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High-Intensity Discharge Industrial Lighting Design Strategies for the
Minimization of Energy Usage and Life-Cycle Cost

Isaac Lynnwood Flory IV

(Abstract)

Worldwide, the electrical energy consumed by artificial lighting is second only to the amount
consumed by electric machinery. Of the energy usage attributed to lighting in North America,
approximately fifteen percent is consumed by those lighting products that are classified as High-
Intensity Discharge (HID). These lighting products, which are dominated by Metal-Halide and
High-Pressure Sodium technologies, range in power levels from 35 to 2000 watts and are used in
both indoor and outdoor lighting applications, one category of which is the illumination of
industrial facilities. This dissertation reviews HID industrial lighting design techniques and
presents two luminaire layout algorithms which were developed to provide acceptable lighting
performance based upon the minimum number of required luminaires as determined by the
lumen method, regardless of the aspect ratio of the target area. Through the development of
lighting design software tools based upon the Zonal Cavity Method and these layout algorithms,
models for the quantification of energy requirements, lighting project life-cycle costs, and
environmental impacts associated with conventional industrial lighting installations are
presented. The software tools, which were created to perform indoor HID lighting designs for
the often encountered application of illuminating general rectangular areas with non-sloped
ceilings utilizing either High-Bay or Low-Bay luminaires, provide projections of minimal
lighting system costs, energy consumption, and environmental impact based upon lamp
selection, ballast selection, luminaire selection and lighting system maintenance practices. Based
upon several industrial lighting application scenarios, lighting designs are presented using both
the new software tools and a commercially available lighting design software package. For the
purpose of validating this research, analyses of both designs for each scenario are presented
complete with results of illuminance simulations performed using the commercially available

software.
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Glossary

Abbreviation Description
Ad Layout “Ghost” Boundary Incremental Depth — Used by
LAYOUTMASTER
AW Layout “Ghost” Boundary Incremental Width — Used by
LAYOUTMASTER
Ay Adjacent Row Spacing — Used by LAYOUTMASTER
Ay Ceiling or Floor Area (ft%)
ad Floor depth (feet) - Used by IMASTERG?2
admat Additional Material Cost for Single Luminaire Installation ($)- Used by
IMASTERG?2 and LLCCMONTH
As Floor Area (ft%)
AT Luminaire Ambient Temperature Loss Factor (per unit)
avolt Actual Luminaire Supply Voltage (Vrms) - Used by IMASTERG2
aw Floor width (feet) - Used by IMASTERG2
Ay Wall Area Used for Calculation of Cavity Ratio ()
Awp Area of Work Plane (ft%)
BF Ballast Factor (per unit)
blst Ballast Type [CWA (1), Reactor (2), Magnetic Regulator (3)] - Used by
P IMASTERG2
brn Number of Luminaires Placed in Bottom Row — Used by
LAYOUTMASTER
btvoe Ballast Type [CWA (1), Reactor (2), Magnetic Regulator (3)] — Used by
P INDUSTRIALXXG2
c Results for CU or Other Multiplication Factor — Used by COEFUTIL
ccrmax Maximum Ceiling Cavity Ratio (CRcc) — Used by INDUSTRIALXXG2
ccrmin Minimum Ceiling Cavity Ratio (CR¢c) — Used by INDUSTRIALXXG2
oful Lower Multiplying Factor Value Relative to lufc and lIfc — Used by
CUMASTER
cfuu Upper Multiplying Factor Value Relative to uufc and ulfc — Used by
CUMASTER
cleanf Cleanliness Factor (unitless) — Used by INDUSTRIALXXG2
cinfct Cleanliness Factor (unitless) - Used by IMASTERG2
clnmatl Cleaning Material Charge for Single Luminaire ($)- Used by

IMASTERG2 and LLCCMONTH
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colidx Column Index Array — Used by LAYOUTMASTER
coordact Matrix containing Uncorrected Luminaire Coordinates— Used by
LAYOUTMASTER
coordshift Matrix containing Shifted (corrected) Luminaire Coordinates — Used by
LAYOUTMASTER
coordsort Sorted Version of coordshift — Used by LAYOUTMASTER
CR¢c Cavity Ratio of Ceiling Cavity (unitless)
CRyc Cavity Ratio of Floor Cavity (unitless)
CRrc Cavity Ratio of Room Cavity (unitless)
CuU Coefficient of Utilization
cu20 Intermediate CU Value Relative to u and | Based Upon a Py, of 20% —
Used by CUMASTER
cuh Upper Bound of CU — Used by COEFUTIL
cul Lower Bound of CU — Used by COEFUTIL
CUMASTER Coefficient of Utilization Program
CUTxx Coefficient of Utilization Table Array — Used by INDUSTRIALXXG2
CWA Constant Wattage Autotransformer Ballast
d Depth of Area to be Illuminated (feet)
DDChnst Dirt Depreciation Constants — Used by LLFACTG2
DDTABLE Array Containing Dirt Depreciation Constants — Used by LLFACTG2
dfact Mean Lumen Factor (MH = 0.4, HPS = 0.5)
dl Luminaires to be Added or Removed — Used by LAYOUTMASTER
dnew Temporary Layout Depth — Used by LAYOUTMASTER
dre Depth Required Based upon Revised Spacing — Used by
a LAYOUTMASTER
dspcost Unit lamp disposal cost ($) — Used by LLCCMONTH
q Spacing Increment between Short and Long Rows — Used by
y LAYOUTMASTER
ofc Desired work plane illuminance (footcandles) — Used by
INDUSTRIALXXG2
ete End-to-End Spacing — Used by LAYOUTMASTER
Ewp Work Plane Illumination Level (footcandles)
FCFTO0 Table of Multiplying Factors for Pge of 0% — Used by CUMASTER
FCFT10 Table of Multiplying Factors for Pge of 10% — Used by CUMASTER
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FCET20 Dummy Table of Multiplying Factors for Py of 30% (all values 1.0) —
Used by CUMASTER
FCFT30 Table of Multiplying Factors for Pge of 30% — Used by CUMASTER
fcr Floor Cavity Ratio (CRrc) — Used by INDUSTRIALXXG2
fd Floor depth (feet) — Used by INDUSTRIALXXG2
ff Floor Factor as Given in Equation 3.1 (feet )
fw Floor width (feet) — Used by INDUSTRIALXXG2
g Annual Rate of Inflation (%)
hc Ceiling Height (feet) — Used by INDUSTRIALXXG2 and CUMASTER
hfc Height of work plane (feet) — Used by INDUSTRIALXXG2
hfc Work Plane Height (feet) — Used by CUMASTER
HID High-Intensity Discharge
hmaxm Maximum allowable mounting height (feet) — Used by
INDUSTRIALXXG2
hminm Minimum allowable mounting height (feet) — Used by
INDUSTRIALXXG2
HPS High-Pressure Sodium
hosblstlarae High-Pressure Sodium Luminaire Input Power Table (.txt file) — Used
P g by INDUSTRIALXXG2
High-Pressure Sodium Design Results Array — Used by
HPSCHOICES INDUSTRIALXXG2

hpslumfile200

Array Containing Luminaire Data File — 200W HPS

hpslumfile250

Array Containing Luminaire Data File — 250W HPS

hpslumfile310

Array Containing Luminaire Data File —310W HPS

hpslumfile400

Array Containing Luminaire Data File — 400W HPS

hpslumfile600

Array Containing Luminaire Data File — 600W HPS

hrc Room Cavity Height (feet) — Used by CUMASTER
hrsperst Operating Hours per Start— Used by INDUSTRIALXXG2
hrsprstrt Operating Hours per Start- Used by IMASTERG2
hrspryr Operating Hours per Year- Used by IMASTERG2
hrspstrt Operating Hours per Start — Used by LLCCMONTH
hrspwk Operating Hours per Week — Used by LLCCMONTH
HVAC Heating, Ventilation and Air-Conditioning

XVi




Lighting to HVAC Energy Cost Ratio - Used by IMASTERG?2 and

hvactctr LLCCMONTH
i Annual Rate of Return or Annual Interest Rate (%)
icval Initial Column Quantity — Used by LAYOUTMASTER
IESNA [Nluminating Engineering Society of North America
IL Initial Lamp Output (lumens)
IMASTERG?2 Master Design Program

INDUSTRIALHPSG?2

High-Pressure Sodium Industrial Lighting Design Program

INDUSTRIALMHG?2

Metal-Halide Industrial Lighting Design Program

infrate

Annual Rate of Inflation (percent) - Used by IMASTERG?2 and

LLCCMONTH
instcost Hourly Rate for Installation ($/hour) - Used by IMASTERG2 and
LLCCMONTH
insttime Time Required to Install Single Luminaire (hours) - Used by
IMASTERG?2 and LLCCMONTH
intrate Annual Interest Rate (percent) - Used by IMASTERG?2 and
LLCCMONTH
irval Initial Row Quantity — Used by LAYOUTMASTER
k Effective Annual Interest Rate (%)
kmint Monthly Effective Interest Rate— Used by LLCCMONTH
| Lower Intermediate CU Value Relative to lu and Il — Used by
CUMASTER
LAYOUTMASTER Luminaire Layout Program
LBO Lamp Burn-Out Factor (per unit)
LCC Life-Cycle Costing (present worth)
LDATA Array Containing Project Specifications — Generated by LIGHTDATA
LDD Luminaire Dirt Depreciation Factor (per unit)
Ifamly Lamp Family (MH - 1, HPS - 2) — Used by LLFACTG2
LIGHTDATA Data Input Program
I Lower Intermediate CU Value Relative to rccl and rwl — Used by
CUMASTER
LL Rated Lamp Life (hours)
LLCCMONTH Life-Cycle Cost Analysis Program
Ild Lamp Lumen Depreciation (per unit) — Used by INDUSTRIALXXG2
LLD Lamp Lumen Depreciation (per unit)
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LLF

Light Loss Factor

LLFACTG2 Light Loss Factor Program
lIfc Lower Multiplying Factor Value Relative to rccl and rwl — Used by
CUMASTER
[Ifmin Minimum Value of LLF — Used by LLFACTG?2
[lum Initial Lamp Output Rating (lumens) — Used by LLFACTG2
Impcost Unit lamp cost ($) — Used by LLCCMONTH
Implife Rated Lamp Life (hours) = Used by LLFACTG2
lonacol Array Containing Column Numbers of Long Columns — Used by
g LAYOUTMASTER
lotable Lower Multiplying Factor Table Bounding rfce — Used by CUMASTER
LPD Lighting Power Density (watts / ft*)
Irfc Lower Value of Pre— Used by CUMASTER
LSD Luminaire Surface Depreciation Factor (per unit)
Iy Lower Intermediate CU Value Relative to rccl and rwu — Used by
CUMASTER
lufc Lower Multiplying Factor Value Relative to rccl and rwu — Used by
CUMASTER
lumclin Time Between Luminaire Cleanings (months) - Used by IMASTERG2
lumcost Unit luminaire cost ($) — Used by LLCCMONTH
lumpwr Unit Luminaire Input Power (watts) — Used by LLCCMONTH
LV Luminaire Voltage Factor (per unit)
Ivls Mounting Heights to Evaluate (positive integer) — Used by
INDUSTRIALXXG2
M Coefficient of Utilization Table — Used by COEFUTIL
mbase Base Maintenance Expense — Used by LLCCMONTH
MH Metal-Halide
mhblstlarge Metal-Halide Luminaire Input Power Table (.txt file)— Used by
g INDUSTRIALXXG?2
MHCHOICES Metal-Halide Design Results Array — Used by INDUSTRIALXXG2
mhdsgns Metal-Halide Design Array - Used by IMASTERG?2
mhlumfile200 Array Containing Luminaire Data File — 200W MH
mhlumfile250 Array Containing Luminaire Data File — 250W MH
mhlumfile320 Array Containing Luminaire Data File — 320W MH
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mhlumfile350

Array Containing Luminaire Data File — 350W MH

mhlumfile360 Array Containing Luminaire Data File — 360W MH
mhlumfile400 Array Containing Luminaire Data File — 400W MH
mhlumfile450 Array Containing Luminaire Data File — 450W MH
mhlumfile750 Array Containing Luminaire Data File — 750W MH
mhm Minimum allowable mounting height (feet) - Used by IMASTERG?2
mhx Maximum allowable mounting height (feet) - Used by IMASTERG2
mill Desired work plane illuminance (footcandles) - Used by IMASTERG2
minfrate Monthly Equivalent Inflation Rate — Used by LLCCMONTH
mintrate Monthly Equivalent Interest Rate — Used by LLCCMONTH
ML Mean Lamp Output (lumens)
mntcost Hourly Rate for Maintenance ($/hour) - Used by IMASTERG?2 and
LLCCMONTH
mntivls Mounting Heights to Evaluate (positive integer) - Used by
IMASTERG?2
mnttime Time Required to Re-lamp/Clean Single Luminaire (hours) - Used by
IMASTERG?2 and LLCCMONTH
MR Magnetically Regulating Ballast
mrcrl Lower Bound rcr — Used by COEFUTIL
mrcru Upper Bound rcr — Used by COEFUTIL
N Number of Luminaires
nci Initial Number of Columns
nl Required Number of Luminaires — Used by LAYOUTMASTER
nli Initial Luminaire Quantity — Used by LAYOUTMASTER
nol Number of Luminaires Installed — Used by LLCCMONTH
nrgcost Cost of Electrical Energy ($/kw-Hr) - Used by IMASTERG2 and
LLCCMONTH
nri Initial Number of Rows
PDD Percentage of Dirt Depreciation — Used by LLFACTG2
pddl Lower Bound of Dirt Depreciation Percentage— Used by LLFACTG2
pddu Upper Bound of Dirt Depreciation Percentage— Used by LLFACTG2
plife Planned Life of Project (years) - Used by LLFACTG2
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Planned Life of Project (years) - Used by IMASTERG2 and

prilife LLCCMONTH
PWAI Present Worth of Acquisition & Installation Expenses ($) — Used by
LLCCMONTH
PWDISP Present Worth of Disposal Expenses ($) — Used by LLCCMONTH
PWMAIN Present Worth of Maintenance Expenses ($) — Used by LLCCMONTH
PWOPER Present Worth of Operating Expenses ($) — Used by LLCCMONTH
q Maintenance Based Effective Interest Rate (%)
off Monthly Maintenance Based Effective Interest Rate — Used by
q LLCCMONTH
r Maintenance Interval in Months — Used by LLCCMONTH
rc Ceiling Reflectance (%) — Used by INDUSTRIALXXG2 and
CUMASTER
rcce Effective Ceiling Cavity Reflectance Pec. (%) — Used by CUMASTER
rccf Effective Ceiling Cavity Correction Factor — Used by CUMASTER
recfl Lower Table Multiplying Factor Value Relative to cfuu and cful — Used
by CUMASTER
recfu Upper Table Multiplying Factor Value Relative to cfuu and cful — Used
by CUMASTER
recl Lower Published Bound of Pece — Used by CUMASTER
rccu Upper Published Bound of Pece — Used by CUMASTER
rclean Time Between Work Area Cleanings (months) — Used by
INDUSTRIALXXG2
rcr Room Cavity Ratio — Used by CUMASTER
RCR Room Cavity Ratio (see CRy)
rcrdel Room Cavity Ratio Increment — Used by INDUSTRIALXXG2
rcrl Lower Bound of rcr— Used by LLFACTG2
rcrmax Maximum Room Cavity Ratio (CRrc) — Used by INDUSTRIALXXG2
rcrmin Minimum Room Cavity Ratio (CRgc) — Used by INDUSTRIALXXG2
rcru Upper Bound of rcr— Used by LLFACTG2
redux Spacing Reduction Factor — Used by LAYOUTMASTER
reflc Ceiling Reflectance (percent) - Used by IMASTERG2
reflf Floor Reflectance (percent) - Used by IMASTERG2
reflw Wall Reflectance (percent) - Used by IMASTERG2
relamp Time Between Group Relamping (months) - Used by IMASTERG2
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Time Between Group Relamping (months) — Used by

relmp INDUSTRIALXXG2
f Floor Reflectance (percent) — Used by INDUSTRIALXXG2 and
CUMASTER
rfce Effective Floor Cavity Reflectance Py (%) — Used by CUMASTER
rh Height of ceiling (feet) - Used by IMASTERG2
RL Re-lamp Point (hours)
rimpint Operating Hours between Group Re-lamping — Used by LLCCMONTH
rmcin Time Between Work Area Cleanings (months) - Used by IMASTERG?2
RSDD Room Surface Dirt Depreciation Factor (per unit)
rvolt Rated Luminaire Supply Voltage (Vrwms) - Used by IMASTERG2
W Wall Reflectance (percent) — Used by INDUSTRIALXXG2 and
CUMASTER
rwl Lower Published Bound of Py, — Used by CUMASTER
rwu Upper Published Bound of Py, — Used by CUMASTER
RX Reactor Ballast
ry Maintenance Cycle Period (years)
S Luminaire Spacing (feet)
S1 Horizontal Luminaire Spacing
S, Vertical Luminaire Spacing
Sapprox Approximate Spacing Based Upon Room Dimensions (feet)
scrptime Time Required to Scrap Single Luminaire (hours) - Used by
IMASTERG2 and LLCCMONTH
shortcol Array Containing Column Numbers to be Shortened — Used by
LAYOUTMASTER
Si Initial Luminaire Spacing (feet) — Used by LAYOUTMASTER
sn New (reduced) Spacing in layoutAl— Used by LAYOUTMASTER
snew New (increased) Spacing in layoutB1 — Used by LAYOUTMASTER
SpCXX Spacing Criteria Variable — Used by INDUSTRIALXXG2
spsum Summation of Spacings — Used by LAYOUTMASTER
SPW Single Present Worth Factor
Sw Wall to Luminaire Spacing (feet)
swc Spacing from Outer Columns to Walls — Used by LAYOUTMASTER
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swr Spacing from Outer Rows to Walls — Used by LAYOUTMASTER
tclean Time Between Luminaire Cleanings (months) — Used by
INDUSTRIALXXG2
U Upper Intermediate CU Value Relative to uu and ul — Used by
CUMASTER
ul Upper Intermediate CU Value Relative to rccu and rwl — Used by
CUMASTER
ulfc Upper Multiplying Factor Value Relative to rccu and rwl — Used by
CUMASTER
uptable Upper Multiplying Factor Table Bounding rfce — Used by CUMASTER
UPW or upw Uniform Present Worth Factor using Effective Interest Rate (k) — Used
P by LLCCMONTH
urfc Upper Value of Pre — Used by CUMASTER
Ul Upper Intermediate CU Value Relative to rccu and rwu — Used by
CUMASTER
uufc Upper Multiplying Factor Value Relative to rccu and rwu — Used by
CUMASTER
vact Actual Luminaire Supply Voltage (Vrms) — Used by
INDUSTRIALXXG2
vrated Rated Luminaire Supply Voltage (Vrums) — Used by
INDUSTRIALXXG2
W Width of Area to be Illuminated (feet)
walspace Wall Space Multiplier — Used by LAYOUTMASTER
wcratio Wall Area in CC to Ceiling Area Ratio — Used by CUMASTER
wnew Temporary Layout Width — Used by LAYOUTMASTER
wph Height of work plane (feet) - Used by IMASTERG?2
X Percent of Rated Lamp Life — Used by LLFACTG2
X Luminaire X-Coordinate
wactual X-Coordinates after Removal of Ghost Boundary — Used by
LAYOUTMASTER
xfinalC Final X-Coordinates for LayoutAl — Used by LAYOUTMASTER
y Percent of Lamps Surviving — Used by LLFACTG2
y Luminaire Y-Coordinate
actual Y-Coordinates after Removal of Ghost Boundary — Used by
y LAYOUTMASTER
yfinalC Final Y-Coordinates for LayoutAl — Used by LAYOUTMASTER
yrbhr Operating Hours per Year — Used by INDUSTRIALXXG2
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rhvacnr Annual Energy Demand of HVAC Resulting from Lighting (kW-Hrs) —
y g Used by LLCCMONTH
lumnr Annual Energy Demand of Luminaires (kW-Hrs) — Used by
yriumnrg LLCCMONTH
yspace Row Spacing Reduction Factor — Used by LAYOUTMASTER
Pb Base Reflectance (%)
Pe Ceiling Reflectance (%)
Pcce Effective Ceiling Cavity Reflectance (%)
Pr Floor Reflectance (%)
Pfee Effective Floor Cavity Reflectance (%)
Pw Wall Reflectance (%)
CI)L Initial Lamp Output Rating (lumens)
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1 Introduction

The electrical energy consumed by artificial lighting is significant — approximately 22% of
domestic electric power generation [1]. Consequently the application and efficiency of lighting
has a profound affect upon the consumption of fossil fuels and the proliferation of environmental
hazards. Considering the current state of energy costs and environmental awareness, it is timely
to examine what actions can be taken to reduce the energy and environmental footprints
associated with artificial lighting products and systems. There are several paths that may be
taken to reduce the strain that lighting places upon our planet. One path is to develop and
implement more efficient lighting sources and systems — a path which has been and currently is
heavily traveled. An example of an outcome associated with these efforts would be the
proliferation of more efficient electronic fluorescent ballasts, replacing their less efficient line
frequency counterparts. And more recently the introduction and accelerating acceptance of self-
ballasted compact fluorescent lamps which offer substantial energy savings over the
incandescent sources that are destined to be displaced in the majority of residential and
commercial applications. Another path is to reduce our expectations of illumination levels and
lighting aesthetics - to “do with less” which will reduce energy consumption and its associated

environmental effects.

A third path, which is the focus of the research presented in this dissertation, is the improved
utilization of existing lighting products to reduce energy consumption - specifically as it applies
to high-intensity discharge (HID) industrial lighting applications. The improved utilization is

realized through a reduction in the number of luminaires needed to adequately illuminate a



general area industrial lighting application. The reduction in luminaire quantity is facilitated
through the use of newly developed luminaire placement (layout) algorithms, and economic
analyses based upon the varying of lamp selection, ballast selection, luminaire mounting height,
and lighting system maintenance practices. In addition, the impact of the reduction of energy
consumption upon the environment is presented including an analysis of the potential
consequences of increased frequency of luminaire maintenance resulting in increased lamp

disposal.

1.1 Scope of Research

This research focuses upon the environmental and economic aspects of industrial high-intensity
discharge lighting systems and methods for reducing the consumption of electrical energy, and
coincidentally the overall life-cycle cost of industrial lighting projects. Although the methods,
results and conclusions presented in this dissertation apply most directly to industrial lighting

systems, they also apply in varying degrees to any general area indoor lighting application.

The methods, examples, and conclusions presented in this dissertation are the result of the
development of software tools which are based upon long-standing lighting design practices as
well as algorithms and analysis methods that are offered as original contributions. All of the
programs supporting this research were created using the scientific computing software
MATLAB® which has become one of, if not the preeminent software development suites utilized

throughout the areas of science, engineering and technology.



1.2 Standard Industrial Lighting Design Practice

The standing method used in the design of general indoor lighting systems is the determination
of average horizontal illumination based upon the Zonal Cavity Method. This approach to
lighting design estimates the minimum number of luminaires that are required to produce a
sufficient amount luminous of flux to provide a specific level of illuminance upon a horizontal
surface, often referred to as the work plane. A key component in the determination of the
minimum luminaire quantity is the projection of light level depreciation based upon factors such
as the accumulation of dirt upon surfaces, and the natural trend of lamp output to depreciate over
time. To account for this degradation in illumination levels, areas are in most cases significantly
over-illuminated at the time of installation. This excess quantity of illumination represents
energy that is being consumed which is greater than that needed to provide the minimum

acceptable or “maintained” light level.

Once the minimum number of required luminaires is determined, standard practice is to locate or
position these luminaires so that the uniformity of illumination is deemed acceptable, either by
specification or convention. To this end, the number of luminaires installed is generally tied to
the dimensions of the area being illuminated. For example, if a rectangular area to be
illuminated is twice as wide as it is deep, the number of rows of luminaires will approximately be
twice the number of columns. The goal of this practice is to maintain, with some degree of
symmetry, consistent spacings between adjacent luminaires which will facilitate a high level of
uniformity of illumination. As a consequence of this approach the number of luminaires
installed is often greater than the quantity required, often resulting in over-illumination and

wasted energy. In addition, it is typical for lighting designs to be made using a specific



luminaire mounting height which places an additional constraint upon the lighting layout and in
many cases does not allow for a more efficient lighting system design. If the lighting design
could be optimized to minimize the number of luminaires, then both cost and energy usage could

be reduced.

1.3 Lighting Design Software Development

The first step taken to complete this research involved the generation of software tools to
perform general area indoor lighting designs. These tools, which require the input of all of the
basic physical properties of the area to be illuminated, allows for the simultaneous usage of
multiple lamp types and offers the means for minimizing the luminaire quantity based upon
variable mounting heights. There are commercially available software packages that will
perform similar analyses, however these products are broader in scope and generally do not offer
concurrent multiple light source selection, variable mounting heights, or the provision for non-
standard mounting configurations thus limiting their ability to minimize energy usage by way of
reduced luminaire count. Key elements of the software developed to support this research are
lighting designs based upon variable mounting heights as well as two separate luminaire layout
(positioning) algorithms which provide layout options allowing the end-user the opportunity to
take advantage of a reduced luminaire quantity over a rectangular target area. An additional
aspect of the software is the realization of improved lumen maintenance when certain sources are
operated using premium electromagnetic ballasts, specifically the magnetically regulating (MR)
ballast topology. This improvement in lamp performance is supported by data recorded over the

period May 1998 to May 2002 at the Rector Field House located on the campus of Virginia Tech

[2].



1.4 Economics of High-Intensity Discharge Industrial Lighting Systems

A portion of this research was the development of software that would determine Life-Cycle
Costs (LCC) and energy consumption profiles associated with industrial lighting installations.
Generally this would be a rather straightforward set of calculations, however the program
developed incorporates the flexible design capabilities previously described (section 1.3)
allowing for LCC calculations to be performed over a range of lighting designs and maintenance
schedules. This software provides the data necessary to determine which designs and under what
maintenance scenarios will result in substantial reductions in lighting project costs, energy

consumption, and environmental stress.

1.5 Contributions
The contributions to the areas of lighting design and its impacts upon energy and the
environment include:

(1) A method/model for the creation of lighting design software based upon the Zonal
Cavity Method for industrial (and general indoor) applications which will
accommodate multiple lamp types and power levels, ballast types, and luminaire
mounting heights.

(i1)) Two luminaire layout algorithms that provide acceptable lighting performance for any
luminaire quantity applied to a rectangular target area providing that spacing
restrictions are not exceeded.

(ii1)) Data and conclusions as to the relative performance of Metal-Halide (MH) lamps which
are operated using magnetically regulating (MR) and constant wattage autotransformer

(CWA) ballasts.



(iv) A method/model for determining the minimum LCC of an industrial lighting
application under variable design parameters and maintenance schedules.

(v) A method/model for projecting energy consumption and environmental impact of
greenhouse gas and mercury pollution as a result of variable lighting designs and

maintenance schedules.

1.6 Organization of Dissertation

The first sections of this dissertation, Chapters 1 and 2, serve as an introduction to industrial
lighting design and application. Presented are the methods for determining the Coefficient of
Utilization and Light Loss Factors by way of the Zonal-Cavity Method as well as conventional
luminaire layout procedures. Lighting system costs are explained along with concepts used in
the determination of LCC. In addition, an explanation of environmental concerns surrounding
artificial lighting is presented. Chapter 3 presents the development of the software needed to
determine light loss factors required for use in the lighting design process as well as two
luminaire layout algorithms. These algorithms are designed to generate luminaire layouts which
will provide high levels of uniformity while preventing the need for additional luminaires to

effectively even out the distribution of luminous flux upon the work plane.

Chapter 4 demonstrates not only the application, but also the validity of the software by
performing designs based upon three different industrial lighting scenarios. The first scenario is
a relatively small rectangular area measuring 50 feet by 100 feet. Several different MH lamps

are used in the analysis and the most attractive design is selected and its optical performance is



simulated to establish the credibility of the developed software. The simulations are performed
using the commercially available lighting design software package LitePro”, and the design is
also compared directly with a design recommended by the LitePro® software which also employs
the Zonal Cavity Method of average illumination calculation. A second scenario, which is
directly based upon the first scenario, illustrates a key design safeguard provided by the software
in the event that satisfactory luminaire layout cannot be achieved for a minimal number of
luminaires. The third scenario targets a larger industrial area in which two different lamp
families are used to compare the relative performance of both and illustrate the way in which the

software presents the design results.

Chapter 5 presents analyses of the designs created using the software models. The results of
these analyses are categorized so as to illustrate the impact of lamp selection, ballast selection,
and lighting system maintenance upon energy consumption, LCC and the environment. The
example scenarios which are presented in Chapter 4 are again used as illustrations in the

presentation of the results of this research.

The customary presentation of conclusions and suggestions for future research is provided in
Chapter 6, and two appendices are presented which discuss the development of the software
tools in detail and the method for simulating lighting system performance using the LitePro®

software package.



2 Literature Review

2.1 Introduction

Artificial lighting is one of the oldest of all electrical technologies, emerging in the 19" century
in the form of the carbon arc lamp [3]. Since that time one organization, the Illuminating
Engineering Society of North America (IESNA) has served as the recognized domestic technical
authority concerning illumination engineering. This organization, which is now over one-
hundred years old, offers a central hub for the collection and dissemination of the functional and
artistic aspects of lighting. The organization is separated into a number of technical areas of
interest including but not limited to daylighting, energy management, light sources, maintenance,
research, and testing procedures. Areas of interest concerning the application of light are placed
within categories, a partial listing of which includes industrial, office, roadway, outdoor and
residential. These areas of interest, through the establishment of committees, generate a host of
design guides, standards, and educational material which commonly referred to throughout the
lighting industry. At the center of this network of specialized publications however lies a central
document entitled the IESNA Lighting Handbook [4]. This book, first published in 1949 and
now in its 9th Edition, has as a fundamental objective, the dissemination of essential information
on light and lighting in a simple and condensed format. This book contains information
regarding the physics and application of light and is the standard technical reference used by the

North American lighting industry.

In addition to the IESNA Handbook, there are separate design guides and standards which are
often referenced including the “Recommended Practice for Industrial Lighting Facilities” which

is also published by the IESNA [5]. This design guide provides valuable information regarding



the quality, quantity, application and economics of industrial lighting systems and is currently

undergoing a revision within the corresponding IESNA subcommittee.

The Journal of the Illuminating Engineering Society of North America (JIESNA), more recently
re-titled LEUKOS, is the primary domestic peer reviewed publication for lighting technology
and application. Articles from this series of publications are referenced on a number of

occasions throughout this manuscript.

Several independent texts have been written on the subject of lighting; some which are broad in
scope, and others that are narrower of field. One such book that presents a broad range of
lighting topics and which is referred to frequently in this manuscript is “Illumination
Engineering: From Edison’s Lamp to the Laser”, first published in 1985 [6]. This text provides
an extensive review of the physics, components, and application of both natural and artificial
illumination. “Applied [llumination Engineering” is another text in the same vein, providing a
comprehensive but broad treatment of the subject matter [7]. A text that places emphasis upon
the economics and efficiencies of lighting systems is “Energy Management in [lluminating
Systems” [8]. Another comprehensive handbook is entitled “Lamps and Lighting”, and although
its origins are European, a number of the chapters translate well to North American topics
including lighting design and economic analysis [9]. This text does a commendable job of
addressing the variability of lighting project costs as a function of lighting system service, which
is a key aspect of the research being presented in this dissertation, however the economic
analysis is not based upon LCC methods. A final handbook (standard) published by the Institute

of Electrical and Electronic Engineers (IEEE) entitled “Recommended Practice for Electric



Power Systems in Commercial Buildings” provides a subset of the information found in the
IESNA Handbook, however it also provides a significant analysis of the effect of artificial

lighting upon heating, ventilating and air-conditioning (HVAC) [10].

An excellent resource that addresses new and existing lighting technologies is a report that was
prepared for the United States Department of Energy entitled “U.S. Lighting Market
Characterization, Volume II: Energy Efficient Lighting Technology Options” [11]. This
document, which was published in 2005, examines all different commercially available lighting
technologies and outlines the areas in which these technologies may be improved. Newer
technologies, such as solid-state sources, are also examined with explanation of the then current

progress of research.

As stated previously, all of the software developed to support this research was done so in the
MATLAB® programming environment. During research of the prior art surrounding indoor
lighting design, only one MATLAB® based publication pertaining to lighting was discovered.
This paper entitled “A Lighting System Model for Maximum Energy Efficiency and Cost
Savings” presents a mathematical model of a lighting system which is implemented through the
use of a SIMULINK" graphical interface [12]. The published model is an analysis tool rather
than a design tool, allowing the user to determine the energy efficiency and system costs based
upon input variables such as daylight contributions or the required level of indoor illumination.
This publication does not preempt this research, however due to the subject matter it warrants

mention.
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2.2 Performance Factors of Lighting Systems
Source Efficacy is simply the luminous output of the light source (lamp) divided by the power
consumed by the source. For a particular 400W discharge lamp with an output of 40,000

lumens, the lamp efficacy would be 40,000 lumens + 400 watts = 100 lumens per watt .

The efficacy of the lighting system, or System Efficacy, is the luminous output of the lamp
divided by the power consumed by the lamp and control gear (ballast, etc.) combination. Using
the 400 watt discharge lamp again as an example it is determined that the system input power is

444 4 watts resulting in a system efficacy of 90 lumens per watt.

Source Life, or lamp life, excluding those cases where the source is operated well outside
acceptable tolerances, is largely dictated by construction and materials. The same can be said for
System Life, however the physical environment can also play a significant role. Source Life is
specified by the lamp manufacturer and is the point in operating hours at which 50% of the
lamps in a given population are expected to have failed. As will be demonstrated in this
dissertation, the life of a lamp has significant financial impact upon the true cost of a lighting

project.

Lumen Maintenance, also referred to as Lamp Lumen Depreciation (LLD), is the rate at which
the output of a lamp decreases over its life. Some lamps, such as those in the HID family,
exhibit a greater reduction in light output than certain fluorescent sources over an equivalent
number of operating hours. The LLD for a given type of light source is based upon test data that
is generated by the lamp manufacturers. The significance of the LLD is that it is a key factor in

the determination of how many luminaires are required to perform a specific lighting task. Since
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the lamp output degrades over time it follows that higher light levels could be maintained if the
lamps were changed more frequently thus affecting the timing of major maintenance - major
maintenance being defined as the relamping, cleaning and incidental repair of all luminaires.
This reasoning can be translated into a demand side requirement, i.e. if the end user requires a
specific minimum light level then fewer luminaires would be required if the lamps were changed

over shorter intervals.

The current metric used in the determination of the efficiency of an indoor lighting application is
Lighting Power Density (LPD). This quantity is the installed input power requirement of the
lighting system divided by the area which is being illuminated. Two methods for calculating
these quantities are commonly used: whole building or space-by-space [13]. ASRAE Standard
90.1-2007 contains recommended LPD levels for a variety of different indoor applications
including manufacturing facilities. The LPD value recommended for manufacturing
environments is 1.3 watts per square foot when the whole building method of calculation is used,
and between 1.3 and 1.7 watts per square foot when the space-by-space method is employed
[13]. As will be seen in the presentation of the research results, these LPD levels are aggressive
(low) and often difficult to attain, however from a building code perspective these levels provide

a functional way to influence users to employ more efficient lighting systems.

2.3 High-Intensity Discharge Lighting Systems
High-Intensity Discharge (HID) lamps have been in use since the mid-1930’s and their continued
evolution has been driven by the need for improved color, greater efficacies, and more precise

optical control. Lamps falling within the category of HID sources include Low-Pressure
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Sodium, High-Pressure Sodium, Mercury Vapor, and Metal-Halide. Even though it provides the
highest source efficacy, Low-Pressure Sodium has not found great popularity in the United
States. This non-acceptance is primarily due to its deep orange color and non-standard

dimensions, and as a result this source is omitted from consideration in this analysis.

High-Pressure Sodium (HPS) lighting has become a much more popular variant of Low-Pressure
Sodium technology. This is largely due to improved color characteristics, smaller size, and
longer lamp life. This lamp was essentially created by raising the sodium vapor pressure from
between 20 and 40 times that found in Low-Pressure Sodium lamps. The result of this is a much
improved color profile with a moderate reduction in lamp efficacy in contrast to Low-Pressure
Sodium sources. Most HPS lamps have high efficacies that lie within the 100 to 150 lumen per
watt range and a correlated color temperature in the vicinity of 2100° K, which produces an
apparent yellow-orange color. Another positive aspect of these sources is that their designs have
evolved such that many of the products pass the Environmental Protection Agency’s TCLP
(Toxic Characteristic Leaching Procedure) test, however they are still considered as falling into
the category of universal waste as defined by the United States Environmental Protection

Agency [14].

Mercury Vapor lighting is one of the oldest lamp families within the category of HID sources. A
variant of the low-pressure mercury or fluorescent lamp, this lamp has primarily been used in
outdoor lighting applications since the 1930’s [6]. One of the least desirable characteristics of
this lamp is that it has relatively poor efficacy, between 30 and 60 lumens per watt. However, on

the positive side, this light source demonstrates a long service life (over 24,000 burn-hours) and
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provides better color rendering than HPS sources. The light generated by this source is blue-
white in contrast to the yellow-orange color generated by HPS lamps. Certain Mercury Vapor
products actually use a phosphor applied to the inside surface of the outer envelope of the lamp
to improve color rendering at the expense of some efficacy. One serious drawback of this lamp
is the amount of mercury that is required for its operation. Unlike other discharge lamps (HPS,
fluorescent) that have had their mercury content lowered to comply with the TCLP requirements,
these lamps do not appear to have any prospect of being so designated. Due to the low efficacy
and poor color characteristics of this lamp type, it is not generally used in new or retrofit indoor
lighting applications. For this reason mercury lighting systems were not considered in the

completion of the research.

Metal-Halide (MH) lighting was developed to offer improvements over Mercury Vapor, both in
terms of color and efficacy. Originating in the mid-1960’s, this source is similar to Mercury
Vapor in that the arc-tube is of similar design and many of the same materials are used in its
construction [6]. Mercury of sufficient quantity is used in the discharge to render this lamp
TCLP non-compliant. In addition to the mercury, additional rare earth metals are introduced into
the arc tube in the form of their iodide salts which provide improved color over other HID
sources. These sources have become the standard for the majority of indoor HID lighting

applications and those outdoor applications where color performance is critical.

2.4 Lighting System Design — Zonal Cavity Method

As mentioned previously, the IESNA Lighting Handbook offers insight into the different design

methodologies. The method for determining the illumination at a specific location is termed the
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“point method” or “point-by-point” method, and is based upon the determination of the
individual contributions from individual luminaires using the inverse square law [10]. This law
states that the illumination from a point source is inversely proportional to the square of the
distance between the source and the target. In addition to being computationally intensive when
multiple sources are involved, this method includes the shortcoming of only considering direct
components of luminance, ignoring reflected components which are always present in indoor

lighting applications [6].

The Lumen Method of lighting design, which is the basis for all of the designs presented herein,
was originally standardized in the 1920’s and is used to determine the average amount of
illumination upon a horizontal surface [6]. This method is based upon determining total amount
of luminous flux emerging from the luminaires and projecting the quantity that will reach the
target area (work plane) based upon the physical characteristics of the space. The “zonal cavity
method” was first presented in 1964 by way of a four part series articles, and since that time this
method has become the standard for all average illuminance calculations [15]. The design
concept is based upon the optical efficiency of the luminaire being used and the physical and
reflective characteristics of the space which is to be illuminated. Each luminaire has a luminous
flux output that is less than that of the source alone due to the process of redirecting the flux into
a useful and consistent pattern. Additionally, when considering a lighting application, this
luminous flux is further reduced by the environment created around the luminaire and the target
area to be illuminated, typically referred to as the work plane. All of these effects result in a net
reduction of luminous flux and therefore illumination level. The zonal cavity method separates

the room into three cavities (zones) for determining the net luminous flux available at the surface
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to be illuminated. There is a cavity which lies below the work plane which is referred to as the
floor cavity, one that lies above the opening of the luminaire which is referred to as the ceiling
cavity, and one that lies between the first two which is referred to as the room cavity. The
concept behind this method of lighting design is that the cavity above the luminaires and the
cavity below the work plane are used in conjunction with surface reflectances to create a simpler

effective model of the space in question.

2.4.1 Coefficient of Utilization

The ratio of the of the luminous flux from a luminaire received on the work plane to the
luminous flux generated by the lamps alone is referred to as the Coefficient of Utilization (CU)
[4]. To determine the CU of a specific luminaire for a given application it is necessary to
calculate a value referred to as the cavity ratio, which is the ratio of the amount of vertical
surface area to the amount of horizontal surface area, for each of the three zones identified by the
zonal cavity method. The equation is given in Equation 2.1, where subscript ‘xx’ is either the

ceiling cavity (CC), the room cavity (RC), or the floor cavity (FC).

_ S (£, +1,)

CR
XX (f f,)

(2.1)

The floor width and depth are f,, and f; respectively, and all dimensions are based upon the
English system and are therefore in feet. Once the three cavity ratios are calculated using
Equation 2.1 they may be used, in conjunction with surface and cavity reflectances, to determine
the CU for a given luminaire. The CU is extracted from a data table provided by the luminaire
manufacturer, of which a typical example for a high-bay industrial luminaire is shown in Table

2-1.
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Table 2-1: CU Table for TH-350M-A17 [16]

Effective Floor cavity Reflectance = 20%
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0.97
0.91
0.85
0.79
0.73
0.68
0.63
0.58
0.54
0.51
0.48

0.97
0.88
0.79
0.72
0.65
0.59
0.53
0.49
0.44
0.41
0.38

0.97
0.85
0.75
0.66
0.59
0.53
0.47
0.42
0.38
0.35
0.32

0.97
0.83
0.72
0.62
0.54
0.48
0.43
0.38
0.34
0.31
0.28

0.94
0.88
0.82
0.76
0.71
0.66
0.61
0.57
0.53
0.5
0.46

0.94
0.86
0.78
0.7
0.64
0.58
0.52
0.48
0.44
0.4
0.37

0.94
0.84
0.74
0.65
0.58
0.52
0.47
0.42
0.38
0.34
0.31

0.94
0.81
0.7
0.61
0.54
0.48
0.42
0.38
0.34
0.3
0.28

0.89
0.82
0.74
0.67
0.61
0.56
0.51
0.46
0.42
0.39
0.36

0.89
0.8
0.71
0.63
0.56
0.51
0.45
0.41
0.37
0.34
0.31

0.89
0.78
0.68
0.6
0.53
0.47
0.42
0.37
0.33
0.3
0.27

0.84
0.78
0.71
0.65
0.59
0.54
0.49
0.45
0.41
0.38
0.35

0.84
0.76
0.69
0.61
0.55
0.49
0.44
0.4
0.36
0.33
0.3

0.84
0.75
0.66
0.58
0.52
0.46
0.41
0.37
0.33
0.3
0.27

0.8
0.74
0.68
0.62
0.57
0.52
0.47
0.43

0.4
0.37
0.34

0.8
0.73
0.66
0.59
0.53
0.48
0.43
0.39
0.36
0.33

0.3

0.8
0.72
0.64
0.57
0.51
0.45

0.4
0.36
0.33
0.29
0.27

0.78
0.7
0.62
0.55
0.49
0.43
0.39
0.35
0.31
0.28
0.25

To determine the CU from Table 2-1 the values that are needed are the effective ceiling cavity

reflectance (Pcce), the wall reflectance (Pw), and the room cavity ratio (RCR) which is equivalent

to CRgc as determined using Equation 2.1. The floor and ceiling cavity ratios (CRgc and CRcc)

are only used in the determination of CU correction factors that are needed to compensate for

variations in the floor or ceiling cavity reflectances. For the purpose of automating the design

process the effective cavity reflectances may be calculated using Equation 2.2, where ‘xx’

represents the floor cavity (fc) or the ceiling cavity (cc) [6].

In Equation 2.2, if the effective floor cavity reflectance is being calculated the variable Ay is

(2.2)

equal to the floor area (Ay), and Py is equal to floor reflectance (Pr). Likewise, if the effective

ceiling cavity reflectance is being determined the variable Ay is equal to the ceiling area (A.),
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and Py is equal to ceiling reflectance (P.). The ratio of the wall area lying within the ceiling

cavity to the ceiling area is given in Equation 2.3.

A, _2h (f,+f,)

w

A £ f,

C

(2.3)

Substituting this ratio into Equation 2.2, P may be determined, and since the A is equal to A¢

in all cases, Pr. may be determined as well. As indicated in the first row of Table 2-1, the floor

cavity is assumed to have an effective reflectance of 20% and the effective ceiling cavity
reflectances presented are 80%, 70%, 50%, 30%, 10% and 0%, which is the global convention
for CU tables. Since the table presents coefficients for a single value of floor cavity reflectance,

an additional multiplication factor is introduced in the calculation of the correct CU for a given
application. The specific correction factor is determined using Pece, Pree, and Py, and is based
upon the data presented in Tables 2-2, 2-3, and 2-4, which present floor cavity correction factors

corresponding to values of Pr. 0of 30%, 10% and 0%.

Through the use of Tables 2-2, 2-3, and 2-4 along with the table containing the CU values for the
particular luminaire of interest (of the form presented in Table 2-1), the appropriate CU may be

determined for a given application using the following procedure:

18



Table 2-2: Multiplying Factors for 30% Floor Cavity Reflectance [4]

For 30% Effective Floor Cavity Reflectance

Pcce| 80 | 80 | 80 | 80 | 70 | 70 | 70 | 70 | 50 | 50 | 50 | 30 | 30 | 30 | 10 | 10 | 10
pw| 70 | 30 | 30 10 | 70 | 50 | 30 | 10 | 50 | 30 | 10 | 50 | 30 | 10 | 50 | 30 | 10
RCR

—

1.092(1.082|1.075|1.068|1.077| 1.07 {1.064(1.059(1.049(1.044| 1.04 {1.028(1.026(1.023(1.012| 1.01 {1.008
1.079(1.066|1.055|1.047|1.068|1.057(1.048(1.039(1.041(1.033(1.027(1.026(1.021(1.017(1.013| 1.01 {1.006
1.07 |1.054{1.042|1.033(1.061(1.048|1.037(1.028|1.034(1.027| 1.02 |1.024{1.017|1.012{1.014|1.009|1.005
1.062(1.045|1.033|1.024|1.055| 1.04 (1.029(1.021| 1.03 {1.022(1.015(1.022(1.015| 1.01 {1.014(1.009(1.004
1.056(1.038|1.026|1.018| 1.05 |1.034(1.024(1.015(1.027(1.018(1.012( 1.02 {1.013(1.008(1.014(1.009(1.004
1.052(1.033|1.021|1.014]1.047| 1.03 | 1.02 {1.012{1.024(1.015(1.009(1.019(1.012(1.006(1.014(1.008(1.003
1.047(1.029{1.018|1.011|1.043|1.026{1.017|1.009(1.022|1.013{1.007|1.018| 1.01 |1.005|1.014{1.008|1.003
1.044(1.026|1.015|1.009| 1.04 |1.024(1.015(1.007| 1.02 {1.012({1.006{1.017(1.009(1.004(1.013(1.007{1.003
1.04 {1.024|1.014{1.007|1.037(1.022|1.014|1.006|1.019{1.011|1.005|1.016|1.009|1.004|1.013|1.007|1.002
1.037(1.022|1.012|1.006|1.034| 1.02 ({1.012(1.005{1.017| 1.01 {1.004{1.015(1.009(1.003(1.013(1.007{1.002

O o |N|oO|a|dh|lW(N

N
o

Table 2-3: Multiplying Factors for 10% Floor Cavity Reflectance [4]

For 10% Effective Floor Cavity Reflectance
pcce| 80 | 80 | 80 | 80 | 70 | 70 | 70 | 70 | 50 | 50 | 50 | 30 | 30 | 30 | 10 | 10 | 10
pw | 70 | 50 | 30 | 10 | 70 | 50 | 30 | 10 | 50 | 30 | 10 | 50 | 30 | 10 | 50 | 30 | 10

Py
o
X

0.923|0.929|0.935| 0.94 |0.933|0.939(0.943|0.948|0.956| 0.96 |0.963|0.973|0.976(0.979|0.989|0.991|0.993
0.931]0.942| 0.95 |0.958| 0.94 (0.949(0.957|0.963|0.962/0.968(0.974/|0.976| 0.98 [0.985|0.988|0.991|0.995
0.939|0.951|0.961|0.969|0.945|0.957(0.966|0.973|0.967|0.975(0.981|0.978|0.983(0.988|0.988|0.992|0.996
0.944|0.958|0.969|0.978| 0.95 (0.963(0.973| 0.98 |0.972] 0.98 |0.986| 0.98 |0.986(0.991|0.987|0.992|0.996
0.949|0.964|0.976|0.983|0.954|0.968(0.978|0.985|0.975(0.983(0.989|0.981|0.988(0.993|0.987|0.992|0.997
0.953|0.969| 0.98 |0.986|0.958|0.972(0.982|0.989|0.977|0.985(0.992|0.982|0.989(0.995|0.987|0.993|0.997
0.957|0.973|0.983|0.991|0.961|0.975(0.985|0.991|0.979/0.987|0.994/0.983| 0.99 [0.996/0.987|0.993|0.998
0.96 |0.976|0.986(0.993(0.963|0.977|0.987(0.993|0.981/0.988|0.995(0.984/|0.991|0.997|0.987|0.994/0.998
0.963|0.978|0.987|0.994|0.965|0.979(0.989]|0.994|0.983| 0.99 |0.996|0.985|0.992(0.998|0.988|0.994(0.999
0.965| 0.98 |0.989|0.995|0.967(0.981| 0.99 |0.995|0.984(0.991|0.997|0.986|0.993(0.998|0.988|0.994(0.999

O |N|Oojga(dh|W|IN|-~

-
o

Begin with room dimensions, surface reflectances, desired mounting and work plane heights, and
the CU table for the desired luminaire.

(1) Calculate the room cavity ratio (RCR).

(i1) Calculate the effective floor and ceiling cavity reflectances (Ps and Pece) using

Equations 2.2 and 2.3.
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(111)Using the effective ceiling cavity reflectance (Pccc) and the wall reflectance (Pw)

determine the CU for the specific luminaire using the equivalent of Table 2-1. Note that

this will likely require linear regression analysis to determine the exact CU value based

upon the predominantly non-ideal values of Pcce and Py,.

(iv)If the effective floor cavity reflectance (Pr.) is not 20% then the floor cavity correction
factor is determined using tables 2-2, 2-3, and 2-4. Again linear regression is employed
using the non-ideal values of Pccc and Py, however there is the additional complication of
regression between two values of correction factor resulting from an intermediate value
of floor cavity reflectance Pg.. The correction factor for an equivalent table

corresponding to an effective floor cavity reflectance of 20% would be 1.0 by definition.
(v) The CU determined in step (iii) is then multiplied by the correction factor determined in

step (iv) resulting in a final CU.

Table 2-4: Multiplying Factors for 0% Floor Cavity Reflectance [4]

For 0% Effective Floor Cavity Reflectance

pcce| 80 | 80 | 80 | 80 | 70 | 70 | 70 | 70 | 50 | 50 | 50 | 30 | 30 | 30 | 10 | 10 | 10

pw| 70 | 50 | 30 | 10 | 70 | 50 | 30 | 10 | 50 | 30 | 10 | 50 | 30 | 10 | 50 | 30 | 10

X
(@]
X

0.859| 0.87 |0.879|0.886|0.873|0.884|0.893/0.901|0.916|0.923/0.929|0.948(0.954| 0.96 |0.979(0.983|0.987

0.871]0.887|0.903|0.919|0.886|0.902|0.916|0.928|0.926|0.938/0.949|0.954(0.963|0.971]|0.978|0.983|0.991

0.882]0.904|0.915|0.942|0.898|0.918|0.934/0.947|0.936| 0.95 |0.964|0.958(0.969|0.979|0.976|0.984|0.993

0.893]0.919|0.941|0.958|0.908| 0.93 |0.948/0.961|0.945|0.961|0.974|0.961(0.974|0.984/|0.975(0.985|0.994

0.903]0.931/0.953|0.969|0.914|0.939|0.958| 0.97 |0.951|0.967| 0.98 |0.964(0.977|0.988|0.975(0.985|0.995

0.911] 0.94 |10.961|0.976| 0.92 |0.945|0.965|0.977|0.955|0.972/0.985|0.966(0.979|0.991|0.975|0.986|0.996

0.917]0.947|0.967(0.981]0.924| 0.95 | 0.97 |0.982|0.959|0.975|0.988|0.968(0.981|0.993|0.975(0.987|0.997

0.922]0.953(0.971/0.985|0.929|0.955]0.975|0.986|0.963|0.978|0.991| 0.97 |0.983|0.995|0.976|0.988(0.998

O[NNI |WIN|—~

0.928]0.958(0.975|0.988|0.933|0.959| 0.98 |0.989|0.966| 0.98 |0.993]0.971|0.985|0.996|0.976|0.988(0.998

-
o

0.933]0.962(0.979/0.991|0.937|0.963]0.983|0.992|0.969|0.982|0.995|0.973|0.987|0.997|0.977|0.989(0.999
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2.4.2 Light Loss Factors

Once the CU has been determined for a given lighting scenario it is necessary to project those
circumstances that will further alter or attenuate the amount of luminous flux that will reach the
work plane surface. The Illuminating Engineering Society identifies the following items as those

that contribute to what is referred to as the Total Light Loss Factor (LLF) [4].

e Luminaire Ambient Temperature (AT)

e Voltage to Luminaire (LV)

e Ballast Factor (BF)

e Luminaire Surface Depreciation (LSD)

e Room Surface Dirt Depreciation (RSDD)
e Luminaire Dirt Depreciation (LDD)

¢ Burnouts (LBO)

e Lamp Lumen Depreciation (LLD)

The first four items are categorized as being non-recoverable, meaning that conventional
maintenance will not tend to improve or correct these shortcomings. The last four items however
are considered to be recoverable, meaning that conventional maintenance can either improve or
totally eradicate the negative effects of each [17]. Lamp Lumen Depreciation (LLD) and
Burnouts (LBO) are corrected or improved by individual or group lamp replacement, whereas
Room Surface Dirt Depreciation (RSDD) and Luminaire Dirt Depreciation (LDD) are corrected
by cleaning [18]. The LLF is determined by multiplying all of the aforementioned factors

together as shown in Equation 2.4.
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LLF=ATXLVxBFxLSD*xRSDDxLBOxLLD*LDD (2.4)

The loss factor due to variations in ambient temperature (AT) is primarily a concern when using
fluorescent sources. Linear fluorescent lamps are optimized to produce maximum luminous flux
when the bulb wall temperature is either 25°C (T-12 lamps) or 35°C (T-8 and T-5 lamps) [9].
Temperatures on either side of these ranges will reduce lamp output and thus reduce the
illumination on the work plane. In the case of HID lamps the effects of temperature variation
upon luminous output level are not noticeably significant, however with these lamps there are
concerns regarding reliable ignition and material thermal limits. As a result, the AT factor would

be equal to 1.0 when utilizing HID sources.

The loss factor accounting for low line voltage at the luminaire (LV) is a factor that is
customarily not introduced unless low illuminance readings are discovered. A common end-user
assumption is that line and branch voltages are consistent and very close to rated values when in
reality these quantities may be off by more than £5% of nominal levels. This variation can have
a profound affect upon the amount of light that is produced from a luminaire when it is equipped
with at line frequency (magnetic) ballast. In the case of HID luminaires equipped with
conventional regulating ballasts, it is customary to anticipate a 1.5% reduction in light output for
every 1% reduction in luminaire supply voltage. Therefore, if the branch circuit voltage is 5%
below nominal then a 7.5% reduction in light output would not be unexpected. In the case of
incandescent sources, which are not the focus of this research, the light output also drops in some
cases 3% with every 1% reduction in voltage [6]. The only lighting products that are somewhat

immune to this problem are those that employ electronic ballasting circuits as opposed to line
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frequency ballasts. Electronic ballasts are essentially switch-mode AC-to-AC converters with
closed loop control and active front ends. These ballast topologies have the capability to regulate
lamp output to a nearly constant level regardless of the supply voltage variation. HID luminaires
employing line frequency ballasts above the 175W level it would be appropriate to enter a LV

loss factor as described by Equations 2.5 and 2.6.

LV=1- Kl _Line Voltage @ Luminaire

x1.5 | (regulating ballast types 2.5
Rated LuminaireVoltageJ }( & g ypes)  (2.5)

Ly=1-| | 1.1ne Voltag.e@.Lurmnalre x3.0 | (non-regulating ballast types) (2.6)
Rated Luminaire Voltage

Ballast Factor (BF) is a loss factor that accounts for the inability of the lamp to operate at rated
power levels due to either ballast design or functional mismatches between the ballast and the
lamp. In the former case this factor compensates for ballasts that fall outside the window of what
would be considered nominal. This does not mean that these ballasts do not meet the functional
and compatibility requirements set forth by the American National Standards Institute (ANSI),
but it does mean that the lamp will not operate at rated power and therefore will not generate the
anticipated amount of luminous flux [19]. Ballasts and lamps are analog circuit elements that
suffer from the same manufacturing inconsistencies as other devices. Variations in lamp
characteristics and ballasts parameter tolerances are commonplace, and as a result it is not the
norm for a lamp to operate at rated power. For this reason there are acceptable windows of
operation to which lighting systems are held, and in an idealistic sense one would expect that
some systems would operate above rated levels which would offset those that operate at a less

that rated level. Unfortunately, for both the lighting designer and the customer, the norm is that
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the majority of HID lighting systems operate below rated power levels thus moving the mean of
the distribution below rated output. The BF multiplier accounts for the effect of this shift upon
overall light levels. Common ballast factors for non-electronic lighting systems are in the range

of 0.9 to 0.95, where electronic fluorescent systems in some cases tout ballast factors well above

1.0.

The LSD factor represents the degradation of the materials used in the construction of the
luminaire. It includes the discoloring (yellowing) of plastics and the degradation of surface

finishes. This factor, although acknowledged in the lighting community, has no published value

[6].

Luminaire Dirt Depreciation (LDD) and Room Surface Dirt Depreciation (RSDD) have been
quantified in the form of tables that are presented by the IESNA. The process is simplified
however by the use of Equation 2.7 to determine the percent dirt depreciation and then using this

value, along with knowledge of the luminaire distribution type, to determine the LDD and RSDD

[6].
% Dirt Depreciation =100(1-e™") 2.7)

The values of A and B are listed in Table 2-5 where the luminaire distribution type refers to the
categorization of how the luminous flux is distributed or delivered from the luminaire. The
distribution types (classifications) are direct, semi-direct, direct-indirect, semi-indirect and
indirect. Referring to Equation 2.7 and Table 2-5, the values of A and B are functions of not

only the luminaire maintenance category, but also of the relative cleanliness of the environment.
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Since this research concentrates on the industrial case, the values of A and B used in the
determination of LDD will always be based upon maintenance category III. Maintenance
categories are published by the luminaire manufacturers and are a function of whether or not the
luminaire is enclosed, the type of optical assembly, and the amounts of upward and downward
lumens [6]. The direct effect of dirt upon the luminaire optical assembly (LDD) is determined
through the use of Equation 2.8 where the values of A and B are retrieved from Table 2-5 (cat.

110).

LDD=¢"" (2.8)

For a category III luminaire the value of B is always taken to be 0.70, where the value of A is
dependent upon the relative cleanliness of the environment. It should be noted that there are
assumed to be no changes in the light distribution of a luminaire based upon the deposition of

dirt, only a reduction in overall output [20].

Table 2-5: Constants for Use in Determining RSDD and LDD (Cat. Il and V) [6]

Luminaire A
Maintenance Very . . Very
Category B Clean Clean Medium Dirty Dirty
111 0.70 0.079 0.106 0.143 0.184 0.236
\Y 0.53 0.078 0.128 0.190 0.249 0.321

Studies have shown that the parameters (A and B) used in the determination of RSDD are
consistent with those of maintenance category V [6]. With the amount of dirt depreciation
calculated using Equation 2.7 and the applicable values from Table 2-5, an additional table is
used in the determination of the RSDD. Table 2-6 presents the RSDD values for varying room

cavity ratios and dirt depreciation percentages. Note that these values are applicable for
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luminaires of the direct distribution variety which are the only ones being considered in this

dissertation.
Table 2-6: RSDD Values for Direct Luminaire Classification [6]
7o Dirt 10 20 30 40
Depreciation

RCR

1 98 96 94 92

2 98 96 94 92

3 98 95 93 90

5 97 94 91 89

7 97 94 90 87

10 96 92 87 83

It should be mentioned that cleaning a dirty luminaire will not completely restore its initial

optical performance. Studies have been performed determine the amount of LDD that cannot be

recovered, however a universal method for projecting this quantity has not been established [20].

Consistent with other lighting design protocols, this non-recoverable element of LDD is not

considered in this research.

The loss factor attributed to lamp failures is referred to as simply lamp burnout (LBO). Lamp

replacement strategies fall into one of two categories: group relamping and spot relamping, each

of which has varied effects upon the performance of the lighting application. Group relamping is

typically performed at some point after the lamps have reached their rated service life, or when a

boost in overall light levels is desired. Spot relamping refers to ongoing maintenance of the

lighting installation to prevent illumination levels in a specific area from falling below

acceptable levels. The LBO factor refers to those lumens lost in the overall lighting application
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that are only recovered when relamping is performed. It is customary to use the formula shown

as Equation 2.9 when determining this quantity.

Total #of Lamps - #of Acceptable Failures
Total #of Lamps

LBO =

(2.9)

The quantity calculated using Equation 2.9 is a simple ratio that expresses the minimum

percentage of functioning lamps that is acceptable before spot relamping is performed.

The final loss factor is Lamp Lumen Depreciation (LLD), also referred to as Lumen
Maintenance. This quantity is an indication of the expected reduction in luminous flux generated
by a lamp over its operating life. Different source families (MH, HPS, fluorescent, etc.) exhibit
different values of LLD as often do different power levels within the specific family group.
Although lamp manufacturer’s monitor the performance of their products, the LLD values that
they publish for a given product are approximations based upon historical data. In fact, the
lumen depreciation of a specific source falls within a band of acceptability which broadens with
time, however a single value of depreciation is generally published which is intended to
represent the overall mean of the performance of the production group. There are often two
quantities published by lamp manufacturers relating to the depreciation of luminous output over
time. The first is the mean lumen factor, which is the factor of interest in this research, is the
percent of rated lumens that should be expected once 40% (MH) or 50% (HPS) of rated
operating life is reached. This factor is primarily used in lighting design and economic studies
[6]. The second value is the LLD is the percent of the rated lumens that should be anticipated at
70% of rated life, which is chosen because that is considered to be one of the standard points

where group relamping should be performed [21].
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When all of these factors are represented as functions with respect to time their effect upon
lighting levels may be further explored. Figure 2-1 illustrates the effects of certain loss factors
upon illumination levels over time. In this representation the LV, BF, AT and LSD factors are
assumed to be unity so as to not overcomplicate the figure. This example is based upon a group
lamp replacement occurring every 18 months with luminaire cleaning occurring at the same time.
The area is cleaned every nine months which gives rise to the incremental improvement in LLF

at months 9 and 27.
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Figure 2-1: Effect of Loss Factors upon Illumination Levels

2.4.3 Luminaire Requirement (Quantity)
Upon determining the CU and minimum LLF values, the minimum number of luminaires
required to provide the desired level of illumination may be determined. The formula for

determining this quantity is shown in Equation 2.10 [5].
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L A *xE
N = #of Luminaires = ————"— (2.10)
@, xCUXLLF
Referring to Equation 2.10, Ay, is the area of the work plane in square feet, E,,, is the desired
level of illumination in footcandles, and @y is the initial lamp output rating in lumens. It should

be noted that if the luminaire being employed has more than one lamp, as would be the case in

many fluorescent luminaires, then the calculation is performed using Equation 2.11.

A, xE
N = #of Luminaires = b P (2.11)
@, x(# lamps/luminaire ) x CUXLLF

The quantity of luminaires needed to illuminate the target area (work plane) is reasonably
approximated using the Lumen Method by way of Equation 2.10 or 2.11, however the strategy to

implement the design has yet to be finalized.

2.4.4 Luminaire Mounting Configuration (Layout)

At this stage, based upon the goals of the lighting application it has been determined that a
minimum quantity of specific lighting products will be employed using the lumen method. The
mounting height is known based upon its need for use when determining the CU. The mounting
height is defined as the distance that the luminaire optical aperture is located above the floor (i.e.
the distance from the floor to the bottom of the luminaire optical assembly). The next decision to
be made concerns the mounting configuration of the luminaires to achieve acceptable levels of
uniformity based upon the defined mounting height, room dimensions, and luminaire quantity.
The goal of the arrangement of the luminaires is typically not only to achieve the required

amount of illuminance upon the work plane, but to also meet some criteria for the uniformity of
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this illumination. Commonly this criterion is a ratio of the maximum level of illuminance that is
recorded at any point on the work plane to the minimum level recorded at any point, which is
generally termed the Max to Min Ratio. An average level to minimum level ratio is sometimes
employed as well. Perfect uniformity is not achievable, however if the maximum and minimum
values of illumination in the room are not more or less than one sixth that of the mean (min to
max ratio of 1.4), then the uniformity is generally considered acceptable [4]. For an industrial
lighting layout, as well as many other indoor applications, a rectangular configuration is
routinely employed. This allows for the maintaining of equal spacing between luminaires which
is desirable when trying to reduce the max to min ratio. A layout similar to that being discussed

is shown in Figure 2-2.

In this example layout the horizontal and vertical spacings, S; and S; respectively, may be of
equal magnitude. If it is assumed that S; and S, will be of equal magnitude, then an approximate

spacing for a given target area is shown in Equation 2.12 [7].

A f xf
S— |\vlvp =,/ By d (2.12)

In Equation 2.12, A, is the area of the room (square feet) and N is the number of luminaires that

are to be mounted. The spacing from the outer luminaires to the walls, denoted as Sy, is
typically one-third that of the luminaire to luminaire spacing [4]. If Sy is too great the outermost
areas of the space may be under-illuminated, however if it is too small an effect referred to as
“scalloping” would be more pronounced. Although scalloping is not a functional problem it is

considered by many end users to be undesirable. It should be noted that these spacings are
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intended to be starting points, which is where the design process begins to stray from the

objective to the subjective.

O«+«S—0 O (+) O
S,
4—,——»0 @) O @)
Sw
O @) O O @)

Figure 2-2: Example Luminaire Layout for Rectangular Application

As it pertains to the application of lighting, the discussion of the artistic design element normally
arises - the artistic aspect of the design being the placement of luminaires to achieve a desired
aesthetic. As stated previously, in industrial applications the goal is to place sufficient quantities
of light upon the work plane as well as maintaining some acceptable level of uniformity. To
achieve this end the designer typically begins with an initial spacing, such as the one determined
from equation 2.12, and then proceeds to alter luminaire placements to achieve the desired
lighting uniformity. For a rectangular workspace it is normal for there to be a mounting
arrangement that is proportional to the room dimensions. For example, if a room is 50 feet wide
and 80 feet deep, it is common that the ratio of rows to columns is 80 divided by 50, or 1.6. The
shortcoming of this approach is that it often leads the designer to employ more luminaires than
are required per Equation 2.11 to achieve layout symmetry. In the 50 foot by 80 foot example
the designer may opt to use 40 luminaires at a spacing of approximately 10 feet, however the

quantity of luminaires required to sufficiently illuminate the space as determined by Equation
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2.10 may be only 36. The obvious issues associated with using more luminaires than the
application requires are higher installation, operating, and maintenance costs in addition to the

wasting of energy.

A final topic of importance with regard to luminaire layout is the spacing criterion. This is a
specification that is a refinement of the older spacing to mounting height ratio for predicting
acceptable uniformity of illumination [7]. This value is typically included with the photometric
report and is used as a quality check for the lighting designer. If the spacing at a given mounting
height is too great for a specific luminaire type, an inadequate overlapping of the luminous beam
patterns emitted from the luminaire optical assemblies will result. Alternatively, this may also be
viewed as a luminaire being mounted too closely to the work plane which will again cause an
inadequate blending of luminous flux. In either case, the evaluation of this criterion may
indicate that the luminaire chosen is not suitable for a given application at a specific mounting

height. As a further illustration of this refer to Figure 2-3.

Spacing Criterion Violated

Figure 2-3: Illustration of Spacing Criterion Violation
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2.5 Lighting System Costs

It has become common practice to evaluate the value of a lighting system based upon simple
payback criteria [22]. This method of financial analysis determines the savings per year of a new
lighting project relative to an existing or other reference lighting project with the same
performance specifications. It is often the case that the savings per year is based upon improved
lighting system efficacy and possibly some contribution from reduced maintenance expenses. If
the projected savings per year offsets the initial cost to acquire and install the proposed lighting
system over an acceptable period of time (i.e. return on investment), then the lighting design may
be considered for implementation. The shortcoming of this method is that it does not consider
the true cost of the lighting system over the lifespan of the project, which should include the
effects of return and inflationary factors. A more complete set cost criteria used in selecting a
system include the available budget, initial system cost, projected LCC, and the dollar value
benefits to the customer [23]. This research assumes that available funds are not limited and that
intangible customer benefits should not be used as a basis for economic decisions. In other
words the methods presented in this document do not weight lighting system designs based upon
user preferences. If the user objects to the color of certain HID sources, then luminaires

equipped with those sources should be omitted from the design process.

Regardless of the type of lighting system that is employed, the total cost may be separated into

the following categories:

e Acquisition and Installation Cost * Operating Cost

e Maintenance Cost * Disposal Cost
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Acquisition and Installation Cost is simply the cost of luminaires and lamps as well as the labor
and extra materials required for installation of the lighting system. The Operating Cost over the
life of the project is simply the cost of the energy to power the luminaires as well as the
additional HVAC operating cost needed to offset the heat generated by the lighting system. A
general rule that is employed in this analysis is that three watts of lighting requires one watt of
HVAC capacity [24]. Maintenance Cost is the cost to re-lamp and clean all of the luminaires.
Luminaires normally have no salvage value and therefore the final cost or Disposal Cost is
simply the dollar amount required to remove and dispose of all lighting materials at the end of

the project.

Figure 2-4 presents a chart representing the total cost of ownership over a four year period of an
individual 400W MH luminaire used in an industrial application. The facility operates 24 hours
per day — 365 days per year. This example lighting project is based upon the following

assumptions and is not corrected for inflation or rate of return.

e Luminaire and lamp cost is $70
e Installation cost is $20

e Maintenance cost is $40

e Annual operating cost is $326

e Additional HVAC annual operating cost of $109 (one-third of operating cost)

The aggregate of these costs over the period demonstrates that the cost of ownership is primarily
composed of the cost of energy, which in this case is 93% of the total cost. Figure 2-5 presents a

breakdown of the costs over the four year period.
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2.5.1 Life-Cycle Costing

Life-Cycle Costing is a financial analysis strategy for determining the overall cost associated
with a complex system [25]. This overall analysis uses all cash flow events, annual rates of
return, and inflation rates to determine a single present or an equivalent annualized cost for a
project. Figure 2-6 presents a cash flow diagram of an arbitrary lighting project that may be used
to illustrate the process of determining life-cycle cost (LCC). An equivalent present day cost
may be determined by using the rules governing the time value of money to convert all of the
annual operating, maintenance, and scrap expenses to lump sum amounts in year zero and add
these values to the expense of acquisition and installation. In this illustration the resulting total

cost is the present day LCC of the project over a projected project life of twenty years.

I
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. Annual Maintenance Scrap
Acquisition Overati
and perating
Installation

Figure 2-6: Lighting System Cash Flow Diagram

The financial formulae required for analysis of a lighting system are those used to determine the

uniform present worth (UPW) and single present worth (SPW) factors. These factors are defined

by Equations 2-13 and 2-14 where I is the annual rate of return [25].
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_ (1+)°-1

UPW = (P/A, i,n 2.13

( ) () (2.13)

SPW = (P/F, i,n) = — (2.14)
(1+1)"

However, to include the effects of inflation an effective or “real” interest rate is needed which
considers the increasing cost of energy. The effective interest rate (k) is determined using

Equation 2.15 considering the annual rate of inflation (g) [26].

k= (ij j=i-9 (2.15)
I+g (1+g)

Substituting the effective interest rate for the interest rate in either the UPW or SPW formulae,

the effects of inflation are also included in the resulting year zero cost projections.

2.6 Lighting and the Environment

The impact of discharge lighting upon the environment extends from the effects resulting from
the generation of electrical energy to the disposal of hazardous materials. As a result no analysis
of lighting maintenance and energy usage should be made without addressing the environmental

implications.

2.6.1 Greenhouse Gas Emissions
One of the fundamental topics pertaining to the relationship between electrical energy and the
environment is the emission of greenhouse gasses and their contributions to global warming. Of

all the greenhouse gasses, carbon dioxide (CO,) is the compound that most contributes to the
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increase in global warming via the greenhouse effect. This material, which has been estimated to
have contributed to 66% of global warming over the period 1880 to 1980, is a naturally
occurring by-product of animal respiration; however it is in the generation and conversion of
energy that has created dramatic increases in CO, concentration levels in the years since the
industrial revolution [27]. Between 1990 and 2006 there has been an estimated domestic
increase in CO, emissions of 18.0% from all sources [28]. Of the CO, emissions contributed by
the United States, approximately 41% are directly attributed to the combustion of fossil fuels for
the generation of electric power, which is up from 38.3% of the total in 1990 [28]. In the short
term, to reduce the growth of CO, emissions from industrialized nations it is imperative that
energy usage be reduced which, as mentioned previously, will prolong the planet’s fossil fuel
reserves and retard the emission and build-up of greenhouse gasses. The amount of CO; created
as a result of the generation of electrical energy has been quantified as 7.78x10™* metric tons per

kilowatt-hour and is referred to as the eGRID non-baseload national average emissions rate [29].

As stated previously, artificial lighting is responsible for consuming approximately 22% of the
electrical energy generated in the United States, second only to the amount of energy consumed
by electric machinery [1]. If less lighting energy is wasted, then it follows that energy demand
should fall based upon consistent user requirements. Generally speaking, wasted lighting
energy is defined as that electrical energy that is consumed by the lighting system which is not
converted into visible energy. Unfortunately, the more efficient the lighting system in
converting electrical energy to visible energy, in general, the greater the acquisition cost. As a
result, the relationship between acquisition cost and performance is a major obstacle in an effort

to convince users to install more efficient lighting equipment.
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2.6.2 Mercury Emissions and Disposal

The vast majority of discharge lamps, both low-pressure and high-pressure, contain varying
amounts of mercury. This naturally occurring element has long been known to cause health
problems, specifically mercury pneumonitis, in humans who encounter the vaporized form of the
material in sufficient quantities for extended periods of time [30]. This is the primary reason for
the classification of many lamps as universal waste, which must be handled and disposed of
under stricter guidelines than conventional waste materials. In addition to the mercury that is
directly attributed to discharge lamps (lamp content), there is the quantity which is released into
the environment through the combustion of fossil fuels to supply the energy for lighting system
operation. Through an analysis of varying forms of fossil fuels it was estimated that 54
nanograms of mercury is released in vapor form for every watt-hour of electrical energy that is
generated [30]. This quantity of material must be included in any analysis of the contribution

made by artificial lighting to the planet’s environmental state.
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3 Development of Model and Software Tools for HID Industrial Lighting Design

3.1 Design Strategy

In order to curtail the consumption of energy and LCC for a lighting project, a set of programs
have been developed to determine the most efficient lighting design for an arbitrary industrial
lighting application. The application in this case is treated as a general area lighting problem
which allows for the exclusion of physical obstructions. The design algorithm presented is based
upon the calculation of average illuminance, previously presented in Chapter 2, which is the
calculation of the number of luminaires required to provide a sufficient amount luminous flux to
illuminate a specified area to a prescribed level. This is accomplished by the determination and
application of a quantity known as the Coefficient of Utilization (CU), which is defined as the
ratio of the luminous flux (lumens) delivered from a luminaire received on the work plane to the
lumens emitted by the luminaire’s lamp(s) alone [4]. This makes the CU for a given luminaire a
function of the luminaire efficiency as well as external factors such as the physical characteristics
of the space to be illuminated; more specifically the luminaire mounting height and surface
reflectances of the walls, floor and ceiling. The development of equations and algorithms which
are considered to be original contributions are described in this chapter, whereas a discussion of
the creation and interaction of all software tools developed to support this research is presented
in Appendix A. A diagram illustrating the differences between the standard industrial lighting
design strategy and the design strategy developed as part of this research is presented in Figure
3-1. The fields which are yellow indicate design elements which are shared by both design
strategies. The fields which are green indicate changes that have been introduced to support the
study of industrial lighting system efficiency and life-cycle cost, as well as the successful layout

of all designs that are created.
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LIGHTING APPLICATION DEFINED (FLOOR DIMENSIONS, WORK PLANE HEIGHT,
SURFACE REFLECTANCES) AND LUMINAIRE SELECTED (CU TABLE)
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Figure 3-1: Industrial Lighting Design Strategy Comparison
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3.2 Lamp Mortality and Lamp Lumen Depreciation

The lamp mortality (LBO) equation given in Equation 2.9 was deemed to be unsatisfactory for
the purpose of this research. This equation is based upon the number of acceptable outages
which the user is willing to tolerate before lamp replacements are performed. In actuality, lamp
failure rates are a matter of record and the number of anticipated outages prior to group
relamping may be predicted using lamp manufacturers published mortality data [31] [32]. The
published mortality data for both MH and HPS lamp families were manually transferred to a
spreadsheet for the purpose of performing regression analysis resulting in equations which would
be suitable for use by the software. Figure 3-2 shows a MH lamp family mortality characteristic.
The data points extracted from the published data are shown as circles, and the solid curve is the
third order polynomial equation used by the software to calculate the LBO factor used in the
determination of the overall light loss factor (LLF). Equation 3.1 is used by the developed
software for all designs employing MH lamps, where Y is percent of lamps surviving and X is the

percent of rated lamp life.
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Figure 3-2: Typical Metal-Halide Lamp Mortality Characteristic Data (O) and Third Order
Polynomial Regression [31]
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y=(-4.1472x10°)x* +(-3.9627x10" ) x* +(-5.0282x10 ) x + 100 (3.1)

For all HPS sources, Equation 3.2 is the mortality equation used where Figure 3-3 illustrates the

comparable mortality characteristic.
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Figure 3-3 Typical High-Pressure Sodium Lamp Mortality Characteristic Data (O) and Third
Order Polynomial Regression [32]

y=(-3.8401x10") x> +(2.0381x10” ) x> +(-1.4984x10™ ) x + 100 (3.2)

Using the number of operating hours per month, and dividing this value by the rated lamp life, a
monthly lamp life reduction is determined and substituted for X in Equations 3.1 and 3.2. This
allows for the generation of an array depicting the progression of lamp failures throughout the

life-cycle of a lighting project.

For the purposes of this research LLD is projected to be a linear or piecewise linear function.

LLD curves are published for all HID lamps, and these curves generally take on a decaying
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exponential characteristic. Some of these published LLD characteristics are in the form of

ranges as shown in Figure 3-4 to account for variability in lamp performance.
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Figure 3-4: Example LLD Characteristic for Metal-Halide Lamps [33]

Lamp performance data recorded at the Rector Field House located on the main campus of

Virginia Tech yielded the LLD results presented in Figure 3-5 [2]. The results of this study

indicate that the use of MR ballasts to operate MH lamps does promote improved lumen

maintenance. It was concluded that this improvement in LLD results from a lower lamp current

crest factor relative to that which is present when CWA ballasts are employed. Lamp current

crest factor being the ratio of the peak lamp current level measured on a half-cycle basis to the

root-mean-squared (RMS) lamp current level. The data recorded for this study serves as a basis

for the LLD characteristic employed by the developed software in those applications where MR

ballasts are used in conjunction with MH lamps.
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Figure 3-5: Lumen Depreciation of 400W M.H. Lamps — Rector Field House [2]

This LLD data presented in Figure 3-5 loosely supports the published data, however over
isolated periods the depreciation characteristic appears to be more linear than exponential,
especially noted in the case where the magnetically regulating (MR) ballasts were employed.
Given this nearly piecewise linear characteristic for LLD and the allowable range of LLD
performance as illustrated in Figure 3-4, the method employed for projecting this factor is one of
linear regression. Referring to Figure 3-6, the initial lumens, mean lumens, and rated lamp life
are shown in a simplified linear relationship. The mean lumen point relative to rated lamp life
depends upon the lamp family — 40% for MH and 50% for HPS [32]. Figure 3-7 illustrates the
LLD characteristic employed by the software. Initial lumens, mean lumens, and lamp life are all

quantities which are published by the manufacturer of the lamp in question.
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Figure 3-6: Linear LLD Characteristic

An equation relating these quantities to lamp operating hours is developed by the normalization
of this plot which is shown in Figure 3-7. The slope of the normalized linear characteristic is

given by either Equation 3.3 or Equation 3.4, depending upon the lamp family of interest.
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Figure 3-7: Illustration for the Development of LLD Equation
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Slope = (%—1.0)/(0.4><LL) MH (3.3)

Slope = (%—1.0)/(0.5 xLL) HPS 3.4)

The LLD factor is simply the magnitude of the slope multiplied by the planned number of

operating hours prior to group re-lamping as shown in Equation 3.5.

LLD = ‘(hff—l.oijL /(dfacthL)‘ (3.5)

In the above equation the re-lamping point (RL) is in hours, and the mean lumen factor (dfact) in
the case of MH sources is 0.4, and in the case of HPS sources it is assigned a value of 0.5. For
the purpose of generating an array corresponding to the running reduction of lamp output on a
monthly basis, a running total of operating hours is substituted for the variable RL. If the LLD is
plotted over time the result is a sawtooth characteristic resulting from the lamps being replaced

on a group basis over the life of the project.

In cases where magnetically regulating ballasts are used, data acquired at the Rector Field House
indicates that an improvement in LLD is realized over that of lamps operated with constant
wattage autotransformer (CWA) ballasts [2]. Using this data the projected improvement in LLD
may be approximated by increasing the original characteristic, presented in Figure 3-7, on a

piecewise linear basis as illustrated in Figure 3-8.
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Figure 3-8: LLD Improvement using Magnetically Regulating Ballasts

The process of determining the LLD improvement is performed by adding the appropriate
percentage over the three lamp life domains; 0 to 12.5%, 12.5+% to 25%, and 25+%. The

equations used are given as Equation 3.6, Equation 3.7 and Equation 3.8.

RL x0.02

LLD, = LLD, + [—
0.125xLL

j [0<RL< (0.125)LL] (3.6)

RL - 0.125><LL)><O.()6
0.125xLL

LLD,=LLD,+ 0.02 +(( ) [(0.125) LL< RL<(0.25)LL | (3.7)

LLD, =LLD, +0.08  [RL> (0.25)LL ] (3.8)
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3.3 Industrial Lighting Life-Cycle Cost Analysis

Section 2.5 presented the topic of life-cycle costing (LCC). Using the quantities resulting from
Equations 2.13, 2.14, and 2.15, a program has been developed that calculates the present worth
(year 0) life-cycle costs for a lighting installation. This LCC is the summation of the present
worth costs associated with acquisition and installation (PWAI), operating (PWOPER),

maintenance (PWMAIN), and disposal (PWDISP) of the lighting system.

Equation 3.9 is used to determine the present worth of the acquisition and installation costs
associated with an industrial lighting project. This cost is based upon the number of luminaires
(nol), the individual luminaire cost (lumcost), the individual lamp cost (Impcost), the additional
installation material cost on a per unit basis (admat), the time in hours needed to install an
individual luminaire (insttime), and the hourly labor rate associated with the installation of an

individual luminaire (instcost).

PWAI = (Iumcost+|mpcost+admat+(insttimeXinstcost))><no| (3.9)

Utilizing the effective interest rate (k), which is determined using Equation 2.15, the present
worth of the operating expenses may be determined using Equation 3.13. Equations 3.10

through 3.12 define the intermediate variables which are used in Equation 3.13.

nol x lumpwer
rlumnrg = | ——— [x(hrspwk x 52 3.10
yrlumnrg ( 1000 jx( pwk x52) (3.10)
yrhvacnrg = M (3.11)
hvacfctr
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prilife _
upw = M (3.12)
k x (1+k)prjllfe

PWOPER = (yrlumnrg + yrhvacnrg)x nrgcost x upw (3.13)

Equation 3.14 is used to determine the base cost of performing maintenance (mbase) which

includes luminaire re-lamping and cleaning for the entire installation.

mbase = nolx(Impcost + (mntcostx mnttime) + dspcost + clnmatl) (3.14)

Since maintenance costs associated with HID lighting systems are typically not incurred on an
annual basis, the present value formula must be modified to reflect the desired time interval
using the annual interest and inflation rates. Considering a hypothetical 3 year maintenance
interval over a 20 year service life, the present value of the maintenance expense would be the
inflated maintenance costs in years 3, 6, 9, 12, 15, and 18, all of which are moved (projected)

back to year 0 using the single present worth factor (SPW) given in Equation 2.14. As a result,

the present worth of the maintenance expenses (PWMAIN), shown in Equation 3.15, considering

the current annual interest rate (i) would be the summation of the costs incurred in the years

previously mentioned.

PWMAIN = mbase, (P/F, i, 3) + mbase, (P/F, i, 6) + mbase, (P/F, i, 9) + (3.15)
mbase,, (P/F, i, 12) + mbase,,(P/F, i, 15) + mbase, (P/F, i, 18)

Considering the inflation of wages and materials, the maintenance costs mbase;, mbases, etc.

can be related to the base maintenance cost (mbase) using an inflation factor (1+g)" , where g is
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the annual rate of inflation. This substitution results in a modified equation for PWMAIN as

given in Equation 3.16 where ry is the maintenance cycle time in years.

n ry n 2ry n 3ry n 4ry n 5ry n 6ry
PWMAIN =mbase| [ €| + (L&) " (e} (I+e) = rlve ), flte )] 5 6
1+ 1+1 1+ 1+ 1+ 1+1

The same equivalent interest rate may be employed as given in Equation 2.15, giving a new

appearance to the formula for PWMAIN as given in Equation 3.17.

1 ry 1 2ry 1 3ry 1 4ry 1 Sry 1 6ry
PWMAIN = mbase (—] + (—j + [—j + (—j + (—j + (—j (3.17)
1+k 1+k 1+k 1+k 1+k 1+k

If a new periodic maintenance based interest rate is introduced (q), which is related to the
effective interest rate (k) by the equation (1+q) = (1+k)"”, the formula for PWMAIN may be

further simplified as shown in Equation 3.18.

PWMAIN mbase[(L] T [L] + (L) + (Lj +( ! ] +( ! j ](3.18)
I+q 1+q I+q I+q I+q 1+q

The summation of terms within the brackets mirrors the uniform present worth formula for the

number of maintenance intervals of interest. As a result the uniform present worth factor may be
used with some slight adjustments to the input variables. The relationship between the newly
created interest rate (q) and the inflation and interest rates may be determined as given in

Equation 3.19.

A\
q= (11:—;] ~1=(1+k)" -1 (3.19)
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One goal of this research was to develop the means for determining lighting project LCC based

upon variations in maintenance intervals on a monthly basis. As a result, the calculation to

determine PWMAIN has been converted to utilize monthly as opposed to annual time increments.

This is accomplished by determining equivalent monthly interest and inflation rates (mintrate

and minfrate) as presented in Equation 3.20 and Equation 3.21.

intrate |
mintrate =100x| | 1+ -1 (3.20)
100
. (112)
minfrate = 100 [(1 + '”lf(r)ztej - 1} (3.21)

The effective monthly interest rate (kmint) and the effective monthly rate based upon
maintenance (geff) are determined using Equation 3.22 and Equation 3.23 where r is the

maintenance interval in months.

. (mintrate /100)—(minfrate /100) (mintrate) - (minfrate)
kmint = - =0.01x . (3.22)
1+(minfrate /100) 100+ (minfrate)
geff =(1+kmint) -1 (3.23)

Presented as Equation 3.24, the incorporation of the result of Equation 3.23 into the present
worth formula for maintenance expenses results in the present worth formula for all routine

maintenance expenses when events are measured in terms of months. The number of periods

52



used to determine the UPW factor is the truncated value of the life of the project life (prjmnths)

divided by the maintenance interval (r), both of which are in months.

Truncate(
r

prjmnths)

PWMAIN = mbase(P/A, qeff, Truncate(—lorjmnthS D= mbase (1+Qeff)

. ) (3.24)

Truncate[wmhs
r

Lighting systems do not generally have any salvage value, therefore at the end of service life the
only cash flow is negative and is typically referred to as disposal cost. The determination of the
disposal cost at the end of the life of the project is simply the sum of the labor costs required to
remove the luminaires and the cost of disposal, which may or may not include hazardous waste
charges. If the cost to scrap a single luminaire (labor and disposal cost) in present day dollars is
multiplied by the total number of luminaires the result is the base disposal cost for the lighting
project. The present value of the disposal cost (PWDISP) is given in Equation 3.25 using the

single value present worth factor.

prilife
PWDISP = nol x((scrptime x mntcost) + dspcost)x(ljkj (3.25)

The present worth of the LCC, given by Equation 3.26, is the summation of the four values

determined by Equations 3.9, 3.13, 3.24, and 3.25.

LCC = PWAI + PWOPER + PWMAIN + PWDISP (3.26)
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3.4 Determination of Luminaire Mounting Locations

The task of determining the number of luminaires required to meet illumination requirements is a
somewhat tedious but straightforward process. Being able to distribute the luminaires to provide
acceptable uniformity of illumination without the need for additional luminaires is another
matter. The developed software provides solutions to this problem, as discussed in section 2.4.4,
through the use of two independent luminaire layout algorithms designed to distribute any
number of luminaires over a rectangular target area. By way of photometric simulations, the
layouts generated have proven successful in providing desired illumination levels, and have also

proven to be comparable in uniformity to layouts generated by commercial design software.

3.4.1 Layout Algorithm “layoutA1”

This luminaire placement strategy begins by assuming a symmetrical layout with all columns
being of equal length and containing the same number of luminaires; and all rows being of equal
length and containing the same number of luminaires. Based upon the difference between the
number of luminaires used in the symmetrical design and the actual number of required
luminaires (nl), certain columns in the symmetrical design are shortened by one luminaire until
the required number of luminaires is achieved. This requires that the inter-luminaire spacing be
adjusted to correct for the luminaires which are removed. The algorithm first calculates an initial
spacing (S) based upon a symmetrical layout, an example of which is shown in Figure 3-9. An
assumption is made that the luminaires on the outermost edge will be one-third of a luminaire
spacing distance (S/3) from the outer wall. Based upon this diagram is obvious that the total area

may be subdivided into three types of smaller areas; a large block (I) that has an area of S*, a
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Figure 3-9: Development of Equation to Determine Initial Luminaire Spacings
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smaller rectangle (II) that has an area of S*/3, and a small block (III) with an area of S%/9.
The relationship between these areas, the total floor area, and the spacing (S) may be derived by
developing equations for each of these smaller areas (I, IT and III) and calculating their

contribution to the total area. Equations 3.27 through 3.29 express these relationships.

Total Area (I) = (nr-1)x(nc-1)xS? (3.27)
S° S
Total Area (II) = 2>{(nr-l)(?j+(nc-l)[?ﬂ (3.28)

2
Total Area (IIT) = 4x [%) (3.29)

The total floor area is the summation of Equations 3.27 through 3.29, and is the same quantity as
the floor width (W) multiplied by the floor depth (d). This relationship is shown in Equation 3.30

with the number of luminaires (nl) being the product of the number of rows and columns (nr, nc).

+
Total Area=wxd =S*| nl - (ne + ) + 1 (3.30)
3 9

Equations 3.31 and Equation 3.32 describe the relationships between the number of columns and

the floor width, and the number of rows and the floor depth.

w = (nc - 1)S + [%)s (3.31)

d=(r-1)S+ @js (3.32)
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Rearranging these equations yields Equations 3.33 and 3.34.

w1
nc=— + — 333
s T3 (3.33)
d 1
nr=—+ — 3.34
st3 (3.34)
Adding Equations 3.33 and 3.34 results in Equation 3.35.
(w+d) 2
nc +nr= + — (3.35)
S 3

As shown in Equation 3.36, by substituting Equation 3.35 into Equation 3.30 a quadratic
equation is formed that describes the relationship between the number of luminaires, the room

dimensions and the initial spacing.

vl I ) )

Sz[nli-éj-s(w i dj-(de)=o (3.36)

An initial luminaire quantity (nli) is determined through the selection of initial row and column
values, with the solution of Equation 3.36 yielding an initial spacing that will satisfy the
logistical constraints of Figure 3-9 and accommodate the desired number of luminaires. Note
that the number of luminaires used in Equation 3.36 will not necessarily be the actual number of
luminaires that are to be placed. The determination of initial luminaire quantity is accomplished
by first plotting the function nr x nc = nl for the number of required luminaires as specified by

the calling program.
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Dividing Equation 3.33 by Equation 3.34 results in Equation 3.47.
nc

1
4
ne _ s 3)

" (53)

Substituting into Equation 3.37 the relationship that the number of luminaires is equal to the

A~
=

(aswandd — o, 0rasS — 0) (3.37)

w
d

o
p—

product of the number of rows and number of columns, Equations 3.38 and 3.39 emerge.

nr = [nl x(g) (3.38)
w
nc = |nl x[%j (3.39)

To illustrate the determination process, Figure 3-10 is presented which contains a plot of the
function nr x nc =25 ,with the value of 25 being arbitrarily chosen for this example. The initial
value of luminaires (nli) to be used in equation 3.36 may be determined graphically by focusing
upon the area of the plot in the vicinity of the initial number of rows (irval) and the initial
number of columns (icval). These initial values are determined by solving Equations 3.38 and

3.39, using the actual number of required luminaires (nl) and the room dimensions.
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nr X nc =25

Figure 3-10: Plot of Function nl

Using the initial row and column values as a basis, a section of the plot area of Figure 3-10 may

for a quantity of 25

b

be isolated to determine a best fit row to column ratio. As an example

luminaires and a layout area which has a width of 100 feet and a depth of 230 feet, the initial row

and column quantities based upon Equations 3.38 and 3.39 would be 7.6 and 3.3 respectively.

Figure 3-11 presents the area of the previous figure in the vicinity of these initial row and

column values (irval and icval). These values will lie upon the curve corresponding to the

number of luminaires, which again in this example is 25. Since the number of rows and columns

are integers, the four possibilities closest to the point of interest are labeled A through D. Points

labeled M and N indicate the intersections of the function with the rectangular boundary A-B-C-
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D. Since this luminaire placement algorithm removes selected luminaires from an initially
overpopulated rectangular symmetric layout, the initial number of luminaires must be greater
than the desired quantity. For this reason only those points to the right of the plot of the function
are considered feasible. In this example points C and D are located to the right of the curve in

what is labeled in Figure 3-11 as the Feasible Region.

~
o0
I

. _(icval, irval)

~
o)
|

Number of rows (nr)
~J
~

~
\S)
|

6.8 I I I I I
2.8 3 3.2 34 3.6 3.8 4 4.2

Number of columns (nc)

Figure 3-11: Detail of Figure 3-10

The choice of the initial values for the number of rows (nri) and columns (nci) to be used in the
rectangular layout is made by evaluating the distance between points C and M, and D and N.
The measurement is this case is conducted along the horizontal since the vertical, or column
value of four is common to both points of interest. The shortest of these distances will indicate
which of the points, and therefore corresponding initial numbers of rows and columns will be

used in the layout process. It follows that the minimum of these two distances will be the
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smallest value of the product of the initial row and column quantities, corresponding to points C

and D, both of which are located in the feasible region.

Once the initial row, column, and luminaire values (nri, nci, nli) are determined the value of nli
substituted into Equation 3.36 and a revised initial spacing (Si) is determined by solving the
quadratic equation. Based upon the substitution of this revised initial spacing, revised row (Nr)
and column (nc) quantities may be calculated through the use of Equations 3.33 and 3.34, with
these quantities being rounded down to the nearest integer to ensure that the outermost
luminaires placements are within the target layout area. If the product of nr and nc is less than
the actual number of luminaires desired the revised spacing is reduced by one percent, resulting
in a new reduced spacing (Sn), and the calculation of row and column quantities is repeated.
When the product of rows and columns satisfies the constraint this new value of reduced spacing

(sn) is used as the spacing for all further calculations requiring that quantity.

The luminaire quantity to be removed (dl) from the rectangular layout is determined using
Equation 3.40.

dl = (nc x nr) - nl (3.40)

This algorithm (layoutAl) is based upon the removal or addition of single luminaires from
specified columns, therefore if the number of luminaires to be removed exceeds the number of
columns in the rectangular layout then the number of rows (nr) is reduced by one and the number
of luminaires to be removed is recalculated using Equation 3.40. Assuming that the number of

luminaires to be removed is less than one-half of the number of columns, the columns to be
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shortened by removing a single luminaire are selected based upon one of the following

procedures.

1. If the number of luminaires to be removed is an even:

(1) Beginning with the center column if the number of columns is odd, or column that
is just to the left of center if the number of columns is even, subtract one from this
column number and remove a single luminaire from the resulting column.

(i1) Increase the column number by two and remove a luminaire from that column.

(ii1))Decrease the column number by four and remove a luminaire from the resulting
column.

(iv)Increase the column number by six and remove a luminaire, etc.

(v) This process repeats until the quantity of luminaires being removed is exhausted.

2. If the number of luminaires to be removed is odd:

(1) Beginning with the center column if the number of columns is odd, or column that
is just to the left of center if the number of columns is even, remove a single
luminaire.

(1) Increase the column number by two and remove a luminaire from that column.

(iii)Decrease the column number by four and remove a luminaire from the resulting
column.

(iv)Increase the column number by six and remove a luminaire, etc.

(v) This process repeats until the quantity of luminaires being removed is exhausted.
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The results of the chosen procedure are stored in an array (shortcol) which is subsequently used
to generate the coordinates of the luminaires. Examples of the realization of this algorithm for

the four possible cases are illustrated in Figures 3-12 and 3-13.

nc=9 dl=4 nc=28 di=4

shortcol =4, 6, 2, 8 shortcol =3,5, 1,7

X X X X X X X X X
XXX XXXX XX XXX XXX XX
XXX XXXX XX XXX XXX XX
XXX XXXX XX XXX XXX XX
XXXXX XX XX XXX XXX XX
XXX XXXX XX XXX XXX XX
XXX XXXX XX XXXXXXXX

Figure 3-12: Results of Column Shortening Procedure when Quantity of Luminaires to be
Removed is Even

nc=9 dl=3 nc=2_8 dl=3

shortcol =5, 7, 3 shortcol =4, 6, 2
X X X X X X X X X X X
XXXXXX XXX XXX XXXXX
XXXXXX XXX XX XXXXXX
XXXXXX XXX XXX XXXXX
XXXXXX XXX XXX XXXXX
XXXXXX XXX XXX XXXXX
XXX XXX XXX XXX XXXXX

Figure 3-13: Results of Column Shortening Procedure when Quantity of Luminaires to be
Removed is Odd
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Once the columns to be shortened have been determined, it is required that they be centered by
shifting one half of a luminaire spacing to achieve a greater level of uniformity of illumination as
shown in Figure 3-14. The challenge however is that this shifting results in an increased spacing
between the luminaires in the shortened columns and those in adjacent columns thus exceeding
the current spacing level (Sn). It is therefore necessary to reduce the spacing between the
shortened columns and the columns on either side, which is illustrated in Figure 3-15. For each
shortened column, with the exception one located in the first or last position, there will be two
column gaps that will need to be compressed. These spacings will need to be reduced by a factor

of 0.866, which is the cosine of the angle 26.565° (arctan (0.5/1) ).

txtxtxtx ¢ X Xge X o X
XXX XXXXX XXXXXXXX
XXX XXXXX XXXXXXXX
XXX XXXXX XXXXXXXX
XXX XXXXX XXXXXXXX
XXXXXXXX ><><><><><><><><
XXX XXXXX X X X X
Figure 3-14: Centering of Shortened Columns
X X X X
sn X sn X
x‘dsn X x4 X
‘s—'XI """"" RETie
! (0.5)sn :
X T X X X

Figure 3-15: Adjusting of Columns Spacing in Vicinity of Shortened Columns
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The probable result of this manipulation is a layout that no longer sufficiently fills the layout
area, and as a result a revision to the overall luminaire spacing is required which will satisfy the
lighting application from a uniformity perspective. The development of an equation to determine

this new spacing is illustrated with the help of Figure 3-16.

1 < ete > !
X X X X X X
sn X
,4 X X X X X
i ' sn
' —» — e
;(0.866)Snx . 3
X X X X X X
< w >

Figure 3-16: Development of Revised Luminaire Spacing

Referring to Figure 3-16, the goal is to maintain a third of a spacing distance between both the
leftmost and rightmost columns and their corresponding boundaries. From the spatial
relationships of Figure 3-16, both Equations 3.41 and 3.42 emerge, where ete is the distance

between the first and last columns.

w = ete + (%)sn (3.41)

ete = (2xdIx0.866)sn + (nc- (2xdl) - I)sn [for dl < %} (3.42)

In the event that one of the outer two columns is shortened, Equation 3.43 would apply.
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ete = (nc - 1)x(0.866)sn {fordl ~ %} (3.43)

Combining Equation 3.41 with Equations 3.42 and 3.43 results in the creation of two new
equations which may are used to determine a revised spacing. These are presented as Equations

3.44 and 3.55.

sn = w { for dl < E} (3.44)
nc - (0.268)dl - 0.333 2

= (0.866)r\1lz 20,645 [ fordl = %} (345)
Once a revised spacing has been defined, which Equations 3.44 and 3.45 ensure will be
accommodated by the width of the layout area, it must be confirmed that the depth of the layout
area will not be violated. The required depth based upon the revised spacing (dreq) is calculated
using equation 3.46.

dreq = (nr- 1)sn (3.46)

This revised spacing only represents the total of the distances between luminaires in a long (un-
shortened) column, therefore the distance needed between the wall and the top and bottom
luminaires is not included in this quantity. A further adjustment is necessary if the value of the
revised spacing (dreq) is greater than the actual depth (d) less any distance between outside
luminaires and adjacent walls, which is the spacing (Sn) multiplied by a predetermined wall
spacing factor (walspace). As mentioned previously the desired spacing from the walls is one-
third the calculated luminaire spacing, however the execution of this algorithm will most often

require a compromise to a reduced level. Therefore the value of wall spacing factor will be less

66



than two-thirds but greater than two times the minimum acceptable distance, or

2 x min. wall distance (% of'sn) < walspace < %

The developed software evaluates whether the depth required by the layout violates the
aforementioned constraints. If the target area will not accommodate the current luminaire depth
requirement then spacing is reduced until the requirement is satisfied. The constraint

dreq < d - (walspace x sn) is satisfied by incrementally reducing the new spacing (Sn) by a

reduction factor. In this case the reduction factor is defined so that the spacing is reduced in one

percent increments until the constraint is satisfied.

In the event that the number of luminaires to be removed from the original rectangular layout is
greater than one-half of the number of columns, a single row is removed and the appropriate
number luminaires are added to specific columns. The number of luminaires to be added is then

determined by Equation 3.47.

dl = nl - (nc x nr) (3.47)

The luminaires are then placed using one of the following procedures.

1. If the number of luminaires to be added is even:
(i) Beginning with the center column, or column that is just to the left of center,
reduce the column number by one and add a single luminaire to the resulting
column.

(i1) Increase the column number by two and add a luminaire to that column.
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(iii)Decrease the column number by four and add a luminaire to the resulting column.
(iv)Increase the column number by six and add a luminaire, etc.

(v) This process repeats until the quantity of luminaires being added is exhausted.

2. If the number of luminaires to be added is odd:
(1) Beginning with the center column, or column that is just to the left of center, add
a single luminaire to this column.
(i1) Increase the column number by two and add a luminaire to that column.
(ii1)Decrease the column number by four and add a luminaire to the resulting column.
(iv)Increase the column number by six and add a luminaire, etc.

(v) This process repeats until the quantity of luminaires being added is exhausted

The results of the selected procedure are stored in an array (longcol) which is used in the
determination of the luminaire coordinates. Examples of the results of this algorithm are

presented in Figures 3-17 and 3-18.

nc=9 dl=2 nc =38 dl=2
longcol =4, 6 longcol =3, 5

X X X X
XXXXXXXXX XXXXXXXX
XXXXXXXXX XXXXXXXX
XXXXXXXXX XXX XXX XX
XXXXXXXXX XXXXXXXX
XXXXXXXXX XXX XXXXX
XXXXXXXXX XXXXXXXX

Figure 3-17: Results of Column Lengthening Procedure when Quantity of Luminaires to be
Added is Even
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In the same manner previously described through the use of Figures 3-14 through 3-16, the
columns are shifted, spacings recalculated, and the inter-luminaire spacing is modified to
compensate for reduction in the end-to-end distance. The spacing is again recalculated if the
luminaires along the top and bottom of the layout exceed acceptable wall spacings and room
depth requirements. Once either the columns to be lengthened or the columns to be shortened
are determined by one of the two methods, a complementary array must be generated to account

for all of the columns in the layout.

nc=9 dl=3 nc =38 dl=3
longcol =3,5,7 longcol =2, 4,6
X X X X X X

XXXXXXX XX XXX XXX XX
XXXXXXXXX XXXXXXXX
XXX XXXX XX XXX XXX XX
XXXXXXXXX XXX XXX XX
XXXXXXXXX XXXXXXXX
XXX XXXX XX XXX XXX XX

Figure 3-18: Results of Column Lengthening Procedure when Quantity of Luminaires to be
Added is Odd
For example, in the case of a six column design if it is determined that the columns to be
shortened are columns 1, 3, and 5 (shortcol =[1 3 5]), then a complementary array is generated
to identify those columns that are long (longcol = [2 4 6]). This is performed by generating a
vector containing only ones that has a length equal to the number of columns in the design,
making those entries which correspond to the locations dictated by the array shortcol equal to

zero and converting the entries to their corresponding column number and removing the zeros
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from the resulting array. The same would be true if the columns to be lengthened were
previously determined and a vector identifying the shorter columns was required. This process is

illustrated in Figure 3-19.

01 01 0 1]

U
[02 0 40 6]

U
longcol=[2 4 6]

Figure 3-19: Determination of Array (longcol) Based Upon Array shortcol =[1 3 5]

The generation of the coordinates for the luminaire locations is then performed using the column
numbers issued to arrays shortcol and longcol, as well as the most recently revised luminaire
spacing. Once the coordinates of the first luminaire have been determined, the locations of the
remaining luminaires are calculated using these initial coordinates as a reference. The first
luminaire is placed by determining its position relative to the two walls which are in closest
proximity. To determine the spacing from the outer columns to the walls (Swc), and the outer
rows to the walls (swr), the end-to-end spacings are calculated in a manner discussed previously.
By extracting the spacing term (sn) from Equation 3.42 it can be seen that the summation of

spacing distances (Spsum) is described by Equation 3.48.

spsum = nc - 1 - (0.268xdl) [for dl < %} (3.48)
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Likewise, as presented in Equation 3.49, the extracting of the spacing (Sn) from equation 3.43

results in the summation of spacing distances in the case when half of the columns are shortened.
nc
spsum = 0.866x (nc - 1) {for dl = 7} (3.49)

In the case where there are more shortened than elongated columns, Equation 3.48 may be re-
employed noting that the value of dl is describing the number of long columns. Using Equations
3.48 and 3.49, along with the possibility that the layout may actually be rectangular (all rows
contain same number of luminaires, all columns likewise), the spacings from the walls to the

nearest luminaires may be determined as shown in Equations 3.50 and 3.51.

swe = V- (Sp;“mxsn)) (3.50)

swr = - ((nrz'l)xsn)) (3.51)

In the event that the initial luminaire does not lie within a shortened column, then this location is
determined by equating the x-coordinate to the value of swc, and the y-coordinate to swr. If
however the initial luminaire is located within a shortened column, then the x-coordinate is again

the value of swc, but the y-coordinate is offset by half of a luminaire spacing or swr+s/2.

Once the initial luminaire coordinates are established, all subsequent luminaire locations are
determined in a row-wise manner starting from the bottom. If adjacent columns are the same
length the x-coordinate of the next luminaire in the row is simply the spacing (sn) added to the

previous x-coordinate. In the event that adjacent columns are different in length (ie. a short
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column and long column) then the increment (0.866)sn is added to previous x-coordinate. The
y-coordinates are the same in a particular row unless adjacent columns differ in length. As an
example, if the previous column is short and the current column is long the value of the y-
coordinate is half a luminaire spacing subtracted from y-coordinate of the previous luminaire.
Figure 3-20 illustrates the location assignment sequence as well as the relative spacings between
luminaires which are labeled L1 through L14. This figure presents the relative spacings between

luminaires lying in short columns to those in long columns.

X

X@ X@ X@

Sn X @
X : (0.866) sn>< X X

x@

I

I

'm R66) SN

i 0.5 SN

x@ ________________ >4 @ X X@

Figure 3-20: Luminaire Coordinate Development

The coordinates for each of the luminaire locations determined by this algorithm are stored in

final coordinate arrays for use by a plotting program.

3.4.2 Layout Algorithm “layoutB1”
This second algorithm for the placement of luminaires first assumes a spacing that is smaller
than that required to fill the target area. Luminaires are placed in a row-wise manner using this

reduced spacing starting in the lower left corner until the end of the first or bottom row is
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reached. At this point the placement of luminaires continues on the next row using a hexagonal
packing configuration until the quantity is exhausted, as illustrated in Figure 3-21. The luminaire
spacing is then increased and the process is repeated until the space is adequately filled. This
configuration of luminaire placement is extrapolated from circle packing theory which states that
the densest of all planar circle packings is achieved when the hexagonal or “honeycomb”
structure is employed [34]. This is significant because the greater the packing density for a
circles of equal diameter, the lower the total amount of remaining area that is uncovered by the
circles which, from a visual perspective, translates to a lighting layout whereby the floor area
which is under-illuminated may be minimized. It should be pointed out that the circles used in
the execution of the algorithm, such as those shown in Figure 3-21, represent luminaire spacings

and do not reflect the actual photometric distributions of the luminaires being considered.

Figure 3-21: Hexagonal Packing of Circles of Equal Diameter

To account for the recommended reduced spacing between the walls and those luminaires that
border them, a variable or “ghost” boundary is introduced as illustrated in Figure 3-22. This

fictitious outer limit is needed for determining the location of the circles relative to the outer
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walls and therefore the location of the luminaires at their centers. As discussed previously, a

widely accepted wall spacing target is one-third of the inter-luminaire spacing, therefore a

relationship between the actual boundary and the ghost boundary may be derived in the ideal

case as shown in Figure 3-23.
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Figure 3-22: Illustration of Variable or “Ghost” Boundary

What may be determined from Figure 3-23 is that to maintain one-third of a luminaire spacing

between the walls and outermost luminaires, the ghost boundary must be established by a

distance of one-sixth of the luminaire spacing on the outer side of each wall. As a result the

overall target area dimensions of the project are temporarily increased (wnew and dnew) by one

third of the luminaire spacing (Aw and Ad) as shown in Equations 3.52 and 3.53.

wnew

dnew

(3.52)

(3.53)
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Ad/2 = Aw/2 = S/6
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Figure 3-23: Determination of Ghost Boundary Limits

As previously stated, the algorithm begins with a calculation of an initial spacing that will not
allow for a filling of the area within the ghost boundary. This value (S) is determined by solving
for the largest root of Equation 3.36, which was developed in support of the previous algorithm,
and then rounding this value down to the nearest integer. Using the relationships identified by
Equations 3.52 and 3.53, the new width (wnew) and depth (dnew) boundaries are determined.
The number of luminaires that will be placed in the bottom row (brn), is simply the truncation of
the result of the ghost boundary width (wnew) divided by the initial spacing (S). A revised
spacing (Snew) is calculated based upon the ghost width (wnew) and the number of luminaires
(brn), with the new spacing being greater than or equal to the initial spacing. An example of this

process using an initial spacing of 12 feet is illustrated in Figure 3-32.
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Initial Spacing (S) = 12 feet
Floor Width (w) = 100 feet

Il

Ghost Width (wnew) = 100 + 5 = 104 feet

104

Bottom Row Number (brn) = ﬂoor(?j = 8 luminaires

|

New Spacing (snew) =

104 feet
8 luminaires

=13 feet

Figure 3-24: Initial Luminaire Spacing Calculations (layoutB1)

With the bottom row now filled with circles representing the luminaire spacings, the remainder
of the luminaire locations may be defined based upon the hexagonal packing configuration

described earlier. The location of the luminaires in the first row along the depth of the room is

one-half of the new spacing (snew). This quantity is also labeled %, which results from Ay

being equated to the new spacing. The x-coordinates across the width of the target area are one-
half of the new spacing for the initial luminaire followed by increments of snew for the balance
of luminaires throughout the row. These locations along the first row are illustrated in Figure 3-
25. If the direction along the depth of the room is considered the y-axis, and along the width of
the room to be the x-axis, the first row of luminaires will have the x-y coordinates shown in

Table 3-1.
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Figure 3-25: Luminaire Coordinate Determination (row 1)

Table 3-1: Coordinates of First (bottom) Row using Algorithm layoutB1

Luminaire [x,y] Coordinates (feet)
[snew Ay
L1 —
2 2
- [Mmewﬂ
2 2
snew Ay
L3 +(2><snew),7
snew Ay
L(brn) +((brn-1)xsnew),7

The coordinates of the luminaires in the second row are generated in a similar manner, however

the strategy is not to nest the luminaires in the upper rows, but to space them one full luminaire

spacing above the previous row. The reason for this approach is that some of the rows will be

converted from short rows to long rows in later portions of the algorithm. As this operation is

performed the designated rows will have their x-coordinates shifted to the left, essentially
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defeating the hexagonal packing configuration to accommodate luminaires whose coordinates
have fallen outside of the target area. The need for this row placement or modified hexagonal
packing strategy will become clear as the description of the algorithm progresses. The
coordinate assignment convention for the second row is illustrated in Figure 3-26 and Table 3-2.
The process of assigning coordinates to row pairs (rows 3 and 4, rows 5 and 6, etc.) continues in

this manner until all of the luminaires have been placed.
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Figure 3-26: Luminaire Coordinate Determination (row 2)

In this modified hexagonal placement routine there are two types of rows - short and long. The
long rows are odd numbered rows, and the short rows are even numbered rows, assuming that
bottom row (row 1) is a long row and that numbering progresses from the bottom to the top of
the layout area. Since the short and long rows alternate, the software executes the luminaire
placements in pair groups (previously referred to as row pairs) where one pair group consists of
one odd and one even row. Note that the x-coordinates will be the same for each row pair

whereas the y-coordinates are incremented by the quantity Ay.
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Table 3-2: Coordinates of Second Row using Algorithm layoutB1

Luminaire [x,y] Coordinates (feet)

i snew ]
L(brn+1) LI(x) + , L1(y) + Ay

i snew i
L(brn+2) L2(x) + — L2(y) + Ay

i snew 7
L(brn+3) L3(x) + T, L3(y) + Ay

snew

L(2brn-1) {L(bm-l)(X) R L (brn-1)(y) + AY}

With the locations of all luminaires calculated, the arrays containing x and y-coordinates are

transformed to the original layout area (i.e. removing the ghost boundary) using the relationships

given in Equations 3.54 and 3.55.

wnew - w
xactual =x - ——

dnew - d

actual =v -
Yy y ’

(3.54)

(3.55)

A test is then performed to determine whether or not the final luminaire is within one spacing

distance of the upper right corner of the layout area, thus determining if the area has been

adequately filled. If this test is passed then the layout algorithm is complete, however if test fails

the original spacing (S) is increased by a predetermined increment of one-tenth of a foot and the

algorithm is repeated.

Repeated trials of this algorithm using various room dimensions and luminaire quantities have

suggested that in the majority of cases the increased spacing and repeated execution of the
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algorithm results in the location of one or more of the final luminaires falling outside the bounds
of the layout area. In this event the number of luminaires that are placed outside of the layout
area is determined and this quantity is used to shift certain even-numbered (short) rows to the left
(negative x-direction) for the purpose of adding an off-grid luminaire back to the end of the row
in question. The process is illustrated in Figure 3-27. Once the off-grid luminaires have been
placed, a reduction in the row spacing between short and long rows is performed much in the
same manner as the previous algorithm layoutAl. The difference in this case being that in
algorithm layoutAl it is the spacing between columns that is reduced. The spacing reduction
method used in algorithm layoutB1 is based upon whether a long row is bordered by a short row
as well as the value of Ay. In the event that there are more luminaires located outside of the
layout area than can be accommodated by the shifting of the short rows, a scaling factor (yspace)
is employed to reduce the spacing between long and short rows thus pulling off-grid luminaires
back within the bounds of the target area. Initially this factor is assigned a value of one, but
under these circumstances it is reduced by a preset value (10%) which reduces the inter-row
spacing (Ay) by that percentage during each iteration. This reduction of row spacings continues

until all of the off-grid luminaires are placed within the layout boundaries.

To facilitate the determination of final luminaire coordinates a matrix (coordact) is created that
contains the coordinates of each luminaire as well as their corresponding row number. Once the
row shifting is completed, and off-grid luminaires are placed back within the layout area as
illustrated in Figure 3-27, the coordinates of the layout are revised and placed in a new matrix

(coordshift). Using the y-coordinate location of each luminaire as the primary sorting criteria
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and the x-coordinate as the secondary sorting criteria, the matrix (coordshift) is re-sequenced by

row location and given a new identification (coordsort).

/ 2 Luminaires

X X off layout grid X X
X X X X X XX X X X X

XXX X X X X

X X X X X X

XXX X X X X

X X X X X X

XXXXXXX Rows shifted

X X X X X X o X X XX XX

X X X X X X X accommodate [ X X X X X X
luminaire
overflow

.
.o
.

T XX XX XX |
TX. X X X X X §
I X XXX X X
acg(frlrllinodating all 4 X X X X\\X~2§ X
luminaires X X X X X x‘x
XXX X XXX

XXX XXX
XXX X XXX

Figure 3-27: Luminaire Overflow Compensation used in Algorithm layoutB1

This process of retrieving luminaires that are off of the layout grid is illustrated in Figure 3-28
for an example layout area of 40 feet by 40 feet requiring the placement of 12 luminaires.
Referring to the matrix (table) in the upper left corner labeled coordact, it is apparent that the

final two luminaires (hi-lighted) are located off of the layout grid. The x-coordinates of the
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second and fourth row luminaires are shifted to the left and the x-coordinates of the off-grid
luminaires area changed to the values corresponding to the rightmost luminaire locations in the
first row. The y-coordinates of the off-grid luminaires are given the same values as those rows
which were shifted, with all resulting coordinates are placed in the matrix coordshift. The matrix
is then sorted as discussed above moving the result to the matrix coordsort. The final step is the
updating of the row numbers in the third column of the matrix coordsort, resulting in all

luminaire locations residing within the layout area.

coordact = coordshift =
X y row X y row
5.3333 5.3333 1 5.3333 5.3333 1
20 5.3333 1 20 5.3333 1
34.667 5.3333 1 34.667 5.3333 1
12.667 16.025 2 5.3333 16.025 2
27.333 16.025 2 20 16.025 2
5.3333 26.717 3 5.3333 26.717 3
20 26.717 3 20 26.717 3
34.667 26.717 3 34.667 26.717 3
12.667 37.409 4 5.3333 37.409 4
27.333 37.409 4 20 37.409 4
5.3333 48.101 5 34.667 37.409 5
20 48.101 5 34.667 16.025 5
coordsort = coordsort =
X y row X y row
5.3333 5.3333 1 5.3333 5.3333 1
20 5.3333 1 20 5.3333 1
34.667 5.3333 1 34.667 5.3333 1
5.3333 16.025 2 5.3333 16.025 2
20 16.025 2 20 16.025 2
34.667 16.025 5 34.667 16.025 2
5.3333 26.717 3 5.3333 26.717 3
20 26.717 3 20 26.717 3
34.667 26.717 3 34.667 26.717 3
5.3333 37.409 4 5.3333 37.409 4
20 37.409 4 20 37.409 4
34.667 37.409 5 34.667 37.409 4

Figure 3-28: Steps to Accommodate Off-Grid Luminaires
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In order to maintain proper spacings between luminaire locations which have been offset in
adjacent rows, it is necessary to reduce the distance between the remaining shorter rows and their
longer neighboring rows. This is equivalent of changing the layout as shown in Figure 3-26 to
the hexagonally packed configuration of Figure 3-25. This may be accomplished by shifting the
y-coordinates of the short rows by an incremental distance (dy) which is defined in Equation

3.56.

dy = Ayx (I - 0.866) = 0.134x Ay (3.56)

Once the short row has been relocated by the incremental distance (dy), all rows above are
shifted by twice this amount to account for the reduced spacings on both sides of the short row.
Any subsequent short rows are located and the process is repeated until all coordinate

adjustments have been completed. This process is illustrated in Figure 3-29.

|
X X X ﬂ ﬂ ﬂ (0.268) Ay
X X X
X X il [ 01394y
o X X
(1.118) Ay (0.866) AyIz (0.866)snew
D T D X
snew wa ----------- X

Figure 3-29: Adjusting of Row Spacing in Vicinity of Shortened Rows

To preserve symmetry of illumination with respect to the outer boundaries the layout is centered

within the target area, which is accomplished by using the maximum and minimum x-
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coordinates to determine the distances from these locations to the horizontal walls. These
distances are then compared and half of their difference is used to shift all of the luminaire
locations accordingly, thus centering the design horizontally. The same process is executed in

the centering of the layout vertically using distances in the y-direction.

The final step performed in the execution of this algorithm is to determine if the luminaire

locations violate the spacing criterion as illustrated in Figure 2-3. This is accomplished by

determining if the final spacing (Snew) is greater than the product of the mounting height and the

spacing criterion factor published for the particular luminaire. If the spacing criterion is violated

then it can be concluded that the application of this algorithm coupled with the design
requirements and particular luminaire photometric distribution will not generate a satisfactory

luminaire layout.
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4 Validation of Model for HID Industrial Lighting Design

4.1 Introduction

To evaluate the accuracy and impact of lighting designs performed using the developed software,
it is necessary to simulate the optical and electrical performance of a test design and compare it
to design performed using commercially available lighting design software. LitePro® is a
lighting design software package offered by Columbia Lighting which is currently a division of
Hubbell Lighting Incorporated [35]. This software has the ability to perform both indoor and
outdoor lighting analysis using the point-by-point method of illuminance calculation, as well as
perform indoor designs based upon the zonal cavity method. For the purpose of evaluating the
software developed to support this research, zonal cavity design calculations will be performed
using both the developed software and LitePro® for three different lighting application scenarios,
and the optical performance of both designs will be evaluated using the point-by-point analysis
features provided by LitePro”. The use of LitePro” as it pertains to this research is illustrated in
Appendix B, which includes a detailed step-by-step example design and analysis based upon the

industrial lighting scenario presented in section 4.2.

4.2 Analysis of 50” x 100’ Industrial Lighting Application (Scenario #1)

The first test of the software is the design for an area with a 2-to-1 aspect ratio. It is an industrial
area with a three foot work plane height and a ceiling which is 40 feet above the floor. The
desired maintained illuminance level is 30 footcandles, which is the level that is generally
recommended for visual tasks of high contrast and large size in industrial lighting applications

[5]. Three MH lamp power levels were used in the design process: 400 watts, 350 watts, and
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200 watts. Using the values given in Table 4-1 the designs were performed using the developed

software yielding the results shown in Figure 4-1.

Table 4-1: Industrial Scenario #1 Specifications

Dimensions of Floor Area (W x D) 50’ x 100’
Ceiling Height (feet) 40
Work Plane Height (feet) 3
Maintained Illumination Level (fc) 30
Maximum Mounting Height (feet) 37
Minimum Mounting Height (feet) 28
Ceiling Reflectance (%) 50
Wall Reflectances (%) 50
Floor Reflectance (%) 20
Cleanliness of Area (1 — 5[cleanest]) 3
Lamp Type Metal-Halide
Possible Lamp Power Levels (watts) 400, 350, 200

Lamp Initial Lumen Ratings

44,000; 37,000; 21,000 [36]

Lamp Mean Lumen Ratings

35,000, 29,000; 16,800 [36]

Rated Lamp Life (hours)

20,000, 20,000; 15,000 [36]

Luminaire Voltage (rms volts) 277
Actual Luminaire Voltage (rms volts) 277
Ballast Type Constant Wattage Autotransformer (CWA)
Area Cleaning Period (years) 2
Operating Hours per Lamp Start (hours) 10
Operating Hours per Year (hours) 2,600
Re-lamp/Luminaire Cleaning Cycle (operating hours) 12,000
Unit Luminaire Cost (w/o0 lamp) $150

Unit Lamp Cost

$35 (all types)

Original designs were performed for each of the three MH lamp power levels at 10 different
mounting heights resulting in a total of 30 designs. These designs were sorted by the program on
the basis of power demand and LCC, both in ascending order. The top three designs in each of
these categories (lowest power demand and lowest LCC) are displayed as shown in Figure 4-1
along with a summary of the project specifications. The user is then given a choice of which of
these six designs is to be passed to the luminaire layout program. For this example the design

labeled A (DesignID A) in Figure 4-1 was chosen since it provided the lowest power demand
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and consequently it is the same as design D which provides the lowest LCC. The luminaire

layout results generated by the developed software for design A are presented in Figure 4-2.

Floor Width (feet) 50 Cost of Energy ($/kW-Hr) 0.07
Floor Depth (feet) 100 Annual Interest Rate (percent) 5
Ceiling Height (feet) 40 Annual Inflation Rate (percent) 4
Work Plane (feet) 3 Hourly Maintenance Rate ($/Hr) 50
Min. Mounting Height (feet) 28 Time Required for Service (Hr) 0.5
Max. Mounting Height (feet) 37 Hourly Installation Rate ($/Hr) 100
Design Levels 10 Time Required for Install (Hr) 1
Ceiling Reflectance (percent) 50 Additional Material Cost ($) 20
Wall Reflectance (percent) 50 Time Required for Scrap (Hr) 0.5
Floor Reflectance (percent) 20 Lighting / HVAC Ratio 3
Cleanliness of Area 3 Economic Life of Project (Yrs) 10
[lluminance Requirement (fc) 30 Relamp Cycle (Hrs) 12000
Hours per Lamp Start 10 Luminaire Cleaning Cycle (Hrs) 12000
Operating Hours per Year 2600 Cleaning Mat'l Charge ($/luminaire) 2
Rated Voltage (Vrms) 277

Actual Voltage (Vrms) 277

Ballast Type CWA

Area Cleaning Interval (months) 24

Would you like the display the 3 most energy efficient designs? [ N for no]

Lamp Power 400 400 400

Lamp Type MH MH MH

No. of Luminaires 16 17 17
Mounting Height 28 29 30

LLF 0.3599 0.3596 0.3593

Coef. of Util. 0.5951 0.5864 0.5778

Total Power (W) 7328 7786 7786

LCC $23983.32 $25482.28 $25482.28
Design ID A B C
Would you like the display the 3 most cost effective designs? [ N for no]

Lamp Power 400 400 400

Lamp Type MH MH MH

No. of Luminaires 16 17 17

Mounting Height 28 29 30

LLF 0.3599 0.3596 0.3593

Coef. of Util. 0.5951 0.5864 0.5778

Total Power (W) 7328 7786 7786

LCC $23983.32 $25482.28 $25482.28
Design ID D E F

Figure 4-1: Results Generated for Industrial Scenario #1
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Figure 4-2: Layout Possibilities for Industrial Scenario #1, Design A

The luminaire layout program provides four possible layout configurations based upon the
number of luminaires and the floor dimensions of the area in question. Two of the layouts are
created by layout algorithm layoutAl and the others by algorithm layoutB1, both of which were
discussed in section 3.4. At this point the user has the choice of one of the four layouts since the
most preferable design is not always provided by the same algorithm and the same floor
orientation. The software allows for the selection of the preferred layout option keeping in mind
that the selection may have a profound impact upon the quality of the lighting project,
specifically the uniformity of illumination. In general, for high-bay and low-bay photometric

distributions, the layout providing the highest level of uniformity is that design which places the
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luminaires in the most equidistant locations from neighboring luminaires. Of the four layouts
presented in Figure 4-2, Layout B displays two characteristics which are preferable for general
area lighting designs. The row-to-row and column-to-columns spacings appear to be consistent,
and uniformity of spacing around the perimeter appears consistent. Upon selecting Layout B, a

window confirming the choice appears as shown in Figure 4-3.

File Edit Miew Inserk Tools Desktop Window Help
DedES h RA0O® € 0B 50O
oselected Layout B using 16 luminaires at & mounting height of 28 feet and a spacing of 26,5167 fest
1':”:' T T T T
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Figure 4-3: Selected Layout Confirmation — Industrial Scenario #1, Design A, Layout B

Assuming that the user is satisfied with the chosen layout, a design summary is made available
which contains luminaire coordinates as will as a summary of key design results as shown in

Figure 4-4.
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coordinates =

5.7605 9.775
5.7605 36.592
5.7605 63.408
5.7605 90.225
18.587 9.775
18.587  36.592
18.587  63.408
18.587  90.225
31.413 9.775
31.413 36.592
31.413 63.408
31.413 90.225
44.239 9.775
44239  36.592
44239  63.408
44.239  90.225

Design Summary
Lamp Power
Lamp Type
Luminaire
No. of Luminaires
Mounting Height
Re-Lamp (months)

Area Cleaning (yrs.)
Room Cavity Ratio
Coef. of Util.

LLF

Total Power (W)
LCC

Layout for Design A. The coordinates for a 28 foot mounting height using the 400W are:

400

MH
BL400HXBIMED
16

28

55

Luminaire Cleaning (mos.) 55

2

3.7500
0.5951
0.3599
7328
§$23983.32

Figure 4-4: Luminaire Coordinates and Design Summary — Industrial

Scenario #1, Design A, Layout B

A listing of design summaries is offered which provides insight into the merits and demerits of

each of the 30 designs that were performed. First to be displayed, as shown in Figure 4-5, is a

ranked listing of designs based upon LCC which is sorted in ascending order.
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PWR LVL(W) LAMP QTY. MTG. HGHT LLF LCC
400 1 16 28 0.35988 23983
400 1 17 29 0.35959 25482
400 1 17 30 0.35931 25482
400 1 17 31 0.35902 25482
400 1 17 32 0.35874 25482
400 1 18 33 0.35846 26981
400 1 18 34 0.35817 26981
400 1 18 35 0.35789 26981
400 1 18 36 0.3576 26981
350 1 20 28 0.35088 27308
350 1 20 29 0.3506 27308
400 1 19 37 0.35751 28480
350 1 21 30 0.35032 28673
350 1 21 31 0.35005 28673
350 1 21 32 0.34977 28673
350 1 21 33 0.34949 28673
350 1 22 34 0.34922 30038
350 1 22 35 0.34894 30038
350 1 22 36 0.34866 30038
350 1 23 37 0.34857 31404
200 1 48 28 0.26127 46966
200 1 49 29 0.26106 47944
200 1 50 30 0.26085 48923
200 1 50 31 0.26065 48923
200 1 51 32 0.26044 49901
200 1 52 33 0.26023 50880
200 1 53 34 0.26003 51858
200 1 54 35 0.25982 52836
200 1 54 36 0.25962 52836
200 1 55 37 0.25955 53815

Figure 4-5: Ranked Summary of Designs Based upon LCC — Industrial Scenario #1

A second list is displayed as shown in Figure 4-6 which is similar to that shown in Figure 4-5,
however ranking in this case is based upon total power demand. Upon review of the summary
data it becomes apparent why the luminaires equipped with lower power lamps did not compare
favorably with the 400W designs. The needed quantity of luminaires for the lower lamp power
options inflates the LCC due to the increased energy demand, the relationships of which were

discussed in section 2.5.
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PWR LVL(W) LAMP QTY. MTG.HGHT  LLF TOTAL POWER (W)
400 1 16 28 0.35988 7328
400 1 17 29 0.35959 7786
400 1 17 30 0.35931 7786
400 1 17 31 0.35902 7786
400" 1 17 32 0.35874 7786
350 1 20 28 0.35088 8000
350 1 20 29 0.3506 8000
400 1 18 33 0.35846 8244
400 1 18 34 0.35817 8244
400 1 18 35 0.35789 8244
400 1 18 36 0.3576 8244
350 1 21 30 0.35032 8400
350 1 21 31 0.35005 8400
350 1 21 32 0.34977 8400
350 1 21 33 0.34949 8400
400 1 19 37 0.35751 8702
350 1 22 34 0.34922 8800
350 1 22 35 0.34894 8800
350 1 22 36 0.34866 8800
350 1 23 37 0.34857 9200
200 1 48 28 0.26127 11136
200 1 49 29 0.26106 11368
200 1 50 30 0.26085 11600
200 1 50 31 0.26065 11600
200 1 51 32 0.26044 11832
200 1 52 33 0.26023 12064
200 1 53 34 0.26003 12296
200 1 54 35 0.25982 12528
200 1 54 36 0.25962 12528
200 1 55 37 0.25955 12760

Figure 4-6: Ranked Summary of Designs Based upon Power Demand — Industrial Scenario #1

A benefit of presenting all of the design possibilities in this manner is the ability to perform
certain “what-if” analyses. For example, if it was discovered that the minimum mounting height
requirement needed to be increased to 32 feet, then it is convenient to look at the listings and
determine that the preferred design scenario for minimizing energy consumption is the design

that employs 17, 400W luminaires with a mounting height of 32 feet (7).

For the purpose of evaluating the optical performance of the design generated by the developed

software a new layout needs to be created within the LitePro® program, the use of which is
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illustrated in Appendix B. A method which works well is to begin with the design and layout

that is generated by LitePro” (refer to Figure B-11 in Appendix B), making certain that the

design parameters are consistent with those of the original design, followed by the removal and

repositioning of luminaires to achieve the design and layout of Figure 4-3. This is accomplished

by selecting the existing area under the Project Contents window, selecting Copy Area, and

pasting it to a new area which is this case is named IMASTERG2. By opening the Luminaire

Placement window the coordinates for the original design, which are listed in Figure 4-4, may be

manually entered. Upon making the coordinate changes and removing two luminaires from the

list, the lower energy design generated by the developed software may be evaluated. Figures 4-7

and 4-8 illustrate the results of the layout modifications.

Change &1 | Change 41 | Change A1l
TYPE X START ¥ SPACING| # COLS % START|Y SPACING| # ROWS | MTG HGT | ORIENT TILT ROLL
+ 576 0.o0 1 578 0.00 1 28.00 0 0 [
i) 576 0.o0 1 3659 0.00 1 28.00 0 0 [
) 5.7 0.00 1 B3.41 .00 1 28.00 n n [
) 5.7 0.00 1 3023 .00 1 28.00 n n [
) 18.59 0.o0 1 978 .00 1 28.00 n n [
) 18.59 0.o0 1 3659 .00 1 28.00 n n [
) 18.59 0.0 1 B3.41 .00 1 28.00 0 0 [
) 18.59 0.0 1 8023 .00 1 28.00 0 0 [
) .41 0.0 1 9.78 .00 1 28.00 0 0 [
) .41 0.0 1 3659 .00 1 28.00 0 0 [
) .41 0.0 1 E3.41 .00 1 28.00 0 0 [
) .41 0.0 1 80.23 .00 1 28.00 0 0 [
Center Row In Area | Snap Fow Hagt to Ceiling | Snap Fow to Celling Grid | Add Placement Row | Dele

Figure 4-7: Coordinates for Luminaires, Original Design — Industrial Scenario #1 [35]
(Used with the permission of Hubbell Incorporated)
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4 LitePro 2.025 (C:\Program Files\LitePro2\Proj\Project4_2.PZP)

Bl Edit  Yiew Estimator Tools  Updates  Help
Bl D& v =] x[x] B =[~|[T 8 [HN[7 sk
Project Contents |
'% LitePro Deszign for Compa
Tiy 400w LitePro Design
I LitePro
[ IMASTERG2 & & & &
MNew Giid A A A A
% >
Project Luminaires
TFPE CATALOG #
S A % A
< >
Project dszemblies |
TvFE |T|DESCRIFTION
% % % %
) 5 T ‘?&
£ >

Figure 4-8: Layout Provided by Developed Software — Industrial Scenario #1 [35]
(Used with the permission of Hubbell Incorporated)

The optical performance of the design and layout provided by the developed software is
determined by running the point-by-point analysis, the results of which are shown in Figure 4-9.
It should be noted that no other changes to the analysis were made since luminaires, mounting

heights, lamps, ballasts, etc. were the same for both the LitePro” and original designs.
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ro 2.025 (C:\Program Files\LitePro2\Proj\Project4_2.PZP)

Edit  View Estimator Tools  Updates  Help
D& o |=|me] = [%] @ || =[BT &lx|alele|o|s| @]
Jject Contents
=Pra Diezign for Compa
4000 LitePro Dezign
3 LitePro
[ IMASTERGZ2 2
, g A g
>
ject Luminaires
CATALOG # % o i
% "Ii\ & R
>
ject Aeremblies
T{DESCRIPTION
% h % %
A A A S
b
et lﬁ
;':1164 o DDZD # Dec. Places  Threshold Grouw Maziprrn | Miniewrn | Average | Man/Min | AvelMin
= - oo - 0.00 + 364 185 29.7 1.97 1.61
169 Ceil. | 40,00 H-H, Flat grid . - : i 0.0 n.ao 0o 0.00 0.00
Urits: FT # oo 0.0 oo’ oo 0o

Figure 4-9: Point-by-point Analysis, Original Design — Industrial Scenario #1 [35]
(Used with the permission of Hubbell Incorporated)

A summary of the photometric analysis of both designs are presented in Table 4-2. Primary
differences between the two simulations are that the design offered by the developed software
results in an average maintained illumination level that is 13.6% lower than that provided by
LitePro®, although both designs are predicted to meet the 30 footcandle maintained illuminance

requirement to within 1%. The power demand of the original design is 11.1% lower than that of

95



the LitePro”™ design which equates to the percentage of energy that could be saved. There is also
an improvement in the uniformity of illumination when the original design is employed —a 1.97

max/min ratio versus the 2.31 max/min ratio offered by the LitePro® design.

Table 4-2: Summary of Lighting Design Simulation — Industrial Scenario #1

Avg. Maintained Max / Lighting Power

. No. of o . )
Design Luminaires [llumination Min System Power | Density
Level (fc) Ratio Demand (W) | (W/ft)

LitePro” 18 34.40 231 8,244 1.65

Original 16 29.71 1.97 7,328 1.47
Reduction 11.1% 13.6% 14.7% 11.1% 10.9%

A final observation is one concerning the cost of the project over its life. The LCC for the design
provided by the developed software is predicted to be $23,983.32 as shown in Figure 4-4. The
data presented in Figure 4-5 provides LCC information for the design provided by LitePro®,
which is determined by noting the LCC for the 400W solution mounted at a height of 33 feet.
The luminaire quantity in this case is the same as that of the design provided by LitePro® and
results in a LCC of $26,981 reflecting an increase of $2,998 or 12.5% over that of the original
design provided by the developed software. If it is determined that the uniformity is not
acceptable, another of design may be selected such as design B shown in Figure 4-1. This design
adds an additional luminaire, which will increase costs and lower the overall efficacy of the
lighting design. However the additional luminaire combined with the greater mounting height

will tend to improve the uniformity of illumination.

96



4.3 Demonstration of Spacing Criteria Violation (Scenario #2)

A feature incorporated into luminaire layout program prevents the layout of a design which
violates the spacing criteria as discussed in section 2.4.4. To illustrate the case where luminaire
spacings become to large to provide acceptable uniformity the lighting project used in Scenario
#1 will again be employed. The spacing violation may be encountered for several reasons
including mounting heights which are too close to the work plane, luminaires that have optical
distributions that are too narrow for the application, and the reduction of required luminaires to
cover the desired target area. For this example the third of these situations will be chosen, being
accomplished by improving the LLF employed in Scenario #1 which results in a decrease of the

quantity of luminaires to an unsatisfactory level for the lowest targeted mounting height.

By using the same lamps and luminaire types employed in Scenario #1, and increasing the
frequency of maintenance (lamp replacement, luminaire cleaning, and room cleaning), the LLF
has been substantially improved (increased) thus reducing the number of luminaires that are
required per the lumen method. The specifications addressing these changes are given in Table
4-3, and the top results of the designs based upon this scenario (Scenario #2) are presented in
Figure 4-10. Note that the number of luminaires needed for design A (and D) are 50% less than
those corresponding to Scenario #1, the results of which were presented in Figure 4-1. This
reduction is solely the result of improving the LLF by increased cleaning frequency and lamp

replacement, which is a topic of analysis in a subsequent section of this dissertation.

The luminaire layout for design A (or D) is given in Figure 4-11. Note that Layout B appears

blank with a header “Layout B is not viable due to spacing criteria violation”. The other layouts
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presented for this design are viable based upon the published spacing criteria, which for this

particular luminaire is 1.3.

Table 4-3: Industrial Scenario #2 Specifications

Dimensions of Floor Area (W x D) 50’ x 100’
Ceiling Height (feet) 40
Work Plane Height (feet) 3
Maintained Illumination Level (fc) 30
Maximum Mounting Height (feet) 37
Minimum Mounting Height (feet) 28
Ceiling Reflectance (%) 50
Wall Reflectances (%) 50
Floor Reflectance (%) 20
Cleanliness of Area (1 — 5[cleanest]) 3
Lamp Type Metal-Halide
Possible Lamp Power Levels (watts) 400, 350, 200

Lamp Initial Lumen Ratings

44,000; 37,000; 21,000 [36]

Lamp Mean Lumen Ratings

35,000, 29,000; 16,800 [36]

Rated Lamp Life (hours)

20,000, 20,000; 15,000 [36]

Luminaire Voltage (rms volts) 277
Actual Luminaire Voltage (rms volts) 277
Ballast Type Constant Wattage Autotransformer (CWA)
Area Cleaning Period (years) 1"

Operating Hours per Lamp Start (hours) 10
Operating Hours per Year (hours) 2,600
Re-lamp/Luminaire Cleaning Cycle (operating hours) 2,600"
Unit Luminaire Cost (w/o lamp) $150

Unit Lamp Cost

$35 (all types)

1 - Quantities that differ from those of Scenario #1

If design B were selected as shown in Figure 4-10, which may be the case if the additional
overhead clearance is desired, then the corresponding layout possibilities are presented in Figure
4-12. In this example the raising of the mounting height by one foot allows Layout B to satisfy
the spacing criteria. Additional simulations could be performed to determine whether the optical
performance of Layout B is superior to Layout C, etc. An illumination analysis is not provided
since this section in included merely to point out the function of software in preventing the

generation of layouts which violate the spacing criteria constraint.
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Floor Width (feet)

Floor Depth (feet)

Ceiling Height (feet)

Work Plane (feet)

Min. Mounting Height (feet)
Max. Mounting Height (feet)
Design Levels

Ceiling Reflectance (percent)
Wall Reflectance (percent)
Floor Reflectance (percent)
Cleanliness of Area
[lluminance Requirement (fc)
Hours per Lamp Start
Operating Hours per Year
Rated Voltage (Vrms)

Actual Voltage (Vrms)
Ballast Type

Area Cleaning Interval (months)

50
100
40

3

28
37
10
50
50
20

3

30
10
2600
277
277
CWA
12

Would you like the display the 3 most energy efficient designs? [ N for no]

Lamp Power
Lamp Type

No. of Luminaires
Mounting Height
LLF

Coef. of Util.
Total Power (W)
LCC

Design ID

400

MH

8

28

0.7276

0.5951

3664

$15324.71
A

Would you like the display the 3 most cost effective designs? [ N for no]

Lamp Power
Lamp Type

No. of Luminaires
Mounting Height
LLF

Coef. of Util.
Total Power (W)
LCC

Design ID

400

MH

8

28

0.7276

0.5951

3664

$ 15324.71
D

Cost of Energy ($/kW-Hr) 0.07
Annual Interest Rate (percent) 5
Annual Inflation Rate (percent) 4
Hourly Maintenance Rate ($/Hr) 50
Time Required for Service (Hr) 0.5
Hourly Installation Rate ($/Hr) 100
Time Required for Install (Hr) 1
Additional Material Cost ($) 20
Time Required for Scrap (Hr) 0.5
Lighting / HVAC Ratio 3
Economic Life of Project (Yrs) 10
Relamp Cycle (Hrs) 2600
Luminaire Cleaning Cycle (Hrs) 2600
Cleaning Mat'l Charge ($/luminaire) 2

400 350

MH MH

8 10

29 28

0.7271 0.7247

0.5864 0.5951

3664 4000

$15324.71 $ 17820.08

B C

400 400

MH MH

8 9

29 30

0.7271 0.7265

0.5864 0.5778

3664 4122

$ 15324.71 $ 17240.30

E F

Figure 4-10: Results Generated for Industrial Scenario #2
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Figure 4-11: Layout Possibilities for Industrial Scenario #2, Design A
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Figure 4-12: Layout Possibilities for Industrial Scenario #2, Design B
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4.4 Analysis of a 200" x 200” Industrial Lighting Application (Scenario #3)

A final example differs from those presented in the first two scenarios. This example targets a
larger area and will employ both MH and HPS sources which are operated using MR ballasts.

The scenario specifications are given in Table 4-4.

Table 4-4: Industrial Scenario #3 Specifications

Dimensions of Floor Area (W x D) 200’ x 200’
Ceiling Height (feet) 35
Work Plane Height (feet) 3
Maintained Illumination Level (fc) 30
Maximum Mounting Height (feet) 32
Minimum Mounting Height (feet) 24
Ceiling Reflectance (%) 80
Wall Reflectances (%) 50
Floor Reflectance (%) 20
Cleanliness of Area (1 — 5[cleanest]) 4
Lamp Type Metal-Halide, High-Pressure Sodium
Possible Lamp Power Levels (watts) 400

Lamp Initial Lumen Ratings

44,000; 51,000 [36] [37]

Lamp Mean Lumen Ratings

35,000; 45,000; [36] [37]

Rated Lamp Life (hours)

20,000; 24,000; [36] [37]

Luminaire Voltage (rms volts) 480
Actual Luminaire Voltage (rms volts) 456
Ballast Type Magnetic Regulator
Area Cleaning Period (years) 1
Operating Hours per Lamp Start (hours) 20
Operating Hours per Year (hours) 7280
Re-lamp/Luminaire Cleaning Cycle (operating hours) 14,000

Unit Luminaire Cost (w/o lamp) $200

Unit Lamp Cost

$35 (MH); $25 (HPS)

This lighting application is for an industrial facility measuring 200 feet by 200 feet. The
permissible mounting heights are between 24 and 32 feet with a ceiling height of 35 feet.
Designs based upon both 400W MH and HPS lamps will be performed with the anticipation that
the lighting branch circuit voltage will be 5% below nominal. This facility operates on a two-
shift, seven day per week basis resulting in 7280 operating hours per year. The planned re-

lamping and luminaire cleaning interval will be 14,000 operating hours which is 70% of the rated
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life of the MH lamp but only 58.3% of the rated life in the case of the HPS lamp. Figure 4-13

presents the most efficient and financially attractive designs generated by the developed

software.
Floor Width (feet) 200 Cost of Energy ($/kW-Hr) 0.07
Floor Depth (feet) 200 Annual Interest Rate (percent) 5
Ceiling Height (feet) 35 Annual Inflation Rate (percent) 4
Work Plane (feet) 3 Hourly Maintenance Rate ($/Hr) 50
Min. Mounting Height (feet) 24 Time Required for Service (Hr) 0.5
Max. Mounting Height (feet) 32 Hourly Installation Rate ($/Hr) 100
Design Levels 5 Time Required for Install (Hr) 1
Ceiling Reflectance (percent) 80 Additional Material Cost ($) 20
Wall Reflectance (percent) 50 Time Required for Scrap (Hr) 0.5
Floor Reflectance (percent) 20 Lighting / HVAC Ratio 3
Cleanliness of Area 4 Economic Life of Project (Yrs) 15
[lluminance Requirement (fc) 30 Relamp Cycle (Hrs) 14000
Hours per Lamp Start 20 Luminaire Cleaning Cycle (Hrs) 14000
Operating Hours per Year 7280 Cleaning Mat'l Charge ($/luminaire) 2
Rated Voltage (Vrms) 480
Actual Voltage (Vrms) 456
Ballast Type MR
Area Cleaning Interval (months) 12
Would you like the display the 3 most energy efficient designs? [ N for no]
Lamp Power 400 400 400
Lamp Type HPS HPS HPS
No. of Luminaires 46 46 47
Mounting Height 24 26 28
LLF 0.6143 0.6143 0.6143
Coef. of Util. 0.8405 0.8337 0.8270
Total Power (W) 22540 22540 23030
LCC $245449.16 $245449.16 $250785.02
Design ID A B C
Would you like the display the 3 most cost effective designs? [ N for no]
Lamp Power 400 400 400
Lamp Type HPS HPS HPS
No. of Luminaires 46 46 47
Mounting Height 24 26 28
LLF 0.6143 0.6143 0.6143
Coef. of Util. 0.8405 0.8337 0.8270
Total Power (W) 22540 22540 23030
LCC $245449.16 $245449.16 $250785.02
Design ID D E F

Figure 4-13: Results Generated for Industrial Scenario #3
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The HPS designs, identified as lamp type 2, are ranked as the most preferable both on the basis
of LCC and power consumption. This is due to the large disparity between lamp efficacies of the
two sources and the LLF associated with each. Complete ranked lists of all designs are
presented in Figure 4-14 and 4-15, where MH designs are identified as lamp type 1. The
proposed layout using the 400W HPS luminaires at a mounting height of 26 feet (design B) is
shown in Figure 4-16. The rationale for selecting design B over design A is that both designs
result in the same luminaire count, power demand and LCC, however the increased mounting
height offers additional clearance from the manufacturing floor and the probability of providing

improved uniformity of illumination levels.

PWR LVL(W) LAMP QTY. MTG. HGHT LLF LCC
400 2 46 24 0.61435 2.4545e+005
400 2 46 26 0.61435 2.4545e+005
400 2 47 28 0.61435 2.5079e+005
400 2 47 30 0.61435 2.5079e+005
400 2 48 32 0.61435 2.5612e+005
400 1 69 24 0.45708 3.5706e+005
400 1 70 26 0.45708 3.6223e+005
400 1 70 28 0.45708 3.6223e+005
400 1 71 30 0.45708 3.6741e+005
400 1 71 32 0.45708 3.6741e+005

Figure 4-14: Ranked Summary of Designs Based upon LCC — Industrial Scenario #3

PWR LVL(W) LAMP QTY. MTG. HGHT LLF TOTAL POWER (W)
400 2 46 24 0.61435 22540
400 2 46 26 0.61435 22540
400 2 47 28 0.61435 23030
400 2 47 30 0.61435 23030
400 2 48 32 0.61435 23520
400 1 69 24 0.45708 32085
400 1 70 26 0.45708 32550
400 1 70 28 0.45708 32550
400 1 71 30 0.45708 33015
400 1 71 32 0.45708 33015

Figure 4-15: Ranked Summary of Designs Based upon Power Demand — Industrial Scenario #3
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Again utilizing the LitePro® analysis software, the selected layout may be evaluated and

compared to one generated by the commercially available software. A summary of the

performance of both the original design and the LitePro® design is presented in Table 4-5. The

reduced number of luminaires proposed by the developed software results in a power reduction

of 1470 watts or a savings of 6.1%. The penalty for this savings however is a reduction of

maintained illuminance of 4.4% and a significant reduction in uniformity going from a 2.43 max-

to-min ratio to one of 3.05. In this example it would be the choice of the end user to determine

whether or not the energy savings that would be realized merits this reduction in optical

performance.

J Figure 1
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Figure 4-16: Selected Layout Confirmation — Industrial Scenario #3, Design B, Layout D
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If the color and color rendering of HPS sources are not limiting considerations, as it pertains to
energy and cost, the choice of industrial lighting designs that weigh both MH and HPS options
will always favor HPS due to its higher efficacy, longer life, and superior lumen maintenance.
One could always improve the LLF of the MH case by re-lamping on a more frequent basis to
reduce the number of MH luminaires that are needed, however that step is not necessary to

demonstrate the validity of the software that has been created.

Table 4-5: Summary of Lighting Design Simulation — Industrial Scenario #3

Avg. Maintained Max / Lighting Power
. No. of L . .
Design Luminaires [llumination Level Min System Power | Density
(fc) Ratio Demand (W) | (W/ft)
LitePro” 49 30.63 243 24,010 0.60

Original 46 29.27 3.05 22,540 0.56
Reduction 6.1% 4.4% (-25.5%) 6.1% 10%

The design results presented in Table 4-5 meet the specifications (within 3%) of the lighting
application with the exception of uniformity. As stated previously it is desirable that the max-to-
min ratio be less than or equal to 1.4, and in both cases above these ratios well exceed this value.
At this juncture there are several possibilities that the lighting designer may explore. High on
this list is to simply augment the low illuminance areas with the addition of supplemental
luminaires, with the penalty being the increase in energy consumption and LCC. Rectangular
target areas typically display low light levels in the corners due to the lack of luminaires in the
immediate vicinity. Adding several lower power luminaires, on type of which is referred to as a
“wall washer”, is a method that is often employed to augment illuminance levels along walls and
in corners. Another option would be to investigate designs using high-output fluorescent
luminaires, which is an alternative not supported by the research. A third alternative would be

the use of luminaires with other photometric distributions which employ the same sources and
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control gear as those used in the original designs. Other alternatives could also be explored

including the manual relocation of existing luminaires to increase illumination in low level areas.

The developed software is able to utilize any industrial high-bay or low-bay luminaire that has
the photometric data placed in a file of the correct form as illustrated in Figure A-3 (Appendix
A). The luminaires used in the original designs of this scenario (#3) exhibited photometric
distributions that are categorized as medium. In contrast there are also narrow and wide
distributions which offer the lighting designer a greater range of possibilities in satisfying the
application requirements. A narrow photometric distribution exhibits a more directional
downward concentration of luminous flux and it most often used when mounting heights are
relatively great, and as a result these luminaires have the lowest spacing criteria limits. Wide
distributions however provide more luminous flux across the horizontal plane and are not as
effective at directing light downwards. Luminaires with these distributions possess greater
spacing criteria values and are popular when vertical illuminance is critical such as in

warehouses and large retail facilities.

Designs for this scenario (#3) were recalculated with no changes to the specifications shown in
Table 4-4, and the only difference being the use of a wide distribution luminaires
BL400SXBIWID and BL4OOMHBIWID. The results of these designs are given in Figure 4-17.
Comparing these results to those of the luminaires with medium distributions in Figure 4-13, the
number of luminaires required has increased in the case where the developed software was used,
which is due to the lower CU values associated with the wide distribution luminaires. The

design generated by LitePro® using these luminaires results in the same number of luminaires
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that were previously recommended. It should be noted that the mounting height has now
dropped to 24 feet corresponding to designs A and D which were generated by the developed

software as shown in Figure 4-17.

Floor Width (feet) 200 Cost of Energy ($/kW-Hr) 0.07
Floor Depth (feet) 200 Annual Interest Rate (percent) 5
Ceiling Height (feet) 35 Annual Inflation Rate (percent) 4
Work Plane (feet) 3 Hourly Maintenance Rate ($/Hr) 50
Min. Mounting Height (feet) 24 Time Required for Service (Hr) 0.5
Max. Mounting Height (feet) 32 Hourly Installation Rate ($/Hr) 100
Design Levels 5 Time Required for Install (Hr) 1
Ceiling Reflectance (percent) 80 Additional Material Cost ($) 20
Wall Reflectance (percent) 50 Time Required for Scrap (Hr) 0.5
Floor Reflectance (percent) 20 Lighting / HVAC Ratio 3
Cleanliness of Area 4 Economic Life of Project (Yrs) 15
[lluminance Requirement (fc) 30 Relamp Cycle (Hrs) 14000
Hours per Lamp Start 20 Luminaire Cleaning Cycle (Hrs) 14000
Operating Hours per Year 7280 Cleaning Mat'l Charge ($/luminaire) 2
Rated Voltage (Vrms) 480

Actual Voltage (Vrms) 456

Ballast Type MR

Area Cleaning Interval (months) 12

Would you like the display the 3 most energy efficient designs? [ N for no]

Lamp Power 400 400 400

Lamp Type HPS HPS HPS

No. of Luminaires 47 48 48
Mounting Height 24 26 28

LLF 0.6143 0.6143 0.6143
Coef. of Util. 0.8199 0.8118 0.8034
Total Power (W) 23030 23520 23520

LCC $250785.02 $256120.87 $256120.87
Design ID A B C
Would you like the display the 3 most cost effective designs? [ N for no]

Lamp Power 400 400 400

Lamp Type HPS HPS HPS

No. of Luminaires 47 48 48
Mounting Height 24 26 28

LLF 0.6143 0.6143 0.6143
Coef. of Util. 0.8199 0.8118 0.8034
Total Power (W) 23030 23520 23520

LCC $250785.02 $256120.87 $256120.87
Design ID D E F

Figure 4-17: Results Generated for Industrial Scenario #3 — Wide Luminaire Distribution
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The results of the associated illumination simulation and analysis are presented in Table 4-6, and
although the uniformity increases in both design cases (original and LitePro®), the values of the
max-to-min ratios remain well above recommended levels. It may be concluded that this
application may be best served by the use of strategically placed supplemental luminaires to

increase the illumination levels in those areas which are deficient.

Table 4-6: Summary of Lighting Design Simulation, Industrial Scenario #3 — Wide Luminaire

Distribution
Avg. Maintained Max / Lighting Power
. No. of L . .
Design Luminaires [lumination Level Min System Power | Density
(fc) Ratio Demand (W) | (W/ft)
LitePro” 49 29.42 2.37 24,010 0.60

Original 47 28.34 2.46 23,030 0.58
Reduction 4.1% 3.7% (-3.8%) 4.1% 3.3%
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5 Simulation Analyses and Results

5.1 Impact of Lamp Selection

To illustrate the importance of lamp selection in the lighting design process consider Industrial

Lighting Scenario #1, the specifications of which are given in section 4.2. A change to one of

the sources will be made to illustrate the impact of lamp selection upon lighting system design

and performance. This change is that the high-output 400W MH lamp will be replaced by a

lower cost, lower output universal burn 400W MH lamp, changing the specifications as

1llustrated in Table 5-1.

Table 5-1: Specifications for Industrial Scenario #1 w/ Lamp Substitution

Dimensions of Floor Area (W x D) 50’ x 100’
Ceiling Height (feet) 40
Work Plane Height (feet) 3
Maintained Illumination Level (fc) 30
Maximum Mounting Height (feet) 37
Minimum Mounting Height (feet) 28
Ceiling Reflectance (%) 50
Wall Reflectances (%) 50
Floor Reflectance (%) 20
Cleanliness of Area (1 — 5[cleanest]) 3
Lamp Type Metal-Halide
Possible Lamp Power Levels (watts) 400, 350, 200

Lamp Initial Lumen Ratings

36,000"; 37,000; 21,000 [36]

Lamp Mean Lumen Ratings

23,000'; 29.000; 16,800 [36]

Rated Lamp Life (hours)

20,000; 20,000; 15,000 [36]

Luminaire Voltage (rms volts) 277
Actual Luminaire Voltage (rms volts) 277
Ballast Type Constant Wattage Autotransformer (CWA)
Area Cleaning Period (years) 2
Operating Hours per Lamp Start (hours) 10
Operating Hours per Year (hours) 2,600
Re-lamp/Luminaire Cleaning Cycle (operating hours) 12,000
Unit Luminaire Cost (w/o lamp) $150

Unit Lamp Cost

$30 (400W) T, $35 (200W, 350W)

+- Quantities that differ from scenario #1, section 4.2
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The term universal burn means that this lamp may be successfully operated in any physical
orientation, making it attractive from a purchasing and stocking perspective. This less expensive
lamp has an initial cost which is approximately $5 less than the 400W MH lamp used in the
original example of section 4.2 [37]. The new 400W MH lamp has the same life rating as the
higher-output lamp, however it has an initial output rating of 36,000 lumens and a mean lumen
rating of 23,000, both of which are significantly lower than the ratings of the more expensive
400W lamp originally used [38]. The design process was repeated and compared to the designs
presented in section 4.2, however for reasons of brevity only the key elements and results are

presented. Figure 5-1 presents the most attractive designs based upon the new criteria.

The primary difference between the design results presented in Figure 5-1 and those of Figure 4-
1 is that the 400W MH designs have been supplanted by designs using the 350W products from
both energy consumption and LCC perspectives. Recall that the 350W MH designs were
originally ranked below the higher (lamp) output 400W designs in the lists shown in Figures 4-5
and 4-6. Referring to Figure 5-2, the impact of employing the less expensive, lower output
400W MH lamp is more clearly demonstrated. Due to the reduced initial and mean lamp output
levels the most preferable 400W MH designs have gone from the most favorable, as was the case
in section 4.2, to the tenth position (and below) with regard to LCC. In the case of power
consumption the comparison is even more striking as shown in Figure 5-3. Under these
circumstances the designs using 400W luminaires with lower output lamps have become the
most inefficient of all designs. Installing 400W luminaires at a mounting height of 28 feet which
are equipped with the lower cost standard lamp has increased the projected power consumption

from 7,328 watts, as shown in Figure 4-1, to 13,740 watts - an increase of 87.5%. The proposed
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layout using the 350W luminaires at a mounting height of 28 feet (design A) is shown in Figure

5-4. Again utilizing the LitePro” analysis software, the layout may be evaluated as shown in

Figure 5-5.
Floor Width (feet) 50 Cost of Energy ($/kW-Hr) 0.07
Floor Depth (feet) 100 Annual Interest Rate (percent) 5
Ceiling Height (feet) 40 Annual Inflation Rate (percent) 4
Work Plane (feet) 3 Hourly Maintenance Rate ($/Hr) 50
Min. Mounting Height (feet) 28 Time Required for Service (Hr) 0.5
Max. Mounting Height (feet) 37 Hourly Installation Rate ($/Hr) 100
Design Levels 10 Time Required for Install (Hr) 1
Ceiling Reflectance (percent) 50 Additional Material Cost ($) 20
Wall Reflectance (percent) 50 Time Required for Scrap (Hr) 0.5
Floor Reflectance (percent) 20 Lighting / HVAC Ratio 3
Cleanliness of Area 3 Economic Life of Project (Yrs) 10
[lluminance Requirement (fc) 30 Relamp Cycle (Hrs) 12000
Hours per Lamp Start 10 Luminaire Cleaning Cycle (Hrs) 12000
Operating Hours per Year 2600 Cleaning Mat'l Charge ($/luminaire) 2
Rated Voltage (Vrms) 277
Actual Voltage (Vrms) 277
Ballast Type CWA
Area Cleaning Interval (months) 24
Would you like the display the 3 most energy efficient designs? [ N for no]
Lamp Power 350 350 350
Lamp Type MH MH MH
No. of Luminaires 20 20 21
Mounting Height 28 29 30
LLF 0.3509 0.3506 0.3503
Coef. of Util. 0.5951 0.5864 0.5778
Total Power (W) 8000 8000 8400
LCC $27307.54 $27307.54 $28672.91
Design ID A B C
Would you like the display the 3 most cost effective designs? [ N for no]
Lamp Power 350 350 350
Lamp Type MH MH MH
No. of Luminaires 20 20 21
Mounting Height 28 29 30
LLF 0.3509 0.3506 0.3503
Coef. of Util. 0.5951 0.5864 0.5778
Total Power (W) 8000 8000 8400
LCC $27307.54 $27307.54 $28672.91
Design ID D E F

Figure 5-1: Results Generated by IMASTERG?2 for Industrial Scenario #1 w/ Lamp Modification
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PWR LVL(W)

350
350
350
350
350
350
350
350
350
350
400
400
400
400
200

LAMP

= e e b e e e e e e e e e

QTY. MTG. HGHT

20
20
21
21
21
21
22
22
22
23
30
30
31
31
48

28
29
30
31
32
33
34
35
36
37
28
29
30
31
28

LLF

0.35088
0.3506

0.35032
0.35005
0.34977
0.34949
0.34922
0.34894
0.34866
0.34857
0.23917
0.23898
0.23879
0.2386

0.26127

LCC

27308
27308
28673
28673
28673
28673
30038
30038
30038
31404
44538
44538
46022
46022
46966

Lamp Modification

Figure 5-2: Ranked Summary (partial) of Designs Based upon LCC — Industrial Scenario #1 with

PWR LVL(W)

350
350
350
350
350
350
350
350
350
350
200
200
200
200
200
200
200
200
200
200
400
400

LAMP

A e e e ek bk e b ek ek ek e b e bk e b e ek ek ek ek

QTY. MTG. HGHT

20
20
21
21
21
21
22
22
22
23
48
49
50
50
51
52
53
54
54
55
30
30

28
29
30
31
32
33
34
35
36
37
28
29
30
31
32
33
34
35
36
37
28
29

LLF

0.35088
0.3506

0.35032
0.35005
0.34977
0.34949
0.34922
0.34894
0.34866
0.34857
0.26127
0.26106
0.26085
0.26065
0.26044
0.26023
0.26003
0.25982
0.25962
0.25955
0.23917

TOTAL POWER (W)

8000
8000
8400
8400
8400
8400
8800
8800
8800
9200
11136
11368
11600
11600
11832
12064
12296
12528
12528
12760
13740
13740

Figure 5-3: Ranked Summary of Designs Based upon Power Demand — Industrial Scenario #1
with Lamp Modification
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Figure 5-4: Industrial Scenario #1 with 350W Luminaire, Design A, Layout C
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To satisfy the lighting project requirements one may chose to use the 20 luminaires equipped
with 350W MH lamps versus the 16 luminaires equipped with the higher-output 400W MH
lamps for the original design of section 4.2. Table 5-2 presents the key differences between the
two alternatives with the 400W data originally presented in section 4.2. These differences can be
traced to the additional four luminaires that would be required which would increase the energy
consumption by approximately 9.2% even though the unit luminaire input power requirement is
reduced. The LCC for the lighting project will increase by $3,325 and the projected gain in

maintained illumination levels would only be 2.0 footcandles.

Table 5-2: Comparison of Preferred 400W (section 4.2) and 350W (section 5.1) Designs
MH Lamp Luminaire Qty. Total Power (W) LCC [lluminance (fc)
400W (44k lumen) 16 7328 $23,983 29.7
350W (37k lumen) 20 8000 $27,308 31.7
Change +25% +9.2% +13.9% +6.7%

Another possible approach would be to install luminaires based upon the lower output 400W
lamp. If the lower cost 400W MH lamp were selected, the results is 30 - 400W luminaires would
be required as illustrated in Figure 5-6. Note that the maintenance and lamp replacement
intervals are the same originally specified in scenario #1. A simulation of this design was
performed and the key outcomes for both this design and the 400W higher output design (section

4.2) are summarized in Table 5-3.

By selecting the 36,000 lumen 400W MH lamp to satisfy Industrial Scenario #1 the result is a
substantial amount of wasted energy, not to mention wasted money. Due to the lower initial
lumen output and lower LLF based upon project maintenance requirements (0.23917 in Figure 5-

2 versus 0.35988 in Figure 4-5), the luminaire requirement increases by 14 or +87.5%. As
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mentioned previously the power and therefore energy consumption increases by the same

percentage, and along with other financial adjustments associated with the change combines to

increase the LCC by 85.7% or $20,555.
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Figure 5-6: Industrial Scenario #1 with 400W Lower Output Lamp, Design A, Layout B

Table 5-3: Comparison of Preferred 400W (section 4.2) and 400W (section 5.1) Designs

MH Lamp Lurgi;alre Total Power (W) LCC [lluminance (fc)
400W (44,000 lumens) 16 7328 $23,983 29.7
400W (36,000 lumens) 30 13,740 $44,538 31.8

Change +87.5% +87.5% +85.7% +7.1%
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5.2 Impact of Ballast Selection

As stated in section 3.7, the choice of ballast has an impact upon the overall LLF which affects
the number of luminaires that are needed to satisfy a lighting application. Ballast line-side
regulation plays an important role as expressed by Equations 2.5, 2.6 and A.4 which is located in
Appendix A. Regulating ballasts (CWA and MR) have relatively high power losses, but do not
allow lamp output levels to drop as greatly under low supply voltage conditions as do the more
electrically efficient reactor (RX) ballasts. So, the tradeoff between RX and regulating ballasts
can be summarized as high efficiency versus supply voltage variation tolerance. The other key
loss factor associated with ballast selection is the rate of lamp lumen depreciation (LLD)
exhibited by lamps operated by various ballast configurations. As discussed in section 3.2, data
taken from the Rector Field House on the campus of Virginia Tech over the period from May
1998 until May 2002 suggests that LLD is improved in 400W MH lamps when operated using
MR ballasts [2]. This improvement, which has been incorporated into the software developed to

facilitate this research, is governed by Equations 3.6, 3.7 and 3.8.

To illustrate the impact of ballast selection upon lighting project efficiency and LCC, the same
application (scenario #1) will be recalculated using both CWA and MR ballasts and 400W MH
sources. The specifications for this application are outlined in Table 4-1 with the only difference
being that both ballast types (CWA and MR) will be considered and it will be assumed that there
is a $100 per unit luminaire premium for usage of the MR ballast. The design results for the
luminaires equipped with CWA ballasts were previously presented in Figure 4-1, and the
comparable results for luminaires equipped with MR ballasts is presented in Figure 5-7. The

preferred layout based upon Design A using MR ballasts is presented in Figure 5-8.
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Floor Width (feet)

Floor Depth (feet)

Ceiling Height (feet)

Work Plane (feet)

Min. Mounting Height (feet)
Max. Mounting Height (feet)
Design Levels

Ceiling Reflectance (percent)
Wall Reflectance (percent)
Floor Reflectance (percent)
Cleanliness of Area
[lluminance Requirement (fc)
Hours per Lamp Start
Operating Hours per Year
Rated Voltage (Vrms)

Actual Voltage (Vrms)
Ballast Type

Area Cleaning Interval (months)

50
100
40
3
28
37
10
50
50
20

3
30
10
2600
277
277
MR
24

Cost of Energy ($/kW-Hr)
Annual Interest Rate (percent)
Annual Inflation Rate (percent)
Hourly Maintenance Rate ($/Hr)
Time Required for Service (Hr)
Hourly Installation Rate ($/Hr)
Time Required for Install (Hr)
Additional Material Cost ($)
Time Required for Scrap (Hr)
Lighting / HVAC Ratio
Economic Life of Project (Yrs)
Relamp Cycle (Hrs)

Luminaire Cleaning Cycle (Hrs)

Cleaning Mat'l Charge ($/luminaire)

Would you like the display the 3 most energy efficient designs? [ N for no]

Lamp Power
Lamp Type

No. of Luminaires
Mounting Height
LLF

Coef. of Util.
Total Power (W)
LCC

Design ID

400

MH

14

28

0.4224

0.5951

6510

$22385.41
A

400

MH

14

29

0.4221

0.5864

6510

$22385.41
B

Would you like the display the 3 most cost effective designs? [ N for no]

Lamp Power
Lamp Type

No. of Luminaires
Mounting Height
LLF

Coef. of Util.
Total Power (W)
LCC

Design ID

400

MH

14

28

0.4224

0.5951

6510

§$22385.41
D

400

MH

14

29

0.4221

0.5864

6510

§$22385.41
E

0.07

50
0.5
100
20
0.5

10
12000
12000

400

MH

14

30

0.4217

0.5778

6510

$22385.41
C

400

MH

14

30

0.4217

0.5778

6510

§$22385.41
F

Figure 5-7: Results Generated for Industrial Scenario #1 with MR Ballast
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Figure 5-8: Industrial Scenario #1 with 400W MR Ballast, Design A, Layout D

Luminaires that utilize MR ballasts typically exhibit a cost which is greater than those equipped
with CWA ballasts. MR ballasts are larger and heavier than CWA and RX ballasts at equivalent
lamp power levels. This drives up overall product costs, which in addition to the improved line-
side regulation and perceived improvements in LLD has resulted in the elevation of luminaires
equipped with MR ballasts to a premium status level. The major difficulty that luminaires

equipped with MR ballasts have had to overcome in the marketplace is one of increased
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acquisition cost over those luminaires equipped with other line frequency ballast types,
specifically CWA. The results presented in Figure 5-7 indicate that if the lighting project were
to utilize MR ballasts, the number of luminaires could be reduced and the LCC would actually be

less than if standard ballasts were used.

Table 5-4 summarizes the results of this analysis comparing designs using the two ballasts types.
The higher (improved) projected LLF of the MR equipped units resulted in a net reduction in the
number of luminaires needed to meet the illuminance requirements based upon the same
maintenance schedule. Luminaire quantity was reduced by 12.5% resulting in an energy demand
reduction of 11.2%. Note that the power requirements of the two ballasts types differ by 7 watts
(CWA —458W, MR — 465W) [39]. Even considering the incremental acquisition cost associated
with MR luminaires, the projected LCC calculations favor the design utilizing the more
expensive lighting products projecting a LCC savings of 6.7%. In addition, under the same
operating and maintenance conditions, the installation of a fewer number of luminaires in the
case of those equipped with MR ballasts, results in an average maintained illuminance level

increase of 4.7% over the case where more luminaires equipped with CWA ballasts are

employed.
Table 5-4: Comparison between 400W CWA and MR Designs
MH Lamp/Blst | Luminaire Qty. Total Power (W) LCC [lluminance (fc)
400W CWA 16 7328 $23,983 29.7
400W MR 14 6510 $22,385 31.1
Change -12.5% -11.2% -6.7% +4.7%
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5.3 The Impact of Lighting Maintenance

As discussed previously, the design of a lighting system, particularly for general lighting
applications, is dependent upon the performance of lamps and luminaires over time.
Conventional practice is to perform lighting designs based upon the group replacement of lamps
and the cleaning of luminaire optical assemblies on a pre-determined schedule. In the cases
where luminaires are difficult to reach, which is commonplace in industrial installations, the

cleaning typically only occurs when lamps are replaced.

5.3.1 Lighting System Design and Maintenance

As an example of how lighting maintenance, which in this case refers to lamp replacement and
luminaire cleaning, affects the design of a lighting system, the industrial lighting scenario #1
(section 4.2) will again be used. This particular scenario is based upon a 400W MH lighting
system in a moderately dirty industrial environment. It is a single-shift, year round application
requiring illumination 10 hours per day, 5 days per week. The luminaires are scheduled to be
cleaned and re-lamped every 12,000 hours (55 months) whereas the actual work area is cleaned
on a 24 month basis. This data results in an LLF of 0.3599 which is illustrated in Figure 5-9. In
contrast, the plot of Figure 5-10 illustrates the same conditions as that of Figure 4 with the
exception that the luminaires are cleaned and re-lamped every 24 months. This change in
maintenance schedule results in a projected LLF of 0.5976, meaning that the number of
luminaires may be reduced and still meet the illumination requirements. The impact upon the
LCC of the project is substantial in that there is a projected savings of $7,788.45 which translates
to an LCC reduction of 32.5% relative to the original (12,000 hour re-lamp/cleaning)

maintenance schedule.
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Figure 5-10: Light Output Depreciation for Scenario #1, 24 Month Luminaire Maintenance
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Since the number of luminaires required for a lighting application is inversely proportional to the

LLF as shown in Equations 2.10 and 2.11, the determination of a relationship between the

improvement (increase) of LLF and the potential decrease in the number of luminaires that are

required for a particular lighting project may be derived. As illustrated in Table 5-5, the

reduction in luminaires is directly related to the amount of energy that can be saved.

Table 5-5: Energy Profiles and LCC based upon Different Maintenance Schedules — Scenario #1

Maintenance Schedule (re-lamp/clean luminaire) 55 months 24 months Difference
Light Loss Factor (LLF) 0.3599 0.5976 0.2377
Luminaires Required 16 10 6
Luminaire Input Power (W) 458 458 -—-
Total Lighting System Power (W) 7,328 4,580 2,748
Operating-Hours per Year 2600 2600 ---
Annual Energy Consumed by Lighting (kW-Hrs) 19,053 11,908 7,145
Annual Lighting Energy Cost @ $0.07 / kW-Hr $1,333.71 $833.56 $500.15
Life-Cycle Cost ($) $23,983.32 | $16,194.87 $7,788.45

An equation approximating the relationship between change in luminaire quantity and change in

LLF is shown as Equation 5.1.

NL,

LLF,

N

NL,  LLF,

(3.57)

The value of the original (lower) loss factor is LLF; and the improved loss factor is LLF,.

Likewise, the number of luminaires required in the first case is NL; and the reduced number of

luminaires is identified as NL,. To illustrate the relationship, take a maintenance schedule and

set of operating conditions that results in a minimum light loss factor of 0.6 (LLF; = 0.6). In this

example the number of luminaires required based upon a maintained illumination level which is

dictated by LLF is arbitrarily defined as 100 (NL; = 100). If the recoverable loss factors are

now altered due to more frequent lamp replacement and luminaire cleaning, the total minimum
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light loss factor will be increased, which for this example is arbitrarily chosen to be 0.7 (LLF, =
0.7). Substituting these values into Equation 5.1 and solving for the new luminaire quantity
(NL,) we see that this reduced quantity is 86 luminaires (NL, = 86) noting that the revised
number of luminaires needs to be rounded up to the next higher integer value. For this example
an increase of LLF of 0.1 yields a 14% reduction of required number of luminaires and therefore
a 14% reduction in the amount of energy usage. Figure 5-11 presents data generated using the

relationship of Equation 5.1 based upon various values of initial light loss factors.
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Figure 5-11: Potential Energy Savings (reduction) vs. LLF Improvement Based upon Reduced
Luminaire Quantity
The results presented in Figure 5-11 may be used in the lighting design process to determine the
number of luminaires needed for a given project based upon maintenance schedule. Using the
same lighting project that was used as the basis of the results shown in Table 5-5 (Scenario #1),

the design process is repeated and the maintenance schedule varied so that a relationship between
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the number of luminaires that are required and the service intervals may be obtained. The results
of this analysis are presented in Figure 5-12. The stair step appearance of the curve is a result of

the requirement for an integer number of luminaires.

Number of Luminaires Required

0 10 20 30 40 30 60
Group Re-lamp/Cleaning Cycle (months)

Figure 5-12: Luminaires Required vs. Re-lamp and Luminaire Cleaning Cycle (Scenario #1)

The total cost of the energy associated with the lighting project as a function of the group re-

lamping and cleaning cycle displays the same characteristic shape as the relationship of Figure 5-
12. This cost, which is based upon an energy rate of $0.07 per kilowatt-hour, is shown in Figure
5-13. The cost of maintenance over the life of the project versus the variable luminaire servicing

(re-lamp/cleaning) cycle is shown in Figure 5-14.
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Figure 5-13: Lighting Project Energy Cost vs. Re-lamp/Luminaire Cleaning Cycle (Scenario #1)

By combining all of the financial data with the ability to reduce the luminaire count a plot of the
LCC versus maintenance interval may be obtained, which for this scenario is shown in Figure 5-
15. The result of this analysis is that the minimum LCC is attained when the design is based
upon all lamps being replaced and luminaires cleaned every 19 months, which in this particular
case is an LCC of $15,114.67. This result is significant because group re-lamping in this case
would be performed after only 4,117 operating hours which is only 20.6% of rated lamp life, and
conventional practice is to performing lighting designs based upon lamps being replaced much

less frequently - 50% to 70% of rated lamp life [7],[40].
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Project Maintenance Costs ($1000's)
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Figure 5-14: Cost of Maintenance vs. Re-lamp and Luminaire Cleaning Cycle (Scenario #1)

The data presented in Figure 5-12 through Figure 5-15 was created by way of a new program

that replaces the master design program presented in Appendix A. In this case, the new program

(MHANLZG?2) repeatedly calls on the programs that were originally called by the master design

program, incrementing through the luminaire servicing intervals. Luminaire layouts are not

performed since this would significantly slow execution, however possible layouts may be

verified as feasible for a given number of luminaires after the maintenance interval is selected.

As design tools, the analysis programs MHANLZG?2 and the HPS counterpart HPSANLZG2,
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may be used to determine an optimal project service cycle which not only will minimize project

costs, but also reduce energy consumption.
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Figure 5-15: Lighting Project LCC vs. Re-lamp/Luminaire Cleaning Cycle (Scenario #1)

5.3.2 Lighting System Design and Lamp Family

Using the design requirements of Scenario #3 (large area), which are outlined in Table 4-4, a
similar analysis to that presented in section 5.3.1 is performed comparing the use of MR
ballasted 400W HPS and MH sources with respect to lighting system maintenance. Figure 5-16

illustrates the number of luminaires that would be required to satisfy this lighting application as a
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function of re-lamping and luminaire cleaning intervals for designs using 400W MH and HPS

sources.
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Figure 5-16: Luminaires Required vs. Re-lamp/Cleaning Cycle (Scenario #3)

The fundamental observation when studying the plot of Figure 5-16 is that the quantity of MH
luminaires required is consistently greater than the quantity of HPS luminaires that would be
required for a specific maintenance interval. One reason for this is that the 400W MH lamp
generates 13.7% fewer rated (initial) lumens than does the 400W HPS lamp. Another reason is
that the LLF associated with the MH luminaire decreases at a greater rate which leads to a
greater rate of increase of the number of luminaires that are required. Since the amount of
energy needed to achieve the desired lighting results is directly related the number of luminaires
installed, the MH luminaires become less and less attractive economically as the maintenance

interval is increased when compared to the HPS alternative.
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This strategy may also be applied to a LCC analysis as the maintenance interval may be varied
resulting in a varying luminaire requirement which provides a changing LCC profile. Figure 5-
17 illustrates the impact of maintenance schedule upon the lighting project LCC. The use of the
400W MH luminaires will result in higher project costs due to increased luminaire quantities and
energy usage. What is most interesting however, are the points at which minimum LCC occurs
in both cases. For this lighting application, when using the MH luminaires the lower LCC results
occur when the luminaires are serviced every 5 to 15 months. In the case of the HPS designs,
maintenance intervals between 5 and 20 months provide relatively low LCC values. The
maintenance intervals at which the minimum points of the two curves occur are presented in

Table 5-6.
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Figure 5-17: LCC vs. Maintenance Interval (Scenario #3)
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Table 5-6: Maintenance Interval Yielding Minimum LCC (Scenario #3)

Luminaire / Source Metal-Halide HPS
Maintenance Interval (months)

L 8 11
(re-lamp / clean luminaire)
Luminaires Required 40 37
Minimum LCC ($) $239,485.07 $211,853.96

As stated previously, it is customary to schedule group re-lamping and luminaire cleaning based
upon economic lamp life - typically between 50% and 70% of rated lamp life. The 400W MH
lamp has a rated life of 20,000 hours, and if a re-lamp point of 70% of rated life was chosen,
which was the case in section 4.4, the results in the re-lamping and cleaning of luminaires every
14,000 hours. Based upon the operating schedule in the above example (scenario #3), at 7,280
operating hours per year, luminaire service would be performed every 23 months. Using this
maintenance scenario if the MH alternative was selected, 69 luminaires would be required and
the LCC of the lighting project would be $357,055.68, which are confirmed by the values

presented in Figure 4-27.

If the HPS alternative were selected and the same maintenance cycle were employed, the result is
that lamp replacements would be performed at 58.3% of rated lamp life since the 400W HPS
lamp has a rated life of 24,000 hours. As pointed out in section 4.4 this results in a LCC of
$245,449.16. However, if the maintenance schedule were adjusted in the case of the HPS option
to 70% of rated life, these luminaires would be serviced every 28 months, resulting in an even
greater LCC of $274,873.69 since the required luminaire count would increase from 46 to 52.
From the data used to generate the plot of Figure 5-17, the minimum LCC for both lamp types

may be extracted as shown in Table 5-6.

130




Figure 5-18 shows the energy consumption that can be directly attributed to the lighting system
(not including HVAC) in the case where the MH luminaires are used. The energy consumption
quantities for both the minimum LCC and standard maintenance practice are indicated as is the
amount of energy that could be saved over the life of the lighting project by performing the
lighting design based upon an eight month maintenance interval. In this example the potential

energy savings is 1472.56 megawatt-hours, or approximately 42%.
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Figure 5-18: Lighting Energy Consumption vs. Maintenance Interval for MH Luminaires
(Scenario #3)
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Figure 5-19 presents a similar argument based upon the selection of HPS as the lighting source.
In this case the reduction in energy consumption that may be realized is 481.57 megawatt-hours,

which is approximately 20%.
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Figure 5-19: Lighting Energy Consumption vs. Maintenance Interval for HPS Luminaires
(Scenario #3)
To approximate the reduction of energy consumption by the HVAC system an additional one-
third of the projected energy savings in Figures 5-18 and 5-19 could be realized using the
guideline of one watt of HVAC to three watts of lighting power, however this figure will

fluctuate based upon environmental conditions. If conditions warrant the use of air-conditioning
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there will be an HVAC energy savings due to the reduction in heat resulting from a reduced
number of luminaires. If however it is heating season, the reduced lighting load will result in
greater demand upon the heating system to replace the reduced heating contribution from the

lighting system.

5.4 Impact upon the Environment

The most significant environmental implications of this research may be placed in one of two
categories: the reduction of greenhouse gas levels, specifically CO,, due to decreased energy

demand, and the potential increase of available mercury due to more frequent lamp replacement.

5.4.1 Carbon-Dioxide (Greenhouse Gas) Impact

The reduction of CO, emissions has been a topic of discussion since the latter part of the 20"
Century [41]. General consensus is that a reduction in the generation of electricity by way of
fossil fuel combustion is the method that will result in the most immediate slowing of the build-
up of greenhouse gasses. Until alternative energy sources are developed to a scale sufficient to
significantly displace fossil fuels, the obvious course of action is to reduce energy consumption

thus reducing demand and consequently CO, emissions.

To illustrate the impact of improved lighting project design based upon more frequent servicing
consider again industrial Scenario #3. In the case where the MH products are used, if group
relamping is performed when the lamps functionally reach 70% of rated lamp life (14,000 burn-
hours), then group luminaire servicing will occur every 23 months. In the case of HPS usage,

selecting a re-lamping interval of 23 months translates to lamps achieving 58.3% of their rated
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life before replacement. However, if the re-lamp interval for the HPS case were adjusted so that
operating lamps were allowed to remain in service for 70% of their rated life, the result would be
lamp replacement every 28 months which would demand even more energy to satisfy the
lighting application. Figures 5-18 and 5-19 in section 5.3 illustrate the amounts of lighting
energy that is required over the life of the project based upon luminaire servicing interval for the
two lamp types. Figure 5-20 presents the projected amount of generated CO, which could be

avoided based upon energy savings achieved by the methods resulting from this research.
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Figure 5-20: CO, Emission Avoidance vs. Re-lamp/Cleaning Cycle (Scenario #3)

Each of the curves in Figure 5-20 represent the amount of CO, generation that would be avoided

if the number of luminaires were reduced relative to the number needed based upon reference re-
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lamp intervals. For example the MH curve, which is based upon a re-lamp interval of 23
months, indicates that by re-lamping/cleaning every 15 months and taking advantage of the
improved LLF and associated reduction of luminaire quantity, the generation of almost 1,100

metric tons of CO, may be avoided over the life of the lighting project.

A similar analysis may be performed using the 400 HPS curves presented in Figure 5-20. The
solid HPS curve is based upon the same application requirements as those investigated in
sections 4.4 and 5.3, a re-lamp/cleaning cycle of 23 months, which is the replacement of lamps
and associated luminaire cleaning based upon the 70% life point of the 400W MH lamp, or
58.3% of the rated lamp life of the 400W HPS lamp. The dashed HPS curve is based however
upon replacing the HPS lamps at a point corresponding to 70% of the rated life of the HPS lamp
which is 28 months under the described operating requirements. The reason for including both
HPS curves was to offer a direct comparison to the analyses of sections 4.4 and 5.3 between the
MH and HPS alternatives, which in this case are represented by the solid curves, as well as to
project the CO, avoidance as if HPS lamp life were the basis of the lighting design. As is the
case with the MH curve, as re-lamping/cleaning is performed more frequently the amount of
required lighting energy declines as a result of the need for fewer luminaires. However, in the
case of HPS the depreciation of lamp lumen output (LLD) is not as rapid as that of MH sources
resulting in less energy savings as servicing intervals are reduced. Using the 23 month lamp
replacement point as nadir for the solid HPS curve, the amount of CO, generation that can be
avoided by more frequent luminaire servicing may be easily obtained. The CO, avoidance of the
dashed HPS curve is based upon a reference of re-lamping occurring every 28 months, resulting

in a greater quantity of greenhouse gas reduction relative to the solid HPS curve.
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5.4.2 Mercury Impact

The practice of re-lamping and cleaning on a more frequent basis may have a positive impact
upon energy usage, CO, emissions, and overall lighting project cost (LCC); however it is natural
to ask if there are downsides to what appears to be a “win-win” lighting design strategy. The
most direct byproduct of more frequent lamp replacement would be the release of available
mercury into the environment. Available mercury in this case refers to that mercury which is
redistributed throughout the environment as a consequence of human action. It follows that
more lamps would need to be manufactured and disposed of to support more frequent group
relamping, leading to greater risks of lamp breakage which would liberate more available
mercury. Offsetting this apparently damaging argument against more frequent re-lamping would
be the reduction of mercury vapor resulting from the combustion of fossil fuels to provide the

needed electrical energy.

Figure 5-21 illustrates the mercury burden associated with a standard 400W MH lamp. This data
is based upon published lamp data from a leading lamp manufacturer as well as that presented in
a article published in 1993 in the Journal of the Illuminating Engineering Society [30] [43].
Through an analysis of varying forms of fossil fuels it was estimated that 54 nanograms of
mercury is released in vapor form for every watt-hour of electrical energy that is generated [30].
It should be noted that the lamp content amount is the liquid mercury that the lamp contains upon
original manufacture. During normal operation a portion of this mercury reacts with other lamp
materials and becomes unavailable for release or recycling. The longer a lamp is operated before

it is removed from service, the lower will be the amount of available mercury. That being said,
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the worst case scenario would be the disposal of a lamp containing the entirety of the original

mercury dose and therefore that amount will be used for future calculations and comparisons.
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Figure 5-21: Mercury Burden of a 400W MH Lamp (20,000 hour life)

The mercury which is unaccounted for in the process of lamp manufacture is an approximate
estimate being determined by mercury purchase data for the lamp industry over the period 1978
to 1987 [30]. It is noted in the source material that the correlation of the data to other markers
yielded an order of magnitude difference between the calculated per-lamp mercury loss quantity
and the anticipated value. However, since this manufacturing loss quantity is two orders of
magnitude less than the lamp content quantity it will be used with minimal impact upon the final
results.

Figure 5-22 presents the total mercury burden associated with the example lighting application

(Scenario #3) as a function of luminaire maintenance cycle when 400W MH luminaires are
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employed. The data presented illustrates that as the re-lamp/cleaning interval is reduced the
amount of electrical energy required falls which proportionally affects the mercury that is

vaporized as part of the fossil fuel based generation process.
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Figure 5-22: Mercury Burden vs. Re-lamp/Cleaning Interval over Project Life using 400W MH
Luminaires (Scenario #3)
In Figure 5-22 as this maintenance interval decreases the amount of mercury directly associated
with the lamps increases since the lamps, of which there are fewer, are disposed of on a more
frequent basis. The total mercury burden is the summation of these two curves and indicates that
the overall burden is lowest for this lighting application when the luminaires are serviced every 7

to 10 months. The minimum total burden, which is 180.84 grams of mercury, occurs when the
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project is designed based upon a re-lamp cycle of 8 months. If the re-lamp cycle were 23

months, which would be the 70% rated lamp life interval, the total burden would be 273.02

grams of mercury. Thus by reducing the luminaire service interval from 23 to 8 months a

mercury load reduction of 42% could be achieved. These figures are summarized in Table 5-7.

Table 5-7: Mercury Burden over Life of Lighting Project using MH Luminaires (Scenario #3)

Reduction
Maintenance InterV.aI (months) 23 ] 652%
(re-lamp/clean luminaire)
Luminaires Required 69 40 42.0%
Total Mercury Burden (grams) 273.02 180.84 33.8%

A like analysis is performed as if 400W HPS luminaires were used for the example lighting

application. Figure 5-23 shows the mercury allocation for a 400 W HPS lamp.
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Figure 5-23: Mercury Burden of 400W HPS Lamp (24,000 hour life)
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When comparing this plot to that of Figure 5-21 it should be noted that HPS lamps have less
mercury than do equivalently sized (power level) MH sources, however in this example the
power demand of a 400W HPS luminaire is slightly greater than that of the 400W MH luminaire.
Add to this the fact that the HPS has a greater projected lamp life than the MH lamp (24,000
hours vs. 20,000 hours), the result is a greater mercury operating fossil fuel based energy
emission burden over the life of the lamp. Figure 5-24 illustrates that as the re-lamp/service
interval is shortened the amount of electrical energy required reduces as does the mercury which

is vaporized resulting from electrical energy generation.
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Figure 5-24: Mercury Burden vs. Re-lamp/Cleaning Interval over Project Life using 400W HPS
Luminaires (Scenario #3)
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As was the case with the MH system, as this interval decreases the amount of mercury directly

associated with the lamps increases since the lamps, of which there are fewer, are disposed of on

a more frequent basis. The total mercury burden curve indicates that the minimum overall

burden for this application occurs when the luminaires are re-lamped and cleaned somewhere in

the range of every 4 to 5 months. The minimum total burden, which is 142.64 grams of mercury,

occurs when the project is designed based upon a re-lamp cycle of 4 months. If the re-lamp

cycle were 28 months, which would correspond to 70% of rated 400W HPS lamp life, the total

burden would be 203.826 grams of mercury. Therefore, by reducing the luminaire service

interval from 28 to 4 months a mercury load reduction of 30% could be realized, a summary of

which is given in Table 5-8.

Table 5-8: Mercury Burden over Life of Lighting Project using HPS Luminaires (Scenario #3)

Reduction
Maintenance Inter\{al (months) o 4 85,79
(re-lamp/clean luminaire)
Luminaires Required 52 33 36.5%
Total Mercury Burden (grams) 203.83 142.64 30.0%
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6 Conclusions and Recommendations for Future Research

6.1 Summary and Conclusions

The goal of this research was to investigate methods for the saving of energy and, consequently,
the reduction of negatively impacting environmental effects resulting from the generation of
electrical power. As it pertains to general area industrial lighting applications, the results of this
research indicate that significant reductions in the consumption of electrical energy and the
associated generation of carbon dioxide may be reduced by way of more efficient lighting
designs. These more efficient industrial lighting designs are projected through reductions in
luminaire quantities resulting from life-cycle projections of both economic and photometric
performance. These analyses were facilitated by the creation of lighting design software which
provides multiple designs based upon variations of lamp type, lamp power level, ballast type,
luminaire type, luminaire mounting height and frequency of group luminaire maintenance. The
realization of these more energy efficient lighting designs is achieved through the application of
two original non-conventional layout algorithms. Methods presented for the reduction of

luminaire quantities, as supported by this research, fall into three categories:

1. This initial category focuses upon increased flexibility in lighting design through the use
of variable industrial luminaire mounting heights. Simulations performed using the
developed software suggest that for a specific lamp (type and power level), ballast (type),
and optical assembly combination (luminaire) - the lower the mounting height, the fewer
luminaires are needed to provide equivalent levels of horizontal illumination upon the

work plane. This statement is qualified by the constraint that the spacing criteria is not
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violated and that a vertical illumination requirement is not tied to the performance

specification.

The second category is the investigation of different lamp and ballast types in the design
process. Often, based upon a specific color preference, mounting height requirement, or
simply lighting product availability, possible lighting solutions are ignored which could
significantly reduce overall lighting project costs and energy consumption levels. Results
of the research indicate that it is not always the highest output lamp which offers the
greatest value, just as it is not the least expensive ballast that offers the lowest overall
lighting project costs. Results from testing performed at the Rector Field House on the
campus of Virginia Tech indicate that significant reductions in LLD may be realized
through the use of MR ballasts [2]. Using these results as a part of the software model it
is demonstrated that the improved LLD due to the use of MR ballasts provides for
significant improvement in LLF, which subsequently allows for lighting designs which

are more cost effective and electrically efficient.

The final category, which delivers projections that are significant in terms of the
reduction of energy consumption and LCC, is simply an increase in the frequency of
lighting system maintenance including group re-lamping and luminaire cleaning.
Industry practice with regard to luminaire maintenance in discharge lighting systems
revolves around either spot maintenance, which is not addressed by this research, or
group luminaire re-lamping/cleaning, which is the basis for LLF calculations used in the

design process presented in this dissertation. Those loss factors contributing to the
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overall LLF that may be recovered as a result of improved maintenance offer the
opportunity of significant economic and environmental savings. The concept of
recovering a portion of a luminaire’s output is common knowledge throughout the
industrial lighting industry, however the economic and environmental significance of
these improvements has either never been researched to the extent presented herein, or
the results of such analyses have never been made public. Even with the recycling of a
greater number of mercury-containing discharge lamps resulting from more frequent
lamp replacements, when compared to the emissions of the metal as a result of fossil fuel
power generation, the environmental benefits in the majority of cases will outweigh any

perceived detriments.

Worth noting is that the industrial lighting system model developed for this research does not
include certain aspects of illumination design which are becoming more frequently incorporated
into indoor lighting applications. For example, the use of natural light (daylighting) to
supplement artificial lighting has been popular for many years. However, with regard to
industrial lighting applications the standing IES recommendation is that designs should not rely
upon daylighting where task illuminance is required [5]. The obvious reasons for this statement
are that natural lighting is unpredictable during daylight hours, and non-existent between sunset
and sunrise. Since industrial facilities are generally required to be flexible with regard to hours
of operation, the reliability and availability of natural light to provide a portion of needed

illumination is a problem.
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On the other hand, an opportunity is afforded by the use of lighting controls and dimmable
luminaires through which significant amounts of energy can be saved during those periods when

daylight can be harvested.

Another energy saving strategy employed in industrial lighting applications is the dimming of
HID luminaires through the use of occupancy sensors. HID systems that utilize CWA ballasts
equipped with switchable, dual-value capacitors provide the ability to significantly reduce lamp
power levels through the alteration of ballast impedance when full illumination levels are not
required. This would be the case when areas of a facility are uninhabited for extended periods

of time.

The results of this research indicate that in contrast to standing industry recommendations for re-
lamping, more frequent HID lamp replacement coupled with a reduction in the number of
installed luminaires will retard the degradation of the environment, both from a greenhouse gas
perspective as well as that of overall mercury load (emissions and disposal). The reduction in
the generation of CO, due to a reduction in industrial lighting energy consumption is a
straightforward calculation. As pointed out in the emission analysis of the third lighting
application scenario presented in section 5.4.1, in the case where 400W MH luminaires are used
between 1300 and 1400 metric tons of CO, generation could be avoided over the life of the
project by reducing the quantity of luminaires through the performing of maintenance on an
annual basis (12 months vs. 23 months). The period of 23 months being the 70% of rated lamp

life recommended re-lamp interval.

145



One question arises concerning the more frequent disposal of lamps containing mercury, which
is currently a topic of significant social interest. Again referring to the analysis of the data
presented in section 5.4.1, in all maintenance scenarios other than those involving group lamp
disposal being performed every 4 months or less, any increase in mercury released into the
environment by way of more frequent lamp disposal is more than offset by the reduction of fossil
fuel born mercury emissions resulting from the usage of fewer luminaires. The amount of
mercury released into the environment through lamp disposal should continue to be reduced
through the increase of lamp recycling activity throughout the country. In fact, among
environmentally conscious groups, a goal is that there will come a time when all lamps
containing mercury will be recycled rather than disposed of, allowing for the near 100%
reclamation of the pollutant. This change in the way discharge lamps are handled upon

replacement should further support the practice of re-lamping on a more frequent basis.

The software developed for this research has in all cases proven to be accurate as supported by
direct comparisons with designs rendered by a commercially available lighting design program.
In certain instances the designs generated by the software created for this research outperformed
the designs offered by the commercial design program from both photometric and energy
efficiency perspectives. The proposed layout algorithms, which allow for the realization of
luminaire layouts using reduced luminaire quantities, will hopefully provide lighting industry

with a basis for reevaluating the way in which indoor lighting layouts are determined.

The ongoing evolution of light sources including solid-state technologies (LED), reduced

diameter fluorescents, and MH lamps utilizing ceramic arc tubes offer various improvements in

146



the areas of lumen depreciation, life, and efficacy, all which have found or are finding their way
into the marketplace. The concepts presented in this body of work should translate, either
directly or with revision, to these new technologies as they are applied to industrial lighting
applications since many of the factors affecting lighting system performance (life, LLD, dirt) are

universal.

Regardless of the endeavor, the justification for recommending changes to what is considered to
be conventional practice is generally the disclosure of what will be improved as a result of these
changes. In the case of this dissertation the projected benefits realized through the reduction in
the number of luminaires installed in an industrial facility are the reduction in the consumption
of energy, project LCC, and certain environmental hazards. However, seemingly positive
changes in policy and procedure are often accompanied by the increase or creation of other
negative issues. With regard to the recommendations presented in this document, two issues
come to mind. First is that the reduction in the number of luminaires results in greater impact
upon maintained illumination levels resulting from premature lamp or ballast failure. If fewer
luminaires are installed the failure of a single luminaire will have a greater impact upon the
reduction of both overall and close proximity illumination levels. This problem can be amplified
if there are significant mechanical obstructions in the vicinity. Second, the relatively long
service life of HID lamps and associated maintenance intervals has been a key marketing point
since their introduction. Many end-users may not choose to take advantage of the benefits of
more frequent maintenance for various reasons which may include the availability of
maintenance personnel, or the maintenance challenges encountered within industrial facilities

which operate on a 24 hours per day, 365 day per year schedule.
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There will always be applications that will not allow certain lamps due to color requirements, or
that will not accept certain ballasts due to electrical service conditions such as line voltage dips
and brown-out events. There will be projects that only permit certain luminaire mounting
configurations making a layout using a reduced quantity of luminaires difficult if not impossible.
However, there are many industrial lighting applications that will tolerate some or all of the
changes suggested by this research, and these changes should lead to significant cost reductions

for the end-user in addition to reduced stress upon our planet’s environment and energy reserves.

6.2 Recommendations for Future Research

This research focuses upon the specific but regularly encountered general area HID indoor
lighting application — the industrial facility. Future research should be performed by way of
expanding these concepts to outdoor lighting applications. Outdoor lighting design is quite
different from indoor design for a number of reasons, one of which being that the zonal cavity
method does not apply. However, the economic model to determine LCC could be used as a

template to develop similar tools for studying various outdoor lighting applications.

Another area that invites similar study is the indoor lighting application employing fluorescent
luminaires. Many industrial as well as virtually all commercial lighting projects utilize these
lighting products, and although there are similarities between the fluorescent and HID cases,
there are also a number of differences requiring modifications to the lighting system model
presented in this dissertation. Design by way of the zonal cavity method is common in
fluorescent lighting applications, however the differences in the photometric distributions of HID

and fluorescent luminaires are, in general, prohibitive for the utilization of the layout algorithms
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presented herein. New layout algorithms could be developed to possibly allow for the realization

of reduced luminaire quantities and associated reductions in financial and environmental factors.

The effect of artificial lighting upon HVAC costs was treated throughout this research by way of
an incremental energy cost based upon a simple ratio. This is a worst case scenario in that under
certain circumstances the effect of electric indoor lighting upon HVAC costs may be positive.
When heating is required in a facility the lighting raises the ambient temperature, thus reducing
the amount of additional energy needed to heat the space. Enhancements to the model presented
would be the incorporation of a more realistic method for projecting HVAC energy costs or

savings as a function of environmental conditions.

The lighting system model presented does not account for obstructions in the industrial area
being illuminated. This is an aspect of lighting design which can greatly affect the quantity and
placement of luminaires that are needed because obstructions can substantially affect the ability
of a lighting design to provide adequate illumination. Future models should be developed
incorporating design techniques which will account for obstructions and other site-specific
design considerations. Also, the use of grid-type ceilings is not addressed by this research since
this scenario may significantly limit flexibility of design layouts which will consequently place
constraints upon the number of luminaires that can be removed. This situation restricts a direct
utilization of the presented layout concepts in certain commercial and institutional applications.
Modifications to the layout algorithms could provide a more appropriately structured model for

translation into these lighting application environments.
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Appendix A — Software Implementation

What follows is the disclosure of the function of the programs written using the MATLAB®
software package in support of this research. These programs, or M-files as they are commonly
referred to, were created to determine the quantity and positioning (layout) of luminaires to
satisfy an industrial lighting requirement using a pool of lamp, ballast, and photometric options.
This software will also facilitate the determination of the most energy efficient and cost effective
designs for an industrial lighting application based upon various luminaire options and
maintenance scenarios. Rather than enclosing the actual programs as part of this manuscript, the
detailed description of each program is presented to facilitate future software development
sparked by the results of this research. Figure A-1 provides and overview of the interaction

between the various programs with the lettered markers indicating the sequence of execution.

Master Design Program

IMASTERG?2 is the master design program which is the centerpiece of the lighting design
software developed in support of this research. Through the calling of other programs it
calculates the number and physical configuration of both MH and HPS industrial High-Bay and
Low-Bay luminaires needed to meet specific industrial lighting design requirements. At the
beginning of a new project, a data entry and storage program (LIGHTDATA) is called by the
master program allowing for the entry of the lighting application specifications listed in Table A-
1. Depending upon the lamp family being used in the design process, the master program routs
all of the necessary design information to one or both of the industrial design programs

(INDUSTRIALMHG?2 and INDUSTRIALHPSG?2).
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Figure A-1: Software Interaction Diagram
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Table A-1: Input Data and Variable Identification used by IMASTERG?2

Input Variable Identification Variable Name
Floor width (feet) aw
Floor depth (feet) ad
Desired work plane illuminance (footcandles) mill
Height of work plane (feet) wph
Height of ceiling (feet) rh
Maximum allowable mounting height (feet) mhx
Minimum allowable mounting height (feet) mhm
Ceiling Reflectance (percent) reflc
Wall Reflectance (percent) reflw
Floor Reflectance (percent) reflf
Cleanliness Factor (unitless) cinfct
Rated Luminaire Supply Voltage (Vrums) rvolt
Actual Luminaire Supply Voltage (Vrms) avolt
Ballast Type [CWA, Reactor, Magnetic Regulator] blstyp
Operating Hours per Start hrsprstrt
Operating Hours per Year hrspryr
Time Between Group Relamping (months) relamp
Time Between Work Area Cleanings (months) rmcin
Time Between Luminaire Cleanings (months) lumcin
Planned Life of Project (years) prijlife
Mounting Heights to Evaluate (positive integer) mntlvls

The results of the execution of these industrial design programs are returned to the master design
program in the form of arrays (mhdsgns or hpsdsgns), either of which contains the data
consisting of luminaire quantities and project power levels over the range of mounting heights

requested.

Life-cycle costing is then performed using the information gathered by the data input program
and assigned to variables residing in the master design program. The input parameters and
associated variables are shown in Table A-2. These variable values are then sent to the LCC
calculation program (LLCCMONTH), along with the design data generated by the industrial

design program(s), and LCC calculations are performed for each design that has been generated.
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Table A-2: Input Data and Variable Identification used by IMASTERG?2 for LCC Analysis

Input Variable Identification Variable Name

Cost of Electrical Energy ($/kw-Hr) nrgcost
Annual Interest Rate (percent) intrate

Annual Rate of Inflation (percent) infrate

Hourly Rate for Maintenance ($/hour) mntcost
Time Required to Re-lamp/Clean Single Luminaire (hours) mnttime
Hourly Rate for Installation ($/hour) instcost
Time Required to Install Single Luminaire (hours) insttime
Additional Material Cost for Single Luminaire Installation ($) admat

Time Required to Scrap Single Luminaire (hours) scrptime
Lighting to HVAC Energy Cost Ratio hvacfctr
Cleaning Material Charge for Single Luminaire ($) clnmatl

The present worth of the LCC, the elements of which were presented in detail in section 3.3, are
returned to the master design program for each design and added to the design arrays which have
already been established. All of the details of the lighting designs for the various mounting
heights are now located in design arrays (mhdsgns and hpsdsgns), allowing for the ranking of
each design based upon energy consumption and LCC. The user is offered a choice of whether
or not to display the three most energy efficient designs and the three most cost effective designs.
Unless at least three of these six designs are displayed and one of the designs is selected, the
design process stops since the luminaire layout is executed based upon the selection of one of the

six designs.

The master design program passes the details of the preferred design to the luminaire layout
program (LAYOUTMASTER), the elements of which were presented in section 3.4. The
luminaire layout program then returns the results of one of four layout configurations
interactively selected by the user. A summary of the selected design along with key design
parameters and a summary of all designs are then presented by the master program, an example

of which is shown in Figure A-2.
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Design Summary

Lamp Power 400

Lamp Type MH
Luminaire BL400HXBIMED
No. of Luminaires 116
Mounting Height 28
Re-Lamp (months) 24
Luminaire Cleaning (mos.) 24

Area Cleaning (yrs.) 1

Coef. of Util. 0.8195
LLF 0.5260
Total Power (W) 53128
LCC $156906.86

Do you wish to see the rankings of all designs based upon efficiency and LCC? [return to accept, enter N to skip]

PWRLVL(W) LAMP QTY MTG. HGHT LLF LCC
400 1 116 27 0.52604 1.5691e+005
400 1 116 28 0.52604 1.5691e+005
400 1 117 29 0.52604 1.5826e+005
400 1 117 30 0.52604 1.5826e+005
400 1 118 31 0.52604 1.5961e+005
400 1 118 32 0.52604 1.5961e+005
400 1 119 33 0.52604 1.6096e+005
400 1 119 34 0.52604 1.6096e+005
400 1 120 35 0.52604 1.6232e+005
400 1 120 36 0.52604 1.6232e+005
PWRLVL(W) LAMP QTY MTG.HGHT LLF TOTAL POWER (W)
400 1 116 27 0.52604 53128
400 1 116 28 0.52604 53128
400 1 117 29 0.52604 53586
400 1 117 30 0.52604 53586
400 1 118 31 0.52604 54044
400 1 118 32 0.52604 54044
400 1 119 33 0.52604 54502
400 1 119 34 0.52604 54502
400 1 120 35 0.52604 54960
400 1 120 36 0.52604 54960

Figure A-2: Example Output Summary (IMASTERG?2)

DATA INPUT PROGRAM

The program LIGHTDATA allows the user to enter all of the pertinent information for the

lighting project by the use of MATLAB command window prompts, and stores this information

in a data array (LDATA). The sole purpose for maintaining a central array containing the lighting

project specifications is to provide for the consistent retrieval of data by other programs used in

this research. The data input program also provides the user the ability to specify the lamp
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family (MH and/or HPS) and the luminaire data file to be used with the desired lamp power level
in each lamp family. It is important to note that lamp power levels are selected by the user. For
example, if it were only desired to perform designs based upon 360W and 400W MH lamps then
the user would only accept those options when queried by the software. When these power
levels are selected the user would specify which corresponding luminaire (luminaire data file)
should be used for each design or accept the default, which was selected to be a standard high-
bay industrial luminaire with a medium photometric distribution. The data included in the data
array corresponds to the variables listed in Tables A-1 and A-2, and the luminaire data files are

assigned to the variables listed in Table A-3.

Table A-3: Lamp Power Levels Available for use including Luminaire Data File Assignments

Lamp Family Power Level (W) Luminaire Data File
200 mhlumfile200
250 mhlumfile250
320 mhlumfile320
. 350 mhlumfile350
Metal-Halide 360 mhlumfile360
400 mhlumfile400
450 mhlumfile450
750 mhlumfile750
200 hpslumfile200
250 hpslumfile250
High-Pressure Sodium 310 hpslumfile310
400 hpslumfile400
600 hpslumfile600

The entries in Table A-3 list the currently available lamp options in both the MH and HPS lamp
families for power levels above 175 watts and below 1000 watts, and also summarizing the HID
lamp options available for use by the software. Upon entering choices for the desired lamp
family and power levels, a series of queries are posed to the user regarding the following: unit

cost of the luminaire, lamp unit cost, lamp disposal cost, initial lamp lumen rating, mean lumen
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rating, and the rated lamp life. This offers the user the flexibility of using lamps that vary in

certain aspects of their performance. These quantities are stored in data arrays (mharray and

hpsarray) which are passed to other programs as required.

Two fundamental data components required for design and layout of an industrial lighting

project are the CU tables and spacing criterion for the luminaires that are being employed. As

presented previously, a representative CU table is shown in Table 2-1, however this table does

not include the spacing criterion. In that the developed software requires CU data as well as the

spacing criterion, it is logical to develop a file format that is readily imported into the MATLAB

program. To this end, a straightforward text file format is presented that contains all of the

information necessary to perform a lighting design utilizing a specific luminaire based upon the

zonal-cavity method. The format chosen is termed a design table, an example of which is shown

in Figure A-3.

BL40OHXBIWID

LIGHTING DESIGN TABLE FOR 400W MH INDUSTRIAL LUMINAIRE, COL 1 (ROW4-14) RCR AND (ROW15) SPACING

CRITERIA (WIDE)
ROW1 EFF.FLOOR CAVITY RELECTANCE, ROW2 CEILING CAVITY REFLECTANCE, ROW3 WALL REFLECTANCE
HP03801 . IES)

0 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20
0 8 8 8 80 70 70 70 70 50 50 50 30 30 30 10 10 10
0 70 50 30 10 70 50 30 10 50 30 10 50 30 10 50 30 10
0 .99 .99 .99 99 .97 97 .97 .97 .92 92 .92 .88 .88 .88 .84 .84 .84
1 .91 87 83 .80 .88 85 .82 .79 .81 .79 .76 .78 .76 .74 .74 .13 .71
2 .82 .75 .70 .65 .80 .74 .68 .64 .71 .66 .62 .68 .64 .61 .65 .62 .59
3 .75 .66 .59 .63 .72 .64 .58 .53 .62 .56 .51 .59 .54 .50 .57 .53 .49
4 .68 .57 .50 .44 .66 .56 .49 .44 54 48 .43 52 47 .42 50 .45 42
5 .62 .51 .43 37 .60 .50 .42 .37 .48 41 .36 .46 .40 .36 .44 .39 .35
6 .57 .45 .37 .32 .56 .44 37 31 .42 36 .31 .41 .35 .31 .39 .34 .30
7 .52 40 33 .27 .50 .39 .32 .27 .38 .32 .27 .37 .31 .26 .35 .30 .26
§ .48 .36 .29 .24 .47 36 .29 .24 .34 .28 .23 .33 .27 .23 .32 .21 .23
9 .45 33 .26 .21 .43 32 .25 .21 31 25 .21 .30 .24 .20 .29 .24 .20
21? 41 .30 .23 .18 .40 .29 .23 18 .29 .22 18 .28 .22 18 .21 .22 .18

Figure A-3: Example Luminaire Design Table (400WHXBIWID.txt) [43]

(IES#

20
0
0

.82
.69
.57
A7
.40
.33
.28
24
21
19
16

156



The structure of this file serves two needs. First, the spacing criterion is presented as the bottom
entry in the lower left corner of the table (in Figure A-3 a value of 2.1), and second the
reflectances across the top of the table are presented in a discernable form for use by software
search algorithms. Referring to Figure A-3, a two line text header identifies the luminaire

photometric test and describes the structure of the design table with the effective cavity floor

reflectance (Pree ) and the effective ceiling cavity reflectance (Pcce ) values presented in the first

two numerical rows below the header. The third row of design table values are the wall

reflectances (Pw) corresponding to each column of CU values. The format of Figure A-3

distributes all values to their appropriate columns, which is necessary when being successfully

searched by a software algorithm that will be subsequently described.

It is necessary that design tables are available for access by the software for each luminaire that
is employed in the design process, however that does not imply that all of the tables are unique.
For example the design table of Figure A-3 not only applies when a 400W MH luminaire is
selected, but also when a 360W MH luminaire is selected since the same luminaire photometric
characteristics apply. This is due to the commonality of lamp sizes and arc-tube (light center)
locations. The only items that change relative to the 400W product from a photometric
standpoint are the initial and mean lumen ratings of the 360W lamp, which are not presented as
part of the design table content. The design table filename without extension, which for the sake
of clarity was chosen to be the luminaire product name, is required to be entered and assigned to
the corresponding luminaire data file variable name as listed in Table A-3. It should be noted

that there is only one luminaire used for a given lamp power level during one design cycle.
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Industrial Design Programs

INDUSTRIALMHG?2 and INDUSTRIALHPSG2 are the industrial design programs used to
determine the number of luminaires required to illuminate the work plane of a rectangular work
area to a desired level. They produce designs for multiple mounting heights, multiple optical
assemblies (luminaire optics), and multiple lamp power levels. Both of these programs are
invoked by the master design program (IMASTERG?2) are nearly identical in structure, therefore
unless stated otherwise descriptions made on behalf of one program will apply to both. The
variables that are required to be passed to these programs are summarized in Table A-4. It
should be noted that these are the same quantities presented in Table A-1, the only difference
being the variable names. The purpose for employing different variable names for the same
quantities throughout the various programs was to isolate operations between them, which
significantly aided in the troubleshooting of the software. Also passed to the industrial design
programs are the data arrays (mharray and hpsarray) which contain the all of the applicable

lamp performance information as well as lamp and luminaire cost information.

Based upon the physical parameters of the room (hc, hminm, hmaxm, hfc) and the number of
mounting height levels (IvIs) that are to be investigated, the minimum and maximum ceiling
cavity heights are calculated (hrcmin and hrcmax respectively). Recall from chapter 2 that the
cavity heights are required for the determination of the cavity ratios, which in turn are required
for determining the CU. A new variable is introduced, the floor factor, which is simply a
dimensional constant used repeatedly in future calculations. Referring to Equation A.1, the ratio
of the sum of the floor dimensions to the product of those dimensions can be consolidated into

the floor factor (ff).
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Table A-4: Input Parameters used by Functions INDUSTRIALMHG?2 and

INDUSTRIALHPSG2

Input Variable (units) Variable Name
Floor width (feet) fw
Floor depth (feet) fd
Desired work plane illuminance (footcandles) efc
Height of work plane (feet) hfc
Height of ceiling (feet) hc
Maximum allowable mounting height (feet) hmaxm
Minimum allowable mounting height (feet) hminm
Ceiling Reflectance (percent) rc
Wall Reflectance (percent) rw
Floor Reflectance (percent) rf
Cleanliness Factor (unitless) cleanf
Lamp Lumen Depreciation (per unit) Ild
Rated Luminaire Supply Voltage (Vrms) vrated
Actual Luminaire Supply Voltage (Vrms) vact
Ballast Type [CWA, Reactor, Magnetic Regulator] btype
Operating Hours per Start hrsperst
Operating Hours per Year yrbhr
Time Between Group Relamping (months) relmp
Time Between Work Area Cleanings (months) rclean
Time Between Luminaire Cleanings (months) tclean
Mounting Heights to Evaluate (positive integer) Ivls

The values for the maximum and minimum cavity ratios are then calculated using Equation 7.2.

— 5hXX (fw +fd)

CR,y = = 5xh  xff A2
XX (fwfd) XX ( )

These quantities, along with the number of mounting levels will allow for the calculation of
lighting designs at the various mounting heights. Table A-5 lists the cavity ratios and their

abbreviations as employed by the industrial design programs.
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Table A-5: Room Cavity Ratios and Abbreviations

Floor Cavity Ratio (CRgc) fcr

Minimum Room Cavity Ratio (CRgc) rcrmin
Maximum Room Cavity Ratio (CRg() rcrmax
Minimum Ceiling Cavity Ratio (CRc¢c) ccrmin
Maximum Ceiling Cavity Ratio (CR¢c) ccrmax

The luminaire power consumption databases (mhblstlarge.txt and hpsblstlarge.txt) are loaded by
the software and used to assign luminaire power consumption levels based upon the selected
lamp power level and ballast type. These databases may be modified using a simple text editing
program to accommodate variations in ballast input power consumption ratings. This may be
necessary in certain situations since individual ballast manufacturers produce similar units that

sometimes differ with regard to published electrical performance.

At this point in the execution of the industrial design programs the design tables are loaded for
each power level of interest, after which the CU tables are extracted from the design tables and
placed under the CU array name CUTXX, where ‘XX’ corresponds to the first two digits of the
rated lamp power level. These arrays will be passed on to the coefficient of utilization program
(CUMASTER) which serves to extract the correct CU value from the tabulated CU data residing
in array CUTxx. Additionally the spacing criterion for the luminaire in question is retrieved and
assigned to the scalar variable spcxx, where again ‘XX’ corresponds to the first two digits of the

rated lamp power level.

The software is designed to calculate multiple lighting designs based upon varying luminaire
mounting heights, which is realized by determining the CU value in each case. To determine

these values the following information is needed: room cavity ratio (rcr), ceiling reflectance (rc),
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wall reflectance (rw), floor cavity or work plane height (hfc), floor reflectance (rf), ceiling height
(hc) and the floor factor (ff). The design calculations are accomplished by utilizing the minimum
and maximum room cavity ratios as determined by Equation A.2, where the variable names and
associated quantities are those listed in Table A-5. In determining of CU values for the various
mounting heights, the only design variable which changes is the room cavity ratio, which is

altered by an incremental variable rcrdel that is defined in Equation A.3.

(rcrmax - rcrmin)
(Ivls-1)

rcrdel =

(A.3)

All of these quantities will be passed to the coefficient of utilization program, which is discussed
in more detail in a subsequent section. At the completion of each iteration to determine the CU,
the room cavity ratio is updated by incrementing the value of rcr by rcrdel beginning with
rcrmin. The industrial design programs then pass the room cavity ratio, cleanliness factors, lamp
information, ballast information, cleaning intervals, and operating information to the light loss
factor program (LLFACTG?2) which calculates the light loss factors used in the determination of
the required number of luminaires for the individual designs. All of the design results are then
placed in design arrays (MHCHOICES and HPSCHOICES) that are subsequently passed back to

the master design program.

Coefficient of Utilization Program
CUMASTER, the coefficient of utilization program, is used to determine the CU based upon a
set of input variables which are passed to it by the industrial design programs. Within this

program the following quantities are employed: room cavity ratio (rcr), ceiling reflectance (rc),
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wall reflectance (rw), floor cavity or work plane height (hfc), floor reflectance (rf), ceiling height
(hc) and the floor factor (ff). Extracted from the design table, the CU table is passed from the
individual industrial design program using the same identification format, CUTXX, where ‘XX’
corresponds to the first two digits of the rated lamp power level. The first step performed is the
calculation of the effective ceiling cavity reflectance (rcce) using Equation 2.2. The height of
the room cavity (hrc) is calculated directly the room cavity ratio (rcr), and a variable is
introduced (wcratio) that is the result of the evaluation of Equation 2.3, which is the ratio of the

wall area within the ceiling cavity to the ceiling area.

The effective ceiling cavity reflectance (rcce) will most frequently differ from the integer
reflectance values presented in the CU table. This situation creates a need for the program to

extrapolate the correct CU value from the table based upon the upper and lower bounds of rcce

that are provided. Using the variable names rccu (upper published bound of Pcc.) and rccl

(lower published bound of Pccc) the relationship is defined as rccl < rcce <rccu. The lower and
upper bounds are determined by way of a search algorithm across the row containing the integer
values of Pece. The same situation arises concerning the wall reflectance. For the purpose of

simplifying the determination of the CU it is common to select a standard value of wall
reflectance which is in close proximity to the actual value. In the same manner as previously
discussed, the upper and lower limits are determined and labeled rwu and rwl respectively.
Referring to Figure A-4, for hypothetical values of rcce and rw equal to 74.6 and 28 respectively,

the locations of values rccu, rccl, rwu and rwl are identified .
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Figure A-4: Values of Reflectance Bounds for rcce = 74.6 and rw = 28

Once the reflectance boundary values of Figure A-4 have been identified they are passed, along
with the CU table and the room cavity ratio, to a table look-up program (COEFUTIL) that will
be described later in this appendix. Returned by the table look-up program are the four table
entries corresponding to the four corner values that will be used to determine the desired CU
value. These intermediate CU values returned to coefficient of utilization program are listed in
Table A-6 along with their assigned variable names, pointing out that these CU values are based
upon the actual room cavity ratio which will in the majority of cases not be one of the integer

values presented in the published CU table.

Table A-6: Intermediate CU Quantities Returned to CUMASTER from COEFUTIL

CU value corresponding to: Variable Name
rccu and rwu uu
rccu and rwl ul
rccl and rwu lu
rccl and rwl 1]
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Three linear regressions are then performed to determine another set of intermediate CU values
using the effective ceiling cavity reflectance (rcce) and actual wall reflectance (rw). This

procedure is illustrated in Figure A-5.

rcce

Figure A-5: Intermediate CU Values u, | and cu20

Once the new intermediate CU values (U and |) are determined, another regression is performed
to determine the intermediate CU value (cu20) corresponding to the effective ceiling cavity
reflectance (rcce) and the actual wall reflectance (rw). This CU value (cu20) remains an

intermediate value since the CU tables are based upon a floor cavity reflectance of 20%.

To arrive at the final CU value it is necessary to employ another set of tables that are
appropriately referred to as Multiplying Factors for Other than 20% Effective Floor Cavity
Reflectance [4]. These tables have already been presented as Table 2-2, Table 2-3 and Table 2-4,
and they are represented in the software as text files FCFT30.txt, FCFT10.txt and FCFTOO.txt
corresponding to effective floor cavity reflectances of 30%, 10% and 0%. In addition, a dummy
table (FCFT20.txt), in which all entries have a value of 1.0, is needed which corresponds to a
floor cavity reflectance of 20%. Based upon the value of effective floor reflectance (rfce), which

is calculated by using Equation 2.2, two tables are loaded so that the multiplying factor may be
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determined. If the value of the effective floor cavity reflectance is greater than 30%, then the
multiplying factor published in the 30% table (FCFT30.txt) is employed. Notice that these tables
are structured (headings) in the same manner as the CU table presented in Table 2-1. The
multiplying factors are categorized by the effective ceiling cavity reflectance (rcce), the wall
reflectance (rw), and the room cavity ratio (rcr), therefore the table look-up program
(COEFUTIL) may again be employed to determine the intermediate and ultimately the final

floor reflectance correction factor (rccf).

The two multiplying factor tables are loaded which bound the effective floor cavity reflectance
value and are labeled uptable and lotable. The boundary values of the effective floor cavity
reflectance represented by these two tables are labeled urfc and Irfc corresponding to upper and
lower floor cavity reflectances. In the event that the value of rfce equals 30, 20, 10 or 0, the
tables assigned to uptable and lotable are the same. The variables identified within each

individual table are shown in Table A-7 and are determined using the table look-up program.

Table A-7: Intermediate Multiplying Factors Returned to CUMASTER from COEFUTIL

Multiplying Factor corresponding to: Variable Name
rccu and rwu uufc
rccu and rwl ulfc
rccl and rwu lufc
rccl and rwl lifc

As before, these corner values are used to extract the exact multiplying factor needed from both
tables; rccfu for the multiplying factor from the uptable, and rccfl for the multiplying factor from
lotable. Unlike the CU determination (cu20), an additional regression is required to determine

the value of the floor cavity correction factor (rccf). Using variables rccfu, rccfl, urfc and Irfc,

165



the final multiplying factor can be determined, with the complete process being illustrated in

Figure A-6.

uptable [ rece

rcce lotable

Figure A-6: Procedure for Determining Floor Cavity Reflection Correction Factor (rccf)

Table Look-Up Program

COEFUTIL is a program designed to extract a value from a CU table, or other table using similar
formatting as shown in Figure A-7, where Figure A-7 is extracted from the design table
presented in Figure A-3. As stated earlier, the top row is the effective floor cavity reflectance
(20%), the second row is the effective ceiling cavity reflectance and the third is the wall
reflectance. Below these rows, arranged in a column wise manner are the CU values
corresponding to the specific values of reflectances listed above. This program is used to

determine either the four corner values corresponding to upper and lower reflectance bounds at a
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specific room cavity ratio, or the corner values associated with the determination of the floor

cavity correction factor (rccf).
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Figure A-7: Format of CU Table for use with COEFUTIL

The quantities which are passed to the table look-up program from the coefficient of utilization
program are the room cavity ratio (rcr), the effective ceiling cavity reflectance (rcce), the wall
reflectance (rw) the table being searched (M). The table (M) is either a CU table or one of the
floor cavity correction factor tables. The algorithm used by this program is illustrated in Figure

A-8, and is described as follows:

(1) Determine the number of rows and columns of M.

(i) Initialize flags and index variables (f, g, 1, J). The flags f and g are used to indicate when
the last column and last row are searched respectively. The index values i is used to
increment the row number and j is used to increment the column number.

(ii1) Scan the row 2 values until a matching entry of rcce is found. If no entry is found then
the execution is halted.

(iv) Once the column with a matching rcce is found the next row (row 3) entry in this column
is checked to see if it matches the specific value of rw. If the entry does not match rw

then the column number is incremented and the process returns to step 3.
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v)

(vi)

(vii)

If the values of rcce and rw are matched successfully to a specific column through the
execution of steps 1 through iv, a row search of the boundary values of the room cavity
ratio. The row number is incremented and the actual value of rcr is compared to the
column 1 entry. Once the column 1 entry exceeds the actual value of rcr then this row
number is used as the upper bound, and the preceding row is used as the lower bound.
The value of rcr in the row being used as the upper bound is identified as mrcru, and the
rcr of the previous row is mrcrl. The table entries corresponding to the upper and lower
bounds in the column of interest are labeled cuh (for high or upper) and cul (for lower).
A linear regression is performed between the values of cuh and cul using the rcr as the
evaluation point. The result is the table entry of interest (C), which is returned and

assigned to the variable dictated by the calling program CUMASTER.

rw — ‘ (50 10
0.94 094 0.94 0.94

0.91 0.88 0. . 88 0.86 0.84 0.81
0.85 0.79 0. 0.7

0.65 0.61

0.73 0.65 0.59 0.54 0.58 0.54

0.68 0.59 0.53 0.48 0.66 0.58 0.52 0.48
0.63 0.53 0.47 0.43 0.61 0.52 0.47 0.42

Figure A-8: Values of CU Bounds for rcc = 70, rw = 50 and 3 <rcr <4

168



Light Loss Factor Program

The light loss factor program named LLFACTG2 determines the values of the individual loss
factors, the product of which is the light loss factor used in a given lighting design. It is invoked
by either of the industrial design programs (INDUSTRIALMHG?2 and INDUSTRIALHPSG2)
and returns the light loss factor (LLF) used in the determination of the number of luminaires
required to satisfy the design requirements by way of Equation 2.10. The variables passed from

the industrial design program are listed in Table A-8.

Table A-8: LLFACTG2 Input Variables

Input Variable (units) Variable Name
room cavity ratio rcr
cleanliness factor cleanf
rated lamp life (hours) Implife
lamp family Ifamly
initial lamp lumen rating llum
mean lamp lumen rating mean
operating hours per year yrbhr
operating hours per start hrsperst
rated luminaire voltage vrated
actual luminaire voltage vact
ballast type btype
time between group relamping relmp
time between luminaire cleanings tclean
time between area cleanings (months) rclean
project life plife
maintenance category cat

The first factor to be determined is the luminaire voltage factor (LV), which is accomplished by
evaluating either Equation 2.5 or 2.6, both of which are located in section 2.4.2. The equation
selected is based upon whether the ballast being used is a regulating type (btype = 1) or a non-

regulating type (btype = 2). In the case where a magnetically regulating (MR) ballast is used

169



(btype = 3) the formula used is shown as Equation A.4, which is based upon improved line-side

lamp power regulation.

Lv=1-l]1- Line Voltag.e@. Luminaire 1.0 (A4)
Rated Luminaire Voltage

Next to be defined is the ballast factor (BF), which is again assigned by the type of ballast which
is being employed. For reactor or magnetic regulator (MR) ballasts (btype = 2 or 3) the ballast
factor (BF) is assigned to be 1.0, whereas for the constant wattage autotransformer (btype = 1)
the ballast factor is 0.95. It is known that HID lamp life is shortened when lamp burn cycles fall
below 10 hours per start [40]. An approximation of this shortened lamp life is included which
will affect LBO and LLD factors. If the burn cycle falls below 5 hours per start the rated lamp
life is reduced by 25%. In the cases where burn cycles fall below 2.5 and 1.25 hours per start,

the rated lamp life is reduced by 45% and 60% respectively [40].

Recoverable loss factors vary over time. As described in section 2.4.2 these factors are room
surface dirt depreciation (RSDD), luminaire dirt depreciation (LDD), lamp burn-outs (LBO), and
lamp lumen depreciation (LLD). As a result, the values of the these loss factors used in the
determination of the light loss factor will vary with lamp replacement and cleaning cycles — the
more frequent the servicing, the closer these factors are to 1.0. To determine these factors,
calculations are performed on a monthly basis, taking into account the months when cleaning
and re-lamping are planned. The number of calculations performed for a particular recoverable
factor is dictated by the time interval between project installation and the maintenance performed
to recover the loss. For example, if the room is to be cleaned annually then the loop used in

determining RSDD will perform 13 calculation cycles generating data for months 0 through 12.
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In the case of LLD, LBO, and LDD, the loop will perform iterations based upon the planned re-
lamping schedule. The benefit of using this method to determine the individual loss factors is
that it allows for the generation of a light loss factor curve as illustrated in Figure 2-1, which is
located in section 2.4.2. The minimum value of the LLF curve is then returned to the industrial

design program and is used to evaluate Equation 2.10.

The table containing the constants required for the calculation of the room surface dirt
depreciation factor is resident in the program due to its small size. As stated in section 2.4.2, the
RSDD factor is always based upon the maintenance category V data. Referring to Table 2-5 and
Equation 2.7, this information is defined in a 1x2 matrix (DDCnst), the values of which are

presented in Table A-9.

Table A-9: Array Entries used to Determine Room Surface Dirt Depreciation

5 (v. clean) 4 (clean) 3 (medium) 2 (dirty) 1 (v. dirty)
0.078 0.128 0.190 0.249 0.321

The top row of Table A-9 contains the possible values of the cleanliness factor (cleanf), which is
entered manually at the beginning of the design process. A decision-based loop within the
program matches the value of cleanf to the proper row 1 entry and the corresponding row 2 entry
is assigned to the variable A used in Equation 2.7 and also Equation 2.8. The dirt depreciation
percentage (PDD) is calculated using Equation 2.7, with the value of t being the cleaning period
in years (tclean) that has been passed from the industrial design program after being converted
from the monthly equivalent. Using a table search algorithm similar to the one used in
COEFUTIL, the table of RSDD values is searched to determine the precise value for the given

room cavity ratio. The algorithm first determines if the value of PDD lies outside of the bounds
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of the table, which would be PDD > 40 or PDD < 10. If this is the case then execution is halted
since the dirt depreciation percentage does not lie within feasible limits. Otherwise, the upper
and lower boundary values of PDD are determined from the first row of the table and are labeled
pddu and pdd| for upper and lower respectively. Similarly, the first column of the table
containing the room cavity ratio (rcr) values is searched to determine the upper and lower
boundary values which are labeled rcru and rcrl. As would be the case if the PDD being out of
range, execution of the program would halt if rcr > 10 or rcr < 1.0. These table values, which
correspond to pddu, pddl, rcru and rcrl, form the corner values that are used to determine the
value of room surface dirt depreciation (RSDD). The values described are illustrated in Figure
A-9 for a PDD of 36 and an rcr of 3.4. In the same manner described previously, linear
regression is used to determine the room surface dirt depreciation value for the specific values of

room cavity ratio and PDD.

Corner Values m
used to determine

RSDD
Q 30
@ 98 94 92 94
08 Q 94
08 93
rer 97 91

97 94 90 87 90
10 9% 92 87 8 &7

Figure A-9: Corner Values used in the determination of RSDD for rcr = 3.4 and PDD =36

Since the value of B required by Equation 2.8 is always 0.7 for category III luminaires, as shown

in Table 2-5, Equation 2.8 can be rewritten as presented in Equation A.5.
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LDD=¢™"" (A.5)
The luminaire dirt depreciation (LDD) is calculated using Equation A.5, again with the variable t
replaced by the value assigned to variable tclean. The software has access to the complete table
of dirt depreciation constants (categories I though VI), so a minor change in the calling program
could be made so that other luminaire types may be easily accommodated. This dirt depreciation
table is labeled DDC.txt and is loaded into a dirt depreciation array (DDTABLE) by the light loss

factor program during execution.

The last operation performed by this program is the placing all of the individual loss factors into
an array that will allow for a projection of a LLF characteristic over the life of the lighting
project. The minimum point of this LLF characteristic (Ilfmin) is passed back to the calling
program and will be used in the determination of the number of luminaires that are required to

satisfy the project performance constraints.

Life-Cycle Cost Analysis Program

Invoked by the master design program, LLCCMONTH is a life-cycle costing program that
performs present worth calculations for various design and maintenance scenarios. The variables
that are required by the program are listed in Table A-10. The details of the calculations
performed by this program were addressed in section 2.5 and therefore do not need repeating in
this appendix. As mentioned previously, the quantities used for the variables listed in Table A-

10 are entered through the execution of the data input program (LIGHTDATA).
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Table A-10: LLCCMONTH Input Variables

Input Variable (units) Variable Name

Unit luminaire cost ($) lumcost
Unit lamp cost ($) Impcost
Unit lamp disposal cost ($) dspcost
Cost of Electrical Energy ($/kw-Hr) nrgcost
Annual Interest Rate (percent) intrate
Unit Luminaire Input Power lumpwr
Annual Rate of Inflation (percent) infrate
Hourly Rate for Maintenance ($/hour) mntcost
Time Required to Re-lamp/Clean Single Luminaire (hours) mnttime
Hourly Rate for Installation ($/hour) instcost
Time Required to Install Single Luminaire (hours) insttime
Additional Material Cost for Single Luminaire Installation ($) admat
Time Required to Scrap Single Luminaire (hours) scrptime
Lighting to HVAC Energy Cost Ratio hvacfctr
Number of Luminaires Installed nol
Project Life (years) prilife
Operating Hours per Start hrspstrt
Operating Hours per Week hrspwk
Operating Hours between Group Re-lamping rimpint
Cleaning Material Charge for Single Luminaire ($) clnmatl

Luminaire Layout Program

Once the number of required luminaires is determined, a series of layouts are performed using
the preferred design by a program named LAYOUTMASTER. In general area lighting
applications, the goal of the luminaire layout is to distribute the luminous flux as evenly as
possible over the target area. As mentioned previously, general practice is to perform a
symmetric layout such as the one illustrated in Figure 2-2 located in section 2.4.4, however this
may require the use of more luminaires than are needed to achieve an acceptable level of
uniformity. This program utilizes the two algorithms that were developed and presented in
section 3.4 to perform four layouts based upon the dimensions of the space and the number
luminaires required. The preferred layout is then interactively selected and the luminaire

coordinates are displayed.
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Appendix B — Design and Analysis Using LitePro® Software

The process of using LitePro” to validate the results of this research is illustrated in sufficient
detail to facilitate similar analyses. The zonal cavity design feature provided by LitePro” is
referred to as Quick Calc. To generate a comparable indoor lighting design using this
commercially available software a series of design steps must be performed including: creation
of a new project, selection of a luminaire (pulls the appropriate CU data for the luminaire of
interest), selection of a lamp type and power level, entering of all physical data (reflectances,
work plane height, etc.), and selection of luminaire mounting height. The software then
performs an analysis which is illustrated in Figures B-1 through B-13. When creating a new
design/analysis, which will subsequently referred to as a project, the basic descriptive summary
is entered in the first window that appears as shown in Figure B-1. This information is used to

identify the project and create a report cover page.

Project Data E‘

Project Mumber {4007

Froject Name |LiteF'ru:| Deszign for Comparizon

Praject Location |Inu:|ustria| Scenario
Prepared Far 1\.;p|&5u

Client Address |

Prepared By ||_ Flany

Desciiption 400w BLAOOH=BIMED at a Mrg. Height of 28 fest.

Fioom Dimengions 50° M = 1000 (D),
Cover Page

Project Units

6 Fesl e 5 & O X Cancel ‘ ? Help ‘

Figure B-1: New Project Data Window [35]
(Used with the permission of Hubbell Incorporated)
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A submenu is opened by selecting the project name under the Project Contents heading located
in left side of the main window and the command Add Group is selected. The name of the
group, which in this example is 400W LitePro Design, is entered as the group name along with
any other descriptive information that may be needed. Once the group has been created the
submenu under the group name may opened and the layout area defined. The window that
appears is shown in Figure B-2, having four selection tabs which provide access for the defining
of the physical space to be illuminated. The first tab labeled Description allows for the naming
of the area, the addition of comments, and the choice of the relative cleanliness of the area as
shown in Figure B-2. This window also provides the opportunity to provide the user with an
additional depreciation factor in the event that one is required. For example, this may be the case

if there is a significant amount of light obstruction due to equipment or other structures.

ition Data

l Dimenzions ] Ceiling D ata ] fd aterialz ]

Area Mame |LitE:F"r-:|

A0 = 100" Industrial Area
Area Dezcription

firea Tupe Erveironmental Conditions
" Indoor £ Dutdoor " Wery Clean [0.83-1.00)
(" Clean (0.73-1.00) P More Info
Area Shape * Medium [0.80-1.00]
{= i " Diirky [0.57-1.00)
" ey Dty [0.471-1.00)

™ Uszer Select Depreciation Factar = |
Mumber of Identical Areas 1
Depreciation factor range appears in parenthezes;

DE luminaire housing tepe determines depreciation applied.

W’ OE | X Cancel | ? Help |

Figure B-2: New Project Area Description Window [35]
(Used with the permission of Hubbell Incorporated)

176



By selecting the Dimensions tab the geometry of the target area may be entered as shown in
Figure B-3. In this example (scenario #1) the floor dimensions are 50 feet wide by 100 feet long.
Other choices include the importing of offset coordinates in the event that an AutoCAD DXF file
is to be imported, or if a portion of the floor space is to be omitted when the power density

calculation is made.

Area Definition Data

Description  Dimenzions l Ceiling Data | Materials |
HMORTH
Area Width 50.00
Area Length 100.00
Area Excluded li
[in UPD Calzs] =
DF Offset: £ g2 |3
Wworld ¥ | 0.00
world ¥ | 0.00
DF Layer Group 0 Wwidth
Wwhorld (-] SOUTH
q/ k. | x Cancel | ? Help |

Figure B-3: New Project Area Definition Window (Area) [35]
(Used with the permission of Hubbell Incorporated)

Selection of the Ceiling Data tab opens a window, as shown in Figure B-4, allowing for the input
of the ceiling height as well as the specification of grid parameters. The ceiling grid in this case
is not what is referred to later in this appendix as a calculation grid, but is simply a representation
of a physical grid (if one exists) that is associated with the lighting project, and may be omitted.

A flat ceiling is selected since the developed software does not accommodate any other ceiling
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configuration. Figure B-5 shows the Materials window allows for the entry of ceiling, wall and

floor reflectances, which in this example are 0.5, 0.5 and 0.2 respectively.

Area Definition Data

Descriptinn] Dimenzsion:  Celing Data l Materials]

Ceiling Slope Options

I:Elllng HElght 4|:||:":| ) Flat CElIlng, no SIDPE
FPeak Height "~ Slope up to HORTH
" Slope up to SOUTH
Ceiling Grid: ~ Slo
pe up to EAST
Grid 2 Start 0.00
Grid ¥ Spacing 5.00 f" Slope up to WEST
Grid " Start 0.00 (" Peaked on M-5 centerline
Grid " Spacing 5.00

" Peaked on EA centerline

o 0K | X Cancel | ‘? Help |

Figure B-4: New Project Area Definition Window (Ceiling) [35]
(Used with the permission of Hubbell Incorporated)

Upon completing entry of the area specifications, a calculation grid is constructed for use in the
point-by-point calculation process. The illuminance at each point of the grid will be calculated
to provide a projection of the design results. Figure B-6 shows the Grid Creation window that
appears when the submenu beneath the name of the area (New Area) under the Project Contents
heading in left side of the main window is activated, and the command Add Calc Grid is
selected. As shown in the figure the grid specifies calculation points every five feet in both the X
and Y directions. The calculations will be made in the horizontal plane and the resolution of the

displayed illuminance results will be to the tenth of a footcandle.
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Area Definition Data

Descriptinn] Dimensinns] Ceiling Data  Materials l
Reflectances and Colors
Reflectances: Colars:
Ceiling 0.50 Select |
Flaar 0.20 - Select |
alwals [ 050 Select |
0OR
Morth 'wall 0.50 Select |
South'wiall | 0,50 Select |
East'wal [ 050 Select |
West wWall 050 Select |
W 0K | X Cancel | ‘? Help |

Figure B-5: New Project Area Definition Window (Reflectances) [35]
(Used with the permission of Hubbell Incorporated)

Under the Project Luminaires heading in the left side of the main window, the luminaire being
used may be selected by activating the submenu and selecting one of the Add Luminaire
commands. In this example the Add Luminaire (Catalog #) command was selected and a
luminaire chosen as shown in Figure B-7. The associated test number (HP03802) contains the
data necessary for the calculation of the required number of luminaires in addition to other
photometric information of interest. It should be noted that this test number corresponds to the
IES file containing, among other items, the same CU table used by the developed software to

determine the required number of luminaires.
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Grid Creation Data

|dentification
Gnd Mame * Spacing ' Spacing £ Spacing Digplayed Dec. Places
Mew Grid | 500 5.00 a3 -
[On Width, E-W]  [On Length, N-5]  [OnVertical, U-D)
Calculation Type Facing Direction Grid Slope
t+ Honzontal Gnd, Horizontal Huminance f« Up v Flat, Mo Slope
" Vertical Grid, Yertical llluminance ™ " Slopes UP toward Marth
" Ceiling Luminance e " Slopesz UP toward South
™ Wwall Luminance ™ (" Slopes UP toward E ast
" Hagrizontal Grid, Yertical lluminance o " Slopesz UP toward West
" “ertical Grid, Horizantal llluminance " i
i~ i 3
Grid Extents
[v Auto Centering
# Start # Stop " Start ' Stop £ Start £ Stop
| | | | | 300 |
W 0K X Cancel | ? Help |

Figure B-6: New Project Calculation Grid Creation Window [35]

(Used with the permission of Hubbell Incorporated)

Select Luminaire by Catalog or Test
Index Selection Enter Catalog Mumber:
{# Catalog Murber [BL4DOH-EI
" Test Numnber |
Catalog Mumber Test Number ~ E'! =
| |BL250S:WAZ2-ENC HPOg229 .
| |BL280GxWA22-ENC HP0g230 i -
| |BL250S#HG1E HFOg276 E r ]ﬁ X
|_|BL2505:HG16 HFOg277 =
| |BLAOOHA-AL HPO3342
EL400H=-BI HPO3801
N  Foz502 ‘
| |BL40OH-BI HFO3203 —— = |
| |BL40OH-BI HPO7304 v
[Drescription:
Lamp Type:
\/ 1] 3 | x Cancel | ? Help |

Figure B-7: Luminaire Selection Window [35]
(Used with the permission of Hubbell Incorporated)
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By again activating the submenu under the Project Luminaires heading, the Properties
(luminaire) command is selected, opening the window shown in Figure B-8. To graphically
label the luminaires an identifier is entered in the Luminaire Type box. Many of the other fields
are automatically filled, however in lower portion of the window the entry of lamp and light loss
data for the project is required. Under the heading of Performance Data the lamp catalog
number, initial lamp lumen rating, and rated individual luminaire power consumption is entered.
Under the Depreciation Factors heading the elements making up the LLF are entered in their
respective fields. These factors are specified in a somewhat different manner than is the case
when using the developed software, however the important point is to ensure that the LLF, which
in Figure B-8 is listed as Total Depreciation, is the same as the LLF used in the creation of the
original design.

Luminaire Data I Fhotometry ]
Luminaire |dentification

Luminaire Type |4

Tezt Mumber |HP03802

Lurninaire Catalog Murmber |BL4DDH:+BI

Marufacturer  |Hubbell

e SUPEREA&Y | - BI SERIES [REFL.
Desoription  |INDUSTRIAL HID. 14" OPEM ALUMI
[Max. 255 characters)

Froduct Mame |Highbay.fL-:wl:-ay

Performance Data Depreciation Factar: Houzing Color
Lamp Catalog Humber WS 40007 A /PS Ballast | 095 | ! -
Luminaire lcon Calar
Ballast Catalog Mumber  |STD. REF. BALLA Ballast-Larmp | 1.00 [w Uze Default Luminaie |con Color
Mumber of Lampz Larmp Lumen | 065 - el
Lumnens Per Lamp 44000 Diirt [Medium] Envira. Conditions [Current Area)
5 f
Total Spstem 'wath blizcel
otal System Watts 453 1zcellaneous 075 ~
System Yaltage 277 (v
Total Depreciation | 0,36 '
~
~
q/ Ok, | x Cancel ‘ Repart ‘ ? Help |

Figure B-8: Luminaire Definition Window [35]
(Used with the permission of Hubbell Incorporated)
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Once the process of specifying the luminaire has been completed, the LitePro” calculation may
be performed to determine the number of luminaires required to illuminate the area. By again
activating the submenu under the Project Luminaires heading, the command Lumen Method is
selected which opens the window shown in Figure B-9. It is in this window that the desired
average maintained illuminance level is entered along with the height of the work plane and the
mounting height of the luminaires. The Space on 2’ Increment box should be un-checked since
the luminaire locations for industrial lighting applications are not generally limited in this way.

This mounting constraint is intended more for commercial and office lighting applications.

Lumen Method Calculations

File Help

[ [ A Blalelp

Calculation Criteria l

Calculation Criteria

Calculation [nput Selection

* fverage llurminance 30.00
" Mumber of Luminaires li
" Luminaire Spacing ’7 li
" "watts Per Square Unit li

‘wiork. Plane Height .00

Space on 2' Increment [

Luminaire Mounting Height | 2300 <= 40.00]

Figure B-9: Quick Calc (Lumen Method) Set-up Window [35]
(Used with the permission of Hubbell Incorporated)

Under the File heading on the command bar, the Calculate command is selected and the results
of the LitePro® analysis are displayed in new window shown in Figure B-10. In this case the

commercial software recommends using 18, 400W luminaires that will yield a maintained
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illumination level of 33.85 footcandles. Upon exiting the window shown in Figure B-10 a query
is issued regarding the saving of luminaire placements. When prompted, a response of yes will
create the window shown in Figure B-11. The plus (+) symbols indicate the locations at which
the point-by-point calculations will be performed, and prior to the analysis the layout shown may
be modified by adding, moving, or removing luminaires. Upon completion of the illumination
analysis of the LitePro® design these editing features will be used to configure the layout to

correspond with the original design generated by the developed software, as shown in Figure 4-3.

Lumen Method Calculations

File Help

|| | | Bla| 7|0

Calculation Criteria  Fesults l

Fesults
Priet This S ummary | System

Print Layout/Repaort |

Luminaire Type

Tezt Number

Tatal System W atks

Average
Maintained
Illuminance (fc)

Total Lumens

Light Loss Factor

Computed sverage llluminance

Cornputed # Luminaires

i atts Per Uit Area

Luminaire CIJ [%] Luminaires

Roaom Cawity B atio Required

Luminaire Layout # Columng
FPattern Spacing On width 165

Distance to East Edge

Luminaire Layaut # Bows

FPattern Spacing On Length 16.6

AEAEERPFARAFREREN

on

Distance to South Edge 8.3

Figure B-10: Quick Calc Results Window — Industrial Scenario #1 [35]
(Used with the permission of Hubbell Incorporated)
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M LitePro 2.025 {C:\Program Files\LitePro2\Proj\Projectd_2.PiP)
ErEle  Edt WView Estimator Tools  Updates  Help

Bl | f=|0]e] x[%| @] o|«][3 £ [BN[7 &l

Project Contents |

% LitePra Dezsign for Compez
I8 4004 LitePro Desigr

[ LitePro
New Grid % 5 5 Point-by'-Point
O IMASTERG?2 Calculation
Button
L4 >

Froject Lurinaires | & &

&
TYPE  |CATALOG # A A &

Figure B-11: Layout Determined by LitePro® Software — Industrial Scenario #1 [35]
(Used with the permission of Hubbell Incorporated)

The coordinates of the luminaires may be viewed and edited if desired by activating the area
view labeled LitePro under the Project Contents heading, and then under the Project Luminaires
heading activating the submenu and selecting Edit Luminaire Placements. The window shown

Figure B-12 appears, which presents logistical data for each luminaire.

LLuminaire Placements

Changs Al Change 4| Change &1 |
TYPE | START|XSPACING #COLS Y START Y SPACING #ROWS | MTGHGT ORIENT | TILT | ROLL |GRIDORNT A
1 0.00 T 000 =T 0 0 0 |-
A 834 0.00 1 =m 000 1 2a00 0 0 0 0
4 334 0.00 1| #1e7 000 NET 0 0 0 0
A 834 0.00 1| s 000 1 200 0 0 0 0
4 334 0.00 1| 7499 000 T 0 0 0 0
4 33 0.00 1| 9165 000 1 220 0 0 0 0
A 2500 0.00 1| 83 000 1 2e00 0 0 0 0
4 2500 0.00 1 o 000 1 220 0 0 0 0
4 %500 0.00 1| #1e7 000 NEET 0 0 0 0
A 2500 000 1| =33 000 1 200 0 0 0 0
4 500 0.0 1| 7499 000 NET 0 0 0 0
4 2500 0.00 1| 9165 000 NEET: 0 0 0 0,

Figure B-12: Coordinates for Luminaires of Fig. B-11 [35]
(Used with the permission of Hubbell Incorporated)
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To perform the point-by-point analysis the Calculation button is selected as identified in Figure
B-11. A calculation status window appears that affirms which calculation grid will be used in
the analysis. By activating the Calc button the analysis begins, which upon completion the Close
button will become selectable. When the Close button is selected the display shown in Figure B-

11 is updated as shown in Figure B-13.

M LitePro 2.025 (C:\Program Files\LitePro2\Proj\Projectd_2.PZP)

> File  Edit  Yiew Estimator Tools  Updates  Help
: T | ok
Ble|Da| v =|wle] x|%[B] o|«[[T 2B x| alalao|s| @]
Praoject Contents
'% LitePro Diezign for Comps
I 400w LitePro Desigr
[ LitePro .
% % A
% % A
& & &
3 . A, A &
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Figure B-13: Point-by-point Analysis [35]
(Used with the permission of Hubbell Incorporated)
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The individually labeled points shown in the blow-up of the figure represent the calculated level
of illuminance at those particular locations. Key quantities of the lighting design, appearing in
the lower right corner of Figure B-13, will be used for comparison with the analysis of the design

and layout offered by the software developed to support this research.
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