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soon have a huge market share. On the other hand, 
the optical characteristics of LED replacement prod-
ucts are very different and in many cases, they suffer 
from an inferior quality due to the lack of standardi-
sation and control.

In this study, the optical and electrical param-
eters of twelve commercially available LED linear 
replacement lamps have been compared and the var-
iation over time of these parameters is investigated. 
Distributors of LED tubes recommend their prod-
ucts as a superior replacement of conventional T8 
fl uorescent lamps. In most cases, the luminaire is not 
removed but retrofi tted. The existing ballast has to 
be bypassed and the starter must be removed. Some 
distributors argue that retrofi tted luminaires achieve 
equal or larger illumination levels on the task area, 
even though the lumen output of the LED replace-
ment is lower, referring to the superior light output 
ratio (LOR) due to the directionality of LEDs. How-
ever, manufacturer data of LED tubes are often lim-
ited and incomplete and the overall light distribu-
tion of the luminaire after replacement is unknown. 
Therefore, a case study is presented in which the fl u-
orescent lamps in a small offi ce room have been re-
placed by LED linear replacement lamps in order to 
compare the illuminance distribution on the task area.

2. DISCOMFORT GLARE PREDICTION 

2.1. Luminance distributions 

There are many optical differences between con-
ventional T8 fl uorescent lamps and their LED lin-
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1. INTRODUCTION 

Many manufacturers present a LED tube of lower 
power as a more energy effi cient replacement for the 
conventional fl uorescent tube. This causes a contro-
versy in the lighting sector. Indeed, LEDs have a lot 
of advantages and luminaires based on LEDs will 
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LEDs. By means of reverse ray tracing, luminance 
maps of both light sources are constructed. A length-
wise section of the luminance maps, in the plane 
of the long axis and through the centre of the SMDs, 
is shown in Fig. 2.

The fl uorescent lamp has a constant luminance 
of 11270 cd/ m² but the luminance distribution of the 
LED tube exhibits strong fl uctuations between zero 
and 3.42 x106 cd/ m². The fact that the luminance 
between the emitting surfaces of the SMDs is not 
always zero is caused by scattering in the direction 
of the observer of light refl ected back to the SMD 
carrier plate by the plastic cover.

2.2. GLARE 

The radiation pattern of the fluorescent lamp 
is accurately determined by tracing a high number 
of rays (5 x 106 rays). From these data, and by con-
sidering the light source as a luminaire, an Eulum-
dat fi le is generated. Via this fi le format the light 
source is imported in the lighting planning software 
Relux®. Because the Eulumdat fi le format is not 
possible for the LED tube that consists of numer-
ous spatially separated and very small light sources, 
each SMD is considered as a small luminaire. So 
the simulation results for a single SMD are import-
ed in Relux®.

In Relux® a simple lighting situation is set up 
to compare the performances. The T8 lamp is posi-
tioned against the ceiling in the centre of a 3 m by 4 
m by 2.3 m room. A 1 m by 2 m table with the table-
top 0.8 m above the fl oor is placed directly under the 
luminaire. The illuminance of all surfaces is calcu-
lated in Relux® by means of radiosity. All surfaces 
in the room with the exception of the fl oor and the 

ear replacement lamps but the most prominent one 
is in the luminance distributions. The conventional 
lamp presents a luminous surface with a spatially 
constant luminance while most LED replacement 
lamps present a strongly fl uctuating luminance dis-
tribution because of the individual LEDs.

In this section, the luminance distributions and 
discomfort glare estimates of a conventional T8 
fl uorescent tube of length 1200 mm emitting a fl ux 
of 3350 lm, and a LED linear replacement lamp 
with 32 SMD (surface mounted device) LEDs 
emitting a fl ux of 1500 lm are compared by means 
of computer simulations. Both devices are mod-
elled in the ray tracing software package TracePro® 
(Fig. 1).The outer surface of the fl uorescent lamp 
and the light emitting, 2 mm by 2 mm, square sur-
faces of the SMDs are modelled as Lambert emit-
ters. A fl ux of 46.875 lm is assigned to each of the 

Fig. 1. Detail of the LED linear replacement lamp as 
modelled in the raytracing software; the distance between 
the centre of a LED to the next one is 37 mm, there are 32 

LEDs

Fig. 2. Detail of a lengthwise section of the luminance distributions of the conventional T8 lamp and the LED tube. The 
luminance is calculated at points with 1 mm interval, zero corresponds to the centre of the LED tube. Notice the logarith-

mic luminance scale on the vertical axis
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of the table facing towards the centre of the room). 
We fi nd: Lb=29.6 cd/ m² and UGR=26. According 
to the European standard for workplace lighting 
(EN12464–1 2009) this high UGR implies that this 
simple lighting solution is only acceptable in walk 
through areas.

In this room model, leaving all parameters un-
changed, the fl uorescent tube is then replaced by the 
LED linear replacement lamp, which is modelled as 
a row of 32 SMD luminaires. In the computer con-
structed image of the lighting situation no obvious 
glare is present (Fig. 4). Because of the very small 
surface area of the luminous parts of the LED tube, 
4 mm² per SMD and 128 mm² in total, the classic 
UGR expression can not be used. For luminous sur-
face areas smaller than 0.005 m² a modifi ed UGR 
expression, taking into account the intensity I of the 
light source, has to be used (Eble-Hankins 2004) 
(CIE 2002):
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where ri is the distance from the observer to lumi-
nous area i.

For the UGR calculation for the LED tube we 
consider each SMD as a separate light source (n = 
32). For the same observer position and analogous as 
in the conventional T8 case we fi nd: Lb =10.2 cd/ m² 
and UGR=21.6. This lower UGR value implies that 
the bare LED tube is suitable for more lighting tasks 
than the bare T8. However, one should be careful 
not to judge the quality of real world lighting appli-
cations by UGR and illuminance values alone, e.g.: 
LED tubes of the type discussed here can cause ir-

ceiling are assumed to be 50 % refl ective. The re-
fl ection coeffi cients of the ceiling and the fl oor are 
taken as 90 % and 20 %, respectively. All surfaces 
are assumed to be diffuse refl ectors. This situation 
is shown in Fig. 3. In this room the bare fl uorescent 
appears to be causing discomfort glare which can 
be quantifi ed by the Unifi ed Glare Rating (UGR). 
Because the T8 lamp has a large diffuse emitting 
surface the classic UGR formula can be used (CIE 
1995) (Eble-Hankins 2004) (Murdoch 2003):
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where n is the number of luminaires in the room, Lb 
is the average background luminance at the observ-
er’s eye, Li is the average luminance of the luminous 
parts of luminaire, i, ωi is the solid angle of the lu-
minous part of luminaire i as seen by the observer 
and pi is the Guth position index (EN12464–1 2009) 
for luminaire i.

The background luminance is determined by cal-
culating the total illuminance and the direct illumi-
nance at the observer’s eye in Relux®. The differ-
ence between these values is the indirect illuminance 
Ei. The background luminance is then found by (CIE 
1995) (Eble-Hankins 2004):

L
E

b
i=

π

We position the observer’s eye at a height of 1.75 
m at a horizontal distance of 0.80 m from the centre 
of the table, facing the centre of the opposite wall 
(i.e.: we consider an adult person standing in front 

Fig. 3. Model of the room lighted with the conventional T8 
fl uorescent lamp

Fig. 4. Model of the room lighted with the 32 LED linear 
replacement lamps
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fi eld goniophotometer type RIGO801 (TechnoTe-
am®) which utilizes an image-resolving CCD meas-
uring technique for determining ray data and far 
fi eld luminous intensity distributions was used to 
determine the luminous fl ux and radiation pattern 
of all lamps. The temperature and relative humid-
ity in the room were controlled within narrow rang-
es (25 °C ±1 °C and 32±5 % RH). The spectra and 
resulting CCT, CRI and MCRI values were deter-
mined by using a telescopic measuring head cou-
pled to a spectroradiometer (Oriel®) with an optical 
fi bre. A cooled CCD detector captured the spectral 
fl ux after a suitable calibration measurement with a 
spectral radiance standard. The electrical parameters 
were measured by a Yokogawa® WT3000 precision 
power analyser (basic power accuracy of 0.02 % 
rdg). The sinusoidal supply voltage with an RMS 
value of 230 V was delivered by a power source type 
Agilent® 7813 B.

The results are summarised in Table 1.

Comments:
• The median value of the luminous flux 

is 1479 lm, which is only 44 % of the luminous fl ux 
of a new conventional T8 36 W/830 (3350 lm) fl u-
orescent tube of the same dimensions. The spread 
in luminous fl ux is ranging from 754 lm to 1774 lm.

• There is a strong variation in lamp power go-
ing from 10,3 W to 31,6 W with a median value 
of 17,8 W. The lamp effi cacy varies between 50.8 
lm/W and 89.6 lm/W. In comparison, the effi cacy 
of a T8 lamp/ballast combination varies between 
75–95 lm/W, dependent on the power consumption 
of the (electromagnetic) ballast.

• It is remarkable that only two out of twelve 
lamps have a CRI higher than 80! According to the 
European standard EN-12464–1 ‘Light and light-
ing – Lighting of work places – Part 1: Indoor work 
places’ lamps with a colour rendering index lower 

ritating multiple shadows and many people simply 
dislike rows of bright points as general lighting. Fur-
thermore, in most cases a T8 lamp is used in combi-
nation with a luminaire that is designed to handle the 
omnidirectionality of the lamp. Simply replacing the 
T8 with a LED tube can change the radiation pattern 
of the luminaire drastically (Myer 2009).

3. OPTICAL AND ELECTRICAL 
PARAMETERS OF LED LINEAR 
REPLACEMENT LAMPS 

3.1. Initial lamp characteristics 

In September 2010, twelve LED tubes of 120 cm 
of brands distributed on the Belgian market were 
collected. These lamps are intended for replacement 
of conventional T8/36 W lamps. Initially, the dis-
tributors were asked to deliver a lamp with a corre-
lated colour temperature (CCT) between 3500 K and 
4000 K. However, control measurements revealed 
that the spread in CCT is large, as can be seen in Ta-
ble 1 (3194 K – 4733 K; cold white lamp of brand B 
not considered). Most distributors indeed offer only 
3 types (warm white – neutral white and cool white), 
and the stated CCT range is usually large (f.i. 3800 
K- 4800 K). The visual effect of the spread in CCT 
is illustrated in Fig. 5. This spread can be an issue if 
the lamps are not replaced in group or if a defective 
lamp must be replaced.

After lamp stabilization, all relevant initial opti-
cal and electrical parameters were measured: lumi-
nous fl ux, radiation pattern, spectrum, colour ren-
dering index CRI, memory colour rendering index 
MCRI (Smet 2010), correlated colour temperature 
CCT, active power P, luminous effi cacy, power fac-
tor PF and total harmonic distortion THD. A near-

Fig. 5. Picture of the lamps – variation in CCT

Fig. 6 Spectrum of LED tube (Brand A) 
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tors around 0,5! This implies that twice the current 
is needed to deliver the active power as compared 
to a lamp drawing a sinusoidal current in phase with 
the voltage for the same active power. Other lamp 
currents contain a lot of high frequency compo-
nents which may cause electromagnetic interference. 
Some typical current waveforms are shown in Fig. 7.

As LEDs are Lambert light sources, the radiation 
pattern of the tube is also nearly lambertian, charac-
terized with a full width at half maximum of 120 de-
grees. This is illustrated in Figs. 8,9.

 3.2. Lamp characteristics after 2000 hours 

After determination of the initial lamp character-
istics in September 2010, all lamps are being oper-
ated at a burning cycle of 3 hours (2 h45 ‘on’ – 15 
minutes ‘off’) for a at least one year. In January, 
April, July and October 2011, all optical and elec-
trical parameters are measured again. As the dead-
line for submitting papers was March 31, only the 
measurements of January are presented in this paper. 
In Table 2, the luminous fl ux variation is shown for 
all the lamps.

White through-hole LEDs are used in tubes 
of brands C, E, G, and J. It is well known that heat 
in a traditional through-hole LED cannot escape ef-
fi ciently from the semiconductor element. This pos-
sibly explains the (strong) decrease in luminous fl ux. 

than 80 should not be used in interiors where people 
work or stay for longer periods (EN12464–1 2009). 
A typical phosphor white LED spectrum is shown 
in Fig. 6. In all lamps under study, blue LEDs with 
an individual phosphor layer are used.

• Up till now, there are no specifi c requirements 
for the current waveform and maximum harmonic 
components for LED tubes if the rated lamp power 
is less than or equal to 25 W [IEC 61000–3-2 2005]. 
However, harmonic distortion may cause problems 
when many fl uorescent tubes are replaced by LED 
tubes with high harmonic content. The total har-
monic distortion THD is a measure for the harmonic 
current content. For a sinusoidal supply voltage, the 
power factor λ is related to the THD as:

λ
ϕ

=
+

cos
.1

21 THD
(1)

Hence, the power factor combines the phase an-
gle φ1 between the fundamental current and voltage 
component and the harmonic current distortion. The 
lower the power factor, the higher the losses in the 
electrical installation and the higher the risk for har-
monic-related problems.

Four lamps have a high power factor with values 
greater than 0,9. On the other hand, the THD of three 
LED tubes exceeds 100 %, resulting in power fac-

Table 1. Initial lamp parameters 

Brand
Lum.
Flux
[lm]

P
[W]

Effi c.
[lm/W]

CCT
[K] CRI MCRI PF THD

A 1650 22,8 72,4 4186 90 96 0,97 14 %

B 1535 23,6 65,0 6876 72 74 0,45 192 %

C 1595 17,8 89,6 3709 76 84 0,82 56 %

D 1774 21,2 83,7 4016 69 74 0,66 90 %

E 754 10,3 73,4 4207 76 86 0,48 55 %

F 1707 20,9 81,6 3194 65 72 0,93 17 %

G 1036 15,2 68,2 3307 71 78 0,51 162 % 

H 1437 17,7 81,1 3853 77 86 0,96 16 %

I 1605 31,6 50,8 3365 88 95 0,53 135 %

J 920 14,5 63,4 3678 78 89 0,84 59 %

K 1479 18,3 80,8 4733 65 63 0,78 54 %

L 1185 17,6 67,3 5329 73 80 0,91 22 %

Median 1479 17,8 73,4 3853 76 84 0,82 55 %
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luminance distribution, will change the luminous in-
tensity distribution of the original luminaire and thus 
the illuminance on the task area.

The luminous intensity distribution of the lumi-
naire with four different lamp types were measured 
under controlled conditions (25 °C, sinusoidal volt-
age) with a near-fi eld goniophotometer (see § 3.1). 
The lamps considered are:

• A new fl uorescent lamp type T8_36 W/840 – 
radiation pattern in Fig. 11-d. The measured active 
power of the luminaire is 51 W. Hence, the old elec-
tromagnetic ballast consumes 15 W. The measured 
luminaire effi ciency LOR is 77 % (CCT=4000 K).

• LED tube brand A: tube with a diffuser – ra-
diation pattern shown in Fig. 11-a. The active pow-
er of the luminaire is 23,5 W; the LOR is 85 % 
(CCT=4186 K).

Moreover, the active power dissipated by the Brand 
C LED tube was also reduced by 19 %, which par-
tially explains the decrease in luminous fl ux. The 
measured active power of all other lamps remained 
almost constant (change between –2 % and +1 %), as 
well as all other parameters considered (CCT, CRI, 
PF and THD).

4. RETROFIT OF A FLUORESCENT 
LUMINAIRE: A CASE STUDY 

In Fig. 10 a small offi ce room used by the stu-
dents’ union of the Catholic University College 
KAHO Sint – Lieven is shown. The room is 4 m 
by 6 m and 2.7 m high. Three old T8 luminaires are 
installed, each with one T8–36 W/840 fl uorescent 
lamp.

Replacing a conventional fl uorescent lamp by a 
LED tube with a hemispherical, yet quite different 

Table 2. Luminous fl ux variation 

Brand Ф, lm
Sept. 2010

Ф, lm
Jan. 2011

Differ.

A 1650 1659 +0,6 %

B 1535 1503 -2,1 %

C 1595 978 -38,7 %

D 1774 1792 +1,0 %

E 754 645 -14,4 %

F 1707 1711 +0,2 %

G 1036 894 -13,7 %

H 1437 1519 +5,7 %

I 1605 1643 +2,4 %

J 920 823 -10,5 %

K 1479 1584 +7,1 %

L 1185 1224 +3,3 %

Fig. 7 Current (black line) and voltage (dashed line) waveform 
(left: Brand A – middle: Brand D – right: Brand B) 

Fig. 8. Radiation pattern (3 D)
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will decrease over time, especially if through-hole 
LEDs have been used. The uniformity is in the 
same range. The light distribution on the task area 
is shown in Fig. 12 before and after the retrofi t.

The original lighting installation should have 
been designed to comply with the lighting specifi -
cations [EN12464–1 2009] or legal requirements. 
It is clear that in most cases the modifi ed lighting 
installation will not provide the same level of illu-
minance as the original lighting installation (Fig. 12) 
and the specifi ed requirements for lighting solutions 
for work places will not be met anymore.

To investigate the visual appearance of the 
small offi ce room (Fig. 10), 44 subjects were asked 
to fill out a questionnaire. The subjects, divided 
in groups of 4–6 persons, had to evaluate all four 
lamp types. During each lamp replacement, the sub-
jects had to leave the room for several minutes. The 
reduced illuminance values in the room were no-
ticed by nearly all respondents. Obviously, the room 
is perceived darker when the fl uorescent lamps are 
replaced by LED tubes. Adaptation cannot compen-
sate for those large differences in illuminance and 
luminance.

• LED tube brand I: tube with only 32, but 
high intensity LEDs – radiation pattern shown 
in Fig. 11-b. The active power of the luminaire 
is 32 W, the LOR (Light Output Ratio) is 86 % 
(CCT=3365 K).

• LED tube brand K: tube with 360 SMD 
LEDs – radiation pattern shown in Fig. 11-c. 
The active power of the luminaire is 19,7 W 
(CCT=4733 K).

While a fl uorescent lamp emits light in all direc-
tions, a LED tube is a Lambertian directional light 
source emitting light in a downward-hemispheri-
cal arrangement (Fig. 8). Hence, the linear replace-
ment lamps cannot use the luminaire refl ector de-
sign in the same way as fl uorescent lamps do. The 
hemispherical radiation of LED linear replacement 
lamps results in less light losses within the lumi-
naire. Hence, the luminaire effi ciency will increase 
after relamping (in our case, the LOR increases from 
77 % to about 85 %). On the other hand, the radia-
tion pattern of the luminaire can change consider-
ably (Fig. 11).

For each luminaire – lamp combination, Eulum-
dat fi les (.ldt) were generated and imported in the 
lighting planning software DIALux® to simulate 
the light distribution in the room under considera-
tion. The calculated mean illuminance values Eavg 
and uniformity values g1 (i.e. the minimum divid-
ed by the mean illuminance) on the horizontal task 
area (0.8 m height) are given in Table 3. A wall zone 
of 0.3 m was used.

Replacing all fl uorescent tubes by LED tubes will 
decrease the power consumption substantially, with 
energy savings up to 70 % (installation and mainte-
nance costs not considered). However, the mean il-
luminance will be reduced with about 50 % to an un-
acceptable value! The illuminance values in Table 3 
are initial values (depreciation factor equals 1) and 

Table 3. Work plane illuminance 

 Pinstalled, W Eavg, lx g1

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

Fig. 9. Radiation pattern (C0–180 & C90–270)

Fig. 10. Small offi ce room used by the students’ 
union of KAHO



Light & Engineering  Vol. 20, No. 1

136

safety standards (EN 60598–1) and CE mark labe-
ling. 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.

6. CONCLUSIONS 

Luminaires based on LEDs are emerging into the 
market. Low energy consumption, long life, dimma-

5. OTHER REMARKS 

All commercial, economical and juridical aspects 
have not been considered in this study. Neverthe-
less, there may be safety and other concerns [Cel-
ma 2010]:

• It is known that an unsafe situation (elec-
tric 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 

Fig. 11. Experimental radiation patterns
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Nevertheless, there are applications in which the LED 
tubes may be the best solution, especially in case 
of cold-temperature conditions.
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