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September 4, 2013

MEMORANDUM
TO: Power Committee
FROM: Charlie Grist

SUBJECT: Update on the State of Solid-State Lighting

Solid-state lighting first appeared in the Council’s Fifth Power Plan, in the form of light-emitting
diode (LED) traffic lights. In the Sixth Power Plan, LED street lighting and outdoor area
lighting expanded solid-state lighting energy efficiency potential significantly. Since that time,
the pace of technological and market advancement of solid-state lighting has been remarkably
fast. At the September Council meeting, staff will present an update about what has been going
on in solid-state lighting since the Sixth Power Plan, and provide a glimpse into the future.

Solid-state lighting is beginning to penetrate the general illumination market in significant ways.
Over the past four years, there have been ten-fold improvements in cost and performance in
some classes of equipment. Advanced capabilities of LED systems have spawned innovative
product design and have made new realms of adaptive lighting control possible. Several
organizations are forecasting continued large improvements in cost, performance and industry
size. In the meantime, performance metrics, testing standards, and application guidelines are just
barely keeping up with the innovations.

This presentation will provide a brief background on key solid-state technology and industry
trends that will have influence on the Council’s Seventh Power Plan lighting load forecasts and
remaining conservation potential assessment. Supply curves for achievable conservation will be
developed for the Seventh Plan later, as data on cost and performance are collected.

851 S.W. Sixth Avenue, Suite 1100 Steve Crow 503-222-5161
Portland, Oregon 97204-1348 Executive Director 800-452-5161
www.nwcouncil.org Fax: 503-820-2370
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The State of Solid State Lighting

September 2013 Council Meeting
Coeur d’Alene, Idaho
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Outline

= Physics

What Has Happened Since Sixth Plan
Emerging Technology and Markets
Initiatives: USDOE, Market, Utilities
Issues for Seventh Plan

Modern Applications & Innovations
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Thisis an Update /1 \

= Update on emerging new lighting technology
= Background for Seventh Plan
= Conservation potential will be developed later
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Special Thanks

USDOE

Pacific Northwest Labs (PNL)
Dr. John Curran

NEEA

Design Lights Consortium
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Some Key Terms & Concepts

= Solid State Lighting: Semi-conductor based diodes
that produce light (LED and OLED)

= Lumen: A measure of light output
= Efficacy: Light output per electric input
— lumens per Watt or Im/Watt
— Source Efficacy versus Luminaire Efficacy
= Key Components: diodes, LED package, optics,
thermal management, driver, fixture, controls
= Color Metrics: CRI, CCT, R9, whites
= Lifetime Metrics:
— LM-80: Test procedure to determine lumen depreciation
— TM-21: Method to determine useful life
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Electric Light Luminaries
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How It Works: Electricity to

Maorthwest Silicon Sub-mount Chip
Powerand Heatsink Slug with ESD Predection
Conscrvation

Council

Detail of Electricity to Light in LED

G L

+ Depletion zone creates a barrier which limits flow of carriers (electrons.
G S oter)

+ Applying a forward voltage V lowers that barrier and allows carriers to
G flow across the junction
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LED Modules combined to Arrays
Modules to Products

Optics

\.
0000000 11 0 11111118

LED Modules are combined into LED Arrays >

LED Arrays plus optics produce useful light
Thermal management removes heat
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] Driver

Thermal

Drivers convert power to proper voltage & current | Management

Controller for switching, dimming, color
Luminaire puts it all together in a fixture
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Luminaire
Housing

LED: All the colors of the

€nd

AlinGaN

AlinGaP
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rainbow - Exceet White

DOPING AGENTS FOR COLOR

Indium gallium nitride (InGaN) = Blue & Green

Gallium arsenide phosphide (GaAsP) =

Red & Amber

Aluminium gallium phosphide (AlinGaP) = Red

Gallium phosphide (GaP)= Green

I Periodic Table of the Elements
= S ¥ hydrogen B poer metals - B
Li'| B alkali mtals O nonmetals gl efln F
slkall eorth metals B noble gases
e transition metals rare earth metals wrp e W
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How to Get White Light

Color mixing optics

White
Light
Phosphors

Blue or UV LED

Color mixing optics

Multi-colored LEDs Colored and pcLEDs

Phosphors are used to convert Mixing the proper amount of
blue or near-ultraviolet light from light from red, areen, and
the LED into white light blue LEDs yields white light

A hybrid approach uses both
phosphor-converted and discrete

PHOSPHOR-CONVERTED LED COLOR-MIXED LED ‘ HYBRID METHOD LED
monechromatic LEDs

North Source: USDOE
l‘:}m“r'cﬁ http://www1.eere.energy.gov/buildings/ssl/sslbasics_ledbasics.html
Conscrvation

Coungil

How Are LED’s Different?

Durability
Size form factor

Controllability These differences

Industry players have impact on
Market dynamics energy efficiency
potential.
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US Lighting Inventory

Number of Lamps Energy Use Lumen Production

® Residential 25% 8%

o Commerecial . 25% . 50% .60%

® Industrial ® 2% . 8% 1%

© Outdoor @ 2% . 17% . 21%

FIGURE 2.3 U.S. LIGHTING INVENTORY, ELECTRICITY CONSUMPTION, AND LUMEN PRODUCTION, 2010 [1]

1%

Northwest . . P
Powerand Source: Navigant Consulting, Inc., "2010 U.S. Lighting Market
Ckuonng;:lrvatlon Characterization," U.S. Department of Energy, Washington, DC, 2012.

US Lighting Energy by Equipment Type

National Lighting Energy Use by Technology and Sector in 2010

B0 W incandescent
E Halogen 118 700
] B Compact Fluorescent —
& @ Linear Fluorescent " -
2 B0 L - E—
§ DLED/Other 349 )
E 500
=
EE s
ZE
E 0
w
E 0 175
E S
o
o+
Residential Commercial Industrial Outdoor Total
Northwest
Powerana Source: Navigant Consulting, Inc., "2010 U.S. Lighting Market
C:;,fn“gﬁ'"“"c'“ Characterization," U.S. Department of Energy, Washington, DC, 2012.
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Source: Multi-Year
Program Plan, Solid-
State Lighting
Research and
Development
(USDOE April 2013)

Low LED Saturation 2012

Application

i

ag NoTthWest
Powerand

Conscrvation

Council

T
o
-
o -
R
O -
IR
o

Motes:
1. Values less than 0.1% are considered negligible.

Lighting Market Characterization report.

TABLE 2.1 U.5. PREVALENCE OF LED SOURCES IN SELECT LIGHTING APPLICATIONS [20, 1-

Estimated LED Penetration of

Installed Stock (%)"

<1

<1

<1

<1

2. Thase astimatas have been updated using data from the 2010 U.S.

Pace of Change

Mid 2009

Mid 2009

End 2009
4

End 2009
]
.'- End 2010
End 2010 jg— End 2011
End 2011

% Cool Target

xXWarm Target

$100
Logarithmic
Scale
E
= $10
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g
[
)
g
[=]
&
o $1
w
-l
$0
0

20 40 60 80 100 120 140 160 180 200

Efficacy (Im/W)

220 240

FIGURE 2.5 PRICE-EFFICACY TRADEOFF FOR LED PACKAGES AT 35 A/ICM? AND 25 °C

260
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Source: Multi-Year Program Plan, Solid-State Lighting Research

and Development (USDOE April 2013)

9/4/2013



Relative Cost of EQuipment - 2012

- TABLE 2.2 COMPARISON OF TYPICAL MARKET PRICES FOR VARIOUS LIGHTING SOURCES _

Fixture/bulb

Halogen Lamp (A19 43W; 750 lumens) cost onIy.

CFL (13W; 800 lumens)

. Does not
CFL (13W; 800 lumens dimmable) include energy

Fluorescent Lamp and Ballast System (F32T8) cost.

LED Lamp (A19 12W; 800 lumens dimmable)

CFL 6" Downlight (13 W; T4; ~500 lumens) $10

LED 6" Downlight (10.5 W; 575 lumens) $50
OLED Panel $800
OLED Luminaire $2.400
Nﬁnhwcs: Source: Multi-Year Program Plan, Solid-State Lighting Research
Conetewtion | and Development (USDOE April 2013)
Council

Ten-fold Cost Decrease LED
M le Next 8 Years?

TABLE 2.4 SUMMARY OF LED PACKAGE PRICE AND PERFORMANCE PROJECTIONS

[ i e e e
164 180 235 266

Cool-White Efficacy (Im/W) 150

Cool-White Price ($/kim) 8 4 2 0.7 0.5
Warm-White Efficacy (Im/W) 113 129 162 224 266

Warm-White Price ($/klm) 79 5.1 23 0.7 05

Mote: Projections for cool-white packages assume CCT=4746-7040 K and CRI =70, while projections for warm-white
packages assume CCT=2580-3710 K and CRI =80. All efficacy projections assume that packages are measured at
25 *C with a drive current density of 35 Alem®.

Source: Multi-Year Program Plan, Solid-State Lighting Research
and Development (USDOE April 2013)
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LED Product Count On the Rise
—

1,800
Other
1,600 Outdoor Luminaires
1,400 ® Indoor Luminaires
E W Llamps
2 1,200
£ 1,000
3
- riced
o 800
a
% 600
Z 400
200
0
2009 2009 2010 2010 2010 2010 2011 2011 2011 2011 2012 2012 2012 2012 2013 2013
a3 a4 @ Q2 03 04 Q1 Q2 Q3 Q4 Q1 q a3 a4 Q1 Q2
Quarter of Initial Listing
Naorthwest
Powerand . X
Cl.ons_clrvatlon Source: DOE Lighting Facts Snap Shot July 2013
ouncL

Higher US Saturation

5§ = In 2012, LEDs represent 4.6% of the total
§ installed 248 million directional lamps
m
g 20
%
o r
E =15 11.4 M
8 '
E
k= 96X Growth
=]
,"é 5

; - - I - O1mM_ | [ osm
ey 0 |

2 Al 2009 2010 2011 2012
EIEDEIEDED vear
bh *Upper and lower bounds on each bar represent the range of market estimates

N](’);‘l“hm‘:_'?ﬂ: Source: DOE/EERE Adoption of Light-Emitting Diodes in Common Lighting Applications, April 2013,
% Ccns_elrvation

Revised May 2013

Counci!
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$1,000 5

Bulb Cost Trends | T

oa

Boy0

5100

FIGURE 2.6 A19 REPLACEMENT
LAMP PRICE PROJECTION (60W
EQUIVALENT)

Note: The shaded region illustrates o\ MYPP Target

the price range for a typical
equivalent performance CFL (13W
self-ballasted CFL, non-dimmable at
bottom, and dimmable at top).

510 |

19 60W Replacement Lamp Price ($/kim)

V"

Compact Fluorescent Lamp (800 Im, 13W)

A halogen incandescent costs about
$2.50/kIm today.

Maorthwest $1
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Conservation

Council

Downlight Cost Trends

$250
The Cree LRE/CRE downlight series has seen nearly o
75 percent cost reduction between 2007 and 2013
$200 ¢
g .
E S0 ~_ . )
= are -
= _dﬂll-m( S~
g 5100 - N
E —
$50
Cree LR6
2007 - $200/klm
S0
2007 2008 2009 2010 2011 2012 2013
Year
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Streetlight Fixture Cost Trends
[— Yearly Comparisons L

Local Street LED Fixture

Source: City of

Los Angeles, 2009 2010
BRIt *Avg. Price = $ 432 *Avg: Price = $ 298
Lighting
*Efficacy ™ =42 L/w Efficacy =61 Lm/w
«Life = 80,000 hrs «Life =111,000 hrs
‘Warranty = 5 yrs *Warranty =6 yrs
2011 2012
*Avg. Price = $ 285 *Avg. Price = $ 245
=Efficacy === 72 Lm/w sEfficacy™ == 81 Lm/w
-Life =150,000 hrs «Life =150,000 hrs g
e ‘Warranty =6 yrs -Warranty™ =7 yrs
Powerand
Conscrvation
Council

Most Outdoor LED Products in Lower
Output Categories
[ —

120 1—
100 § !
s '
=~ +
E 80 1|
= B og® . N AL AL
m [ -
E 60 T E
E: o
£ 40 4,
E Lo
3 '
20 §1
[ | bLcarL
[ | Minimum (1,000 Im})
0
] 5000 10,000 15000 20,000 25000 30,000 35000 40,000
Output (lumens)
Naorthwest
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Conservation | Source: DOE Lighting Facts Snap Shot July 2013
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Pace of Change: Global

I ——————|

= US: Now at 1 to 3% of stock depending of
application

= US: By 2020, USDOE expects LED market
share to hit 38 percent of U.S. lumen-hour
sales (or 28 percent of unit sales)

= China: Goal 30% LED by 2015

= Japan: High elec prices & Fukushima
increasing LED sales from 9% in 2010 to
forecast 30% of non HID at 2020

= Northwest

‘OWeTand
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Council

New Industry Players: From Hi-Tech

------
lllll
s

Traditional Lamp Suppliers  LED Suppliers
+ Osram
: *  Lumileds
+ Sylvania -
E *  Bridgelux
s * Nichia
: PhI|IpS *  Seoul Semiconductor
£ * Toshiba
« GE y * Sharp
* Toyota Gosei
£ *  Edisan Opto
. * and many more...
Northwest
— W

9/4/2013
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Industry Revenues Growing

Strategies LED Lightillg
Unlimited
forecast industry
revenue of $22
Billion by 2016

Northwest N : p
POWer and Junels, 3012 S 2012 strategies Unlimited :]iﬂhaj@esugniw
Conscrvation = - -

Council

Solid State Lighting Challenges

= Color Quality: CRI, CCT, R9
= Application performance:

— Interchangeability, dimming functionality, form
factor, output

= Lifetime:
— Source life can be long, but luminaire life can vary

— Failure modes not well understood: color shift,
power supply, optics, solder joints

= Short Product Cycle
= Cost

Northwest
Powerand
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Congress to USDOE: Tremendous
Potential in LED Technology

SS5L PARTNERSHIPS

RESEARCH & DEVELOPMENT TESTING & PRODUCT DEVELOPMENT MARKET DEVELOPMENT

Market-Ready
Energy-Efficient
Products

BASIC ENERGY SCIENCES

DOE: Let’s avoid pitfall of CFL roll-out and market
adoption. Work on all aspects of R&D, testing,
product development & market development

Maorthwest
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USDOE-Supported Initiatives

Research & Development

Testing (CALIPER)

LED Lighting Facts (online product list)
Technical Information Network

Standards

Design Competition (LPrize, Next Generation)
Demonstrations (GATEWAY)

= Municipal Street Lighting Consortium
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Today’s Research

"
= Improving phosphors

= Simplifying package design

— Careful integration into fixtures: LEDs
sensitive to thermal, optical & electrical design

= Tuning the color spectrum
= Addressing stability in output & color

= Northwest

OWeTand
Conscrvation
OUNCL:

USDOE Research Money

LED
Manufacturing

$20.5 million
43%

OLED Praduct
Development
50.2 million
0.3%

$47.2

Million OLED
Manufacturing
$12.5 million

Industry
$29.5 million
B63%

LED Product
Development
$4.1 million
9%

~ University @

OLED Core
Technology /
$3.2 million $5.2 million
% n% J/
/

FIGURE 4.3 DOE $SL TOTAL PORTFOLIO SUMMARY, APRIL 2013 /  Small Business
d $10.7 million
23% Mational
Laboratory
$1.7 million
4%

Northwest FIGURE 4.6 DOE S5L TOTAL PORTFOLIO SUMMARY BY RECIPIENT GROUF, APRIL 2013
-
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LED Testing Standards

LM-79-08

— test procedure for evaluating light distribution
LM-80-08

— test procedure for measuring lumen depreciation
TM-21-11

— method for determining “useful lifetime”

ANSI C78.377-2008
— binning structure to specify LED device colors

Maorthwest
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Solid State Lighting Supply Curves

= How much savings available?
= At what cost?

= How soon?

= What will happen on its own?

Northwest
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Sixth Power Plan Supply Curves

Measure Category Total Potential Levelized Cost
2030 (MWa) (S/Mwh)
0 *

Traffic Signals

Street & Roadway 44 $30-$250
Parking Lot & Garages 54 $40-$90
Outdoor Area Lighting 88 $30-$100
Signage 7 $30-$40
Grocery Cases 8 $50-$60
Commercial Downlights tiny $50-5600
Residential 0

*Traffic signals was 8 MWa potential in 5th Plan. Assumed
completed for Sixth Plan— Remaining potential in forecast

= Northwest
Powerand |
Conscrvation
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What will be in Seventh Plan
I rves?

Northwest
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Seventh Plan Starting Assumptions

[ —
= Baseline
— Federal lamp & fixture standards OR Better
— Example: In 2011, about 30% CFL in residential
(CFLs are more efficient than federal standard)
= Stock Turn-Over

— When lamps/fixtures burn out or are remodeled
out, replacement lamps & fixtures are federal
standard efficiency or better

= Frozen Efficiency Baseline

— Replaced lamps/fixtures at today’s efficiency
levels

= Northwest

OWeTand
Conscrvation
OUNCL:

Some Best-In-Class Efficacy Mid-2013

In Efficacy:
LED products

Incumbent Best New | Best LED
are challenging Technology Inc.umbent Efficacy
some Best-In- Efficacy (Im/Watt)
Class incumbent (Im/Watt)

technologies.' A-19 bulb Halogen IR
Some potential
gains are big, A-19 bulb CFL 70 94
others small. PAR-38 bulb Halogen IR 26 89
MR-16 Bulb Halogen IR 20 77
But it’s not all
about efficacy: Candelabra Incandescent 10 80
'E?St Downlight CFL 40 88
*Lite
« Output 4-Foot Linear Pendant  Linear Fluor 90 119
Vel 2x2 Recessed Troffer  U-Bent Fluor 50 90
* Maintenance
High Bay Metal Halide 100 110
D Streetlight HPS 75 110
Conservation
Council

9/4/2013
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Studies Forecast Significant

—fenetraton of SSL__|

Table 7.10 Comparison of LED Forecast Model Results

Market Share

DOE, 2011 Lumen-howrs| TU.S. - 0.6% 10% 36%
Morgan Stanley, ZUTT - o s, W OT I 0 = 15%0 -
McKinsey, 2011 Units World 1% - 19% 46%
Stern Agee, 2010 Units World | 0.45% - 13% -
IMS Research, 2011 UsD World 10% - 46% 50%
Cree, 2010 USD World 5% - 33% 75%
Philips, 2010 EUR World - 8% 50% -

= Northwest

)OWeTand
Conscrvation
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USDOE: Forecast Big Savings

Source: Energy Savings Potential of
Site Electricity Consumption (TWh)
oy o [=2]
8 B8 B

Solid-State Lighting in General
lllumination Applications, USDOE/EERE

300
~ 200
—
8 100
>
©
s ]
c 2010
[v]
e

Northwest

‘ouncil

2015

N Residential I Commercial

2 POWET and Figure 7.1 Total U.S. Lighting Energy Consumption Forecast, 2010 to 2030
%’} Conservation

46% savings in 2030

2020 2025 2030

Industrial B Outdoor Stationary ==——Baseline

9/4/2013
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USDOE: Forecast Lumens by Source

o 1
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Northwest
ol Figure 7.2 Total U.S. Lighting Service Forecast, 2010 to 2030
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USDOE Forecast Inroads for SSL

Source: Energy Savings Potential of
Annual Site Electricity Savings (TWh/year)
I
o

Solid-State Lighting in General
lllumination Applications, USDOE/EERE
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USDOE Forecast Outdoor Lighting

Table 7.9 Outdoor Stationary HID Energy Savings Results

2010 » —— Cumulative
= e it (2010-2030)

Baseline site electricity -

consumption (TWh) 98 101 100 115 121 2274
LED market share (% of lm-hr) - 203% [ 653% | 82T | 87.8% -
Site electricity savings (TWh) - 5 23 R 60 532
Site electricity savings (%) - 4.8% 20.8% | 37.9% | 50.0% 23.4%

Source: Energy Savings Potential of Solid-State Lighting in General lllumination
Applications, USDOE/EERE January 2012

6P estimates of max penetration:

- 30% by 2015
= Northwest o
%E%ﬁ;é;ﬁ;tion 85/’ by 2026

ouncil

PNW Utility Programs

e —]
= Traffic light conversion largely complete

= Niche applications moving from pilots to
programs (grocery cases, directional)

= Qutdoor lighting programs on the uptick

= Moving into general illumination as new
products emerge (downlights, A-19, LF)

= Need for product selection/specification
guidance

Northwest
Powerand
Conservation
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Some Images of New LED Systems

= From USDOE Next Generation Luminaire

Naorthwest
Powerand
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Innovative Applications
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Innovative Applications

MNorthwest
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Innovative Applications

Northwest
Powerand
Conservation

Council

9/4/2013

24



9/4/2013

Innovative Applications
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Innovative Optics

Lots of choices with
trade-offs based on: Polvmer &
* Efficiency Opti ;
+ Light Distribution
* Cost

* Size

© 2003 LD Tramafwrmations, LU
Maorthwest
Powerand |
Conscrvation
Council

Innovative Applications
e —)
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Summary of Major Shifts

= Lighting used to be predictable well-understood
technologies & markets & players

= |ntroduction of SSL has rocked the boat
— Both technology & how we see artificial light

= Vast & speedy improvements in cost & efficacy

= Unprecedented cooperation between government,
manufacturers, specifiers & business-sector users

= Thereis still alot to learn
= Test methods and standards catching up

Morthwest

e Power and
,_,Cl, onscrvation
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Seventh Plan Issues

Include forecast cost trends beyond 2015?
Estimating pace of market uptake
Near-term technology innovation

Estimating old system turnover rates in face
of new technology

Take these issues up at Conservation
Resource Advisory Committee (CRAC)

Northwest
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The End
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