LED Area Light. Refer to
Appendices A, B, and C, respectively, for cut sheets of these three luminaires. The
appearances of these luminaires are shown in Figure 3. Four of each of these luminaires
were arranged at each pole location with a separation of 90 degrees as shown in Figure
1. The luminaire photometric information is summarized in Table 5. At the time of this
study, these fixtures were the only LED fixtures that are equivalent to 1000 watt metal
halide luminaires. Each of these fixtures is commonly used in the middle of a parking
lot because they have large distributions. They are not suited for locations near property
lines, which is evident in their B-U-G ratings, because they would spill light onto

adjacent property.
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Table 5 Square Sample Area Fixture Data

Fixture L Initial Total B-U-G
type Model Number Distribution Lumens LLD LDD LLF Rating
EAMM EAMMS5K4F57 A4CBLCKF Asymmetric 5 g0 085 09 0765 2-0-3
Forward
EAMT EAMT5D5N57A4CBLCKF Sy;‘;‘i?c 19,000 0.85 09 0.765 5-0-3
EDGE  ARE-EDG-5M-DA-24-D-UH-35 Sys‘gg?c 23671 09 09 081  5-0-4

1 LLD is Lamp Lumen Depreciation factor as defined by the luminaire manufacturer.
2 LDD is the Luminaire Dirt Depreciation factor.

3 Total LLF is the LLD multiplied by the LDD.

A combination of the EAMM and EAMT light fixtures was used in the example
retail parking lot. Multiple model numbers of each were used in order to customize the
light distributions and lumen outputs for the site. Light pole locations had anywhere

from one to four fixture heads.

3.4  Calculation Points
3.4.1 Square Sample Area

The entire parking area had calculation points on a 10°x10” grid at the level of
the parking surface to measure maintained horizontal illuminance values. The same
parking area also had a grid of calculation points with a fixed tilt of 180 degrees, or
pointing toward the parking surface, in order to measure the maintained horizontal

illuminance that exited the site and contributed to sky glow. This plane was located at
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the mounting height of the light fixtures. Figure 4 illustrates the relationship between

the calculation points and the light fixtures.

Calculation
Points at MH  Quad Light
Fixture

Vertical
Calculation
Points at 5’

Parking
Surface

Figure 4 Square Sample Calculation Planes

Three vertical calculation planes, on a 10’ spacing, were placed at 5’ above the
parking surface to measure the minimum vertical illuminance. The spacing of 10’ is the
industry standard for parking lot-scale calculations for showing compliance with
lighting ordinances. The vertical calculations are taken at 5’ above the parking surface
because it represents a normal level for face height (Subcommittee on Off-Road
Facilities of the IESNA Roadway Lighting Committee, 1998). These calculation planes

are shown in Figure 1.
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3.4.2 Example Retail Parking Lot

The retail parking lot lighting designs were evaluated using two different
methods of calculation point placement to test for compliance with RP-20-98 and
illustrate that a single parking lot lighting design can meet more than one standard.
First, the MLO standard was used. The single calculation plane covers all drive aisles,
parking spaces, and intersections. The calculation points are shown in Figure 5. RP-20-
08 parking lot lighting standards were used for design: the maintained horizontal
illuminance minimum value was 0.2 fc, the maintained vertical illuminance measured at
the point of lowest horizontal illuminance was to reach a minimum of 0.1 fc at 5* above
the parking surface, and the uniformity ratio was to be less than 20:1. Second, the
Owner’s Parking Lot Lighting Requirement, shown in Table 2, was used to differentiate
between areas that require more and less light for safety, but in some areas, the light
level could fall to 0.0 fc. These calculation zones are shown in Figure 6.

Each site was evaluated using both the direct only method and the full radiosity
method. For the purpose of this example, a reflectance of 0.38 was used for the parking
surface due to its worst-case contribution to light pollution. When switching between
the two calculation methods, no changes were made to the locations of calculation
points, luminaires, mounting heights, etc., therefore, the difference of the results

showed only the impact of the light reflected from the ground.
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3.5 Light Pollution Assessment and Controls

A plane of calculation points was located at the mounting height of the light
fixtures to capture the amount of light reflected into the sky on the square sample area
calculations. Two typical reflectance values for asphalt parking surfaces for darker and
lighter asphalt, 0.26 and 0.38 respectively, were used to determine reflected light
pollution that contributes to sky glow.

For the example retail site, vertical illuminance was calculated at 5’ above the
parking level at the each of the property lines, which is the MLO accepted placement of
vertical calculation points in determining light trespass. The parking lot reflectance was
set at 0.38 for worst-case when determining the amount of reflected light pollution. A
plane of calculation points was also located at the mounting height of the light fixtures
to capture the amount of light reflected into the sky on the square sample area

calculations as shown in Figure 7.
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CHAPTER 4 RESULTS AND ANALYSES

4.1 Introduction

Seventy-two iterations of a square sample area lighting layout and six different
versions of an example site lighting design were modeled using AGi32. Results from

each of these simulations are shown as maintained illuminance values.

4.2 Simulation Results — Square Sample Area
4.2.1 Parking Surface Light Levels

The average, maximum, and minimum horizontal illuminance values and
maximum/minimum uniformity ratio for each of the configurations are shown in Table
6. Light reflectance of the parking surface is negligible in these results since the
horizontal light at the parking surface is only from the fixtures directly. As the
mounting heights of each fixture decreased from 42 ft to 30 ft, the maximum/minimum
ratio increased. For example the maximum/minimum ratio increased from 4.12 to 5.67
for QD5 at 84’ spacing; from 5.00 to 5.40 for QF10 at 84’ spacing; and from 4.95 to
6.81 for EDGE at 84’ spacing. The average horizontal illuminance increased with lower
mounting heights. For example, it increased from 1.40 fc to 1.59 fc for QD5 at 168’
spacing; from 1.02 fc to 1.07 fc for QF10 at 168’ spacing; and from 1.93 fc to 2.05 fc

for EDGE at 168 spacing.
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Table 6 Square Sample Area Parking Surface Light Levels

280'x280' Calculation Area

[lluminance at Parking Surface

Fixture MH Fixture Average Horizontal Max Min Max/Min Ratio
Type (ft) Spacing (ft) at Ground (fc) (fo)  (fo) at Ground
QDs 42 84' 4.18 7.00 1.70 4.12
QDs 38 84' 4.46 7.40 1.60 4.63
QDs 34 84' 4.74 8.10 1.60 5.06
QD5 30 84' 5.05 8.50 1.50 5.67
QF10 42 84' 3.06 5.00 1.00 5.00
QF10 38 84' 3.24 530 1.00 5.30
QF10 34 84' 3.42 540 1.00 5.40
QF10 30 84' 3.62 540 1.00 5.40

EDGE 42 84' 5.99 940 1.90 4.95

EDGE 38 84' 6.29 10.00 1.80 5.56

EDGE 34 84' 6.59 10.60 1.70 6.24

EDGE 30 84' 6.92 10.90 1.60 6.81

420'x420' Calculation Area

[lluminance at Parking Surface

Fixture MH Fixture Average Horizontal Max Min Max/Min Ratio
Type (ft) Spacing (ft) at Ground (fc) (fc)  (fo) at Ground
QD3 42 126' 243 3.70  0.60 6.17
QDs 38 126' 2.52 3.70  0.60 6.17
QD5 34 126' 2.61 3.80 0.50 7.60
QD5 30 126' 2.71 3.80 0.40 9.50
QF10 42 126' 1.67 2.50 040 6.25
QF10 38 126' 1.74 2.60 0.40 6.50
QF10 34 126' 1.81 270 0.30 9.00
QF10 30 126' 1.86 320 0.20 16.00

EDGE 42 126' 3.20 520 0.70 7.43

EDGE 38 126' 3.31 5.60 0.60 9.33

EDGE 34 126' 3.42 6.40 0.50 12.80

EDGE 30 126' 3.52 7.40 0.40 18.50

560'x560' Calculation Area

[lluminance at Parking Surface

Fixture MH Fixture Average Horizontal Max Min  Max/Min Ratio
Type (ft) Spacing (ft) at Ground (fc) (fo)  (fo) at Ground
QD5 42 168' 1.40 2.10 0.20 10.50
QDS 38 168' 1.45 240 0.20 12.00
QDS 34 168' 1.48 2.80 0.10 28.00
QD5 30 168' 1.59 3.40 0.10 34.00
QF10 42 168' 1.02 1.80 0.10 18.00
QF10 38 168' 1.04 2.10 0.10 21.00
QF10 34 168' 1.06 240 0.10 24.00
QF10 30 168' 1.07 3.00 0.10 30.00

EDGE 42 168' 1.93 390 0.20 19.50

EDGE 38 168' 1.98 4.50 0.20 22.50

EDGE 34 168' 2.01 550 0.10 55.00

EDGE 30 168' 2.05 6.90 0.10 69.00
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4.2.2 Light Levels at Mounting Height

The average illuminance at the calculation plane located at the mounting height
of the light fixtures is affected by the parking surface reflectance. The averages for each
configuration of light fixture type, spacing, mounting height, and ground reflectance are
shown in Tables 7a, b, c. For every light fixture type, spacing, and ground reflectance
the average horizontal illuminance at the fixture mounting height increased as the
mounting height decreased. For example, in Table 7a as the mounting height of the
fixtures decreased from 42 ft to 30 ft the average horizontal illuminance increased from
1.38 fc to 1.76 fc for QD5 with a 0.38 ground reflectance; from 0.95 fc to 1.21 fc for
QF10 with a 0.38 ground reflectance; and from 1.89 fc to 2.37 fc for EDGE with a 0.38
ground reflectance. Likewise in Table 7b as the mounting height of the fixtures
decreased from 42 ft to 30 ft, the average horizontal illuminance increased from 0.82 fc
to 0.97 fc for QDS with a 0.38 ground reflectance; from 0.56 fc to 0.66 fc for QF10 with
a 0.38 ground reflectance; and from 1.10 fc to 1.28 fc for EDGE with a 0.38 ground
reflectance. Also, in Table 7c as the mounting height of the fixtures decreased from 42
ft to 30 ft, the average horizontal illuminance increased from 0.52 fc to 0.58 fc for QDS
with a 0.38 ground reflectance; from 0.36 fc to 0.48 fc for QF10 with a 0.38 ground
reflectance; and from 0.70 fc to 0.76 fc for EDGE with a 0.38 ground reflectance.

In each case, the average illuminance at the fixture mounting height increases as
the ground reflectance increases from 0.26 to 0.38. For example, in Table 7a as the
ground reflectance increases, the average horizontal illuminance increases from 0.93 fc

to 1.38 fc for QD5 at a 42 ft mounting height; from 0.64 fc to 0.95 fc for QF10 at a 42 ft
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mounting height; and from 1.30 fc to 1.89 fc for EDGE at a 42 ft mounting height.
Similarly, in Table 7b as the ground reflectance increases, the average horizontal
illuminance increases from 0.56 fc to 0.82 fc for QDS at a 42 ft mounting height; from
0.39 to 0.56 for QF10 at a 42 ft mounting height; and from 0.75 fc to 1.10 fc for EDGE
at a 42 ft mounting height. Also, in Table 7c as the ground reflectance increases, the
average horizontal illuminance increases from 0.36 fc to 0.52 fc for QDS at a 42 ft
mounting height; from 0.24 fc to 0.36 fc for QF10 at a 42 ft mounting height; and from

0.48 fc to 0.70 fc for EDGE at a 42 ft mounting height.
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Table 7a Square Sample Area Mounting Height Light Levels — 84’ Spacing

IIluminance at

280'x280' Calculation Area Mounting
Height
Fixture MH Ground Fixture Average
Type (ft)  Reflectance Spacing (ft)  Horizontal (fc)
QD5 42 0.38 84 1.38
QD5 38 0.38 84 1.49
QD5 34 0.38 84 1.62
QD5 30 0.38 84' 1.76
QD5 42 0.26 84' 0.93
QD5 38 0.26 84' 1.01
QD5 34 0.26 84' 1.10
QD5 30 0.26 84' 1.20
QF10 42 0.38 84' 0.95
QF10 38 0.38 84' 1.03
QF10 34 0.38 84' 1.11
QF10 30 0.38 84' 1.21
QF10 42 0.26 84' 0.64
QF10 38 0.26 84' 0.70
QF10 34 0.26 84' 0.76
QF10 30 0.26 84' 0.82
EDGE 42 0.38 84' 1.89
EDGE 38 0.38 84' 2.03
EDGE 34 0.38 84' 2.19
EDGE 30 0.38 84' 2.37
EDGE 42 0.26 84' 1.30
EDGE 38 0.26 84' 1.39
EDGE 34 0.26 84' 1.49
EDGE 30 0.26 84' 1.62
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Table 7b Square Sample Area Mounting Height Light Levels — 126’ Spacing

IIluminance at

420'x420' Calculation Area Mounting
Height
Fixture MH Ground Fixture Average
Type (ft)  Reflectance Spacing (ft)  Horizontal (fc)
QD5 42 0.38 126' 0.82
QD5 38 0.38 126' 0.87
QD5 34 0.38 126' 0.92
QD5 30 0.38 126' 0.97
QD5 42 0.26 126' 0.56
QD5 38 0.26 126' 0.59
QD5 34 0.26 126' 0.63
QD5 30 0.26 126' 0.66
QF10 42 0.38 126' 0.56
QF10 38 0.38 126' 0.60
QF10 34 0.38 126' 0.63
QF10 30 0.38 126' 0.66
QF10 42 0.26 126' 0.39
QF10 38 0.26 126' 0.41
QF10 34 0.26 126' 0.43
QF10 30 0.26 126' 0.45
EDGE 42 0.38 126' 1.10
EDGE 38 0.38 126' 1.16
EDGE 34 0.38 126' 1.22
EDGE 30 0.38 126' 1.28
EDGE 42 0.26 126' 0.75
EDGE 38 0.26 126' 0.79
EDGE 34 0.26 126' 0.83
EDGE 30 0.26 126' 0.87
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Table 7¢ Square Sample Area Mounting Height Light Levels — 168’ Spacing

IIluminance at

560'x560' Calculation Area Mounting
Height
Fixture MH Ground Fixture Average
Type (ft)  Reflectance Spacing (ft)  Horizontal (fc)
QD5 42 0.38 168' 0.52
QD5 38 0.38 168' 0.54
QD5 34 0.38 168' 0.56
QD5 30 0.38 168' 0.58
QD5 42 0.26 168' 0.36
QD5 38 0.26 168' 0.37
QD5 34 0.26 168' 0.38
QD5 30 0.26 168' 0.40
QF10 42 0.38 168' 0.36
QF10 38 0.38 168' 0.38
QF10 34 0.38 168' 0.39
QF10 30 0.38 168' 0.40
QF10 42 0.26 168' 0.24
QF10 38 0.26 168' 0.25
QF10 34 0.26 168' 0.26
QF10 30 0.26 168' 0.27
EDGE 42 0.38 168' 0.70
EDGE 38 0.38 168' 0.72
EDGE 34 0.38 168' 0.74
EDGE 30 0.38 168' 0.76
EDGE 42 0.26 168' 0.48
EDGE 38 0.26 168' 0.49
EDGE 34 0.26 168' 0.50
EDGE 30 0.26 168' 0.52

4.2.3 Sky Glow Contribution Analysis
The average illuminance of an area can be converted to lumens by multiplying

by the area in square feet (¢ = E,, * 4). The quantity of lumens that are leaving the site

and contributing to sky glow was compared to the total fixture lumens being used to

illuminate the site. The percentage of site lumens that is contributing to sky glow is
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summarized in Figures 8a, b, c¢. For all three of the light fixtures, the percentage of
lumens reflected upward increased as the mounting height decreased. For example,
Figure 8a shows that as the mounting height decreases from 42 ft to 30 ft for the QF10
light fixture, the percentage of site lumens that contribute to sky glow increases from
13.85% to 15.98% for a 126 ft spacing with a ground reflectance of 0.26 and from
19.88% to 23.43% for a 126 ft spacing with a ground reflectance of 0.38. Similarly, in
Figure 8b as the mounting height decreases from 42 ft to 30 ft for the QD5 light fixture,
the percentage of site lumens that contribute to sky glow increases from 14.44% to
17.02% for a 126 ft spacing with a ground reflectance of 0.26 and from 21.15% to
25.02% for a 126 ft spacing with a ground reflectance of 0.38. In Figure 8c as the
mounting height decreases from 42 ft to 30 ft for the EDGE light fixture, the percentage
of site lumens that contribute to sky glow increases from 15.53% to 18.01% for a 126 ft
spacing with a ground reflectance of 0.26 and from 22.77% to 26.5% for a 126 ft

spacing with a ground reflectance of 0.38.
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4.3 Simulation Results II — Example Retail Parking Lot

4.3.1 Parking Surface Light Levels

The example retail site was optimized two ways: to meet the Owner’s standard,
and the MLO with both of calculation methods. The third design for the retail parking
lot lighting was to meet all of the requirements of the MLO and use the maximum
allowable luminaire lumens for the site in order to illustrate the deficiencies of this
standard. The results for the site designed and optimized to meet the Owner’s
requirements are shown in Table 8. The maximum vertical illuminance at 5’ above the
property line for the optimized Owner’s standard site was 0.7 fc using the direct only

method and 0.8 fc using the full radiosity method. The optimized site uniformity and
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light distribution are shown in renderings in Figures 9a, b. The highest light levels are
concentrated in the main parking areas and the light quickly tapers off toward the
property lines. The light levels are fairly uniform and the light poles cast shadows on
the parking lot. The design constraint for the optimized site for meeting the Owner’s
requirements was the minimum horizontal illuminance. Once enough fixtures were used
to meet the minimum of 0.75 fc, the minimum average horizontal illuminance,

minimum uniformity, and minimum vertical illuminance were easily met.

Table 8 Example Retail Lot Owner’s Requirements [lluminances

At Parking Surface

Minimum Average

Calculation . . Uniformity Minimum Vertical
Horizontal Horizontal . . . 1
Method . . Maximum/Minimum [lluminance (fc)
[lluminance (fc) Illuminance (fc)
Direct Only 0.8 2.18 4.13 0.9
Full Radiosity 0.75 2.12 4.43 1.2

1 Vertical illuminance is calculated at the center of Main Parking Area at 5' above parking surface.

43



Figure 9a Example Retail Lot — Owner’s Requirements in Grayscale
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The sites designed to meet MLO and RP-20-98 calculation results are shown in
Table 9. The maximum vertical illuminance at 5’ above the property line for the
optimized MLO standard site was 0.3 fc for direct only and 0.5 fc for full radiosity. The
maximum vertical illuminance at 5° above the property line for the maximum lumen
MLO standard site was 0.8 fc for direct only and 1.1 fc for full radiosity. Site
uniformity and light distributions for the optimized site and the maximum lumen site
are shown in renderings in Figures 10a, b and Figures 11a, b. Figures 10a, b show how
the light levels drop to 0.2 fc between the light poles. The bright spots under each pole
are very obvious and the lighting design is not uniform. In Figures 11a, b, the site with
maximum allowable lumens appears uniformly lit and extremely bright in contrast to
the optimized sites. The even, high illuminance is on all paved surfaces, not just the
parking areas. The design constraint for the optimized site for meeting the MLO and
RP-20-98 was the minimum horizontal illuminance. Once enough fixtures were used to
meet the minimum of 0.2 fc, minimum uniformity and the minimum vertical far
exceeded their requirements. Even though the MLO requirement site with the maximum
allowable lumens used more than four times the number of lumens than the optimized
site, the uniformity was worse and the minimum horizontal and minimum vertical

illuminances were barely increased.
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Table 9 Example Retail Lot MLO Requirements Illuminances

At Parking Surface

Minimum Average Minimum
Design Calculation Horizontal =~ Horizontal Uniformity Vertical
Objective Method Illuminance Illuminance Maximum/Minimum . 1
Illuminance (fc)
(fo) (fc)
Optimized Direct Only 0.2 0.53 9.5 0.3
Optimized  Full Radiosity 0.2 0.53 9.5 0.3
Maximum iy Onty 0.4 2.7 11.75 0.3
Lumens
Maximum ¢ 1 2o diosity 0.4 2.65 11.5 0.4
Lumens

1 Vertical illuminance is calculated at 5' above parking surface at the point of lowest horizontal
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Figure 10a Example Retail Lot — MLO Requirements in Grayscale
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Figure 10b Example Retail Lot — MLO Requirements in Pseudo Color
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Figure 11a Example Retail Lot — MLO Requirements, Maximum Lumens in Grayscale
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4.3.2 Comparison to Lighting Design Standards

For the Owner’s requirements, the average horizontal illuminance must be
greater than 2.0 fc, the minimum horizontal illuminance is 0.75 fc, the uniformity ratio
was to be less than 5:1, and the minimum vertical illuminance is 0.4. The maximum
allowable vertical illuminance at the property line is 0.8 fc. The optimized design meets
or exceeds these requirements: the average was 2.18 fc, the minimum was 0.8 fc, the
uniformity was 4.13 and the minimum vertical was 0.9 fc for the direct only method;
and the average was 2.12 fc, the minimum was 0.75 fc, the uniformity was 4.43 and the
minimum vertical was 1.2 fc for the full radiosity method.

The MLO and RP-20-98 parking lot lighting design requirements are that the
maintained horizontal illuminance minimum value is 0.2 fc, the maintained vertical
illuminance measured at the point of lowest horizontal illuminance has to reach a
minimum of 0.1 fc at 5° above the parking surface, and the uniformity ratio has to be
less than 20:1. The maximum allowable vertical illuminance at the property line is 0.8
fc. The optimized site design meets or exceeds these requirements: the minimum was
0.2 fc, the uniformity was 9.5, the minimum vertical was 0.3 fc, and the maximum
vertical at the property line was 0.3 fc for the direct only method; and the minimum was
0.2 fc, the uniformity was 9.5, the minimum vertical was 0.3 fc, and the maximum
vertical at the property line was 0.5 fc for the full radiosity method. The maximum
allowable lumen site design meets or exceeds these requirements using the direct only
method; the minimum was 0.4 fc, the uniformity was 11.75, the minimum vertical was

0.3 fc, and the maximum vertical at the property line was 0.8 fc. The maximum
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allowable lumen site design met all requirements except for the maximum vertical at the
property line using the full radiosity method; the minimum was 0.4 fc, the uniformity
was 11.5, and the minimum vertical was 0.4 fc. The reflected light was taken into
account with the full radiosity calculation method for the maximum lumen design; the

vertical illuminance at the property line exceeded the limit with a value of 1.1 fc.

4.3.3 Light Levels at Mounting Height

The average illuminances for each of the three example parking lot lighting
designs are shown in Table 10. The number of lumens varies with the design intentions;
the minimal required light levels for an MLO optimized site require far fewer lumens
than the Owner’s parking lot requirements for higher light levels. The optimized
Owner’s standard design used 762,400 lumens or 61.6% of the allowable lumens. The
optimized MLO standard design used 262,200 lumens or 21.2% of the allowable
lumens. The MLO standard with maximum lumens design used 1,233,600 lumens or

99.6% of the allowable lumens.

Table 10 Example Retail Lot Mounting Height Light Levels and Lumens

Average Max

Site Calculation Type Calculation Horizontal Total Lumens  Allowable Unused
Method Lumens
(fo) Lumens

Owner Standard, Full Radiosity 0.36 762,400 1,238,305 475,905
Optimized

MLO Standard, Full Radiosity ~ 0.11 262,000 1238305 976,305
Optimized

MLO Standard, Maximum .} po giosity 1.6 1233,600 1238305 4,705

Allowable Lumens
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4.3.4 Sky Glow Contribution Analysis

The quantity of lumens that are leaving the site and contributing to sky glow is
compared to the total fixture lumens being used to illuminate the site for the purpose of
identifying efficient lighting designs. The percentage of site lumens that contribute to
sky glow is summarized in Table 11 for each of the three site designs. The MLO
standard optimized site design used the fewest total lumens and the percentage of those
lumens that contribute to sky glow is also the smallest at 23.41%. The Owner standard
optimized site loses 26.33% of the total site lumens upward. The maximum allowable
lumen site not only uses the most total lumens, but it also contributes the largest

percentage of those lumens to sky glow at 72.33%.

Table 11 Example Retail Lot Mounting Height Lumens Contributing to Sky Glow

. . Calculation Percentage of Lumens
Site Calculation Type Method Total Lumens Upward
Owner Standard, Optimized Full Radiosity 762,400 26.33%
MLO Standard, Optimized Full Radiosity 262,000 23.41%
MLO Standard, Maximum Allowable Full Radiosity 1.233.600 72.339%
Lumens

54



5.1

CHAPTER 5 CONCLUSIONS AND DISCUSSION

Conclusions

Based on the data analyses, three conclusions about lighting standards and light

pollution can be drawn as following:

1.

The MLO allowable lumens for commercial parking areas is significantly
greater than needed to fulfill the lighting standards of RP-20-98 or the Owner’s
Site Lighting Standard.

The MLO could incorporate measured sky glow contribution limits as an option
for jurisdictions that have the need for sky glow prevention.

The RP-20-98 is in need of updating to have lighting design recommendations
for the different lighting zones defined in the MLO. Having one
recommendation for all parking facilities does not foster good design practices.
Not all owners will take the initiative to set their own standard for their specific
needs, and the recommended practices from the IES should be able to fill that
role.

Ordinances that limit light fixture mounting height are decreasing the efficiency
in terms of the LPD and cause unwanted contribution to sky glow. Limiting
mounting heights decreases uniformity by causing higher contrast between the

bright areas underneath light poles and darker areas between light poles.
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5.2 Discussion

The updates to the RP-20-98 may consider multiple site design comparisons to
standardize a recommended minimum average horizontal illuminance, minimum
horizontal illuminance, minimum vertical illuminance, and maximum uniformity ratio
for each lighting zone. These lighting zones would logically be the same as those
addressed in the MLO for lumen limits with proportional light level recommendations.
The zones could not only take the ambient light levels into account, but rather the goal
ambient light level of surrounding areas.

While the MLO addresses what a lighting ordinance should be, it does not
specifically address the mounting height of light fixtures. Suggesting mounting heights
based on light fixture lumen output would help limit sky glow and maximize efficiency.

Once specific light level recommendations are determined for each lighting
zone, the allowable lumen values may be adjusted down to limit the amount of light
pollution while still being able to design with reasonably flexibility. With the large
assortment of light distributions of the current LED light fixtures on the market, fewer
site lumens are needed to achieve uniform lighting designs. By requiring lower lumen
limits, jurisdictions that adopt a stricter version of the MLO will force designers to use

each lumen wisely and optimize each site lighting design.

5.3 Further Research
Further research is needed in modernizing recommended practice documents for

the latest available LED light fixture technology. Computer simulation cannot
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accurately model the reflectance properties of a parking lot; additional research in this
area is necessary to analyze the effect of parking lot pavement materials with different
reflectance properties to consider recommending a better material for mitigation of sky
glow. Also, full-scale parking lot lighting installations should be analyzed to validate

changes to the existing standards and Model Lighting Ordinance.
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Lighting Solutions

Medium Thin Profile (EAMT)
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Product Features

GE Lighting Salutions designed this luminaire using both fixture and LED application expertise to bring unmatched
product quality ond reliability with optical leadership and understanding of customer needs. This product can easily
achieve IESMA RP-20 horizontal illuminance reguirements while exceeding MAX/MIN uniformity reguirements. This sleek
and robust fixture is now available with o new, higher light output Tupe V option (D5)] that produces 19,000 lumens.

Applications

« For site, area, and general lighting utilizing advanced
LED optical sustem providing high uniformity, excellent
vertical light distribution, reduced offsite visibility,
reduced on-site glare and effective security light levels.

+ |deal for commercial and medical properties, large
malls, and big box retailers.

Housing

+ Die-cast aluminum housing.

« 3lim architectural design incorporates a heat sink
directly into the unit ensuring masxdmum heat transfer,
long LED life and a reduced Effective Projected Area [EFAL

+ Meets 2G vibration stondards per ANSI C136.32-2001.
For 3 rating contoct foctory.

LED & Optical Assembly

« Optimized LED arroy based on distribution pottern.

« Utilizes high brightness LEDs, 70 CRI at 6000K typical.
D5 available in £000K and 5700K typical.

& |M-79 tests and reports are performed in accordance
with IESMA standards.

Lumen Maintenance

« Systemn rating is 50,000 hours at L85.
+ Contact factory for L rating (Lumen Depreciation)
beyond 50,000 hours.

Ratings

ULfcUL listed, suitable for wet locations.

|P &5 rated optical assembly per ANSI C136.25-2009.
Temperature rated at -40°C to 50°C.

RoHS5 compliant, contains no lead or mercury.
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Mounting

Option A

« 10-inch [254mm) mounting arm for sguare pole with
egsy-connect terminal boord.

Option B

+ 10-inch (254mm) mounting arm for round pole with
egsy-connect terminal boord.

+ Slipfitter mounting for 2 3/8-inch [60mm) O.0. pipe
prewired with 24-inch [610mm)] leads.

Finish

« Corrosion resistant polyester powder painted, minimum
2.0 mil. thickness.

+ Standord colors: Black & Dark Bronze.

« RAL & custom colors available.

Electrical

120-277 volt and 347-480 volt available.
System power factor is >90% and THD <20%.
Class "4 Sound rating.
Integral surge protection non-dimming:
- For 120-277VAC per IEEESAMNSI C62.41.-1991,
&ky/ ZkA Location Category B2 (120 Bvents)
- For 347-480VAC per IEEESAMSI C62.41.-1991
6kv/3kA Location Category B3 (120 Bvents)
+ |ntegral surge protection GE dimming:
- For 120-480VAC per IEEESANSI CB2.41.2-2002,
Akv/3kA Location Category B (120 Events]
« EMI: Title 47 CFR Part 15 Class A
+ Photo Electric Sensors [PE) available for all voltoges.

Warranty

« S-yeor limited system warranty stondord.
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Product Dimensions

10" Arm for Round Pole Mount [Option B)
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« Effective Projected Area [EP) with Slipfitter: 1.19 53 ft max [0011 sgmi
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GE Lighting Selutions « 1-888-MY-GE-LED « www.gelightingsolutions.com

52 Lighting Schutions, LLC i a subsidiary of the Gensrcl Elsctric Compony. Brohe ond the G2 brond ond loge are trodamarks of the Generdl Electric Company
0 2011 5E Lighting Sohutions, LLL. Information provided & subject to change without notice. Allvolues oe design or lypicol volues when megsuned under loborotony conditions.
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Lighting Solutions

Maodular Fixture - Small & Medium (EASM & EAMM])
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Product Features

The next evolution of the GE Evolve™ LED Area Light continues to deliver the same outstanding features associated with
the original Bvolve product, while now adding greater flexibility and style. The Eurcpean styling offers o zlesk, modern

look, and balances the needs for photometric scalability with relioble workhorse performance. The new modular design
provides 34 photometric combinations, available in two color temperatures, to meet awide range of area lighting needs.

GE'z exclusive optical ring design produces superiorvertical illuminance and efficiently directs the light without wasteful
and urwelcomed light spill into neighboring properties. Additionally, reduced energy consumgption, combined with a long
rated life that virtually eliminates ongaoing maintenance expenses, enables the Bvalve LED Area Light to provide significant

operating cost benefits over the life of each fwture.

Applications

+ 3ingle and double modules for site, area, and general
lighting utilizing advanced LED optical system
providing high uniformity, excellent vertical light
distribution, reduced offsite visibilitu, reduced on-site
glare and effective security light levels.

+ Scalable design makes this product ideal for small to
mediurn retailers, commercial to medical properties,
strip malls to large malls, and big bowx retailers.

Housing

+ Die-cast aluminum housing.

+ Slim architectural design incorporates modular heat
=ink light engine directly into the unit ensuring
maximum heat transfer, long LED life and a reduced
Effective Projected Area |ERA).

& Meets 2G vibration standards per ANSI C136.32-2001
For 35 rating contoct foctory.

LED & Optical Assembly

« Structured LED arraus for optimized area light
photometric distribution.

+ FEvolve modular light engine consisting of nested
concentric directional reflectors designed to optimize
application efficiency and minimize glare.

+ Llilizes high brightness LEDs, 70 CRI ot 4000K and
5700k typical.

& |M-79tests and reports are performed in accordance
with [ESNA stondards.

Lumen Maintenance

« Systemn roting is 50,000 hours at L85, Contact factory
for L rating (Lurnen Depreciation) beyond 50,000 hours.

Ratings

« ULfclL listed, suitable for wet locations.

« |P &5 rated optical enclosure per ANSI C136.25-2003,
+ Temperature rated at -40° to 50°C.

+ RoHS complient, contains no leed or mercury.
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Mounting

¢ 10-inch [254mm) mounting arm for sguare pole with
egsy-connect terminal board.

& 10-inch [254mm) mounting orm for round pele with
easy-connect terminal board.

« Slipfitter mounting for 2 3/8-inch [60mm) 0.0 pipe
prewired with 24-inch [610mm)| leads.

Finish

« Comosion resistont polyester powder painted,
minirmum 2.0 mil. thickness,

+ Stondord colors: Black & Dark Bronze.

« RAL & custom colors available.

Electrical

& 120-277volt and 347-4580 volt availoble.
« Systemn power foctor iz »30% and THD <20%.
+ Closs "A” sound rating.
« |ntegral surge protection non-dimming:
- For 120-277vAC per IEEESANSI CR2.41.-1991
&/ 2kt Location Category B2 [120 Events)
- For 347-480VAC per |IEEESANSI C82.41.-1991,
Ak 3kA Location Category 83 [120 Bvents)
« Integral surge protection GE dimming:
- For 120-4800AC per IEEESANSI Ce2.41.2-2002,
Bkv/3kA Location Category B (120 Evenits|
« Optional high capability surge protection per IEEES
ANSICR2.41 2-2002.
- Rating 1- 10kv/ska Location Category (120 events)
- Reting 2 - 6k 3ka Location Category - Low (5000 events)
& EMI:Title 47 CFRPart 15 Class A
« Photo electric sensors (PE| available for all voltoges.

Warranty

« S-year limited syustem worranty stondard.
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Product Dimensions
Medium / Double Module Fixture (EAMM)

10" Arm for Round Pole Mount (Option B}
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ARE-EDG-5M-DA  THE EDGE® LED Area Light - Type V Medium R
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ARE-EDG-5M- THE EDGE® LED Area Light — Type V Medium Rav. Dale: B24/11

General Description Teeting & Compliance

Elim, low peofile design minimizes wind load requirements. Fovtune sides are rgged cast UL Ested in the U.5. and Canada for wet Incations and encosure raied |PEE per IEC E0529
aluminum with intzgral, weathzr-sight LED driver comparsments and high perfcsmance when ondered without P oo R eptions. Consult Bctory for CE Cestilizd products. Centified o
aluminum heatsinks. Convenient, inteslocking mountng method. Mowmnting housing is ANEN C136.31-2001, 35 bridge and owerpass vibration standards.

rugged die cast aluminum and mounts to 3-8 {76~ 152mm) sguare or reund pole. Fixure Dark Sy Frizndy. 1A Approved. AoHS Complan.

is secuned by two (2] GME-18 UNC bolts spaced on 2 {5Tmm} czmizrs. Includes lzalfdebris

puard. Five year limited wananty on fisture. [

Electrical Product qualified on the Design Lights Consortium {*DLC") Dualifizd Products Lisz [OPLY
Mzdular design accommedates varied lighting cutput from high powesr, white, BI00K when ardered withows backlight conteal shield.

(+/- 600K per ful fozwee], minimum 70 CA, long Iz LED sources. Optional 4300K L

(e~ 3K per full fogwre] alse availbble. 120-277V 50°ED Hr, Class T LED drivers ane Finish

ssandard. 347-430W 500 Mz driver is optional. LED drivers have power factor »80% and Exclusive Colarfast DeltaGiand® finish features an E-Coat epory primes with an ultra-
THD «20% a2 full load. Units provided with integral 10kV surge suppression protecticn durable sitves powdes inpooat, providing escellent resistance to cormosion, uibraviclet
standard. Imegral weathes-tight elecirical box wish terminal strips {1352 - 20Ga) for easy degradation and abrsion. Bronze, black, white and plasinum bronze powder toproats e
power hook-up. Surge prosection tested in accordance with IEEEFANS] CEZ 41.2. also avalable The finish & cowesed by our 10 year limited wamanty.

Finture and fmish 2= endurance tested o withstand 5,000 hours of slevaied ambisni salt
fog conditicns as defined in ASTM Stendaed B 117,

Patents

U.E. and infemational patents granted and pending. BesaLED is a division of Awd Lighting
no. For a isting of Auud Lighting, Inc. patents, visit wew.pspio gov

Field-Installed Accessories

Bird Salkas
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