

















1.1 Directional Lamp MEPS - Australia

Australia’s efficiency regulation exceeds that of a basic halogen level.
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* Initial efficacy shall be 22.8 In(L) — 4.0 where L =initial luminous flux

* Mandatory for all ELV halogen reflector lamps beginning in October 2010 and for
all mains voltage reflector lamps beginning in October 2012
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1.1 Directional Lamp MEPS - Canada

Canada’s scope of coverage includes incandescent and halogen
directional lamps, and is largely harmonised with the USA.

“General service incandescent reflector lamp" means an incandescent reflector lamp

(a) with an R bulb shape, a PAR bulb shape or a bulb shape similar to R or PAR
that is neither ER nor BR, as described in ANSI C79.1,

(b) with an E26/24 single contact or E26/50 x 89 skirted, medium screw base,

(c) with a nominal voltage or voltage range that lies at least partially between 100
volts and 130 volts,

(d) with a diameter greater than 70 mm (2.75 inches), and
(e) that has a nominal power of not less than 40W and not more than 205W,

but does not include coloured lamps or other special purpose lamps such as
rough and vibration service, neodymium oxide and shatter resistant.

; NAVIGANT

CONSULTING



1.1 Directional Lamp MEPS - Canada

There are certain directional lamps that are not covered in Canada,
such as the popular MR-16 lamp.

Reflector lamps with base types other than E26 medium screw
base, such as common MR-11 and MR-16 lamps: 2-Pin GU5.3;

GU10, GX5.3 and G4; in addition to candelabra and other screw
bases smaller than E26.

Compact fluorescent reflector lamps, ceramic metal halide reflector
lamps or LED reflector lamps that may be used as replacements for
certain halogen directional lamps because the definition of

incandescent reflector lamp only applies to heated-filament lamps.

Certain BR and ER lamps, which exclude the popular 65 watt rated
model.
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1.1 Directional Lamp MEPS - Canada

The Canadian regulations are largely harmonised with the USA, apart
from the 60 to 66 watt lamps.

Table of Existing Canadian Regulations on Incandescent Reflector Lamps

Nominal Lamp Wattage Minimum average lamp efficacy (Im/W)
40-50 10.5
51-59 11.0
60-85 12.5
86-115 14.0
116-155 14.5
156-205 15.0

* Note that this regulation will not apply to BR30 (95mm) and BR40 (127mm) lamps of 50 watts or
less and BR30 and BR40 lamps of 65 watts which are excluded by definition.
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1.1 Directional Lamp MEPS - Canada

The new proposed Canadian regulations provide for a higher efficacy
requirement.

Table of Proposed Canadian Regulations on Incandescent Reflector Lamps

Rated Lamp Lamp Lamp Rated Minimum
Wattage Spectrum Diameter Voltage Average Lamp
Efficacy (Im/W)

40 - 205 Standard >63.5 mm =125V 6.8*P0-27

Spectrum (2.5 inches) <125V 5 Q*p0.27

< 63.5 mm =125V 5.7*P0-27

(2.5 inches) <125V 5.0*Po-27

40 - 205 Modified >63.5 mm =125V 5.8*P0-27

Spectrum* (2.5 inches) <125V 5 0*p0-27

<63.5 mm =125V 4.9*po-27

(2.5 inches) <125V 4 2*po.27
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1.1 Directional Lamp MEPS - USA

The US definition of an incandescent reflector lamp is similar to
Canada, not covering all directional lamps.

Incandescent reflector lamp (commonly referred to as a reflector lamp) means
any lamp in which light is produced by a filament heated to incandescence by an
electric current, which: is not colored or designed for rough or vibration service
applications that contains an inner reflective coating on the outer bulb to direct
the light; has an R, PAR, ER, BR, BPAR, or similar bulb shapes with an E26
medium screw base; has a rated voltage or voltage range that lies at least
partially in the range of 115 and 130 volts; has a diameter that exceeds 2.25
inches; and has a rated wattage that is 40 watts or higher.

* Base types other than E26 medium screw base are not covered (e.g., 2-Pin
GUb5.3; GU10, GX5.3 and G4).

* Small diameter reflector lamps (< 2.25”) are not covered (e.g., MR-16
directional lamp which is 2.00”).

* Only applies to incandescent and halogen lamps, it does not include compact
fluorescent, metal halide or LED (although metal halide may be covered
separately).

1 NAVIGANT

CONSULTING



1.1 Directional Lamp MEPS - USA

The MEPS for the US were set by EPACT 1992 and are still applicable
today.

The current US minimum average efficacy requirements for incandescent
reflector lamps were set by the Energy Policy Act of 1992, and became
effective in 1995.

Table of Existing US Regulations on Incandescent Reflector Lamps

Nominal Lamp Wattage Minimum average lamp efficacy (Im/W)
40-50 10.5
51-66 11.0
67-85 12.5
86-115 14.0
116-155 14.5
156-205 15.0

These efficacy requirements are applicable until new ones take effect on 15th
July 2012.
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1.1 Directional Lamp MEPS - USA

The new MEPS were adopted in July 2009 and become effective in
July 2012, a 24-46% increase over EPACT 1992.

Table of Pending US Regulations on Incandescent Reflector Lamps

Rated Lamp Lamp Rated Voltage | Minimum Average | Example Im/W
Wattage / Diameter Efficacy (Im/W) | for 100W lamp
Spectrum (inches)

40 — 205W, >2.5 =125V 6.8*P0-27 23.6
Standard <125V 5.9*P027 20.5
Spectral <25 >125V 5.7*p027 19.8
Emission - - : :
<125V 5.0*P0-27 17.3
40 — 205W, >2.5 =125V 5.8*P0-27 20.1
Modified <125V 5.0*P0-27 17.3
Spectral <2.5 =125V 4.9*po-27 17.0
Emission - ~ : :
<125V 4.2*po-27 14.6

For example: DOE’s new MEPS will require a 100W reflector lamp to increase its
efficacy by between 24 and 46 percent over the EPACT 1992 regulations.
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1.1 Directional Lamp MEPS - USA

A graphical representation of two of the MEPS equations for the US
between 40 and 205 watts (120V plot).
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DOE is actively working on MEPS for BR and ER lamps and small diameter
incandescent reflector lamps (due December 2011) and will initiate a second
cycle of MEPS on incandescent reflector lamps (due June 2014). NAVIGANT
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Of the three countries with MEPS for directional lamps, Australia has
the most expansive coverage.

1.1 Directional Lamp MEPS

Table Comparing Directional Lamp Coverage of the Three Countries

Lamp Australia Canada United States
Property
Lamp Shapes |[PAR, ER, R, RE, XR, R, PAR, BPAR, BR and |R, PAR, BPAR, BR and
YR, ZR or MR11-16 ER ER
<2.25Inch Yes, includes MR11 — Not covered Not covered
Diameter MR16
Wattages All wattages 40 — 205 Watts 40 Watts and higher
(although only set
MEPS up to 205W)
Voltages 5-24V and >220V At least partially At least partially
between 100 and 130V | between 115 and 130V
Base Type Bi-pin, E14, E26, E27, E26 only E26 only
B15, B22d or GU10
Modified Same MEPS for Anticipate will adopt US | Same requirement, but
Spectrum standard lamps and requirements will have lower target
Lamps modified spectrum than new regs for
standard lamps in 2012
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1.1 Directional Lamp MEPS

Graphical comparison of the MEPS levels, adjusted to 240V.
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Higher voltage lamps (e.g., 240V) will require the use of a thinner and longer filament for the same power rating, which will
naturally have a lower efficacy than the shorter, thicker filaments used at lower voltages (e.g., 120V).
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1.1 Directional Lamp MEPS

A few observations on the graphic on the previous slide:

All MEPS exhibit a similar pattern, lower at low wattages and increasing at
higher wattages.

All are higher than the US’s original EPACT 1992 levels, standard halogen
from nearly twenty years ago.

Australian regulations span a wider wattage range than US and Canada (40-
205 watts).

The new US regulation for lamps greater than 2.5 inch diameter (63.5 mm) is
similar to the Australian efficacy regulation, after adjusting for voltage.

The Australian regulation also applies to small diameter directional lamps,
and are more stringent than the US regulation for these lamps.

The Australian government is also considering a max wattage on MR-16
lamps to ensure consumers will benefit from the energy savings of the more
efficacious technology.
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1.2 Directional Lamp Test Procedure

Goniophotometer is the most precise way of measuring light output

from directional lamps.

Goniophotometer:

Measures the spatial distribution patterns of
the intensity of a light source.

Displays the photometric properties of visible
light to the human eye in relation to defined
angular positions.

L]
'R PaVYal

111111 UL U1ICLLICU LU d d5C11DU1L) dlil
lamp under test

Measurements can be gathered in all
directions from an operating lamp.
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1.2 Directional Lamp Test Procedure

Measurements are taken at gamma angles around a C-plane; multiple
C-planes are taken, and light output is calculated by integrating the
measurements.

C-Planes and Gamma Angles

Rotate lamp to
nextC plane

Measure
Lamp axis Light Lamp axis Measure
W Intensity Light
Intensity
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1.2 Directional Lamp Test Procedure

Integrating sphere is a fast method of measuring light output from a
lamp or fixture.

Integrating sphere (also called an
Ulbricht sphere) is large spherical
tool used for measuring light
output.

The sphere has a hollow interior
painted with white paint for high
diffuse reflectivity.

Works through uniform scattering
and diffusing light (i.e., integrating)
in interior of sphere.

Light incident on any one point on
the inner surface are distributed by
multiple scattering reflections to
points inside the surface.
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1.2 Directional Lamp Test Procedure

An integrating sphere must be calibrated with a directional reference
lamp of similar beam angle to provide accurate test results.

* The integrating sphere is based on the concept of uniform luminance of the
inside surface of the sphere.

* A directional lamp creates a “hot-spot” where the light emission first
contacts the sphere surface and then scatters internally. If this hot-spot is
directed toward the sensor or away from it, it can lead to unreliable
measurements.

* Australia is working on developing a solution using a series of
directional reference lamps to address this issue.

» CIE 84-1989 describes the recommended test method for the measurement
of luminous flux of “strongly directional lamps” whereby the test lamp is
externally ported to the sphere.

* However, numerous lamp shapes and sizes make it costly to maintain
laboratory equipment and accessories (e.g., square and rectangular ports,
rings and shims that optically seal the lamp to the test port).
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1.2 Directional Lamp Test Procedure - Australia

The Australian test standard is an “interim” document and allows for
three different methods.

* The Australian test method for measuring incandescent reflector lamps is
being actively revised

* AS/NZS 4934.1(Int):2008, “Incandescent lamps for general lighting service.
Part 1: Test methods—Energy performance.”

» Test Standard can be one of three different approaches:
* Method 1. Integrating Sphere
* Method 2. Goniophotometer
* Method 3. Spectroradiometer

« For all methods, lamp efficacy is reported as the ratio of measured
luminous flux divided by the measured lamp power (Im/W).
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1.2 Directional Lamp Test Procedure - Canada

Canada recently published a new Test Standard, but it has not been
adopted by the regulatory agency yet (NRCan).

Current Canadian standard for testing incandescent reflector lamps is CSA
C862-09, “Performance of incandescent reflector lamps.” (2009)

An updated version of CSA C862-01 (R2006).

Test method is based on measurement of the luminous flux of reflector
lamps using photometry methods specified in IESNA LM-20-1994.

Total flux may be obtained by calculation from the intensity distribution
data (goniophotometer method) or with an integrating sphere.

Any non-usable flux (e.g., light emanating from the base/neck area or
thantsgh thhn wnfla~ticrn ciirfaco AfFtha lazwY g vt b vl dad 31 Hha

L lJ.ULléJ.l LIIC ICliICCLIVC SUlldlc Ul LUIC ldlll}}) 15 11Ul UC 11iIciudca 111 Ui1c
measurement.
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1.2 Directional Lamp Test Procedure - USA

The US DOE recently reviewed and finalised its test procedure,
without substantive change.

DOE'’s test method for measuring the efficacy of incandescent reflector
lamps was reviewed and finalised on the 14th of July 2009 (74 FR 34177).

The test method is broadly consistent with that of Canada.
DOE references IES LM-20-1994 section 4.2, which requires that:

* The distance between the lamp under test and the detector shall be
great enough so that the inverse-square law applies. Standard practice
for most types of lamps is a 3 m (10 ft) test distance;

* Ambient conditions must meet the IES Approved Method for
Electrical and Photometric Measurements of General Service
Incandescent Lamps, LM-45; and

 If the beam axis, the photometric axis and the lamp base are not on the
same axis, the test lamp should be shifted to place the beam axis on the
photometric axis.
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1.2 Directional Lamp Test Procedure

The industry standard underpinning the US and Canadian test
method recommends calibrating the integrating sphere with a
directional reference lamp.

« JESNA LM-20-1994 notes in section 7.2: “Integrating spheres have inherent
limitations in the ability to accurately integrate the light from a reflector
lamp.”

* “Inaccuracies may be more evident when small (less than 2 meters in
diameter) integrating spheres with low reflectance surfaces (less than 90
percent reflectivity) are used to measure directional lamps with narrow
(less than 10° beam angle) beam distributions.”

* The lumen output of the narrow beam angle produced by reflector lamps
may be measured inaccurately if non-directional lamps are used for
calibrating the photometer.

*  LM-20-1994 concludes that it is “desirable that standard lamps used for this
calibration have a beam distribution similar to that of the lamp to be
tested.”
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1.3 LED Test Methods and White Papers

Several standards-issuing organisations are developing test methods
for light emitting diodes (LEDs).

« This work is critical for laying the foundation of the technology as LEDs
become a more widely used and accepted light source.

« The following organisations were reviewed:

* American National Standards Institute (ANSI) - www.ansi.org

* Illuminating Engineering Society (IES) - www.iesna.org

* International Commission on Illumination (CIE) - www.cie.co.at

* International Electrotechnical Commission (IEC) - www.iec.ch

* National Electrical Manufacturers Association (NEMA) -
Www.nema.org

* Underwriters Laboratories (UL) - www.ul.com

* Zhaga Consortium - www.zhagastandard.org
 CITADEL Programme
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2.1 Terminology and Concepts

There are several key terms and concepts associated with directional
lamps.

* Centre beam candle power - the value (expressed in candela) of the
luminous intensity measured on the optical beam axis.

* Beam angle - is the angle at which the luminous intensity of the light
emitted by the directional lamp is 50% of the maximum intensity of
emitted light. The beam angle is the angle between these two defined
limitation points, not the angle between one limitation point and the
optical axis.

* Field angle — the angle at which the luminous intensity of the light
emitted by the directional lamp is 10% of the maximum intensity of
emitted light. The field angle is always greater than the beam angle, but is
less than the cut-off angle.

* Cut-off angle — this describes the angle which encompasses all forward
light emitted by the directional lamp. For the purposes of this discussion,
this is taken as 180°.
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2.1 Terminology and Concepts

This diagram illustrates the terms defined on the previous slide.

Light cut-off

Centre — peak intensity

Totallight
/ emission
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2.1 Terminology and Concepts

Reflective coatings are used in directional lamps to control the light
output.

A directional incandescent lamp is constructed in much the same way as a
non-directional incandescent lamp.

However, it has a reflective surface to part of the lamp’s interior (or
exterior) for the purposes of directing (i.e., controlling) the light emission.

Depending on the optical design, the light emission can be a wide-angle or
a narrow-angle/spot.

Reflective
coating

— appliedto
interior
surface

Light emission
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2.1 Terminology and Concepts

Aluminium and silver are used as reflective coatings, and have

different reflectance coefficients across the visible spectrum.

* Many materials can be used for reflective coatings, the most common
being aluminium (Al).

* Other are silver (Ag) and gold (Au), which are rare metals and thus have a
high cost, but also have better reflective performance (i.e., efficiency)

* The visible spectrum is marked below as 390 to 750 nm.

Visible

Spectrum
100 4 +—> —
i

80 1 Source: Bass, M., Van
X Stryland, E.W. (eds.)
§ 60 - Handbook of Optics
z vol. 2 (2nd ed.),
S 40- McGraw-Hill (1994)
& ISBN 0070479747 .

20 1

Mg
0 S B R I — 1
200 nm 500 nm 1 pm 2 um 5 um
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2.1 Terminology and Concepts

Directional lamps were defined in EC 244/2009.

* A directional light sources (DLS) was defined in the European
Commission’s Regulation (EC) No 244/2009 of 18 March 20009:

* ’Directional Light Source” or DLS means a light source having at least
80% of its light output within a solid angle of 7 sr (corresponding to a
cone angle of 120°) 1. A DLS uses a reflector or an optical component
(e.g. lens for LED) to align the luminous flux.

* 'Non-Directional Light Source' or NDLS means a light source that is
not a directional light source.

* Certain integrally-ballasted compact fluorescent lamps with reflectors
(CFLi-R) are marketed as directional lamps but do not meet the directional
lamp definition (i.e., 80% of light emission within a 120° cone angle).

'The mathematical relationship between the solid angle (Q2) of the beam and the beam angle (6) in ° is Q [sr] =27t * (1 — cos 6/2).
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2.1 Terminology and Concepts

ELC proposes seven categories of beam angle which will simplify

labelling and facilitate replacement of equivalent lamps.

« ELC proposed to establish seven groups of reflector lamps, standardising
the available beam-categories.

« These categories can be applied to all directional lamp types including
incandescent, halogen, CFL, ceramic metal halide and LED.

« The ranges and nominal values are reasonable and helpful, and this
approach would ensure a consistent methodology across the technologies.

Name of Group

Acronym

Angles

Nominal Beam

Angle
Narrow Spot NSP 3-9° 6°
Spot SP 9-15° 12°
Narrow Flood NFL 15 - 20° 17.5°
Flood FL 20 - 30° 25°
Wide Flood WFL 30 - 40° 35°
Very Wide Flood VWEFL 40 - 60° 50°
Extra Wide Flood XWFL > 60° 100°

36

NAVIGANT

CONSULTING




Table of Contents

Beam Angles and Directional Lamps
EuP Study Correction Factors

37

NAVIGANT

CONSULTING



2.2 Correction Factors

Starting with the NDLS equation, two correction factors are proposed
adjusting allowable maximum power and measured light output.

* Similar to EC regulation 244/2009, (P,,,,) is set for luminous flux (P):
P__ system =Y x (0,88VD+0,049D) where:

* Y isa constant that changes over time, reducing the maximum
allowable power in the later stages of the regulation, and

max

e @ is the measured luminous flux in a 90° or 120° cone.

« Two correction factors are applied to this NDLS equation:

*  One correction factor increases the allowable maximum power (P
for some specific lamp types which may experience difficulties
meeting regulatory requirements.

max)

* A second correction factor applies to all directional lamps, and
represents an adjustment to the measured light output to account for
both the efficiency of the reflector within the lamp and the light
emitted outside the proposed 90° cone for measuring light output.
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2.2 Correction Factors - P,

The P
Tc >=5000°K may require review.

ax

max

correction factor for CFLi lamp with CRI =290 and

Proposed Correction Factors for P, of the System (Watts)

Scope of Correction

Pnax System (Watts)

CFLi lamp with CRI = 90 Plamp / 0.85
CFLi lamp with CRI = 90 and Tc >=5000°K Plamp / 075
(Safe) Extra Low Voltage lamps requiring external power supply Plamp / 1.06
for mains connections excluding LED.

LED requiring external power supply Plamp / 1.2

Plamp / 0.85 =17.6% more power. Efficacy reduction of linear fluorescent

lamps from 85 and 90+ CRI is 18%. This value seems reasonable.

Plamp / 0.75 = 33% more power. The World Bank’s “ELI Voluntary
Technical Specification for Self-Ballasted Compact Fluorescent Lamps”

published in March 2006 has at most 8%. Thus, 33% seems as it may need

review.

Remaining P_ .

increase stringency for lamps that operate on a power

supply, to account for losses within the power supply.

max /

[possible errata: “Py,,,,” should be “P
39

”;is LED 1.2 or 1.17]
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2.2 Correction Factors - @

EuP preparatory study proposes three correction factors for measured
light output based on lamp type.

Proposed Correction Factors for Measured Light Output

. Cone Adjustment
Scope of Correction Angle Factor
1. General service reflector lamp (GLS-R), halogen mains 90° Pgyo- X 1.25
voltage reflector lamp (HL-MV-R), halogen low voltage
reflector lamp (HL-LV-R) and retrofit LED-R lamps
2. CFLi-DLS cap E27/E14/GU10 with diameter < 80 mm 90° Dy X 1.25
3. Other CFLi-DLS lamps, HIDi-R or LED modules or luminaires 120° Dp0- X 1.25
that make no claim to retrofit halogen lamps

« We discuss five comments here on the measured light output adjustment
factor on the following slides.
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2.2 Correction Factors - @

a. The more accurate measurement of luminous flux from any
directional lamp would be solid angle of 2mt steradians (180° cone).

* Most accurate to measure the total downward flux emitted from the lamp,
emitted in a solid angle of 27t steradians (180° cone, or half a sphere).

« EuP proposal (90° cone or a 120° cone) introduces errors by creating need
for correction factors to account for “spill light.”

* Consider two directional 100
lamps: 20° and 60° beam 90 ToEmeA
. . . A —| 5 B
angle; each emits different 50 A e
amounts of light outside of £7 1\
the cone of measurement o i \ Lumen Output
91 1 | —
[

(i.e., 90° cone), however one

adjustment factor (x1.25) ol N

applies to both. Tendency 2 Y{\\ -
| N\

W
[}

Luminous Intensity

to overstate the narrow
beam lamp luminous flux
relative to the wider beam.

90° cone angle
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2.2 Correction Factors - @

b. Directional lamps are commonly used in general service
illumination applications, thus all forward lumens are relevant.

« Itis common to find directional lamps (e.g., MR-16 lamps) being used in
general service illumination applications such as area illumination of
domestic kitchens and bathrooms.

» All forward directional light emitted by the lamp is useful light, whether its
within a 90° or larger cone.

* Thus, from an application perspective, the 180° cone appears as it would
constitute a more rational (as well as more accurate) measurement of the
lighting service experienced by end-users.

* The EUP preparatory study (p. 355) states that the 90° (smaller) cone is
preferred because it would be less expensive to measure. However, from
conversations with lighting testing laboratories, incremental cost of
measurements in a C-plane by a goniophotometer from -45° to +45° verses
-90° to +90° is negligible.

0 NAVIGANT

CONSULTING



2.2 Correction Factors - @

c. The EuP preparatory study cites glare as a reason not to consider
beam angles greater than 120°.

* The EuP preparatory study (p. 549) states that beam angles greater than
120° should not be considered because of glare (and are not useful).

* However, this rationale may require further consideration as:

Glare is an issue at any viewing angle for a visible light source such as
an MR-16, which causes discomfort glare.

The luminaire into which the lamp is installed should manage glare for
applications where this is an issue.
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2.2 Correction Factors - @

d. If all forward lumens are measured (i.e., 180°), the Commission
would have flexibility in the test method used.

» If the functional unit for measurement is 27t steradians (180°), it would
enable two possible methods of measuring the light:

Goniophotometer approach could be used as it is with most directional
lamp measurements

An integrating sphere could be used, although it would need to be
calibrated with a reference lamp that is similar in beam angle
performance to the one being measured.
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2.2 Correction Factors - @

e. The basis of the magnitude of the correction factor (1.25) needs
further clarification and may not be appropriate for LED lamps.

Directional lamp losses occur in the reflective surface and the reflector
lamp optics, however the technical basis for this recommendation is
unclear.

Aluminium (the most common material used to create reflective
coatings) maintains a photometric reflectivity greater than 90% across
the visible spectrum.

There will be some internal light scattering and reflection, as well as
supplemental optical losses through the lens of the lamp — and all of
these factors do impact the light emission from the lamp.

Additional data / test evidence supporting this would be helpful.

Directional LED lamps often have “reflector cups” inside the LED
package, and therefore do not require a reflector coating on the
external lamp itself. Is it appropriate to have the full correction factor
of 1.25 apply to directional LED lamps?
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2.2 Correction Factors - @

In summary, five comments discussed here relating to the
measurement of light in solid angle of 2mt steradians (180° cone).

Four comments relating to measurement of all forward lumens:

« Offers most accurate measurement of total downward flux, obviating the
need for a correction factor on 90° or 120° cone a for “spill light”.

* Recognises directional lamps are used increasingly in general illumination
applications where all forward lumens (180° cone) are relevant.

* Notes that glare should not be a constraint — it is an issue for a visible light
source at any viewing angle and a luminaire should address glare in a
particular application.

* Enables opportunity for a dual test method (i.e., goniophotometer and
integrating sphere calibrated with appropriate lamp) - provides flexibility.

And related to this topic:

* Request for data / evidence for derivation of correction factor. Are these
same mechanisms contributing to losses for directional LED lamps?
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2.3 Regulatory Standards Comparison

A brief comparison was prepared to assess the energy saving
ambition of the Best Available Technology with Lock-In.

« This table presents the energy-efficiency label associated with each of the
four lamp types, phased-in over time.

EuP Preparatory Study — BAT with Lock-In Scenario

Present 2010 2013 2016
GLS-R Level F Level E Level B
HL-MV-R-HW Level D Level C Level B+
HL-MV-R-LW Level F Level E Level D
HL-LV-R Level C Level B Level B
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2.3 Regulatory Standards Comparison

The equations that were prepared that correspond to the label levels
for directional lamps.

EuP Preparatory Study — Equations for the Label

Maximum System Power Demand Minimum Light Source Efficacy (including
(Psystem) related to lamp corrected control gear losses) N, =PR/Pgygtem
Level luminous flux (PR) [W] [Im/W]
Y factor
G >1.30
F 1.30 ®R/1.30
E 1.10 ®R/1.10
D 0.95 ®R/0.95
C 0.8 ®R/0.80
B 0.6 X (0.88V®+0.0490R) ®R/0.6
B(BY) 04 ORIOA x 1/(0.88VPR+0.0490R)
A 0.225 ®R/0.225
A(A+) 0.209 ®R/0.209
A(A++) 0.178 ®R/0.178
A(A+++) 0.116 ®R/0.116
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2.3 Regulatory Standards Comparison

Graphical comparison of Australia, Canada, US and proposed EuP
MEPS comparison, BAT with lock-in, 2013 (at 240V).
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2.3 Regulatory Standards Comparison

Graphical comparison of Australia, Canada, US and proposed EuP
MEPS comparison, BAT with lock-in, 2016 (at 240V).
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2.4 Conclusions Task 2

Measurement in 180° and review of some correction factors are
highlighted for consideration by the Commission.

A ‘Directional Light Source” has at least 80% of its light output within a
solid angle of 7t sr (corresponding to a cone angle of 120°). However, the
EuP preparatory study proposes to measure light output in a 90° cone
angle (or 120° for certain special lamps), and then to apply an correction
factor (multiply by 1.25). The Commission may wish to explore the option
of adopting a more accurate measurement of all forward lumens in a 180°
cone and reduce the correction factor.

The EuP preparatory study recommends four corrections to Pmax to
account for system watts that would account for unique light qualities
from CFLi, and from external power supply losses for low-voltage
halogen and LED. Some of these correction factors warrant further study.
« CFLilamp with CRI =290
« CFLilamp with CRI >90 and Tc >=5000°K

« (Safe) Extra Low Voltage lamps requiring external power supply for
mains connections excluding LED.

* LED requiring external power supply
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TECHNOLOGY PROSPECTS
FOR DIRECTIONAL LAMPS

9 June 2010, Brussels, Belgium. Eco-design for Energy-Using Products Directive:
Supplemental Analysis of Directional Lamps.
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Light Sources for Directional Lamps,
for Residential Applications

e Incandescent (l)

» Halogen incandescent (HI)

e Halogen infrared incandescent (HIR)
e Compact fluorescent (CF)

e Ceramic metal halide (CMH)

e Light emitting diode (LED)




Directional lighting gives form and

'Y PN + + H
ahn aesthetic St‘y'lc L0 OUr vi

environment. It enables
important tasks, like reading.
Directional lamps work well when
flexible luminaires allow users to
position and aim the lamps.




Directional lamps can provide vertical and horizontal ‘
illuminance via floodlight or spotlight optics.




2700-2800

HI 2775-3000

HIR 3800-4400

CF**  2400-6500+

LED*** 2400-6500+

g Direc

Efficacy
(Im/W)

naI Lamps

R&D in next 5 years?

negligible

perhaps 1%-3%
efficacy increase

possibly
yes

yes, significant




LEDs: Chips, Packages & Lamps

......... o< &= =488

Chips: LEDs are compound semiconductor devices that are grown in layers on a
flat substrate and then separated into tiny squares, some less than the size of a
grain of salt, some as big as 1 mm square. The individual squares are called chips
or die (because they were diced apart from each other).

PACKAGE: One or more die are placed in a small reflector cup or mounted on a
circuit board. Fine wires are attached to each chip to conduct electricity. Direct
current flows through the chip in only one direction. Electrons moving through the
layers transform to photons, which we perceive as light. Usually the package has a
protective coating of encapsulant that helps to direct the light out of the chip.

Each chip’s molecular chemistry determines the color that it emits. To make white
light, we use blue or violet die that are coated with phosphors. Or, we can use
multiple, single-color chips (usually red+green+blue) to create white light.

LAMPS: systems that typically include one or more packaged chips; a circuit driver;
a thermal heat sink to cool the chips; a housing; and, a lamp base. Often a plastic
lens or bulb is used to shape the lamp’s light distribution. If the LED chip gets hot
inside, it emits less light, so thermal management is crucial for good performance.

MODULES, LIGHT ENGINES & LUMINAIRES.... Another discussion, but note that
the traditional lamp and luminaire distinctions blur for solid-state lighting, and that
the greatest energy savings may come from innovations beyond convention.



Blue chip + yellow phosphor
Package inside white reflector

O
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-----

»

>

Lamp bases (GU10 & E26)




The plastic lens (“optic”) focuses light onto a smaller and
more uniform area, creating higher illuminance with the
same amount of light energy.
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Figure 4.11: White-Light LED Package Efficacy Targets™, Laboratory and Commercial

Based on progress over the last five years using data that can be gualified according to
the criteria, the projections indicate that while improvements in warm white have been
somewhat slower than for cool, our expectation is that this gap will close over time, as
shown. The lab results may be reaching their limits fairly soon.
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Warm white LED efficacy Im/W
(2800-3500K; >85CRI)

Warm white LED Price* USD/kim 46

OEM Iamp price USD/kIm 130 101 61 28

*LED price based on operation at 350 mA.




Lamp “Reach” Specifications: UK & USA

UK USA

Ultra-Efficient Lighting L-Prize
Lamp type Halogen MR16/GU10 PAR38/E26
Light output | >630 lumens (initial) >1350 lumens (initial)
Wattage <7 watts <11 watts
Luminous >90 lumens per watt >123 lumens per watt
efficacy
OCT 2700K to 3000K
CRI >90
Product 25,000 hours, Exceeding 25,000 hours,
lifetime defined as L./ Cq:/By, defined as L.,/ Cq/By,
(lumen L, refers to 70% lumen maintenance

maintenance)

Cys refers to 95% statistical confidence

B,, refers to no more than 10% of the products dropping below 70% of
their initial (defined as the maximum) lumen value after 25,000 hours.




U.S. DOE CALIPER Evaluations

LED Directional Lamps : \
Summary of 2008 to May 2010 —Jrm

LED | Range of Efficiency |  Range of total Rangeof |

Lamp (lumens per watt) luminous output | Input power
Type (lumens) demand (W)
PAR30 23 t0 59 71810470 3to 11
PAR38 24 t0 58 289 to 653 510 15
R20 3310 42 104 to 272 3to 7
MR16 17 to 50 200 to 600 2106




Survey of LED Directional Lamps:

Retail & Online, May 2010, USA (manufacturer data)

light | range input total light | calculated | average | warranty price calculated
source of power output | efficiency | ratedlife | (years) (USD) USD per
* values (W) (lumens) (Im/W) (hours) kilolumen
all | low 1 35 /| 1500 1| $25§ $4
WPES high | 300 2480 54| 50000 20| $80.81| $425
| low 25 180 /| 1500 1| $2.73 $4
high 300 2480 19| 3000 2| $16.27 $19
I | low 20 490 10| 1500 1] $3.32 $6
high | 100| 1310 16| 12000 4| $1559|  $16
CF | low 5 420 36| 2000 1] $30.14 $6
high 26| 1250 54| 25000 9| $4.27| 42
LED | low 1 35 25| 12000 3| $14.88 $76
high 16 850 241 50000 20| $80.81| $425
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Could (or will) industry further improve halogen incandescent
and/or halogen infrared-reflecting incandescent lamps? What
would the R&D and manufacturing investment be, and could it
be justified by the benefits? How long a timeframe would
industry require to make this option attractive—5 years? 10?

Could low wattage ceramic metal halide become a more feasible
option for domestic applications?

Are LEDs advancing rapidly enough to rely on them for the bulk
of directional lamps used in Europe?

If LED luminaires are inherently more efficient than replacement
lamps, then how does this influence answers for the above
questions?

What should be the minimum efficiency for directional lamps?
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3.1 Stock Model - Methodology

The methodology followed to generate an estimate of the installed
stock of directional lamps in Europe.

Lamp
Shipments

Catalogue
Lifetime

Operating
Hours

Failure
Rate

2nyears

Shipmentsof lampsto the EU-27
market from various sources

Derive catalogue lifetime (50% failure)
from manufacturer catalogues

Estimate operatinghours, takinginto
accountdomestic and tertiary applications

Applya known failure function for lighting
products (S-curve)

Sum annual shipments over sufficient
time to capture legacy years
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3.1 Stock Model - Methodology — Step 1

Lamp Shipments were based on two sources — ELC data from the EuP
study and MTP data from the UK.

* Two sources of lamp shipments were used in this review of the estimates
published in the EuP preparatory study.

1) European Lamp Companies Federation (ELC) data published in the
EuP preparatory study; and

2) Market Transformation Programme estimates for certain directional
lamp types in the UK.

« Navigant’s lighting market data was used for review / calibration
purposes.

57 NAVIGANT

CONSULTING



3.1 Stock Model - Methodology — Step 1

ELC shipment data for the EU, all sectors.

* Data provided by ELC is presented in Table 2-5 on page 383 of the
Preparatory Study for Eco-design Requirements, Lot 19: Domestic

Lighting.
Year GLS-R HL-MV-R HL-LV-R CFLi-R Total
2004 | 163,822,491 | 28,753,170 66,915,971 251,491,632
2005 | 144,513,034 | 29,758,531 71,422,261 245,693,826
2006 | 138,360,572 | 31,705,477 73,181,823 243,247,872
2007 | 162,390,388 | 46,302,947 68,185,164 1,086,647 277,965,146
2008 | 150,870,523 62,965,941 81,048,849 2,687,760 297,573,073

e In order to be applied, there are two adjustments:

* Increase the shipments to represent the total inventory for the EU
(i.e., non-ELC member company sales)

* Apply least squares curve fit linear regression to project shipments
back to 2000 and forward to 2020.
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3.1 Stock Model - Methodology — Step 1

Three sets of Eurostat data were used to scale up ELC shipment data

to full EU-27 sales.
The table below presents the 2006 data used by EuP’ and the 2007 and 2008
data analysed for this study.

Eurostat Apparent

Estimated ELC Market

Lamp Consumption, DLS only SHE SElee Share
Type | 2006 | 2007 | 2008 | 2006 | 2007 | 2008 | 2006 | 2007 | 2008
(million) | (million) | (million) | (million) | (million) | (million)| (%) (%) (%)
GLS-R 148.5] 172.7] 129.5| 138.00 162.4/ 150.9  91%|  94% 117%
HL-LV-R| 1647 1454 1449 730 682  81.00 44%  47%  56%
HL-MV-R| 1389  112.2] 109.2] 32.00 46.3  63.0  23%  41%  58%
CFLi-R 1.0 44%

The average of three years was used to determine the proportion of ELC
shipments from total EU-27:

e GLSR
« HL-LV-R
e HL-MV-R

100%
49%
41%
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3.1 Stock Model —- Methodology — Step 1
MTP shipment data for the UK, scaled by ratio of UK/EU households.

Defra’s Market Transformation Programme prepared an estimate of the
inventory and energy-consumption from directional lamps in the UK.

Ratio of households used as scalar - indicative of population while also

being based on a primary location where the lamps are installed.

GLS-R HL-MV-R | HL-LV-R GLS-R HL-MV-R | HL-LV-R

Year (millions, | (millions, | (millions, HOURSa‘:gO'd (millions, | (millions, | (millions,
UK)* UK)* UK)* EU-27) EU-27) EU-27)
2010 14.2 25.0 26.4 13.2% 108.2 189.9 200.8
2011 11.8 25.6 27.1 13.2% 89.0 193.8 205.0
2012 11.7 17.7 18.7 13.3% 88.0 133.5 141.2
2013 11.2 19.8 20.9 13.3% 84.0 148.4 156.9
2014 10.8 22.6 23.9 13.4% 80.4 169.0 178.7
2015 11.2 22.3 23.6 13.4% 83.7 166.2 175.8
2016 11.3 20.3 21.4 13.5% 83.6 149.8 158.4
2017 11.1 20.4 21.6 13.6% 81.5 149.8 158.4
2018 11.2 22.4 23.6 13.7% 81.5 163.0 172.4
2019 11.3 23.6 25.0 13.8% 81.6 170.9 180.7
2020 11.2 23.6 25.0 13.9% 80.8 169.9 179.7

* The MTP shipments dataset experiences peaks and troughs in shipments of certain lamp types based on assumptions relating

NAVIGANT

to utility-backed carbon emissions reduction trading scheme.
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3.1 Stock Model - Methodology — Step 1

Comparing the adjusted ELC shipment data and MTP shipment data
for EU-27, similar in 2010 but diverge over the analysis period.

ELC.y ELC. ELC.y MTP MTP MTP
Year _ QLS-R HF-MV—R _HI'_-LV-R . QLS-R I_-|IT-MV-R .HI._-LV-R
(millions, EU- | (millions, EU- | (millions, EU- | (millions, EU- | (millions, EU- | (millions, EU-
27) 27) 27) 27) 27) 27)
2010 148.8 180.2 167.7 108.2 189.9 200.8
2011 148.0 200.9 172.8 89.0 193.8 205.0
2012 147.2 221.7 177.9 88.0 133.5 141.2
2013 146.4 242.4 183.0 84.0 148.4 156.9
2014 145.6 263.1 188.1 80.4 169.0 178.7
2015 144.8 283.8 193.2 83.7 166.2 175.8
2016 144.0 304.6 198.3 83.6 149.8 158.4
2017 143.2 325.3 203.4 81.5 149.8 158.4
2018 142.4 346.0 208.5 81.5 163.0 172.4
2019 141.6 366.7 213.6 81.6 170.9 180.7
2020 140.8 387.5 218.8 80.8 169.9 179.7

2010 ELC shipment estimates are between -20% and +27% ditferent.
2020 ELC shipment estimates are between +18% and +56% ditferent.

For HL-MV-R, the MTP forecast starts out slightly higher than the adjusted
ELC dataset forecast in 2010, but endg up less than half by 2020. NAVIGANT
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3.1 Stock Model — Methodology — Step 2

Step 2 focused on catalogue lifetime. Electronic European lamp

catalogues from 2010 were used to calculated model-weighted averages.

GLS-R HL-MV-R HL-LV-R CFLi-R
General Electric n=23 n=31 n=61 n=19
1,652 hours 2,161 hours 4,016 hours 9,157 hours
Philips Lighting n=19 n=21 n=59 n=6
1,342 hours 2,476 hours 3,968 hours 8,000 hours
OSRAM n=12 n=18 n=104 n=9
n/a 2,000 hours 3,250 hours 11,111 hours
Average
(input to model) 1,500 hours 2,200 hours 3,700 hours 9,000 hours

* n=number of lamps; hours is model-weighted average calculated.

e Sales of individual models of lamps was unknown, so simple average taken of
all models listed in catalogue.

« Example: 23 different models offered by General Electric in GLS-R, the
average catalogue lifetime of those 23 models is 1,652 hours.
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3.1 Stock Model —- Methodology — Step 3

Step 3 calculates blended operating hours taking into consideration the
domestic and commercial hours.

* Due to alack of any new or additional data on operating hours, this review of
the EuP preparatory study is based on the same operating hours that were
published in the preparatory study.

LE > H':I:i"li‘n.li‘.g-b,]
[HEET.DE....b) [ H-CII"E.‘.:E?;E...E :)

HE‘E"‘“&“"" Commemeiat

H.Lcm;l TYDe

H gy Type the weighted operating hours of the lamp type (e.g., GLS-R, HL-MV-R)

the model-weighted average operating hours of the lamp type from the manufacturer’s
European catalogues

the average operating hours estimated for this lamp type in the domestic sector from the
EuP Preparatory Study

Heppmeriiar = the average operating hours estimated for this lamp type in the commercial sector from

the EuP Preparatory Study

Catalogue

H Domestic —
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3.1 Stock Model —- Methodology — Step 3

The new equation calculates longer operating hours than the EuP
preparatory study.

* The new blended operating hours taking into consideration domestic and
commercial applications are presented below.

GLS-R | HL-MV-R | HL-LV-R | CFLI-R Notes
Lamp Lifetime (Manufacturer’s 1500 2200 3700 9000 | see section 2.3.
Catalogues)
Domestic operating hours per 400 450 500 300 hours
year, EuP Preparatory Study
Commercial operating hours 1800 1800 1800 1800 | Hours (7.2 h/d x
per year, EuUP Preparatory 250 d/yr)
Study
Weighted operating hours, all 495 555 695 1056 hours/year
sectors, EuP Preparatory Study
Weighted operating hours, all 655 720 783 1108 hours/year
sectors; Revised, this study

* GLS-R and HL-MV-R are approximately 30% longer than the EuP study
 HL-LV-Ris 13% longer and CFLi-R is 5% longer
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3.1 Stock Model — Methodology — Step 4

Step 4 considers a lamp failure function, centred on the catalogue
lifetimes calculated in Step 3.

» Catalogue lamp lifetimes are reported at 50% failure for a sample of lamps
tested. Some portion of lamps will fail before that, others after.

» Takes this reality into account in the stock accounting model
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3.1 Stock Model —- Methodology — Step 5

Step 5 ensures that the stock model is summed over a sufficiently long
period of time for the lamps to be replaced.

« Data must be summed over a sufficiently long period of time to allow for the
inventory to turn over and be replaced.

« This ensures that the installed stock estimate takes into account the operating
stock (which have turned over at least once) as well as new sales (i.e., growth).

2000 2010 (First year stock 2020
model yields
l l reasonable results) l
e “‘<‘ u&j jﬁ :.::‘:s‘ e, 1,*94 I!J.ZES.E‘?; #‘9531‘94 -l?!.!!t?]‘]! J}é.ﬁﬂl.‘é%!\ 4309!1.“2‘%“ a'.u.‘.u;:::f: £ 'Cnﬁ i',i.?l).:'.;.. i!‘.t‘!?.:l.‘:{ 406,785, }l! a0 *-6}‘“ 4¢9K4.‘“ e, Dﬁ::i:’:! !5‘.15*.‘0‘9“!.” 4 f“..';-‘n..l.
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3.2 Revised Stock Estimate — ELC Adjusted

The adjusted ELC EU-27 inventory stock estimate for 2010 to 2020.

Year QLS-R HL_-I\_/IV-R HI._-I__V-R C.FI__i-R '-I'o.tal
(millions) (millions) (millions) (millions) (millions)
2010 420.0 545.1 815.9 39.5 1,820.5
2011 416.1 617.7 842.5 42.9 1,919.3
2012 413.6 686.5 873.0 46.2 2,019.2
2013 411.3 758.6 899.9 49.5 2,119.2
2014 409.0 832.1 925.0 52.8 2,218.9
2015 406.8 905.8 951.4 56.6 2,320.5
2016 404.5 979.4 978.0 60.2 2,422.2
2017 402.3 1,053.1 1,004.7 62.8 2,522.9
2018 400.1 1,126.8 1,031.4 65.0 2,623.3
2019 397.8 1,200.5 1,058.1 67.1 2,723.6
2020 395.6 1,274.2 1,084.8 69.3 2,823.9

Compared to EuP, this revised inventory stock estimate is larger, starting at
approximately 1.8 billion lamps in 2010 and growing to 2.8 billion by 2020

It is 39% (2010) and 67% (2020) larger than the EuP preparatory study, which
is 1.3 billion lamps in 2010 and 1.7 billion by 2020.
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3.2 Revised Stock Estimate - MTP

The scaled MTP inventory stock estimate for 2010 to 2020. Compared
on aggregate, the difference is between 19 and 39% lower.

N GLS-R HL-MV-R HL-LV-R MTP Total | ELC,q Total* | Percent
(millions) (millions) (millions) (millions) (millions) Difference
2010 257.0 477.9 713.8 1,448.7 1,781.0 19%
2011 255.7 552.4 794.3 1,602.4 1,876.3 15%
2012 255.7 566.1 805.4 1,627.2 1,973.1 18%
2013 244.9 566.4 837.9 1,649.2 2,069.8 20%
2014 234.4 560.4 883.3 1,678.1 2,166.1 23%
2015 231.1 561.6 889.9 1,682.6 2,264.0 26%
2016 230.3 559.4 859.9 1,649.6 2,361.9 30%
2017 229.2 551.6 849.8 1,630.6 2,460.1 34%
2018 227.7 551.5 861.4 1,640.6 2,558.3 36%
2019 226.6 563.8 872.5 1,662.9 2,656.4 37%
2020 225.5 580.2 880.3 1,686.0 2,7154.6 39%
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3.2 Revised Stock Estimate

The scaled MTP inventory stock estimate for 2010 to 2020. Compared
on aggregate, the difference is between 19 and 39% lower.

GLS-R is higher and declines more slowly in the ELC dataset than in MTP.
MTP anticipates a 12% reduction while the projected ELC data is 6%.

HL-MV-R both start around 500 million units, but they diverge significantly.
MTP anticipates 21% growth while the ELC data more than doubles, with
135% growth between 2010 and 2020.

HL-LV-R lamps are relatively consistent ELC grows by 33% over the analysis
period while MTP is 24%. Both start from approximately 0.8 billion lamps in
2010, growing to 1.16 billion under ELC dataset and 0.94 billion under MTP.
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3.3 Sensitivity and Conclusions

A sensitivity analysis was conducted. The operating hours used in the
EuP study were shorter which connotes a larger inventory.

GLS-R HL-MV-R HL-LV-R CFLi-R
Weighted operating hours, all 655 720 783 1108
sectors (this study)
Weighted operating hours, all 495 555 695 1056
sectors; EuP Preparatory Study

e Plugged the same operating hours as were used in the EuP’ Preparatory Study
into the new inventory stock model.

* Operating hours were shorter, which means they remain installed longer. As
shipments are held constant, the stock inventory has to increase.
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3.3 Sensitivity and Conclusions

The sensitivity analysis with shorter EuP Study operating hours
increases the expected inventory to 3.3 billion directional lamps by 2020.

Year GLS-R HL-MV-R HL-LV-R CFLi-R Total
(millions) (millions) (millions) (millions) (millions)

2010 533.6 635.1 901.6 40.7 2,111.0
2011 527.8 735.5 929.9 44.3 2,237.5
2012 523.8 826.1 961.3 47.7 2,358.9
2013 520.8 913.9 994.3 51.1 2,480.1
2014 517.9 1,005.1 1,022.7 54.4 2,600.1
2015 515.1 1,097.4 1,051.4 58.1 2,722.0
2016 512.2 1,189.9 1,081.0 62.1 2,845.3
2017 509.4 1,282.4 1,110.7 65.1 2,967.7
2018 506.6 1,374.9 1,140.5 67.5 3,089.5
2019 503.7 1,467.4 1,170.2 69.8 3,211.2
2020 500.9 1,559.9 1,200.0 72.0 3,332.9

« This sensitivity analysis on the installed stock estimate results in an increase of
approximately 17% due to the shorter operating hours for all four lamp types.
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