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a  b  s  t  r  a  c  t

Many  manufacturers  and  distributors  of LED tubes  claim  energy  savings  of 50%  and  more  when  replac-
ing  T8  fluorescent  tubes  with  linear  LED  replacement  lamps.  Several  distributors  even pretend  that  the
same visual  comfort  will be  maintained  after  such  a replacement.  Optical  and electrical  parameters  of
twelve  commercially  available  linear  LED  tubes  have  been  determined  and the  evolution  in  time  of  these
eywords:
ED
eplacement lamps
elamping
nergy efficient lighting

parameters  has  been  monitored.  Additionally,  a case  study  is  presented  in  which  the  fluorescent  lamps  in
a small  office  room  were  replaced  by LED linear  replacement  lamps  in order  to compare  the  illuminance
distribution  on  the  work  plane,  the  glare  perception  and  the  overall  visual  appreciation.  According  to  this
study,  it is  clear  that  a one-to-one  replacement  of a classical  fluorescent  tube  by  a  currently  available
linear  LED  lamp  might  have  severe  consequences  on  the  lighting  quality.
ighting

. Introduction

LED based luminaires are emerging into the market. Properties
uch as long life, dimmability and variability, unlimited switching,
exible design, high luminous efficacy, compactness and negligi-
le heat transfer in the light beam make solid state lighting an
ttractive alternative to traditional light sources. LED based sys-
ems are not only available for orientation and architectural lighting
ut more and more for general illumination applications too [1,2].
oday, LED based downlights are outcompeting the traditional
ompact fluorescent lamps in terms of efficiency and lighting qual-
ty [2].

On the other hand, there are many applications where the ben-
fits of using LED products are not obvious. The use of LED tubes as
eplacement lamp for fluorescent lamps is a typical product caus-
ng controversy. Several distributors recommend their products
s a superior replacement of conventional T8 fluorescent lamps,
ainly focussing on the potential energy savings and long life of

he light-emitting diode replacements. However, the lighting qual-
ty is often subordinate or ignored [3,4]. Some distributors argue
hat retrofitted luminaires achieve equal or even larger illumination
evels on the task area, even though the luminous flux of the LED

eplacement is considerably lower, referring to the superior light
utput ratio (LOR) of the luminaire due to the directionality of LEDs.
owever, manufacturer data of LED tubes are often limited and

∗ Corresponding author at: Gebroeders De Smetstraat 1, B-9000 Ghent, Belgium.
el.: +32 9 265 87 13.

E-mail address: Wouter.Ryckaert@kahosl.be (W.R. Ryckaert).

378-7788/$ – see front matter © 2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.enbuild.2012.02.042
© 2012  Elsevier  B.V.  All rights  reserved.

incomplete and the overall light distribution of the luminaire after
replacement is unknown [3–5]. Above, there is a lack of standard-
isation and inspection to evaluate SSL products [6],  often resulting
in overstated and misleading manufacturer performance claims [3]
which amplifies the discussion.

In this study, the optical and electrical parameters of twelve
commercially available LED linear replacement lamps have been
compared and the variation over time of these parameters has
been investigated. Furthermore, a case study is presented in which
the fluorescent lamps in a small office room have been replaced
by LED linear replacement lamps in order to compare the illumi-
nance distribution on the task area. Finally, the performance of LED
replacement lamps was  investigated and compared with a stan-
dard fluorescent T8 lamp in a psychophysical experiment in terms
of general lighting quality, colour quality and glare perception.

2. Optical and electrical parameters of LED linear
replacement lamps: a bench test comparison of 12 LED
tubes

2.1. Methodology

In September 2010, twelve LED tubes of brands distributed on
the Belgian market were collected [5].  These lamps are intended
for replacement of standard T8 36 W fluorescent lamps. All LED
replacement lamps have an integrated driver powered directly

from the ac mains power supply.

After lamp stabilization, all relevant initial optical and electri-
cal parameters were measured: real (or active) power P, luminous
efficacy, power factor PF,  total harmonic current distortion THDI,

dx.doi.org/10.1016/j.enbuild.2012.02.042
http://www.sciencedirect.com/science/journal/03787788
http://www.elsevier.com/locate/enbuild
mailto:Wouter.Ryckaert@kahosl.be
dx.doi.org/10.1016/j.enbuild.2012.02.042
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Table 1
Initial lamp parameters.

Brand Ф (lm) P (W)  � (lm/W) CCT (K) CRI MCRI CQS v7.5 PF THDI

A 1650 22.8 72.4 4186 90 90 88 0.97 14%
B 1535 23.6 65.0 6876 72 75 72 0.45 192%
C 1595 17.8 89.6 3709 76 83 79 0.82 56%
D  1774 21.2 83.7 4016 69 77 68 0.66 90%
E  754 10.3 73.4 4207 76 85 73 0.48 55%
F  1707 20.9 81.6 3194 65 74 68 0.93 17%
G  1036 15.2 68.2 3307 71 80 68 0.51 162%
H 1437 17.7 81.1 3853 77 85 75 0.96 16%
I 1605 31.6 50.8 3365 88 90 86 0.53 135%
J 920  14.5 63.4 3678 78 87 71 0.84 59%
K  1479 18.3 80.8 4733 65 64 68 0.78 54%
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the negative impact of harmonic currents is usually marginal. How-
ever, for non-residential customers, the harmonic distortion may
cause problems when many fluorescent tubes are replaced by LED
tubes with high harmonic content. Increased losses and possible
L  1185 17.6 67.3 5329

Median 1479 17.8 73.4 3853

uminous flux, luminous intensity distribution, spectrum, corre-
ated colour temperature CCT, colour rendering index CRI,  colour
uality scale CQS and memory colour rendering index MCRI. The
CRI [7] is a new metric that assesses the colour quality of a light

ource with respect to the memory colours of a set of familiar
bjects. This metric was found to correlate significantly better at
ssessing the colour quality of white light sources in terms of visual
ppreciation than the conventional CRI [8].  It should be noted that,
hile a CRI score of approximately 90 is significantly lower than

hat of a CIE reference illuminant, it is not on the MCRI scale – CIE
eference illuminants have scores around 90, while a score of 100
s reserved for a perfect ‘memory colour’ agreement [7,8].

The NIST CQS is another new metric which correlates better with
he visual appreciation of colours compared to the traditional CIE
olour rendering index. The CQS is a colour difference based metric
hich does not penalize chroma enhancement and even rewards

hroma [9].
A near-field goniophotometer type Techno Team RIGO801® [10]

quipped with an illuminance meter and an image-resolving CCD
amera for determining ray data and far field luminous inten-
ity distributions were used to determine the luminous flux and
uminous intensity distribution of all lamps. The temperature and
elative humidity in the room were controlled within narrow
anges (25 ◦C ±1 ◦C and 32 ± 5% RH). The spectra and resulting CCT,
RI, CQS and MCRI values were determined by using a telescopic
easuring head coupled to a spectroradiometer (Oriel®) with an

ptical fibre. A cooled CCD detector captured the spectral flux after
 suitable calibration measurement with a spectral radiance stan-
ard. The electrical parameters were measured by a Yokogawa®

T3000 precision power analyser. The sinusoidal supply voltage
ith a root-mean-square value of 230 V was delivered by a power

ource type Agilent® 7813B.

.2. Initial lamp characteristics

The initial lamp parameters as measured are summarized in
able 1. Measurements did not start before the stabilisation time
as elapsed. Stable operation was reached when the relative vari-

tion of luminous flux was no more than 0.5% within 3 continuous
inutes. This criterion guarantees stable thermal conditions.
With the exception of one lamp, all LED tubes draw at least 30%

ess real power than their fluorescent counterpart. The lamp power
s going from 10.3 W to 31.6 W with a median value of 17.8 W,  which
s half the real power of the fluorescent lamp.

A primary objective of any (re)lighting project should be to

ulfil the existing and widely accepted lighting requirements, e.g.
he European standard for lighting indoor work places [11]. The
uminous flux and the intensity distribution of the replacement
amp are the main factors that determine the lighting level after
73 79 72 0.91 22%

76 81 72 0.82 55%

a relamping. The medium value of the luminous flux of the mea-
sured LED tubes is 1479 lm which is only 44% of the luminous flux of
a new conventional T8 36 W/830 (about 3350 lm)  fluorescent tube
of the same dimensions. The spread in luminous flux is rather large,
ranging from 754 lm to 1774 lm.  Depending on the power consump-
tion of the (electromagnetic) ballast, the lamp-ballast efficacy of
a common T8 fluorescent lamp varies between 75–95 lm/W. The
median luminous efficacy of the measured LED tubes (with inte-
grated driver) is about 73 lm/W with 5 lamps having an efficacy
of more than 80 lm/W. This is comparable with the efficacy of a
T8 lamp-ballast combination. As the luminous efficacy of new LED
types is still increasing, the lamp-driver efficacy of LED tubes will
exceed the lamp-ballast efficacy of standard fluorescent lamps very
soon.

The CRI,  CQSv7.5 and MCRI values are determined from the lamp
spectra. In all lamps under study, blue LEDs with an individual
phosphor layer are used. A typical phosphor white LED spectrum is
shown in Fig. 1. It is remarkable that only two out of twelve lamps
have a CRI higher than 80. According to the European standard for
work places [11], lamps with a CRI lower than 80 should not be used
in indoor workplaces. The two  sources, with a CRI score higher than
80, also scored highest on the CQS and MCRI scales.

If the rated real power of light sources (except for discharge
lamps) is less than or equal to 25 W,  there are no specific require-
ments for the current waveform and maximum harmonic current
components [12]. As the real power of most LED replacement lamps
is lower than 25 W,  a non-sinusoidal current may  be expected. The
extra harmonic current components cause extra losses in electrical
cables and transformers which is especially an issue for distribu-
tion network companies [13]. For residential electricity customers,
Fig. 1. Spectrum of LED tube (Brand K).
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Fig. 3. Luminous intensity distribution (3D) – Brand K.

switches the lamps in cycles of 2 h and 45 min  on and 15 min  off [5].
The luminous flux of all lamps was measured at 2000 h intervals.
The measured values are divided by the initial luminous flux of the

Table 2
FWHM values.

Brand FWHM Brand FWHM

A 115◦ G 65◦

B 85◦ H 115◦
ig. 2. Current [mA] (black) and voltage [V] (grey line) waveform (top: Brand A –
iddle: Brand D – down: Brand B).

verloading of transformers and cables, especially of the neutral
onductor, are the main concerns [14].

The total harmonic current distortion THDI is a measure for
he harmonic current content. For a sinusoidal supply voltage, the
ower factor � is related to the THDI as (see Appendix A):

 = cos ϕ1√
1 + THD2

I

(1)

ence, the power factor combines the phase angle ϕ1 between the
undamental (50 Hz or 60 Hz) current and voltage component and
he harmonic current distortion. The lower �, the higher the losses
n the electrical installation and the higher the risk for harmonic-
elated problems.

Four lamps under study have a high power factor with values
reater than 0.9. On the other hand, the THDI of three LED tubes
xceeds 100%, resulting in a power factor around 0.5. This implies
hat twice the current is needed to deliver the real power as com-
ared to a lamp drawing a sinusoidal current in phase with the
oltage for the same real power. Furthermore, some lamp currents
aveforms exhibit a lot of high frequency (>2 kHz) components
hich might cause electromagnetic interference. Some typical cur-
ent waveforms are shown in Fig. 2.
As LEDs are lambertian light sources, the luminous intensity pat-

ern of most LED tubes is approximately lambertian as illustrated in
igs. 3 and 4. The luminous intensity distribution of some LED tubes
Fig. 4. Luminous intensity distribution C0-180 (black) and C90-270 (green) – Brand
K.  (For interpretation of the references to color in this figure caption, the reader is
referred to the web  version of the article.)

(f.i. Brand J) has been modified by secondary optics. To describe
the directivity of a light source, the Full Width at Half Maximum
(FWHM) angle is often used. The FWHM is the angular separation
between the directions at which the intensity has fallen to half its
peak value. For an ideal lambertian luminous intensity pattern, the
FWHM is 120◦.

The FWHM values for all LED tubes under study are mentioned
in Table 2. Especially lamp G has a small light beam which can have
a huge impact on the uniformity of the illumination [3].

Finally, the measured initial lamp characteristics are compared
with the manufacturers lamp data (if available) in Table 3.

For the lamps considered, the measured real power is in accor-
dance with the specifications. However, the specified luminous flux
and the CRI are in many cases strongly overestimated by several
distributors.

2.3. Luminous flux maintenance

To evaluate the lumen maintenance, all lamps have been oper-
ated at a burning cycle of 3 h. A programmable logic controller
C 100◦ I 95◦

D 115◦ J 85◦

E 125◦ K 120◦

F 85◦ L 115◦
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Table 3
Measured lamp characteristics versus manufacturers lamp data.

Brand Measured characteristics Manufacturers data

Ф  (lm) P (W)  � (lm/W) CRI Ф (lm) P (W)  � (lm/W) CRI

F 1707 20.9 81.6 65 2042 21.5 95.0 73
G  1036 15.2 68.2 71 1454 15 96.9 >80
H  1437 17.7 81.1 77 1476 17.4 84.8 75
I 1605 31.6 50.8 88 2000 32 62.5 >80
K 1479 18.3 80.8 65 1400 18 77.8 NA
L  1185 17.6 67.3 73 1600 18 88.9 >80

Table 4
Luminous flux maintenance (values expressed as a percentage of the initial luminous flux).

Brand Initial value (%) 2000 h (%) 4000 h (%) 6000 h (%) 8000 h (%)

A 100 100.5 98.7 95.7 93.0
B 100  97.9 96.9 95.3 95.5
C  100 61.4 37.8 31.4 23.2
D  100 101.1 95.5 89.1 80.9
E  100 85.7 82.5 80.1 78.9
F 100 100.2  94.7 Failure –
G  100 86.3 73.6 70.3 67.3
H  100 105.7 105.6 105.1 105.4
I  100 102.3 102.6 102.2 101.0
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LOR of the luminaire is 85% and the real power is 23.5 W;
- LED tube Brand I. This lamp is made up of only 32, but high-

intensity LEDs and has a CCT of 3365 K, a CRI of 88 and a FWHM
of 95◦. Fig. 6b shows the luminous intensity distribution of the
J  100 89.4 

K 100 107.1  

L  100 103.4 

amp and expressed in Table 4 as a percentage of the initial lumi-
ous flux.It is known that the luminous flux of LEDs can increase

n the first thousands of burning hours [15]. The results in Table 4
onfirm this behaviour. Tubes of brands C, E, F, G, and J are built
p with white through-hole LEDs. It is well known that, despite

ts relatively low input power, the heat generated in a traditional
hrough-hole LED cannot escape efficiently from the semiconduc-
or element [15]. This explains the (strong) decrease in luminous
ux. LED tube F reached end of life after 5500 h due to electronic
river failure. For professional applications, a lumen maintenance
alue of 70% (noted as L70) is typically used as criterion to define
he end of life [16]. Nearly all lamps based on through-hole LEDs
ave reached the end of life after 8000 burning hours. The luminous
ux maintenance of LED tubes with SMD  (surface mounted device)
EDs is obviously better due to the improved heat transfer. Ther-
al  resistances of SMD  packages are indeed up to 50 times smaller

han those of through-hole packages [15]. Three lamps maintain
heir initial luminous flux after 8000 burning hours.The measured
eal power of all lamps remained almost constant (change between
2% and +1%), as well as all other parameters considered (CCT, CRI,
F and THD).

. Retrofit of a fluorescent luminaire: a field study

.1. Technical performance

In Fig. 5, a small office room used by the students’ union of the
atholic University College KAHO Sint-Lieven is shown. The win-
owless room is 4 m by 6 m and 2.7 m high. Three outdated T8

uminaires are installed, each with one T8-36 W/840 fluorescent
amp. The fluorescent lamps of all luminaires have been replaced
y LED tubes in order to compare the quantity and quality of the

llumination before and after replacement. Three brands (A, I and
) of LED tubes with different characteristics were selected. As the
ndividual high-brightness LEDs are visible, the LED tube of Brand I
an cause glare while LED tube of Brand A has a diffuser to limit the
lare risk. LED tube of Brand K was selected because this lamp has
he lowest CRI value of all lamps considered.
65.5 59.7 59.0
107.8 105.7 104.5

98.1 95.1 94.9

Replacing a conventional fluorescent lamp by a LED tube with
a hemispherical, yet quite different luminance distribution, will
change the luminous intensity distribution of the luminaire as well
as the illuminance distribution on the task area.

The luminous intensity distribution of the luminaire with four
different lamp types was  measured under controlled conditions
with a near-field goniophotometer (see Section 2.1). New lamps
were used and the ferro-magnetic ballast was not removed or
bypassed.

- LED tube Brand A. The lamp has a diffuser to reduce the high lumi-
nance of the individual LEDs. The measured FWHM,  CCT and CRI
are 115◦, 4186 K and 90, respectively. The measured luminous
intensity distribution of the luminaire is shown in Fig. 6a. The
Fig. 5. Small office room used by the students’ union of KAHO.
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27, participated in the experiments. The subjects, divided in groups
of 4–6 persons, had to evaluate all four lamp types. The sequence of
the lamps was  randomized between different groups. During each
lamp replacement, the subjects had to leave the room for several

Table 5
Calculated workplane illuminance.

Pinstalled (W)  Eavg (lx) g1
ig. 6. Measured luminous intensity distributions (in cd/klm green: C90–C270 and 

 LED tube with 32 high intensity LEDs (Brand I). (c) Luminaire with a LED tube with

luminaire with a measured LOR of 86%. The real power of the
luminaire is 32 W;
LED tube Brand K made up of 360 individual SMD  LEDs. The
FWHM,  CCT and CRI are 120◦, 4733 K and 65, respectively. The
luminous intensity distribution is shown in Fig. 6c. The real power
of the luminaire is 19.7 W;
A new fluorescent lamp type T8 36 W/840 with a measured CCT
of 4121 K and CRI of 84. The luminous intensity distribution of
the luminaire is shown in Fig. 6d. The luminaire efficiency LOR
is 77%. The real power of the luminaire is 51 W.  Hence, the old
electromagnetic ballast consumes 15 W.

While a fluorescent lamp emits light in all directions, a LED
ube is a (lambertian) directional light source emitting light in a
ownward-hemispherical arrangement (Figs. 3 and 4). Hence, the

inear replacement lamps cannot use the luminaire reflector design
n the same way as fluorescent lamps do. Therefore, the luminous
ntensity distribution of the luminaire with an LED tube is consider-
bly different from the luminaire with fluorescent lamp (Fig. 6). On
he other hand, the hemispherical radiation of LED linear replace-

ent lamps results in less light losses within the luminaire. In our
tudy, the luminaire efficiency increases from 77% to about 85%
fter relamping.

For each luminaire–lamp combination, Eulumdat files (.ldt)
ere generated from near field goniometer measurements and the
igo Software® [10] and imported in the lighting planning soft-
are DIALux® to simulate the light distribution in the room under

onsideration. The calculated mean illuminance values Eavg and
niformity values g1 (i.e. the minimum divided by the mean illu-
inance) on the horizontal task area at 0.8 m height are given in

able 5. A wall zone of 0.3 m was used.
Replacing all fluorescent tubes by LED tubes will decrease the
ower consumption substantially, with energy savings up to 70%
the installation and maintenance costs not considered). However,
he mean illuminance will be reduced with about 50% to an unac-
eptable value. The illuminance values in Table 5 are initial values
0–C180). (a) Luminaire with a LED tube with diffuser (Brand A). (b) Luminaire with
SMD  LEDs (Brand K). (d) Luminaire with a fluorescent lamp T8–36 W/840.

(depreciation factor equals 1) and will decrease over time, espe-
cially if through-hole LEDs have been used (Section 2.3). In this
case study, the uniformity is in the same range.

If the original lighting installation would have been designed to
comply with the lighting specifications [11] or legal requirements,
it is clear that in most cases the modified lighting installation will
not provide the same level of illuminance as the original lighting
installation and the specified requirements for lighting solutions
for work places will not be met  anymore.

If the same illuminance value is required after replacement of a
fluorescent lamp by a LED tube, the number of installed luminaires
must be doubled resulting in a comparable power consumption.
Above, the investment and installation costs are high and in most
cases, it will not be possible to obtain the original luminaires.

3.2. Visual experiments

The performance of three LED replacement lamps and the stan-
dard fluorescent T8 lamp in their application was investigated in
a psychophysical experiment in terms of general lighting quality,
colour quality and glare. The experimental setup was a delayed
paired comparison experiment in the real room situation shown in
Fig. 5.

Forty four observers (38 male/6 female), with an average age of
T8 153.6 278 0.21
Brand A 70.5 149 0.21
Brand I 95.7 146 0.15
Brand K 59.1 160 0.19
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Fig. 7. Abrupt transition from dark to light on the walls (LED tube Brand I).

inutes. For each lamp type, the observers were asked to assess
he lamp with reference to the previous lamp.

General lighting quality, subdivided in brightness and attrac-
iveness, was assessed for the room in general and for a piece of
hite paper with text. Colour quality was evaluated in terms of the

ttractiveness and naturalness of the skin of the observers and a
umber of coloured objects, such as a yellow bath duck, a smurf, a
omato, a red pepper, blue grapes, a lemon and a cucumber. Percep-
ion of glare was investigated for two situations: observers had to
ssess the glare by looking straight at the lamp above them (direct
lare) and by looking around the room in a horizontal plane.

The paired comparison data have been analyzed with the
ethod of Scheffé [17] to obtain a scaling for each lamp type for

ach of the aspects investigated. The lamp scalings and CCT, CRI
nd illuminance (E) on the work plane are given in Table 6. The
uorescent lamp is used as reference in this table.

From Table 6, it is immediately clear that the TL source scored
he highest on almost all the investigated aspects of lighting. Not
urprisingly, the TL – with approximately 80% higher work plane
lluminance than the LED tubes – had the highest visual brightness
nd glare when looking around the room (as all visual scaling are
00). Obviously, the room is perceived darker when the fluorescent

amps are replaced by LED tubes. Adaptation cannot compensate for
hose large differences in illuminance and luminance. The fluores-
ent light also had the highest visual attractiveness both in terms
f general lighting quality and colour quality. However it should
e noted that this observation is due to the low illumination levels
ather than an effect attributable to the colour rendering properties
f the TL lamp. With some LED tubes, there might be also an abrupt
ransition from dark to light on the walls (see Fig. 7) which can be
erceived disagreeable.

Although, these results indicate that a replacement of a single
L – in an existing luminaire – with a single LED tube could reduce
he visual comfort in the room significantly, it is however not clear
hether this would still be the case for an equal luminous output

nd a more uniform lighting on the walls.
However, for the case under investigation, the results presented

n Table 6 suggest that the LED tube of Brand A would be the best
verall choice for a replacement of the fluorescent lamp. Although
rand K, which has no diffuser, had a comparable brightness in the
oom, it scored poorly on glare. Of all the LED tubes, Brand K was

lso found to have the lowest scores for attractiveness and natu-
alness, which is in line with the CRI, CQS and MCRI values. LED
ubes of Brand I had the opposite problem, i.e. comparable or only Ta
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lightly worse scores for naturalness and attractiveness, but very
ow scores for brightness. Even though the room lighting bright-
ess and the text lighting brightness were much less than Brand A,
roblems with direct glare are obvious (see Table 6). It has to be
entioned that only an exploratory study on glare perception was

arried out in this study. As existing glare criteria (UGR, VCP) seem
ot to be applicable for non-uniform stimuli [18], a new glare met-
ic is needed. The new glare evaluation system(s) should take into
ccount both discomfort glare and overhead glare [18].

. Commercial, economical and juridical aspects

Commercial, economical and juridical aspects have not been
onsidered in this study. Nevertheless, there may  be safety and
ther concerns [19] such as:

 an unsafe situation (electric shock risks) can occur when LED
modules are installed;

 the lamp holders of the original luminaire may  be overstressed
by the weight of the LED tube;

 probably, the converted luminaires will not comply anymore with
requirements of the luminaire safety standards (EN 60598-1) and
CE mark labelling. In fact, the organization modifying a luminaire
should take over the full future responsibility for the luminaire
with respect to all aspects (safety, EMC, photometric, . . .);

 the lamp manufacturer’s warranty will be void if the adapted
luminaire does not comply with lamp safety and performance
standards.

. Conclusions

Luminaires based on phosphor converted white LEDs are more
nd more attractive for general lighting applications because of the
teadily increasing luminous efficacy numbers and the distinctive
roperties. High-quality LED products are increasingly available
nd emerging into the market.

On the other hand, there are many applications where the ben-
fits of using LED products are not obvious. The use of LED tubes as
eplacement lamp is a typical product causing controversy because
he impact on the lighting quality is often subordinate or ignored.
bove, a lot of SSL products have an inferior quality and/or distrib-
tors provide confusing or inaccurate performance claims.

The performance of twelve LED tubes intended as replacements
or T8 fluorescent lamps has been investigated. Bare lamp tests
how low luminous flux values which could result in unaccept-
ble low illumination levels, even though the luminaire efficiency
ay  slightly increase when a fluorescent lamp is replaced by a

ED counterpart. Furthermore, many LED tubes have inferior colour
endering properties and poor luminous maintenance characteris-
ics.

This study shows that the power reduction associated with a
ne-to-one lamp replacement frequently results in an inadequate
uantity and quality of illumination of the work plane. To main-
ain existing light levels, it would be necessary to install additional
ED replacement lamps which decreases the potential energy sav-
ngs. Furthermore, a luminaire with a LED replacement lamp has a
onsiderably different luminous intensity distribution because the
ED tube is a directional light source emitting light in a downward-
emispherical arrangement. This has an impact on the illumination
istribution and uniformity.

In a psychophysical experiment, the performance of three cur-

ently available LED replacement lamps and a standard fluorescent
8 lamp in the same application was investigated in terms of gen-
ral lighting quality, colour quality and glare perception. Although,
his study indicates that a replacement of a single TL – in an existing
uildings 49 (2012) 429–436 435

luminaire – with a single LED tube could reduce the lighting qual-
ity in the room significantly, it is however not clear whether this
would still be the case for an equal luminous output and a more
uniform illuminance on the walls.

Anyway, customers must be aware of the characteristics of the
LED replacement lamp and of the impact on the quantity and quality
of the lighting.
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Appendix A. Power factor and THD: meaning and
relationship

When a non-linear load is connected to the mains voltage, the
current wave shape is non-sinusoidal (e.g. the current wave shape
of a LED tube, Fig. 2). A non-sinusoidal periodic current wave shape
(without a DC component) can be represented by a Fourier series of
pure sinusoidal waves which contains the fundamental frequency
(n = 1) and its multiples (n > 1), called harmonics:

i(t) =
∞∑

n=1

√
2 · In · sin(nωt + ˛n) (A1)

With n = harmonic number, In = root mean square (RMS) of the n-th
harmonic voltage component, ω = angular frequency in radions per
second, t = time, ˛n = the phase shift of the n-th harmonic voltage
component.

The RMS of the non-sinusoidal current i(t) is

I =

√√√√
∞∑

n=1

I2
n (A2)

Harmonic distortion is the change in the waveform of the cur-
rent or voltage from the ideal sinusoidal waveform. A measure for
the distortion is the total harmonic distortion THD, which is defined
as the ration of the root mean square of the harmonic content to
the root mean square value of the fundamental quantity, expressed
as a percent of the fundamental. The total harmonic distortion of
the current is:

THDI =
√∑∞

n=2I2
n

I1
× 100 (%) (A3)

For the voltage wave shape, analogue definitions can be defined.
However, due to the low impedance of most power systems, the
harmonic distortion of the supply voltage is mostly limited, even if
there are significant amounts of harmonic current. Therefore, the
mains voltage can be approximated as a pure sinusoidal wave shape
in most applications.

The power factor � is defined as the ratio of the real power input
to the total volt–ampère (or apparent power) input to the load:

� = P

VI
(A4)

In non-sinusoidal regime, the real power P can be written as
P = V1 · I1 cos ϕ1 + V3 · I3 cos ϕ3 + V5 · I5 cos ϕ5 + · · · (A5)

With ϕn the phase angle between the nth harmonic voltage com-
ponent and nth harmonic current component. Under assumption
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f a sinusoidal voltage, the power factor � becomes (Eqs. (A2) and
A5) in Eq. (A4)):

 = P

VI
= V1 · I1 cos ϕ1

V1I
= V1 · I1 cos ϕ1

V1 ·
√

I2
1 + I2

3 + I2
5 + · · ·

= cos ϕ1√
1 + ((I2

3 + I2
5 + · · ·)/I2

1)
= cos ϕ1√

1 + THD2
I

(A6)

The power factor is a practical measure for the efficiency of the
nergy transport in power distribution systems. For two  systems
ransmitting the same amount of real power, the system with the
ower power factor will have a higher current value. Higher current
auses higher losses in the distributions network.

eferences

[1] D. Caicedo, A. Pandharipande, G. Leus, Occupancy-based illumination con-
trol of LED lighting systems, Lighting Research and Technology 43 (2) (2011)
217–234.

[2] C. Hoelen, H. Borel, J. de Graaf, M.  Keuper, M.  Lankhorst, C. Mutter, L. Wau-
mans, R. Wegh, Remote phospor LED modules for general illumination: towards
200 lm/W general lighting LED light sources, in: Proceedings of SPIE – Eight
International Conference on Solid State Lighting, San Diego, CA, USA, August,
2008.

[3] M.A. Myer, M.L., Paget, R.D. Lingard, CALiPER Benchmark Report–Performance
of  T12 and T8 Fluorescent Lamps and Troffers and LED Linear Replacement
Lamps, Prepared for the U.S. Department of Energy by Pacific Northwest
National Laboratory, PNNL-18076, 2009.

[4] E.E. Richman, B.R., Kinzey, N.J. Miller, Laboratory evaluation of Light-Emitting

Diode (LED) T8 replacement lamp products, Final Report prepared in Support
of  the U.S. Department of Energy Solid State Lighting Demonstration GATEWAY
Program by Pacific Northwest National Laboratory, PNNL-20104, 2011.

[5]  W.R. Ryckaert, I. Roelandts, M.  Van Gils, G. Durinck, S. Forment, J. Audenaert,
P. Hanselaer, Performance of LED linear replacement lamps, in: Proceedings

[

[

uildings 49 (2012) 429–436

of the CIE 27th Session, Vol. 1–Part 2, Sun City, South-Africa, July, 2011, pp.
643–652.

[6] A. Poppe, G. Farkas, G. Molnaacuter, B. Katona, T. Temesvoumllgyyi, J.-W. He,
Emerging standard for thermal testing of power LEDs and its possible imple-
mentation, in: Proceedings of SPIE - Tenth International Conference on Solid
State Lighting, San Diego, CA, USA, August, 2010.

[7] K. Smet, W.R. Ryckaert, G. Deconinck, M.  Pointer, P. Hanselaer, Memory colours
and colour quality evaluation of conventional and solid-state lamps, Optics
Express 18 (25) (2010) 26229–26244.

[8] K.A.G. Smet, W.R. Ryckaert, M.R. Pointer, G. Deconinck, P. Hanselaer, Correla-
tion between colour quality metric predictions and visual appreciation of light
sources, Optics Express 19 (9) (2011) 8151–8166.

[9] W.  Davis, Y. Ohno, Color quality scale, Optical Engineering 49 (3) (2010) 033602.
10] K. Bredemeier, R. Poschmann, F. Schmidt, Nahfeldgoniophotometer – Systeme

zur messung der lichtverteilung an leuchten, lampen und LED, in: Proceedings
of  Licht 2006, Bern, Switzerland, 2006.

11] EN 12464-1, Light and lighting—lighting of work places—part 1: Indoor work
places, 2011.

12] IEC 61000-3-2, Electromagnetic Compatibility (EMC) - Part 3-2: Limits - Limits
for harmonic current emissions (equipment input current ≤ 16 A per phase)
2005.

13] N.R. Watson, T.L. Scott, S.J.J. Hirsch, Implications for distribution networks of
high  penetration of compact fluorescent lamps, IEEE Transactions on Power
Delivery 24 (3) (2009) 1521–1528.

14] J.J.M. Desmet, I. Sweertvaegher, G. Vanalme, K. Stockman, R.J.M. Belmans, Anal-
ysis of the neutral conductor current in a three-phase supplied network with
non-linear single-phase loads, IEEE Transactions on Industry Applications 39
(3) (2003) 587–593.

15] E.F. Schubert, Light-Emitting Diodes, second edition, Cambridge University
Press, Cambridge, 2006.

16] IEC/PAS 62612, Publicaly available specification (Pre-Standard)–Self-ballasted
LED-lamps for general lighting services- Performance requirements, 2009.

17] H. Scheffé, An analysis of variance for paired comparisons, Journal of the Amer-
ican Statistical Association 47 (1952) 381–400.
18] M.  Knoop, Lighting quality measures for interior lighting with LED lighting
systems, in: Proceedings of the CIE 27th Session, Vol. 1 - Part 1, Sun City, South-
Africa, July, 2011, pp. 219–225.

19] CELMA Position Paper - T5 and T8 Fluorescent Lamp and LED Lamp/Module
Adaptors Retro-fit Conversion Units for T8, T10 & T12 Luminaires 2010.


	Linear LED tubes versus fluorescent lamps: An evaluation
	1 Introduction
	2 Optical and electrical parameters of LED linear replacement lamps: a bench test comparison of 12 LED tubes
	2.1 Methodology
	2.2 Initial lamp characteristics
	2.3 Luminous flux maintenance

	3 Retrofit of a fluorescent luminaire: a field study
	3.1 Technical performance
	3.2 Visual experiments

	4 Commercial, economical and juridical aspects
	5 Conclusions
	Acknowledgements
	Appendix A Power factor and THD: meaning and relationship
	References


