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Preface 
The U.S. Department of Energy (DOE) CALiPER program has been purchasing and testing general illumination 
solid-state lighting (SSL) products since 2006. CALiPER relies on standardized photometric testing (following the 
Illuminating Engineering Society of North America [IES] approved method LM-79-081) conducted by accredited, 
independent laboratories.2 Results from CALiPER testing are available to the public via detailed reports for each 
product or through summary reports, which assemble data from several product tests and provide comparative 
analyses.3 Increasingly, CALiPER investigations also rely on new test procedures that are not industry standards; 
these experiments provide data that is essential for understanding the most current issues facing the SSL 
industry. 

It is not possible for CALiPER to test every SSL product on the market, especially given the rapidly growing 
variety of products and changing performance characteristics. Instead, CALiPER focuses on specific groups of 
products that are relevant to important issues being investigated. The products are selected with the intent of 
capturing the current state of the market at a given point in time, representing a broad range of performance 
characteristics. However, the selection does not represent a statistical sample of all available products in the 
identified group. All selected products are shown as currently available on the manufacturer’s webpage at the 
time of purchase. 

CALiPER purchases products through standard distribution channels, acting in a similar manner to a typical 
specifier. CALiPER does not accept or purchase samples directly from manufacturer’s to ensure all tested 
products are representative of a typical manufacturing run and not hand-picked for superior performance. 
CALiPER cannot control for the age of products in the distribution system, or account for any differences in 
products that carry the same model number. 

Selecting, purchasing, documenting, and testing products can take considerable time. Some products described 
in CALiPER reports may no longer be sold or may have been updated since the time of purchase. However, each 
CALiPER dataset represents a snapshot of product performance at a given time, with comparisons only between 
products that were available at the same time. Further, CALiPER reports seek to investigate market trends and 
performance relative to benchmarks, rather than as a measure of the suitability of any specific lamp model. 
Thus, the results should not be taken as a referendum on any product line or manufacturer. Especially given the 
rapid development cycle for LED products, specifiers and purchasers should always seek current information 
from manufacturers when evaluating products. 

To provide further context, CALiPER test results may be compared to data from LED Lighting Facts,4 ENERGY 
STAR® performance criteria,5 technical requirements for the DesignLights Consortium® (DLC) Qualified Products 

1 IES LM-79-08, Approved Method for the Electrical and Photometric Measurements of Solid-State Lighting Products, covers LED-based 
SSL products with control electronics and heat sinks incorporated. For more information, visit http://www.iesna.org/. 

2 CALiPER only uses independent testing laboratories with LM-79-08 accreditation that includes proficiency testing, such as that 
available through the National Voluntary Laboratory Accreditation Program (NVLAP). 

3 CALiPER summary reports are available at http://www.ssl.energy.gov/reports.html. Detailed test reports for individual products can be 
obtained from http://www.ssl.energy.gov/search.html. 

4 LED Lighting Facts® is a program of the U.S. Department of Energy that showcases LED products for general illumination from 
manufacturers who commit to testing products and reporting performance results according to industry standards. The DOE LED 
Lighting Facts program is separate from the Lighting Facts label required by the Federal Trade Commission (FTC). For more information, 
see http://www.lightingfacts.com. 

5 ENERGY STAR is a federal program promoting energy efficiency. For more information, visit http://www.energystar.gov. 
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List (QPL),6 or other established benchmarks. CALiPER also tries to purchase conventional (i.e., non-SSL) 
products for comparison, but because the primary focus is SSL, the program can only test a limited number. 

It is important for buyers and specifiers to reduce risk by learning how to compare products and by considering 
every potential SSL purchase carefully. CALiPER test results are a valuable resource, providing photometric data 
for anonymously purchased products as well as objective analysis and comparative insights. However, 
photometric testing alone is not enough to fully characterize a product—quality, reliability, controllability, 
physical attributes, warranty, compatibility, and many other facets should also be considered carefully. In the 
end, the best product is the one that best meets the needs of the specific application. 

For more information on the DOE SSL program, please visit http://www.ssl.energy.gov. 

6 The DesignLights Consortium Qualified Products List is used by member utilities and energy-efficiency programs to screen SSL products 
for rebate program eligibility. For more information, visit http://www.designlights.org/. 
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Outline of CALiPER Reports on Linear (T8) LED Lamps 
This report is part of a series of investigations performed by the CALiPER program on linear LED lamps. Each 
report in the series covers the performance of up to 31 linear LED lamps, which were purchased in late 2012 or 
2013. Summaries of the evaluations covered in each report are as follows: 

Application Summary Report 21: Linear (T8) LED Lamps (March 2014)7 

This report focused on the bare-lamp performance of 31 linear LED lamps intended as alternatives 
to T8 fluorescent lamps. Data obtained in accordance with IES LM-79-08 indicated that the mean 
efficacy of the group was slightly higher than that of fluorescent lamps (with ballast), but that 
lumen output was often lower. The color quality of the linear LED lamps varied substantially, with 
many of the products having worse color quality than a typical fluorescent T8 lamp (e.g., CRI less 
than 80). One important finding was the range in luminous intensity distribution, with clear-optic 
lamps all having a beam angle less than 120°, and diffuse-optic lamps all having a beam angle 
above 126°. None of the lamps had an omnidirectional luminous intensity distribution similar to 
that of a linear fluorescent lamp. 

Report 21.1: Linear (T8) LED Lamps in a 2×4 K12-Lensed Troffer (April 2014)8 

This report focused on the performance of the 31 linear LED lamps operated in a typical troffer 
with a K12 prismatic lens. In general, luminaire efficacy was strongly dictated by lamp efficacy, but 
the optical system of the luminaire substantially reduced the differences between the luminous 
intensity distributions of the lamps. While the distributions in the luminaire were similar, the 
differences remained large enough that workplane illuminance uniformity could be reduced if 
linear LED lamps with a narrow distribution were used. At the same time, linear LED lamps with a 
narrower distribution resulted in slightly higher luminaire efficiency. 

Report 21.2: Linear (T8) LED Lamp Performance in Five Types of Recessed Troffers 
Although lensed troffers are numerous, there are many other types of optical systems as well. This 
report looked at the performance of three  linear (T8) LED lamps—chosen primarily based on their 
luminous intensity distributions (narrow, medium, and wide beam angles)—as well as a benchmark 
fluorescent lamp in five different troffer types. Also included are the results of a subjective 
evaluation. Results show that linear (T8) LED lamps can improve luminaire efficiency in K12-lensed 
and parabolic-louvered troffers, effect little change in volumetric and high-performance diffuse-
lensed type luminaires, but reduce efficiency in recessed indirect troffers. These changes can be 
accompanied by visual appearance and visual comfort consequences, especially when LED lamps 
with clear lenses and narrow distributions are installed. Linear (T8) LED lamps with diffuse 
apertures exhibited wider beam angles, performed more similarly to fluorescent lamps, and 
received better ratings from observers. Guidance is provided on which luminaires are the best 
candidates for retrofitting with linear (T8) LED lamps. 

Report 21.3: Cost-effectiveness of Linear (T8) LED Lamps (Pending) 
Meeting performance expectations is important for driving adoption of linear LED lamps, but cost-
effectiveness may be an overriding factor in many cases. Linear LED lamps cost more initially than 
fluorescent lamps, but energy and maintenance savings may mean that the life-cycle cost is lower. 

7 Available at: http://www1.eere.energy.gov/buildings/ssl/application-troffer.html 
8 Available at: http://www1.eere.energy.gov/buildings/ssl/application-troffer.html 
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This report will describe calculations of cost effectiveness based on tiers for lamp cost, electric rate, 
and annual hours of use. These calculations will be useful for users with a wide range of 
applications. 

In addition to these four technical reports, CALiPER will offer a concise guidance document that describes the 
findings of these studies and provides practical advice to manufacturers, specifiers, and consumers. As always, 
the applicability of general guidance to any specific application may vary. Further, the LED market is rapidly 
changing, meaning today’s conclusions may or may not apply to products in the future. The performance and 
effectiveness of every lighting system should be evaluated on its own merits. 
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1	 Background 
As LEDs have evolved in the architectural lighting market, integral LED lamps have become obvious options for 
replacing low-efficacy halogen lamps. However, many LED manufacturers are now targeting T8 fluorescent (FL) 
lamps, which in their premium form already boast efficacy of greater than 90 lm/W, excellent lumen 
maintenance, and long life of up to 80,000 hours when paired with well-engineered electronic ballasts. Are 
linear LED lamps (also called T8 LEDs or T8 LED replacement lamps) ready to compete with an incumbent 
technology that is familiar, efficient, interchangeable, and cost-effective? 

Linear LED lamps are increasingly considered by electricians and facility managers as obvious energy-efficient 
replacements for the linear fluorescent lamp. Linear LED lamps are often promoted by manufacturers and sales 
agents as an easy retrofit option, with only minor retrofit labor needed, equivalent lighting performance to 
fluorescent, dramatic energy savings and resulting return on investment, and/or almost negligible relamping 
costs because of long life. The CALiPER Series 21 reports address the following questions: 

1.	 Are the aforementioned claims of ease of use and economic benefit legitimate? 
2.	 Are all linear LED lamps the same? If not, how are they different? 
3.	 Are linear LED lamps interchangeable? 
4.	 Are there any ongoing concerns about safety? 
5.	 Do all linear LED lamps work equally well in all common troffer types? 
6.	 Once mounted inside a troffer, how does a linear LED lamp affect the luminaire light distribution, the 

appearance of the troffer, the light output, and the luminaire’s resulting energy and efficacy 
performance? 

7.	 What criteria should the contractor, owner, or specifier use to specify and order the best type of linear 
LED lamp for their application? 

The first report in this series, CALiPER Application Summary Report 21, addressed the first four questions, 
covering the basic photometric performance of 31 linear LED lamps. The key findings were that the mean 
efficacy of the group was slightly higher than for fluorescent lamps (with ballast), but that lumen output was 
often lower (Table 1). For example, the linear LED lamps on average emitted only 70% to 80% of the rated lamp 
lumens of typical (full-wattage) F32T8 lamps—and less than energy-saving versions of T8 fluorescent lamps (e.g., 
F28T8). Another important finding was the range in luminous intensity distribution, with clear-optic lamps all 

Table 1. Performance comparison of two baseline fluorescent lamps with the minimum, mean, and maximum values of the 31 LED 
lamps tested for the CALiPER Series 21 reports. The baseline fluorescent lamps are F28T8 (BK13-30) and an F32T8/841 lamp 
estimated from manufacturer’s data. 

Lamp 
Type Initial Output Total Input Power Efficacy 

(lm) (W) (lm/W) 
Min 1,357 11.5 66 

LED1 Mean 1,790 19.2 94 
Max 3,126 28.6 143 

FL 
FL 

BK13-30 (F28T8XL/841/ECO)2 

Typical F32T8/8413 
2,193 
2,567 

24.4 
27.5 

90 
89 

1. Statistics of CALiPER Series 21 linear LED lamps (31 tested) 
2. Includes 0.87 ballast factor (rated 28 W lamp values: 2,675 lm; 96 lm/W) 
3. Values estimated from manufacturer catalog data with a 0.87 ballast factor applied (rated 32 W lamp values with high efficiency 

instant-start ballast: 2,950 lm; 92 lm/W). This is not CALiPER test data. 
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having a beam angle less than 120°, and diffuse-optic lamps all having a beam angle above 126°. As seen in 
Figure 1, none of the lamps had an omnidirectional luminous intensity distribution similar to that of a linear 
fluorescent lamp. Additionally, the color quality of the 31 linear LED lamps varied substantially, with many of the 
products having worse color quality than a typical fluorescent T8 lamp (e.g., CRI less than 80). 

The report also showed that manufacturer claims are often inaccurate. CALiPER’s independent product testing 
showed that approximately half of the products varied by more than 10% from their claimed output (lm), input 
power (W), and/or efficacy (lm/W). Claimed beam angles were frequently more than 10% different from the 
measured value, indicating that beam angle may be a widely misunderstood metric. 

Another important finding was the large number of wiring configurations exhibited by different LED lamp types, 
which brings up questions of interchangeability and safety. 

The second report in this series, CALiPER Report 21.1, covered the photometric performance of the same 31 
linear LED lamps installed in a K12 prismatic lensed troffer. In general, luminaire efficacy was strongly dictated 
by lamp efficacy, but the optical system of the luminaire substantially reduced the differences between the 
luminous intensity distributions of the lamps. While the distributions in the luminaire were similar, the 
differences remained large enough that workplane illuminance uniformity might be reduced if linear LED lamps 
with a narrow distribution were used. At the same time, linear LED lamps with a narrower distribution resulted 
in slightly higher luminaire efficiency. 

This report, CALiPER Report 21.2, discusses the photometric performance of four lamp types in five troffer types, 
examining how three linear LED lamps with different luminous intensity distributions and one fluorescent 

Figure 1.	 Relative luminous intensity distribution for all of the Series 21 products. The fluorescent benchmark product (BK13-30) is 
shown in black and has similar intensity in all directions perpendicular to the length of the lamp. The linear LED lamps are 
far more directional, but tend to cluster as a narrower light distribution if the face of the lamp is clear, or as a wider 
distribution if the face of the lamp is diffuse. 
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benchmark product affect luminaire efficacy, efficiency, and luminous intensity distribution (also known as 
photometric distribution). The luminous intensity distributions of the four lamps are shown in Figure 2. In 
addition to analyzing photometric reports, a subjective evaluation was performed in a full-scale mockup 
installation to get feedback on visual appearance and visual comfort from the lamp and luminaire combinations. 

Questions for this CALiPER Study 
This portion of the Series 21 CALiPER investigations was intended to address the following questions: 

1.	 Given that linear LED lamps have different luminous intensity distributions, how does the change in 
bare-lamp performance affect the overall performance of luminaires in which linear LED lamps are 
installed? 

2.	 Is the change in performance from linear LED lamps the same for five different types of recessed 2×4, 2­
lamp fluorescent luminaires? 

3.	 How do the appearance and visual comfort of the combinations of LED lamp and luminaire compare to 
the appearance and visual comfort of the incumbent fluorescent? 

Figure 2.	 Relative luminous intensity distribution of the four Series 21 products that are the focus of this report. The three linear LED 
lamps selected for examination in five typical troffer types are marked in purple (13-03, a clear aperture tube with narrow 
distribution), in blue (13-27, a diffuse aperture tube with distribution in the middle of the range), and in orange (13-20, a 
diffuse aperture tube with wide distribution). Note that the small black circles mark the angle of half of the beam angle, 
which is double the vertical angle where intensity is 50% of the maximum. 
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2	 Methods 
This CALiPER investigation involved products selected in late 2012 through 2013, with final analysis carried out 
in March 2014. The evaluation event with observers was held in January 2014. It is acknowledged that the 
products used in this evaluation may have been replaced with a newer product and may no longer be sold. 
However, that does not diminish the broader relevance of the findings. In fact, the lamps were selected as 
representative based on their performance attributes (e.g., luminous intensity distribution), and the evaluation 
was not intended as a measure of the suitability of any specific lamp model. 

Lamp Selection 
The data presented in CALiPER Application Summary Report 21 indicated that the efficacy of many (not most) of 
the LED lamps exceeded or was equivalent to that of T8 fluorescent lamps, but none matched the luminous 
intensity distribution of the omnidirectional fluorescent lamps. The physical appearance of the LED lamps can be 
one clue to their differing optical performance. Most linear LED lamps have a 180° aperture, as the back side of 
the lamp is opaque because it either contains the driver or other electronics, or because it contains aluminum or 
plastic elements for heat management. This usually limits the light emission to one direction, although some 
lamps have optics that redirect a small amount of light toward the back side of the lamp. The front face of the 
lamp may be clear plastic or plastic with a light striation to obscure the view of the array of LEDs behind the 
plastic. These lamps generally produce a narrow distribution, with a lamp beam angle of roughly 105° to 125° 
(the left-most diagram in Figure 3). Other lamps have heavier frosting or diffusion to more closely simulate the 
distribution of the fluorescent lamp—although it is still substantially different—and, depending on the material 
used, can produce a beam angle of roughly 125° to 160° (the middle two diagrams in Figure 3). 

Figure 3. 	 Aperture angle and beam angle of Report 21.2 LED and fluorescent lamp products. The aperture angle for the wide 
distribution LED lamp (13-20) is approximate, because the diffuser wraps around the edge of the opaque interior surface. The 
yellow indicates the front of the lamp and thus the direction of emitted light, whereas the gray indicates the back of the lamp. 

CALiPER Series 21 includes a total of 31 linear LED lamps. This study used three of those products, chosen to 
represent the range of luminous intensity distributions (Figure 3), as well as the benchmark F28T8 fluorescent 
lamp. The lamps included: 

 13-03: Linear LED with a clear 180° aperture and narrow measured beam angle of 105° (no claimed 
beam angle) 
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 13-27: Linear LED with a diffuse 180° aperture and medium measured beam angle of 133° (145° claimed 
beam angle) 

 13-20: Linear LED with a diffuse 240° aperture and wide measured beam angle of 160° (340° claimed 
beam angle) 

 BK13-30: Fluorescent benchmark (diffuse) with a 360° (omnidirectional) emission, operated on instant-
start electronic ballast (0.87 ballast factor). 

The bare-lamp performance of these four products is shown in Table 2. The bare-lamp data provides the 
measurements of one lamp, with the same system configuration as occurred in the troffer; for the benchmark 
fluorescent lamp, that means two lamps were connected to the ballast while only one lamp was photometered. 
The make and model of each product are listed in Appendix A. 

In this report, the LED lamps are referred to as the narrow LED, medium LED, and wide LED; however, such 
distinctions are not part of manufacturer literature. Further, CALiPER Application Summary Report 21 indicates 
that the majority of currently available linear LED lamps are most readily divided into two groups based on their 
aperture finish: clear or diffuse. In seeking an appropriate lamp, this may be the best way to differentiate lamps, 
since CALiPER found that many manufacturers did not report any information about the distribution, and those 
that did often confused metrics like beam angle with the emitting aperture of the lamp. 

Table 2. Results of CALiPER tests for the three Report 21.2 linear LED lamps and the fluorescent benchmark (BK13-30). 

DOE Total 
CALiPER 
Test ID Aperture Finish 

Distribution 
Descriptor2 

Beam 
Angle 

Initial 
Output 

Input 
Power Efficacy CRI CCT 

(90°) (lm) (W) (lm/W) (K) 
13-03 Clear (lightly frosted) Narrow 105 1,607 18.3 88 84 3963 
13-27 Diffuse Medium 133 1,844 22.5 82 72 4099 
13-20 
BK13-301 

Diffuse 
N/A 

Wide 
Omni 

160 
N/A 

1,973 
2,193 

19.6 
24.4 

101 
90 

90 
84 

6035 
3893 

1. Data for one of two premium, energy-efficient 28 W fluorescent T8 lamps operated on a high-efficiency instant-start electronic ballast 
(normal Ballast Factor of 0.87), similar to those eligible for incentives in many electric utility rebate programs across the U.S. Rated 
lamp wattage and lumen output are 28 W and 2,675 lumens. 

2. These nominal descriptors are used in this report to differentiate the three LED lamps evaluated. They do not correspond to an 
identifiable product attribute during specification. 

Luminaire Selection 
In order to explore the performance of linear LED products in use in widespread office, classroom, and 
healthcare applications, five common two-lamp, 2×4 troffer types were identified, all of which were designed for 
mounting in a 9'-high acoustical tile/T-bar ceiling. Two-lamp troffers were selected in recognition that existing 
office, classroom, and healthcare installations are using two-lamp units more commonly in response to pressure 
from energy codes and due to concern about the use of computer screens and smart devices in interior spaces 
with high ambient lighting. Also, it is now common for facility managers to request delamping or disconnecting 
of one or two lamps when three- and four-lamp troffers are remodeled for energy savings. The five troffers 
selected were: 

1.	 K12 Lensed: Troffer with pattern 12 prismatic lens 
2.	 Recessed Indirect: Troffer also known as perforated metal basket 
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3.	 Parabolic: Troffer with 3"-deep 12-cell semi-specular aluminum parabolic louver 
4.	 Volumetric: High-efficiency troffer with two linear rounded diffusers to help distribute light to upper 

wall surfaces 
5.	 High Performance: Troffer with angled diffusers and linear metal details 

See Appendix B for a list of the troffer manufacturer names, model numbers, and basic photometric 
characteristics (using fluorescent lamps). Appendix C provides full specification sheets for each troffer product. 
Throughout this report, the troffers are referred to using the name shown in italics. 

All of the linear LED lamps, fluorescent lamps, and troffer luminaires were ordered through electrical 
distributors and websites. The products and their arrival condition were documented once received by the 
CALiPER team at the Pacific Northwest National Laboratory (PNNL). One sample of each troffer type was wired 
with the specified instant-start electronic ballast, and the other three were wired to provide AC mains power for 
the linear LED lamps. In total, there were 20 different lamp-luminaire combinations. 

After being configured, the products were shipped to an independent testing lab for photometric testing 
according to LM-79-08, then shipped directly to the evaluation host site—the PNNL mockup facility in Fairview, 
Oregon. 

Photometric Testing 
One sample of each of the 20 lamp-luminaire combinations was tested using a goniophotometer. The LED 
products were tested using absolute photometry, according to LM-79-08. Each of the products tested in this 
report was also photometered as a bare lamp; results for that testing are available in CALiPER Application Report 
21. While CALiPER typically tests all benchmarks using absolute photometry, the data for these five product 
configurations were calculated using the absolute photometry of the bare-lamp-and-ballast combination along 
with a relative-photometry test of the lamps in the luminaire.9 The resulting data, prorated for the absolute 
lumens of the bare lamps, provides a good approximation of an absolute photometry test, and was necessary 
because the original testing was inadvertently performed using relative photometry. 

Among other results, the complete set of photometric testing provided data for luminaire lumen output, 
efficiency, efficacy, and luminous intensity distribution. These results were used to compare the performance of 
the 20 lamp-luminaire combinations—relative to bare-lamp performance—and to determine those that work 
well and those that should be avoided. Photographs of each lamp-and-luminaire combination are shown in 
Figure 4. 

The Mockup Office Installation 
The 20 luminaires were installed in a 47'-by-16' room with a 9' acoustical tile ceiling at PNNL’s lighting mockup 
facility. The luminaires were all equipped with interfaces for the Encelium Energy Management System™ (EMS) 
and could be wired for individual or group switching during the evaluation process. The luminaire layout 
clustered together five different troffers containing lamps of the same type, for a total of four clusters (Figure 5). 
Each cluster was spaced 10' on center so that identical troffer types could be switched on together with a 
spacing commonly seen in office and classroom installations. 

9 An absolute test of the lamp-luminaire system was approximated by multiplying the absolute photometry values for the bare-lamp 
system by the luminaire efficiency reported for the relative photometry test. Likewise, the luminous intensity distribution could be 
scaled by the ratio of the absolute photometry bare-lamp test lumens to the rated lumens used to scale the relative photometry file. 
This method accounts for thermal and optical effects in the same manner as absolute photometry, but eliminates the adjustment in 
total output made by the photometric laboratory when the relative photometry data were reported. 
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Figure 4. Photographs of all 20 lamp-and-luminaire combinations. 
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Figure 5.	 Reflected ceiling plan of PNNL lighting mockup facility, showing the layout of five troffer types lamped with four types of 
fluorescent or LED lamps. Each color represents a troffer type; each group of five troffers was lamped with a different lamp. 

Two movable sheetrock partitions were created so that observers could position the “wall” at a typical distance 
from the luminaire. This allowed evaluation of the pattern of light created by each luminaire on vertical surfaces. 
Ceiling tile reflectance was approximately 80%, wall reflectance 70% (nominally off-white paint), and floor 
reflectance 30% (unfinished concrete). Several movable chairs were located in the space, and observers were 
encouraged to view luminaires from both a standing and a sitting position, as they would use the space. 

Observers and Evaluation Process 
In January 2014, 24 facility managers, energy engineers, and lighting industry professionals were invited to 
observe installed luminaires and complete questionnaires about glare and appearance. The individuals were 
invited through Portland sections of the Illuminating Engineering Society (IES) and the Association of 
Professional Energy Managers (APEM). Figure 6 shows the observers in action. 

All of the troffers were illuminated when the observers initially entered the space. Subsequently, the evaluators 
were shown four troffers of a single type (such as Parabolic or Volumetric luminaires) at a time, and these were 
lamped with the narrow LED, medium LED, wide LED, or fluorescent lamps. They were not told which lamp was 
located in which luminaire, although if they were knowledgeable about lighting products it may have been 
obvious looking directly at the lamp between blades of the louvers when the Parabolic troffers were shown. The 
order in which luminaires were evaluated was as follows: 

1. Parabolic 
2. Recessed Indirect 
3. High Performance 
4. Volumetric 
5. K12 Lens 
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    Figure 6. Observers from APEM and IES sections observing troffers lamped with fluorescent or LED lamps. 

Observers were asked to complete their questionnaires without talking to others, in order to minimize the 
sharing of knowledge or prejudicial opinions, and they were asked to answer all questions (the instruction page 
and one of five questionnaire response pages can be seen in Appendix D). Once the observers had seen all five 
groups of troffers and completed their evaluations, the forms were collected and there was an open discussion 
of what they had seen, what they had learned, and what qualities were important to convey to a facility 
manager, specifier, and user. 

Data Analysis 
The data were collated and analyzed from January to March 2014. Additional on-site luminaire luminance 
measurements were collected post-hoc in order to help identify metrics that might explain the observers’ 
choices. 
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3 Results and Analysis 

Photometric Comparison 
Table 3 and Figure 7 provide photometric data for the 20 lamp-luminaire combinations. The system properties 
are a result of both the lamp and the luminaire performance, and there are some interactive effects; that is, 
some specific combinations perform worse than one would expect based on the lamp type and luminaire type. 

Luminaire Lumen Output 
For a given troffer type, lumen output from the luminaires was generally dependent on the lumen output of the 
bare lamps. Bare-lamp lumens ranged from 10% to 27% lower than the fluorescent bare-lamp lumens, with the 
rank order of luminaire lumen output following the same trend. However, some luminaires emitted fewer 
lumens than expected based on the bare-lamp lumens alone, and others slightly more. For example, the 

Table 3. Summary data for bare-lamp and in-luminaire testing. 

Luminaire Lamp Type Beam Input Lamp Luminaire Luminaire Luminous 
Type (CALiPER ID) Angle Power Output Output Efficiency Efficacy 

(90°) (W) (lm) (lm) (%) (lm/W) 
LED Narrow (13-03) 105 18.3 1,607 - - 87.8 

Bare Lamp 
LED Medium (13-27) 
LED Wide (13-20) 

133 
160 

22.5 
19.6 

1,844 
1,973 

-
-

-
-

82.0 
100.7 

FL (BK13-30) N/A 24.4 2,193 - - 89.9 
LED Narrow (13-03) 92 36.4 3,214 2,701 84% 74.2 

K12 Lens 
LED Medium (13-27) 
LED Wide (13-20) 

101 
103 

44.6 
39.0 

3,688 
3,946 

2,928 
3,212 

79% 
81% 

65.7 
82.4 

FL (BK13-30) 107 50.7 4,386 3,299 75% 65.1 
LED Narrow (13-03) 133 36.4 3,214 1,817 57% 49.9 

Recessed LED Medium (13-27) 126 44.5 3,688 2,073 56% 46.6 
Indirect LED Wide (13-20) 124 38.9 3,946 2,527 64% 65.0 

FL (BK13-30) 123 51.8 4,386 2,988 68% 57.7 
LED Narrow (13-03) -1 36.5 3,214 2,729 85% 74.8 

Parabolic 
LED Medium (13-27) 
LED Wide (13-20) 

-1 

-1 
44.7 
39.1 

3,688 
3,946 

2,943 
3,206 

80% 
81% 

65.8 
82.0 

FL (BK13-30) -1 51.4 4,386 3,229 74% 62.8 
LED Narrow (13-03) 126 36.3 3,214 2,598 81% 71.6 

Volumetric 
LED Medium (13-27) 
LED Wide (13-20) 

130 
129 

44.5 
39.0 

3,688 
3,946 

2,895 
3,239 

78% 
82% 

65.1 
83.1 

FL (BK13-30) 132 51.4 4,386 3,544 81% 68.9 
LED Narrow (13-03) 108 36.4 3,214 2,641 82% 72.6 

High LED Medium (13-27) 115 44.6 3,688 2,926 79% 65.6 
Performance LED Wide (13-20) 114 39.0 3,946 3,327 84% 85.3 

FL (BK13-30) 117 51.9 4,386 3,755 86% 72.4 
1. Beam angle could not be accurately calculated for the luminous intensity distribution produced by the Parabolic luminaire. 
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Figure 7.	 Polar plots in the 90° plane for each combination of lamp and luminaire, illustrating differences in light distribution from the luminaires. Several luminaires 
exhibited asymmetrical distributions, and it is not clear whether the LED lamps, the sockets, or the luminaire itself was the cause. 

15 



 

  
     

     
    

    
  

   
  

      
  

        
        

 

 
    

    
    

    
    

    

        
       

          
    
          

     
     

      
    

    
  

   

   
    

       
         

     
        

 

                                                           
 

 

Recessed Indirect luminaire with LED lamps ranged from 15% to 39% lower lumens than the fluorescent 
(depending on the exact type of LED lamp installed); conversely, the K12 Lens troffer with linear LED lamps 
ranged from 3% to 18% lower in lumen output. Thus, it can be concluded that the luminaire type affects total 
lumen output beyond differences in bare-lamp lumens; this effect occurs primarily because the LED lamps have 
different luminous intensity distributions, which may work more or less effectively with different luminaire 
optical systems. 

Despite the effect of luminaire type on total lumen output, one lesson from this study is that it is important to 
pay attention to the lumen output of the linear LED lamp. For the three LED lamp types evaluated in this study, 
the effect of the luminaire was less than the difference in bare-lamp output. Further, none of the LED lamps was 
able to make up for its lower bare-lamp lumens and result in equivalent luminaire lumens. Any remaining 
discrepancy in luminaire lumen output must be made up through a change in light distribution that moves the 
light to the surfaces of greater interest; otherwise, illumination levels will be reduced, which may or may not be 
acceptable. 

Luminaire Efficiency 
Luminaire efficiency is determined by photometering the bare lamp outside of the luminaire, then installing the 
lamp inside the luminaire and measuring again. Luminaire efficiency is then a ratio of luminaire lumens to lamp 
lumens—it is a characterization of the “luminaire effect” previously discussed. This metric ignores the efficacy 
(lm/W) of the specific lamp; it simply communicates how efficiently the luminous intensity distribution of a lamp 
works together with the optical system of a luminaire. A higher percentage means more light exits the luminaire. 
Luminaire efficiency does not indicate the effectiveness of the emitted light distribution. 

In the K12 Lens and Parabolic Louver troffers, the LED lamps improved the luminaire efficiency between 6% and 
12% or 8% and 15%, respectively, compared to the fluorescent benchmark test results.10 The efficiency of the 
Volumetric luminaire was nearly unaffected by the linear LED lamps, with a maximum decrease of 3% and a 
maximum increase of 2% versus the fluorescent benchmark. The remaining two luminaire types showed a 
reduction in efficiency: the Recessed Indirect luminaire decreased between 6% and 18% compared to the same 
troffer lamped with the benchmark fluorescent lamp, and the efficiency of the High Performance troffer 
dropped between 2% and 7%, depending on the specific LED lamp. 

As graphed in Figure 8, no specific LED lamp type (and corresponding luminous intensity distribution) resulted 
consistently in the greatest increase or decrease in luminaire efficiency across the five troffer types. It can be 
concluded that it is necessary to know what luminaire is being retrofitted before anticipating luminaire efficiency 
changes. Luminaire efficiency may rise, fall, or remain very similar depending on the combination of the lamp 
type and optical system of the luminaire. 

Figure 8 also demonstrates that for all troffer types except the Recessed Indirect, the range in luminaire 
efficiency was much smaller for all three of the LED lamp types than for the fluorescent benchmark; whereas the 
range in efficiency for those four troffer types was greater than 10% using the fluorescent benchmark lamp, it 
was less than 5% for the three LED lamp types. Across all lamp types, the variation in luminaire efficiency for the 
four troffer types other than Recessed Indirect was just 7%. Uniquely, the luminaire efficiency of the Recessed 
Indirect troffer was the lowest for each lamp in any of the troffers, and it appears to be affected the most by 
narrower luminous intensity distributions. 

10 The reported changes are calculated as a percent improvement over the efficiency of the fluorescent-lamped version of the same 
luminaire. This is not the absolute difference in measured luminaire efficiency. 
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   Figure 8. Luminaire efficiency (%) by lamp and troffer type. 

Another important note about luminaire efficiency is the role of ambient temperature on the performance of 
both LED and fluorescent lamps. When operated in a luminaire, the ambient temperature is higher than the 
25°C maintained for a bare-lamp test according to LM-79. This may affect the output of lamps to varying 
degrees, although it was not explicitly measured by CALiPER for this investigation. Thermal effects do factor into 
luminaire efficiency calculations. 

Luminaire Efficacy 
Luminaire efficacy is the lumens delivered by the luminaire as lamped, divided by the system input power 
(Watts). It is an important metric, because it integrates the bare-lamp efficacy with the luminaire efficiency. 
Ultimately, luminaire efficacy is a more important indicator of system performance and energy use than 
luminaire efficiency. Figure 9 shows the luminaire efficacy for each lamp-luminaire combination. 

As with luminaire lumen output, luminaire efficacy is dependent on bare-lamp efficacy, but is affected 
somewhat by changes in luminaire efficiency. Considering only the LED lamps, the rank order of efficacy for the 
lamp types within any luminaire type was the same as the rank order for bare-lamp efficacy. In other words, the 
changes in luminaire efficiency (no more than 7% within any luminaire type) were less than the differences in 
bare-lamp efficacy (all greater than 7%) for the three lamps included in this study. Nonetheless, compared to the 
fluorescent benchmark, all LED lamp types in the K12 Lens and Parabolic troffers resulted in higher luminaire 
efficacies, despite two of the three lamps having lower bare-lamp efficacies. This corresponds to the fact that 
the K12 Lens and Parabolic luminaires always had higher luminaire efficiencies when lamped with the LED 
lamps, but the other luminaire types did not. The conclusion is that K12 Lens and Parabolic troffers are the most 
favorable to LED lamps based only on efficacy considerations (i.e., ignoring appearance and luminous intensity 
distribution); used in those two troffer types, bare LED lamps with efficacies as much as 10% lower than an 
existing fluorescent lamp—depending on the exact luminous intensity distribution—may result in a higher total 
luminaire efficacy. For the other three luminaire types—Recessed Indirect, Volumetric, and High Performance— 
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     Figure 9. Bare lamp and luminaire efficacy, by lamp and troffer type. 

the efficacy of the bare LED lamp must be at least as high as the fluorescent lamp if higher system efficacy is a 
goal. 

Luminaire Luminous Intensity Distribution 
The different luminous intensity distribution of a linear LED lamp compared to a linear fluorescent lamp affects 
the luminous intensity distribution of some troffers in which it is installed, but not others. As a rough 
approximation of distribution width, CALiPER calculated the beam angle of the luminaire, or the total angle 
between the points at which the intensity drops to a 50% of the nadir value, in the 90° plane. The luminaire 
beam angles are listed in Table 3. Polar plots of the luminous intensity distribution in the 90° plane (across the 
lamps) for all combinations of lamps and luminaires are shown in Figure 7. 

Figures 10 through 14 show relative luminous intensity distributions for each lamp-luminaire combination in the 
90° plane (across the lamps), with each figure representing one luminaire type. It is important to understand 
that these are relative plots, with the maximum value normalized to 100% for each plot. In Figure 9, for 
example, it may appear that the LED-lamped K12 Lens troffers have lower intensity at all vertical angles, when in 
fact they would have greater luminous intensity at nadir if lumen output were equivalent. The plots can be 
interpreted as follows: 

 For the K12 Lens troffer (Figure 10), the narrower LED lamps resulted in relatively more light being 
directed straight down, with relatively less light between vertical angles of 20° to 60°. As demonstrated 
in CALiPER Report 21.1 for the full collection of Series 21 linear LED lamps, this results in a reduction in 
spacing criterion; in a retrofit situation, this could mean less even illumination, and in a new installation, 
the luminaires may have to be spaced closer together to achieve the same uniformity. 
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Figure 10.	 Luminous intensity distribution of the K12 Lens troffer with four different lamp types. The LED lamps result in a narrower 
luminous intensity distribution from the luminaire, with the beam angle between 4° and 15° smaller than the fluorescent 
benchmark. The narrow LED lamp (13-03) produces the narrowest distribution of the LED options, and the wide LED lamp (13­
20) produces the widest. 

 For the Recessed Indirect troffer (Figure 11), all four lamps resulted in very similar luminaire luminous 
intensity distributions, with the relative emission at any given angle within 10% of each other. The 
spacing criteria for the luminaires with each lamp type were very similar. 

 For the Parabolic troffer (Figure 12), lamp distribution had an unpredictable effect on luminaire 
distribution. Two of the LED lamps had a slightly greater “batwing” effect than the fluorescent-lamped 
troffer, but the narrowest LED lamp (13-03) substantially reduced the batwing, having relatively higher 
intensity toward nadir (straight down). In all cases, the LED lamps had a much smaller spacing criterion 
in the 90°–270° plane, with the fluorescent-lamped luminaire at 1.7, and the LEDs around 1.3. 

 As with the Recessed Indirect troffer, the lamps had little effect on the luminous intensity distribution of 
the Volumetric troffers (Figure 13). Relative luminous intensity for the four lamp types was always 
within about 10%. The spacing criteria for the luminaires with each lamp type were similar. 

 In the High Performance luminaire (Figure 14), the LED lamps resulted in less intensity toward nadir. As 
with some other luminaire types, the narrowest LED lamp (clear optic) exhibited the greatest deviation 
from the fluorescent lamp, whereas the medium and wide LED lamps (both with diffuse optics) 
performed very similarly. This change enhanced the batwing effect of the luminaire and increased the 
spacing criteria for the LED-lamped versions compared to the fluorescent version—the only combination 
where this occurred. 

Delivered Illuminance 
If lumen output were the same, which lamp’s luminous intensity distribution would result in the highest 
workplane illuminance? Conversely, if a lamp’s output were a certain percentage lower than a competitor, could 
it still deliver the same workplane illuminance? Both of these questions require combining the effects of 
luminaire efficiency and luminaire luminous intensity distribution, both of which are dependent on bare-lamp 
luminous intensity distribution. 
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Figure 11. Luminous intensity distribution of the Recessed Indirect troffer with four different lamp types. The distribution of the 
luminaire was very similar for all lamp types except the narrow LED, which resulted in a slightly wider distribution. 

Figure 12.	 Luminous intensity distribution of the Parabolic troffer with four different lamp types. Note that the narrow LED lamp (13­
03) performed differently from the other two LED lamps (13-27 [medium] and 13-20 [wide]). Linear LED lamps emit little light 
upward, especially those with clear apertures (e.g., the narrow LED); consequently, the light distribution patterns changed 
compared to the fluorescent benchmark. For all three LED lamps, the light distribution became “spikier” and the cutoff 
sharper at the high end of the distribution. Parabolic louver luminaires usually produce a batwing distribution, so the 
luminaire beam angle metric does not describe the distributions accurately. 
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Figure 13. Luminous intensity distribution of the Volumetric troffer with four different lamp types. There was little difference in the 
distribution of the luminaire because of the different lamp types. 

Figure 14.	 Luminous intensity distribution of the High Performance troffer with four different lamp types. All of the LED lamps 
resulted in relatively lower intensity at nadir, with the narrow lamp (13-03) producing the most dramatic difference. This may 
be partially due to the lamps being located directly above the linear metal details, which may have blocked the light from the 
already-narrower distribution lamps. 

First, it is interesting to examine the effectiveness of the various luminous intensity distributions in delivering 
workplane illuminance. While a workplane is not always the target for troffer luminaires, it is a common point of 
comparison. To examine delivered illuminance, a model was built simulating a large room with a 9' ceiling and 
the luminaires on 8'-by-10' spacing. A calculation grid at 2.5' above the floor was used to calculate the mean, 
maximum, and minimum illuminance in the 8'-by-10' area between the centers of the luminaires. In general, the 
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changes in luminous intensity distribution resulted in minimal changes to the delivered illuminance. This was 
determined by normalizing the lumen output of each combination to that of the fluorescent luminaire, then 
examining the differences in workplane illuminance, which are shown in Figure 15. All of the differences were 
less than 5%, with the Parabolic luminaire lamped with the narrow linear LED lamp having the highest delivered 
illuminance per lamp lumen. 

It is also important to consider the combined effect of luminaire efficiency and luminous intensity distribution, 
which is a more holistic evaluation of the effect of a specific lamp on the delivered illuminance from a luminaire. 
Figure 16 shows the percentage change in delivered illuminance relative to the bare LED lamp lumens. For 
example, the Narrow linear LED lamp (13-03) resulted in 16% higher average workplane illuminance than if a 
fluorescent troffer having the same lamp lumens were used. Figure 16 further illustrates that the best fit for 

Figure 15.	 Change in delivered workplane illuminance due to differences in luminous intensity distribution for the LED lamps relative 
to the fluorescent benchmark. The LED lamps resulted in a slightly greater percentage of the luminaire lumens reaching the 
workplane for the K12 and Parabolic luminaires. The difference was negligible for the other luminaire types. 

Figure 16.	 Change in delivered workplane illuminance due to differences in luminaire efficiency and luminous intensity for the LED 
lamps relative to the fluorescent benchmark. If the linear (T8) LED lamps emitted the same lamp lumens as the baseline 
28 W fluorescent lamp, the LED and K12 Lens and LED and Parabolic combinations would result in higher average workplane 
illuminance, whereas the LED and Recessed Indirect combinations would result in lower average illuminance. The 
combinations with Volumetric and High Performance luminaires were about the same for LED and fluorescent lamps. 
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linear LED lamps—when only workplane lighting is a concern—are the K12 Lens and Parabolic troffers. Recessed 
Indirect troffers should generally be avoided. 

While some combinations of linear LED lamps and luminaires improved the percentage of bare-lamp lumens 
delivered to the workplane, they did not improve workplane illuminance uniformity. In all cases, the uniformity 
ratios for the LED-lamped versions of a given troffer type were either very similar to or worse than they were for 
the fluorescent-lamped troffers. The worst scenario was for the High Performance troffer with the narrow LED 
lamp, which had an average-to-minimum ratio of 1.25, compared to a ratio of 1.07 for the fluorescent-lamped 
version of the same troffer. While neither case would necessarily be problematic, the difference is worth noting. 

Subjective Evaluation 
Questionnaire responses from 24 facility managers, energy specialists, and lighting industry professionals were 
tabulated and analyzed. A review of responses from both groups revealed no apparent differences, so the 
responses from lighting-knowledgeable participants and those less familiar with lighting technologies and 
techniques were combined. Given the sample size and procedures, no tests of statistical significance were 
performed. Photographs of the 20 lamp-and-luminaire combinations are shown in Figure 5. 

Observers were asked to rank, from best to worst, the visual appearance and visual comfort of the four troffers 
with different lamping. Figure 17 compares the sum of the rank responses to get a sense of most-appreciated 
(high sum) and least-appreciated (low sum) combinations of lamp and luminaire. The data was normalized to 
account for differences in the number of observer responses when necessary; however, nearly all observers 
responded to each question. 

In addition to asking observers to rank the options from most- to least-preferred for appearance and comfort, 

Figure 17. Sum of observers’ rankings for the appearance and comfort of each combination of lamp and troffer (high = most ­
preferred, low = least-preferred). 
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the questionnaire asked observers to rate each luminaire’s acceptability for building projects. This was intended 
to acknowledge that although an observer may prefer one type of troffer over another, both may be acceptable 
for use in many applications. Figure 18 illustrates the number of observers finding the luminaire-and-lamp 
combination to be acceptable, again normalized to adjust for non-responses. 

The responses to questions on visual comfort ranking and acceptability were compared to maximum spot 
luminances (shown in Table 4) which were measured at a steep angle of 10° from vertical (to simulate observers 
sensing glare from overhead) and at an angle of 35° from vertical (to simulate observers sensing direct glare 
from luminaires in the visual field). Maximum luminances measured from the steep angle were correlated with 
comfort ratings, except for the Parabolic troffer, where the LEDs of the narrow LED lamp (which had a clear 
aperture) were directly visible between the blades of the parabolic louver (Figure 19). There are two possible 
explanations for this exception. The first is that measuring the maximum luminance of the LED chip visible 
through the clear aperture was difficult and uncertain, even with a 1/3° capture angle on the luminance meter; 
as a result, the measured value may have been underreported, because it was diluted by the low-luminance 
surroundings. A second explanation may be that the direct view of the LED may have amplified the observer’s 
discomfort response. 

Although the responses from the observers were not subjected to intense statistical rigor, it is possible to make 
some observations about the performance of the lamp-and-luminaire combinations: 

 Fluorescent-lamped troffers were always preferred for appearance and comfort, compared to the same 
troffer lamped with any of the linear LED lamps. However, both of the LED products with a diffuse 
aperture—the medium LED and wide LED—were generally rated as acceptable. 

Figure 18. Observer acceptability rating of troffers. The percentage of observers rating as acceptable the appearance and visual 
comfort for all combinations of lamps and luminaires (higher = more acceptable, low = less acceptable). 

24
 



 

     
   

        
   

         
    

  
    

         
      

      
   

     
      

  

   
      

  
  

 
 
 

 
 
  

          

 

        
       

        
        

 
 

        
       

        
        

 

        
       

        
        

 

        
       

        
        

  
 

        
       

        
        

    

Table 4. Maximum spot luminance measurements and observer comfort ratings for each lamp-and-luminaire combination. Note 
the similarity between the rank order of the 10° luminance measurements and the rank order of the comfort ratings. 

Measured Measured Order of Observer 
Luminance Luminance Order Comfort Ratings1 

Troffer Type Lamp Type (cd/m2) (1=best, 4=worst) (1=best, 4=worst) 
10° 35° 10° 35° Rank Accept. 

LED Narrow (13-03) 13,840 7,720 4 4 4 4 

K12 Lens 
LED Medium (13-27) 
LED Wide (13-20) 

8,820 
9,110 

6,687 
5,911 

2 
3 

3 
2 

2 
3 

2 
3 

FL (BK13-30) 4,749 4,126 1 1 1 1 
LED Narrow (13-03) 2,421 2,630 4 4 4 3 

Recessed LED Medium (13-27) 2,111 2,148 2 1 2 1 
Indirect LED Wide (13-20) 2,164 2,312 3 3 3 4 

FL (BK13-30) 2,060 2,259 1 2 1 2 
LED Narrow (13-03) 13,130 5,329 2 1 4 4 

Parabolic 
LED Medium (13-27) 
LED Wide (13-20) 

21,930 
19,900 

16,930 
16,840 

4 
3 

4 
3 

2 
3 

1 
3 

FL (BK13-30) 7,632 8,413 1 2 1 1 
LED Narrow (13-03) 5,138 4,931 3 4 3 4 

Volumetric 
LED Medium (13-27) 
LED Wide (13-20) 

4,683 
5,138 

4,484 
4,693 

2 
3 

2 
3 

2 
4 

1 
2 

FL (BK13-30) 2,890 3,043 1 1 1 2 
LED Narrow (13-03) 16,410 13,520 4 4 4 4 

High LED Medium (13-27) 10,260 8,815 2 2 2 2 
Performance LED Wide (13-20) 11,350 10,510 3 3 3 2 

FL (BK13-30) 6,201 5,856 1 1 1 1 
1. In three instances, the comfort or acceptability rating was tied. 

 Except for the Parabolic luminaire, maximum luminaire luminances measured from 10° vertical were 
correlated with comfort ratings, and might be a simple method for predicting human response to glare. 

 The narrow LED lamp (which had a clear aperture) produced the worst ratings on all appearance
 
questions, irrespective of luminaire type.
 

 The narrow LED lamp produced the worst ratings on comfort, except when used in the Volumetric 
luminaire, where the luminaire optics almost completely obscured the visible differences among the LED 
lamps. 

 Observers consistently rated the fluorescent-lamped version of each luminaire as having the most 
acceptable appearance, and the narrow LED-lamped version as having the least acceptable appearance. 

 The visual appearance difference between the fluorescent and narrow LED lamps was the greatest in the 
Parabolic Louver and K12 Lens troffers. When these luminaires were lamped with fluorescent lamps, 
observers almost unanimously rated the luminaires acceptable for a building project, with over 75% 
giving them the highest rating. Conversely, over 65% of participants gave the luminaires an 
unacceptable rating when the luminaires were lamped with the narrow LED lamps, with over 70% giving 
the lowest ranking. 
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Figure 19.	 Correlation between spot luminance measurements at 10° from nadir (top) and 35° from nadir (bottom) versus the sum of 
observers’ ranks for comfort. For all but the Parabolic troffer, the rankings were highly correlated with the luminance data, 
especially to the measurement at 10°. 
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4	 Conclusions 
This CALiPER report examined performance of linear LED lamps in five different types of fluorescent troffers. 
Based on both photometric testing and observer responses, LED lamps may work well in some troffers but 
poorly in others. Table 5 provides a summary of the key findings. Lessons include: 

 Linear LED lamp-and-luminaire combinations generally performed more like fluorescent-lamped 
luminaires when the lamps exhibited a diffuse finish on the aperture, and consequently had a wider 
distribution and larger beam angle. Observers preferred the appearance of the luminaires with these 
lamps (medium and wide) over the one with the narrow LED lamps and found them less glaring, 
although the appearance and visual comfort of the fluorescent-lamped luminaires were still regarded as 
best. 

 Volumetric and High Performance troffers are good candidates for using linear LED lamps. Of the five 
luminaire types, linear LED lamps resulted in a light distribution that was most similar to the fluorescent 
benchmark in the Volumetric troffer. Luminaire efficiency was generally unchanged, and the physical 
appearance was not dramatically altered by the more-directional LED lamps, making this troffer type the 
best candidate for an LED lamp retrofit—assuming improved bare-lamp performance. Similarly, the High 
Performance troffer with LED lamps exhibited a comparable photometric distribution—more so with 
diffuse-aperture linear LED lamps—and the efficiency and appearance were only minimally affected. If 
linear LED lamp efficacy exceeds that of fluorescent and lumen output is sufficient, this troffer type may 
also be a good candidate for retrofit. 

 K12 Lens and Parabolic troffers may be candidates for using linear LED lamps in some applications. 
These two luminaire types saw higher luminaire efficiency with the linear LED lamps than the 
fluorescent benchmark, but appearance was considerably altered by the more directional linear LED 
lamps. This led to a greater glare response from observers. Also, the light distribution from K12 Lens 
troffers was narrowed, which may lead to more-uneven workplane lighting in some applications. With 
linear LED lamps, the Parabolic luminaires were more glaring and the luminous intensity distribution was 
spikier. Linear LED lamps with lumen output and efficacy at least 90% of that of a T8 fluorescent lamp 
could be used with caution in these luminaires; although they may be advantageous from an energy-use 
perspective, lighting quality may be reduced. To achieve energy savings and a reasonable payback, 
efficacy should be substantially higher than that of a T8 fluorescent lamp. 

 Recessed Indirect troffers are generally less compatible with linear LED lamps. Linear LED lamps are 
not recommended for use in Recessed Indirect luminaires, because the directionality of the LED lamps 
may substantially reduce the efficiency of the luminaire optics. Linear LED lamps can only compete with 
fluorescent lamps in this luminaire type if their bare-lamp efficacy exceeds that of fluorescent by at least 
5% and if the lamp lumen output is equivalent. Linear LED and fluorescent lamps resulted in similar 
luminous intensity distributions in Recessed Indirect troffers. 

 Manufacturers frequently misidentify beam angles. The five troffer types were equipped with 
fluorescent lamps, plus three selected linear LED lamps that represented a narrow, medium, and wide 
distribution as best as this could be identified from the manufacturers’ technical information. This 
report provides guidance on selecting appropriate linear LED lamps for specific troffer types, but that 
guidance is difficult to apply unless manufacturers report accurate distribution information (e.g., beam 
angle) about their linear LED products. It became clear to the CALiPER team that manufacturers 
frequently misidentified the beam angle of their lamps, often confusing the aperture angle with beam 
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Table 5. Summary of CALiPER results and observer responses for linear (T8) LED lamp performance compared to the CALiPER benchmark F28T8 fluorescent lamp. 

Distribution Visual Appearance Luminaire Efficiency Efficacy	 Light Output Observers’ Comments Conclusions 

CALiPER R21: Not omnidirectional, Not Applicable Not Applicable	 66–143 lm/W 
Full set of 105–160° beam angle	 (90 lm/W for fluorescent 

benchmark) 31 linear LED lamps 

CALiPER R21.2: Not omnidirectional, Not Applicable Not Applicable	 82–101 lm/W 
Subset of 3 linear LED 105–160° beam angle	 (90 lm/W for fluorescent 

benchmark) lamps 

1,357–3,126 lm Not Applicable Linear LED performance is often 
(2,193 lm for fluorescent appreciably different from fluorescent; 
benchmark) efficacy and lumen output could be higher 

or lower. 

1,607–1,973 lm Not Applicable Linear LED performance is often 
(2,193 lm for fluorescent appreciably different from the fluorescent 
benchmark) benchmark. For these three lamps, the 

lumen output was lower than for the 
fluorescent benchmark. 

K12 Lens The beam angle of the Linear LED lamps, 5% to 12% higher Depends on lamp efficacy; Depends on lamp lumens; Fluorescent preferred for glare and Consider using linear LED lamps. 
luminaire with all types of especially those with a (relative) for all linear LED linear LED lamps linear LED lamps appearance; wide (diffuse) linear LED Choose a wide-distribution (diffuse 
linear LED lamps was 4° to 15° narrow distribution, lamp types; better for proportionally higher due proportionally higher due to lamps provided best appearance and aperture) LED lamps with high lumen 
smaller than with fluorescent resulted in a more striped narrow (clear) lamps. to increases in luminaire increases in luminaire comfort among LED options. output (>1900 lm) and efficacy (>100 lm/W) 
lamps. appearance. efficiency. efficiency. for comparable or better performance and 

energy savings. Workplane illuminances 
may be less uniform at the same spacing. 

Recessed Indirect Medium and wide (diffuse) The pattern of light on the 3% to 18% lower (relative) Depends on lamp efficacy; Depends on lamp lumens; Fluorescent preferred for glare and Likely do not consider linear LED lamps. 
LED lamps resulted in upper reflector changed for linear LED lamps, linear LED lamps linear LED lamps appearance. An improved fluorescent lamp or ballast, 
performance similar to with the width of the depending on the type; proportionally lower due proportionally lower due to LED retrofit kit, or dedicated LED luminaire 
fluorescent; the narrow distribution. worse for narrow (clear) to decreases in luminaire decreases in luminaire are better options unless the linear LED 
(clear) LED lamps resulted in a lamps. efficiency. efficiency. lamp efficacy and lumen output are at least 
wider beam angle (by 10°). 20% higher than fluorescent. 

Parabolic With the LED lamps, the With narrower 8% to 15% higher Depends on lamp efficacy; Depends on lamp lumens; Linear LED lamps resulted in worse Cautiously consider linear LED lamps. 
luminaire had a “spikier” distributions, the upper (relative) for linear LED linear LED lamps linear LED lamps appearance and more glare than Choose wide distribution (diffuse aperture) 
batwing distribution, with reflector became dark; the lamps, depending on the proportionally higher due proportionally higher due to fluorescent; narrow (clear) LED lamps LED lamps with high output (> 2,000 lm) 
sharper cutoff of light at high linear LED lamp face was type; better for narrow to increases in luminaire increases in luminaire were worst among the LED options. and efficacy (>100 lm/W). Workplane 
angles; this resulted in darker perceived as brighter. (clear) lamps. efficiency. efficiency. illuminance uniformity may be reduced at 
areas at the top of walls. the same spacing and room walls may 

appear darker. Increased glare is a 
possibility. 

Volumetric No appreciable difference No appreciable difference No appreciable difference Proportional to lamp Proportional to lamp lumens Little appearance or glare difference Definitely consider using linear LED lamps. 
efficacy between fluorescent and LED linear Choose wide-distribution (diffuse aperture) 

lamps. LED lamps with high lumen output (>1,900 
lm) and efficacy (>100 lm/W) for 
comparable performance and energy 
savings. 

High Performance Wide distribution linear LED Narrow (clear) linear LED 2% to 8% lower (relative) Depends on lamp efficacy; Depends on lamp lumens; Fluorescent preferred for glare and Consider using linear LED lamps. 
lamps resulted in a luminaire lamps resulted in a for linear LED lamps, linear LED lamps linear LED lamps appearance, but linear LED lamps were Choose wide-distribution (diffuse aperture) 
distribution more similar to somewhat more striped depending on the type. proportionally lower due proportionally lower due to acceptable; wide (diffuse) linear LED LED lamps with high lumen output (>1,900 
fluorescent; narrow bare- appearance for the to decreases in luminaire decreases in luminaire lamps were the best among the LED lm) and efficacy (>100 lm/W) for 
lamp LED distributions diffuser. efficiency. efficiency. options. comparable performance and energy 
resulted in greater difference. savings. 
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angle, or misunderstanding the traditional definition of beam angle. Absent accurate beam angle data, 
aperture finish can generally be used to differentiate between lamps with narrower and wider 
distributions. 

 See mockups before ordering large quantities of linear LED lamps. Specifiers, facility managers, and 
end users should be wary of placing large orders for linear LED lamps until they have seen four to eight 
troffers retrofitted and have feedback on the appearance and visual comfort of the retrofitted troffer, as 
well as the ease of the electrical change. 

 Consider other alternatives as well. LED troffer retrofit kits and even premium fluorescent lamps with 
low-output, high-efficiency ballasts should be considered together with the linear LED lamp options, 
because they may offer better appearance, comfort, light distribution, or other important performance 
characteristics. 

Linear LED lamps may be good alternatives to T8 fluorescent lamps in some applications. However, this is far 
from a universal recommendation. So much depends on specific LED product performance, quality, and the 
troffer in which it will be used, as well as the economic issues of LED lamp cost, cost of retrofit labor, hours of 
operation, and local electric rates. Best results will be achieved when specifiers, facility managers, and 
contractors scrutinize the LED product offerings and carefully pair them with appropriate applications. 
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Appendix A: Lamp Model Identification 

Table A1. Product brand and model identification. 

DOE 
CALiPER 
Test ID Brand Model 
13-03 Toggled MK2M-T8-48-UN19ND-4080D2-A1 
13-20 Miracle LED T8 Cool 48" 
13-27 InnoGreen IG-220DT8120-20-NW 
BK13-30 Lamp: GE F28T8XLSPX41ECO 

Ballast: Philips Advance IOPA2P32N 
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Appendix B: Luminaire Product Identification and Performance Metrics using 
Fluorescent Lamps 
Table B1. Troffer identification and performance characteristics with fluorescent lamps 

Product 

Manufacturer’s 
Listed Luminaire 

Efficiency 
(%) 

CALiPER 
Luminaire 
Efficiency1 

(%) 

CALiPER 
Calculated Lumens 

(BK13-30)2 

(lm) 

CALiPER 
Measured Power 

(BK13-30) 
(W) 

Two Lamps and Ballast (BK13-30) - - 4,386 48.9 

K12 Lens 
Columbia 4PS24-232G-A12 87% 75.2% 3,298 50.7 

Recessed Indirect 
Lithonia 2AV-G-232-MDR 68% 68.1% 2,987 51.8 

Parabolic 
Columbia P4D24-232-G-MA26-S 76% 73.6% 3,228 51.4 

Volumetric 
Cooper/Metalux 2AC—232 
High Performance 
Finelite HPR-A-2x4-DCO-2T8 

85% 

85% 

80.0% 

85.6% 

3,509 

3,754 

51.4 

51.9 

1. Luminaire efficiency does not indicate the optical efficiency of the luminaire, but is a ratio of bare-lamp and in-luminaire performance. 
2. An absolute test of each lamp-luminaire system was approximated by multiplying the absolute photometry values for the bare-lamp 

system by the luminaire efficiency reported for a relative photometry test. This method accounts for thermal and optical effects in the 
same manner as absolute photometry, but eliminates the adjustment in total output made by the photometric laboratory when the 
relative photometry data was reported. 
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Appendix C: Troffer Specification Sheets 
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Appendix D: Questionnaire Presented to Observers 
Instructions to observers (to be read while all 20 fixtures are switched on): 

The CALiPER program is looking at many different types of LED products, to help facility managers, designers, 
engineers, and energy managers choose good-quality LED products that will perform well, look good, and save 
significant energy over time. To do this, we spend a lot of time and money sending new LED products to 
laboratories for detailed photometry.  The testing results tell us a lot about lumens-per-watt and color quality 
and power quality, for example. Unfortunately, there are some things that you can’t learn from photometric 
testing, and you just have to mount the product in a ceiling and get feedback from folks who are looking at the 
product in person. This is why we’ve invited you here. 

This is a simulated office/classroom/healthcare space with recessed troffers installed. There are four groups of 
troffers, each with five different troffer types in the group.  Some of these groups are lamped with conventional 
fluorescent T8 lamps, and some with LED tubes. The label for the troffer is on a card on the ceiling next to the 
troffer itself (A1 or B3, for example). We are going to switch on four identical troffer types at a time and ask you 
to walk around the room and evaluate the troffers as though you were an occupant or user of the space. Feel 
free to reposition and sit down in chairs to view the luminaires from a seated position. We’ll ask you to 
complete the survey questions on both appearance of the four fixtures (including the pattern of light it 
produces) and glare within about 5 minutes. Then we’ll switch to a different troffer type and ask you to 
complete the survey again.  We’ll do this a total of 5 times. 

Some differences are subtle, so please don’t agonize over your responses! Just do your best. I’m going to hurry 
you along because at the end we want to spend about 10 minutes with you explaining what you are looking at, 
what the products are, and what the advantages/disadvantages of different kinds of T8 LED lamps are. And, we 
want you to be out of here before the hour is up! 

One note:  The fourth group of products uses a lamp that was not available in 4000K color, so the next closest 
color temperature was selected. Please try to leave color out of your evaluation process.  Evaluate just the 
appearance, glare, acceptability, etc. based on the other factors that are visible (we recognize that is difficult). 

Your observations will remain anonymous, but please tell us…… 

Observer name: ______________________________ 

Age: _________ 

Male/Female:  ______ 
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VISUAL APPEARANCE OF LUMINAIRE (TROFFER) 
Walk or sit around the room and view all four troffers, imagining these are being installed in offices or schools or 
healthcare facilities. Please provide brief comments or observations to help explain your rankings, then indicate 
whether you consider this an acceptable product. Please ignore color differences. 

Troffer label	 Rank Brief comments to explain your answers Acceptable? 
(1=worst (Y or N) 
4=best) 

B1 

B2 

B3 

B4 

VISUAL COMFORT (I.E., RANK OF COMFORT/GLARE) OF LUMINAIRE 
Walk around the room and view all four troffers from a range of positions, from underneath to several steps 
away from the troffer, imagining these are being installed in offices or schools or healthcare facilities. Also, feel 
free to sit down as though you were working in the space. You may look at the troffers as you would normally, 
but don’t stare at them. Please provide brief comments or observations to help explain your rankings, then 
indicate whether you consider this an acceptable product. 

Troffer label	 Rank Brief comments to explain your answers Acceptable? 
(1=worst (Y or N) 
4=best) 

B1 

B2 

B3 

B4 
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DOE SSL Commercially Available LED Product Evaluation and Reporting Program
 
NO COMMERCIAL USE POLICY
 

The U.S. Department of Energy (DOE) is a federal agency working in the public 
interest. Published information from the DOE SSL CALiPER program, including test 
reports, technical information, and summaries, is intended solely for the benefit of 
the public, in order to help buyers, specifiers of new SSL products, testing 
laboratories, energy experts, energy program managers, regulators, and others 
make informed choices and decisions about SSL products and related technologies. 

Such information may not be used in advertising, to promote a company’s product 
or service, or to characterize a competitor’s product or service. This policy precludes 
any commercial use of any DOE SSL CALiPER Program published information in any 
form without DOE’s express written permission. 
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