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We report for the first time the effect of ageing due to adaptive control of lighting
on the lifecycle costs of luminaire installations. Two types of LED street luminaire
were aged (1) as the luminaire lit for 9 hours and then switched off for 3 hours and
(2) under intensive ageing using adaptive control conditions mimicking presence
of vehicles, where the luminaires were switched with 30-second interval between
100% and 20% power within the cycle of (1). The test continued for 32,000 hours.
Luminaire lifetime was found to decrease by 10% due to the intensive adaptive
control, which exaggerates the ageing as compared to real traffic conditions. We
estimate that a realistic rate of dimming cycles would decrease the luminaire
lifetime by 0–2%, increasing the lifecycle costs of a lighting installation by 0–0.7%.
With a traffic-aware control system, capable of 50% energy saving in lighting, the
lifecycle costs are estimated to reduce by 25% as compared to a similar LED
luminaire installation without traffic-aware control, outweighing the costs due to
the reduced lifetime. The smart controlling of lighting is considered as a useful way
to meet future energy saving targets.

1. Introduction

The energy efficiency of LED lamps and
luminaires has been a major driver in the
lighting industry during recent years.
Approximately 20% of the global electricity
consumption is used for electric lighting, and
thus the energy saving potential in the area is
remarkable. There is a significant energy
saving potential in exterior lighting when
replacing conventional street lighting units
with LED technologies utilizing advanced
controlling.1,2 In Germany, the potential
annual savings when switching to energy
efficient street lighting are estimated to be

400 million euros.3 The number of luminaires
in street lighting is expected to increase by a
factor of three globally from 2015 to 2025.4

One significant driver for this is the uptake of
LED streetlights in the market, and at the
same time, the decreased price of the lumin-
aires has brought economically the LED
based systems at least on par with conven-
tional streetlights.5–7 The LED luminaire
price has also been predicted to decrease by
50% of the price in 2017 by the year 2025.8

The move to LED street lighting also opens
new possibilities in many areas, e.g., lumin-
aire controlling and safety
improvements.2,9–11

Based on estimations, the share of the
LEDs in outdoor lighting should increase to
over 90% by 2025 from the 10% in 2013.12 As
the energy saving targets set by governments
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and communities will probably become more
demanding in the future, they cannot be
solely met by replacing the conventional
street luminaires with the ones utilizing
LEDs. More advanced methods are needed.
Many studies suggest adaptive or smart
controlling of the luminaires based on occu-
pancy or ambient illuminance levels as a
solution to reach the energy saving tar-
gets.13–16 To realize the transformation to
smart lighting, important contributions and
support are still needed from standardization
organizations, municipalities, and utilities in
the form of guidance and local regulations
that allow the implementation of energy
saving strategies enabled by the
technology.17–20

The start-up times of LEDs are very short
when compared to the traditional street light-
ing technologies, and therefore the LED
modules can be dimmed by modulation. This
enables advanced controlling of lights result-
ing in energy saving. With traffic-aware con-
trolling, lights can be dimmed down when
there are no pedestrians or vehicles on the
street, and the lighting level can be increased
when needed, introducing energy savings up
to 60% compared to installations with similar
LED luminaires but with traditional
controlling.1,21–23

Studies of traffic-aware controlling have
been conducted for showing the energy saving
potential and to present examples of algo-
rithms and devices needed for controlling in
real traffic situations.5,22,24 A study by Lau
et al.4 used simulated data based on real
traffic volume to estimate the potential dim-
ming periods.

It can be expected that dimming or switch-
ing off LED lighting extends the lifetime of
the luminaires and improves the energy effi-
ciency. Operating an LED with lower driving
current decreases the junction temperature of
the LED and thus, ideally, improves the
lifetime of the luminaire. However, the
advanced controlling may also accelerate the

ageing of the electronics and the LED module
itself. Similar hammer testing methods of
oscillating the temperature up and down are
used for accelerating the ageing of electronic
components.25 Effectively, the continuous
dimming of luminaires produces similar ther-
mal stress to the LED modules and the
luminaire electronics as the thermal hammer
testing of electronics. In this study, the
concepts of intensive ageing under adaptive
control conditions, or intensive adaptive con-
trol, are used to describe the laboratory
ageing of luminaires with continuous dim-
ming, in contrast to realistic traffic-aware
control conditions of lighting where the rate
of dimming cycles applied to the luminaires is
considerably lower.

We have studied the effect of intensive
adaptive control on the LED street luminaire
lifetimes and failure rates. Extensive ageing of
more than 30,000 hours was performed
during a five-year time period. Typically, the
ageing of luminaires is performed in higher
temperatures and shorter time periods, and
the results are converted to operating tem-
peratures with specific conversion factors.26

According to standard IES TM-28-14 on
LED lamp and luminaire long-term luminous
flux maintenance projection,27 a minimum
ageing time of 6000 hours is needed for
estimating the lifetime of a luminaire.
Therefore, the specified lifetimes extrapolated
from the converted data have high uncertain-
ties. Our results are one of the first reported
measurement results for luminaires aged in
normal operating temperatures over a period
of approximately one third of the lifetime
specified by the manufacturer.

This study demonstrates a novel result that
intensive adaptive control of street luminaires
degrades their luminous output faster than
they degrade when operated with full power,
as expected based on the hammer testing
considerations above. Nevertheless, the
energy savings due to the smart controlling
outweigh the decrease in luminaire lifetime,
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and thus the traffic-aware control of lighting
is a useful way to meet energy saving targets.
Based on our results, new LED street lumin-
aire installations on streets and highways with
non-continuous traffic should be imple-
mented with an option for traffic-aware
control.

2. Ageing procedure and measurements

A batch of commercial street luminaires was
aged for more than five years in laboratory
conditions, using both intensive adaptive
control and full power mode. Two types of
luminaires, later referred to as type A and B,
from two manufacturers, were purchased. In
total twenty specimens, ten of both luminaire
types, were divided into two subgroups, one
subgroup consisting of luminaires aged under
intensive adaptive control, and the other
under full power operation serving as a
reference group. Both luminaire types were
specified for 100,000 hours of operation, and
with an exception that 10% of the luminaires
might have values below 80% of initial
luminous flux values before that time,
referred to as the L80B10 lifetime. The
specifications of the luminaires are presented
in Table 1.

Luminaire type A consisted of an outer
shell, acting also as a heat sink, 12 LED
strips, and driving and controlling electronics.
The luminaire had in total 36 LED chips, and

the light was focused with separate detachable
reflectors. Type B had two separate modular
LED systems, each system consisting of
driving and controlling electronics, a LED
panel of 48 LED chips, a heat sink, and
detachable lens arrays.

2.1. Ageing cycles

The ageing procedure of the luminaires was
carried out under stable environmental con-
ditions in a dedicated laboratory space. The
temperature in the ageing space was
(25� 2) 8C. Luminaires were mounted on
the wall and operated in their intended
orientation, light facing down. The luminaires
were connected to electrical mains. Switching
the luminaires on and off was carried out
automatically through DALI connection and
standalone controlling electronics.

For all lamp groups, a cycle of 9 hours of
operation and 3 hours of switched-off time
was used to simulate the normal daily oper-
ation of streetlights. Three hours was con-
sidered long enough for the LEDs to totally
cool down to ambient temperature. It is
assumed that during the missing 12 hours of
the day, the luminaires would not age. In
addition to this daily cycle, the ageing group
under intensive adaptive control was cycled
during the 9 hours of operation with a cycle of
30 seconds of full power and 30 seconds of
20% power. The dimming cycles are pre-
sented in Figure 1.

The 30 seconds þ 30 seconds dimming
interval is deliberately made fast compared to
real life dimming cycles. It is assumed that 30
seconds is the minimum amount of time that
the light should be set to full power. In this
time, a vehicle with a speed of 50 km/hour
travels 420 meters. The time with reduced
electrical power was set to the same 30
seconds to maximize the number of dimming
cycles during the ageing. The described 30
secondsþ 30 seconds dimming interval totals
60 dimming cycles per hour and the calculated
energy saving obtained with it is 40% of the

Table 1. Specifications of the luminaires as provided by
the manufacturers

Luminous
flux (lm)

Lifetime
(h)

Electrical
power (W)

Colour
temperature
(K)

Type A 7,500 100,000 73 4000
Type B 13,700 100,000 137 4000

The lifetimes are presented as the L80B10 lifetime,
meaning that at most 10% of the luminaires are below
80% of the initial luminous flux value after the given
lifetime.
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total energy consumed by the similar lumin-
aires under full power or natural ageing.

2.2. Temperature variation of the luminaire

during ageing

The temperature variation of the lumin-
aires was measured over the 30-second cycling
periods. A temperature measurement probe
was placed as close as possible to the LED
chip, as shown in Figure 2. In the type A
luminaire, the measurement probe was
pushed next to the LED chip, as can be seen
in Figure 2(a). With luminaire type B, the
probe was placed under the lens array.

The temperature variations for the two
lamp types were expected to be different, as
the heat sink cooling the LED modules was
located inside the outer shell of the luminaire
type A, whereas for the type B luminaire, the
outer shell acted as the heat sink.

The ageing cycle of 30 secondsþ 30 seconds
was chosen tomaximize the thermal stress in the
luminaire and especially in the LED module.
Figure 3 presents the temperature variation next
to the LEDchip during the ageing cycle for both
luminaire types. For the luminaire type A
(brown dashed curve), the temperatures next

to the LED chip were between 28.3 K and 31.6
K above the ambient temperature during the 30
secondsþ 30 seconds intensive adaptive control
cycle. For the type B luminaire (green solid
curve), the temperature next to the LED chip
cycles between 37.9 K and 59.1 K above the
ambient. When leaving the power level to 20%
for a longer period after the 30-second cycle, the
temperature decreases by 0.9 K and 6.3 K for
the type A and B luminaires, respectively.

It can also be seen inFigure 3 that the slope of
the temperature curve decreases significantly
after the first 30 s. Thus, a high thermal stress
within a given ageing time is achieved with the
intensive 30 secondsþ 30 seconds ageing cycle.
If the luminaire would be a longer time either at
20% or at 100% power, the temperature
changes would not increase significantly.

2.3. Measurements

The aged luminaires were measured peri-
odically in an absolute integrating sphere
setup28,29 for luminous flux, electrical power,
and relative spectral radiant flux. The lumi-
nous flux response of the integrating sphere
was calibrated before each measurement
round. This procedure provides low

(a) (b)

Figure 1. The two different control cycles used in the ageing of the luminaires. In the natural control cycle (a), the
luminaires were switched on for 9 hours and off for 3 hours, simulating the daily cycle in normal use. For the intensive
adaptive control cycle (b), the luminaires were switched between a 100% power level for 30 seconds and 20% power
level for the next 30 seconds, in addition to the natural cycling. In reality, the switching in (b) is much faster than
schematically drawn in the figure
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uncertainty in the measurements, and thus
accurate comparison of the results between
different measurement rounds is possible over
the period of five years. The uncertainty of
the relative luminous flux measurements of

the street luminaires is 1.4% at 95% confi-
dence level with the given setup.

The spectral radiant flux of the luminaires
was measured to take into account the spectral
mismatch correction factor arising from the
difference of the used calibration spectrum
(Illuminant A) and the changing luminaire
spectrum. The spectroradiometers used were
calibrated against the national standard of the
spectral irradiance.30 The uncertainty of the
relative spectral measurements is 3.5% at 95%
confidence level within the photometric range
between the wavelengths of 380nm and 780nm.

The luminaires were driven in the meas-
urements with a stabilized AC power source
with an output of 230V. A dedicated power
meter was used to measure the electrical
current and voltage supplied to the lumin-
aires. The uncertainty of the electrical meas-
urements is 0.57% at 95% confidence level.

3. Results

3.1. Luminous flux and spectral radiant flux

The normalized luminous flux values of the
luminaires are presented in Figure 4. For the
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Figure 3. Temperature variations of the two luminaire
types next to the LED chip during the 30 second control
cycle and after decreasing the driving power to 20% for
1000 seconds. The temperature of the luminaire type A is
presented with brown line and the type B with green line.
Temperatures are given as differences from the ambient
temperature

Figure 2. Position of the measurement probe during the measurements of the temperature variation of luminaire (a)
type A and (b) type B. In both luminaire types, the probe was positioned as close to the LED chip as possible. The blue
probe is marked with red circle in both figures
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first 15,000 operating hours, the luminous
flux values increased. For both luminaire
types, the luminous flux values of the group
under intensive adaptive control increased by
1%–2% less than those of the groups aged
using the full power mode. After approxi-
mately 15,000 hours, the luminous flux values
started to decrease. The exact time when the
increase turned into decrease was different for
all lamp groups, but the maximum value of
the luminous flux was obtained between the
ageing times of 12,000 and 18,000 hours.

For type A luminaires, the slope of the
decrease was similar for both ageing groups.
For type B luminaires, the difference of the
groups is remarkable. Luminaires under
intensive adaptive control age faster. In the
measurements at 23,000 hours, the luminous
flux values of two of the five luminaires of
type B under intensive adaptive control had
dropped below 70% of their initial values.
In the next measurement round, at 28,000
hours, these two luminaires had their lumi-
nous flux values dropped below 30% of their
initial values and the third luminaire from the

group had its luminous flux dropped to 42%
of the initial flux. The luminous flux of the
fourth lamp in this group reduced to 80% at
32,000 hours. Thus, only one of the lamps
survived at high luminous flux level until the
end of the experiment. After the abrupt
luminous flux decrease of some luminaires,
those specific luminaires were considered as
broken down. In streetlight use, they should
be replaced, even though for laboratory
experiments, the luminaires still emitted light
in the range of 10%–80% of the initial flux.
Appendix 1 describes in more detail the
failure mechanisms of the luminaires.

The normalized electrical power values of
both luminaire types are presented in
Figure 5. The electrical power consumed by
the type B luminaires increased several per-
cent at the measurement rounds before the
breakdowns. This can also be seen clearly in
the luminous efficacy values of the luminaires
that broke down. The higher power levels
were first measured for the luminaires under
intensive adaptive control after 15,000 hours.
After the slight increase of the electrical
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Figure 4. Normalized luminous flux values of (a) type A and (b) type B luminaires. The luminaires aged using the full
power mode are marked with circles and the luminaires under intensive adaptive control with crosses. The fitted
exponential decay is marked with solid and dashed lines. A reference time of 15,000 hours was used for (a) and 23,000
hours for (b) in fitting. No fitting is presented for the type B power-cycled luminaires due to abrupt luminous flux
decreases of four out of five luminaires. The measurement results of these type B luminaires are marked with arrows
for the first occurrence and plotted in the inset figure between the time interval of 20,000 and 35,000 hours. Figures can
be seen in colour in the electronic version of the article
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power, the luminaires still had about 10,000
hours of lifetime before the total failure. In
type A luminaires, the power levels had
declined by less than 1% during the operating
time of 32,000 hours.

Figure 6 shows the spectral power distri-
butions of both luminaire types normalized to

one at the maximum of the blue peak. Due to
the ageing, the relative height of the phosphor
peak increases from the value of 0.79–0.89 for
the type A luminaire during 32 000 hours of
ageing. For the type B luminaire, the change
is from 0.98 to 1.11. This change in the
spectral distribution is the reason for a

(a) (b)

Figure 5. Normalized electrical power values of (a) type A and (b) type B luminaires. The electrical power of type B
luminaires increased up to 10% before the breaking of the LED panels. The luminaires aged under the full power mode
are marked with circles and the luminaires under intensive adaptive control with crosses. Figures can be seen in colour
in the electronic version of the article

(a) (b)

Figure 6. Relative spectral distributions of one luminaire of (a) type A and (b) type B aged under the full power mode
during the ageing period of 32,000 hours. The blue peaks of the spectra have not shifted on the wavelength scale during
the ageing. The spectra are normalized at the maximum of the blue peak. In both figures, the spectrum with the lowest
values close to 600nm is for the first measurement round and with the largest values for the last round. The arrow in
the figures presents the increasing ageing time. Figures can be seen in colour in the electronic version of the article
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correlated colour temperature (CCT) change
in the range of �100K to �200K for both
luminaire types. After the abrupt reduction of
luminous flux of some of the type B lumin-
aires, the CCT values dropped by approxi-
mately 100K. Initially the measured mean
CCT values were 4040K and 3970K for the
type A and B luminaires, respectively.

For type A luminaires under intensive
adaptive control the relative height of the
phosphor peak changed more than for the
control group. For type B luminaires the
changes in the peak height varied more than
for the type A luminaires. After the abrupt
reduction of luminous flux of the luminaires,
the relative phosphor peak height decreased.
Also, for the luminaire B10, that worked
properly in the ageing under adaptive control,
the peak height did not increase during the
first 10,000 hours as much as that of the
others in the same group.

3.2. Lifetime estimation of the luminaires

The lifetimes of the aged luminaires were
estimated using an exponential decay function
of type

�v

�v0
¼ �e�� t�t0ð Þ ð1Þ

where �v is the measured luminous flux, �v0

the initial luminous flux, and t� t0 is the
elapsed time from the reference measurement
at t0. Values of parameters � and � are
adjusted when fitting equation (1) to the data.

The average normalized luminous flux of
Figure 4 of the properly working luminaires
was used to obtain the fraction �v=�v0. The
fitting was performed using luminous flux
values at 15,000 hours as the reference values
for type A luminaires, because the luminous
flux values of the luminaires increased until
that time. Due to the increased luminous flux
decay of the type B luminaires after 20,000
hours of ageing, the reference value for type B
luminaires was taken at 23,000 hours.

The projected lifetimes at 80% of the initial
flux (L80) of the type A luminaires under
intensive adaptive control and under full
power mode operation were 71,000 hours
and 79,000 hours, respectively (see the solid
and dashed lines in Figure 4(a)). It should be
noted that the estimated lifetimes for the type
A luminaires are more than 20% shorter than
the lifetime (L80B10) specified by the manu-
facturer for both ageing groups. The average
time shift between the ageing groups is
approximately 6300 hours.

The average lifetime (L80) of the type B
luminaires under full power ageing is 185,000
hours, as indicated by the solid line in Figure
4(b). Under intensive adaptive control, only
one of the lamps survived until the end of the
experiment. The projected lifetime of this
lamp specimen would be 120,000 hours. As
there is only one lamp specimen left, this
value is considered too uncertain to make
conclusions. The failed lamps have not been
considered in this estimate, because it is likely
that the intensive adaptive control has trig-
gered a fault mechanism that would not take
place otherwise. Due to the abrupt luminous
flux decrease of the luminaires, the L80B10
lifetime of the type B luminaires under
intensive adaptive control would at best be
23,000 hours, because at that time more than
10% of the luminaires had flux values below
80% of the initial values. In private discus-
sions with the type B luminaire manufacturer,
it was discovered that there have been prob-
lems with the LED panel type used in the
luminaires aged in our research, and that the
manufacturer has removed that LED panel
type from use already in 2015.

4. Discussion

4.1. Number of dimming cycles and luminaire

lifetime

For the first time, quantitative data on the
effect of intensive adaptive control on ageing
of luminaires is reported. Based on our ageing
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results, the possibilities in energy savings can
be considered with respect to the lifetime
estimations of the two different ageing
methods used. Real traffic conditions on the
adaptive control have been simulated by Lau
et al.4 for a typical pedestrian road in the UK
with a speed limit of 30 meter/hour (approxi-
mately 50 km/hour). For 438 vehicles per
winter day, the total number of dimming
cycles per 16 hours of light-on time was
approximately 120, corresponding to 7.5
dimming cycles per hour. It can be estimated
that with higher density of vehicles the
number of dimming cycles increases max-
imally by a factor of two, because the more
frequent switch-on events in the night-time
are compensated by increased clustering of
vehicles during the rush hours. On the other
hand, the 8-hour dark time of a summer day
excludes the heaviest traffic and contains only
14% of the dark-time traffic on a winter day.4

Thus, 7.5 dimming cycles per hour can be
considered as a representative value over the
year. The intensive adaptive control in our
experiment has 60 dimming cycles per hour, a
value eight times larger than expected to be
induced by real traffic conditions.

Because the largest temperature change of
the LED takes place within the first 30
seconds after changing the electrical power
(see Figure 3), it is assumed that the number
of the dimming cycles determines the add-
itional ageing of the luminaire due to inten-
sive adaptive control. The 30 secondsþ 30
seconds dimming cycle between the power
levels of 100% and 20% introduces maximal
stress to the luminaires. The decrease of the
lifetime of type A luminaires by the maximum
stress is 10%. With the factor of eight lower
rate of dimming cycles corresponding to the
real traffic conditions as presented by Lau
et al.,4 observation of the difference between
luminaires aged under the adaptive control
and under the full power mode would have
required over 100,000 hours (15 years) of
switched-on time for the type A luminaires.

The additional ageing introduced by the 30
seconds þ 30 seconds cycling, calculated as
the ratio of average luminous flux values of
luminaires under the intensive adaptive con-
trol and under full power mode ageing, is
presented in Figure 7. For the first 750,000
dimming cycles, the difference between the
two different ageing groups of type A lumin-
aires is below 0.6%. The largest effect of the
intensive adaptive control is at 1,400,000
dimming cycles. For type B luminaires, the
difference between the two ageing groups is
seen at 300,000 dimming cycles that corres-
ponds to 5000 hours with 60 cycles per hour
and to 40,000 hours with 7.5 cycles per hour.
Based on results of both luminaire types, it
can be concluded that between one million
and two million dimming cycles the adaptive
control introduces an additional reduction of
luminous flux from 1% to 3%.

Figure 8 presents the normalized luminous
flux values of luminaires under full power

Figure 7. Ratio of average luminous flux values of
luminaires under intensive adaptive control and under
full power mode ageing for both luminaire types as a
function of the number of dimming cycles. The last three
points of type B luminaires are marked with plus signs
due to smaller number of specimens used in the calcu-
lation after some of the luminaires experienced an abrupt
decrease in luminous flux. N is the number of luminaires
in the ageing group under intensive adaptive control used
for the calculation of the ratio. Error bars denote the
standard deviation of the ratios

Adaptive control effect on LED street luminaire 9
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mode ageing and under adaptive control in
representative traffic conditions correspond-
ing to those presented by Lau et al.4 By
assuming that the number of dimming cycles
is the main cause of additional ageing of the
luminaires under the traffic-aware control,
the fitted curve of the full power mode
ageing presented in Figure 4 is multiplied by
an ageing factor. The ageing factor is
calculated at each switched-on time from
the ratios of Figure 7 using real traffic
conditions where the average number of
dimming cycles per hour is 7.5. It is
estimated that the predicted L80 lifetime is
below 0.6% for type A luminaires, if they
are operated under the traffic-aware control
conditions with less than 750,000 dimming
cycles. For type B luminaires, the difference
between the two lifetime estimations is
approximately 3500 hours. The operating
time of the type B luminaires would be
135,000 hours before reaching the critical
amount of dimming cycles that started to
introduce abrupt flux reductions of the
luminaires. It can be concluded that the
realistic amount of dimming cycles has at the

largest a 2% effect on the lifetime when
compared to the full power mode ageing.

4.2. Energy savings and lighting costs

The net effect of traffic-aware lighting
control on the total costs is determined by
the decreased energy costs and the increased
maintenance costs due to potentially reduced
luminaire lifetime. In 2016, Tähkämö et al.5

estimated the lifecycle costs of LED based
streetlights. By varying the electricity prices,
need for spot replacements, LED luminaire
price evolvement, LED luminaire lifetime and
the LED luminaire modularity, the energy
costs over a 30-year period were estimated to
be from 29% to 45% of the total lifecycle
costs of the street luminaire installations
established in 2013. The United States
Department of Energy has predicted that
the price of the LED luminaires for lighting
for area and roadway purposes will decrease
by 50% of the price in 2017 by the year 2025.8

It has also been estimated that the energy
savings with traffic-aware lighting can be
from 35% up to 60% when compared to the
situation with conventional time based

(a) (b)

Figure 8. Predicted normalized luminous flux values of both luminaire types: (a) type A and (b) type B, under full power
mode ageing (solid line) and the ageing with 7.5 dimming cycles per hour. The last three points for luminaire type B are
marked with plus signs to show that a smaller number of specimens was used when calculating the effect of dimming
cycles. The dotted line in (b) is extrapolated without using the last three points
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controlling,4,31 similar to what was used as
the full power mode ageing in our experiment.

We assessed the impact of the traffic-aware
lighting control on investment and oper-
ational costs by taking into account net
present value (NPV) estimation with discount
rates of 0% and 3%. The values utilized by
Tähkämö et al.5 in their life-cycle analysis for
the base scenario of LED luminaires were
used as the starting point for the NPV
calculation. The 16-year forecast8 of LED
price reduction from 2019 was used to
estimate the lifecycle costs for an installation
established in 2025. It was assumed that
approximately 30% of the initial investment
costs were fixed costs including, e.g., the cost
of installation work. As the luminaire prices
decrease, the relative share of the fixed costs
increases, and thus for the installations
carried out in 2025, the fixed costs are close
to 45%. For yearly spot replacements, the
fixed costs were estimated to be twice as large
for each replaced luminaire, bringing the
share of the fixed costs in the spot replace-
ments to 62% in 2025. The fraction of yearly
spot replacements is estimated to be 1% of
the installed luminaires. It is further assumed
that the luminaire replacement costs are
inversely proportional to the luminaire life-
time. For an average switched-on time of 11
hours per night, the yearly switched-on time is
4000 hours, and the lifetime of the conven-
tionally controlled luminaire is assumed to be
50,000 hours (12.5 years of calendar time).
The calculations were done for a case where
the energy prices remain unchanged during
the 30-year estimation period. Extra costs
caused by the implementation of the traffic-
aware lighting control were not considered.

Having the assumptions presented above,
an average energy saving of 50% and a
luminaire lifetime decrease of 2%, both
introduced by the traffic-aware control,
decrease the total lifecycle costs by 25% and
reduce the share of the energy costs from an
initial 52% to 34% of the total lifecycle costs

for a street luminaire installation established
in 2025, if a discount rate of 0% is used. With
a discount rate of 3%, the total lifecycle costs
of the traffic-aware lighting control are 24%
smaller than those of the conventional time-
based controlling.

Based on our results on the impact of the
adaptive controlling on the luminaire lifetime,
traffic-aware control shortens the luminaire
lifetime at most 2% in a realistic traffic
scenario. Taking into account all lifetime
costs of the installation, the effect of the
lifetime decrease on total costs is 0.7% or
0.6% with discount rates of 0% or 3%,
respectively. Thus the advantages of the
energy savings due to the traffic-aware con-
trol outweigh the lifetime decrease. The
energy and cost savings of traffic-aware
control are highest with a moderate amount
of traffic, because safety reasons may not
require street lighting at roads with very low
number of vehicles whereas roads with con-
tinuous night-time traffic should be all the
time illuminated in any case.

5. Conclusions

Energy efficient LED technology facilitates
active control of luminaires, where lights are
dimmed when there are no vehicles or pedes-
trians in the vicinity, enhancing further the
energy saving. Our measurements indicate
that the traffic-aware control of luminaires
causes additional stress to the LEDs they are
composed of and, in the worst-case, results in
premature malfunction of the luminaires.
However, with properly constructed LED
luminaires, the costs of the reduced lifetimes
due to traffic-aware operation are exceeded
by the cost savings in energy.

We studied ageing of two luminaire types
for 5 years, half of the lamps under intensive
adaptive control, and half as a reference
group mimicking simple time-based control
with full power during the operational period.
The luminaires under intensive adaptive control
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were noticed to decrease in luminous flux faster
than the reference group. The estimated life-
times of the luminaires of type A were observed
to decrease by 10% as compared with the
reference group. These results were projected to
a more realistic traffic control situation. In this
simulated case, the decrease of the expected
lifetime of the installation would be 2% for
type B luminaires. For type A luminaires,
the reduction would be smaller, �0.6%.

The estimated lifetimes of the type A
luminaires were 20%–30% shorter than the
lifetimes specified by the manufacturer. For
type B luminaires, the estimated lifetimes
would be larger than those presented by the
manufacturer, but this luminaire type had
problems with premature malfunction under
intensive adaptive control. The lifetimes of
the latter luminaires were only 23,000 to
32,000 hours. Measurements revealed that
before the abrupt decrease of the luminous
flux of type B luminaires, the electrical power
consumed by them increased by 10% during
the preceding operation period of 10,000
hours.

Although the type B luminaires experi-
enced abrupt reductions of luminous flux
early in the experiment, they still provided
useful information on the ageing as a function
of the number of dimming cycles. The obtained
data allowed estimation of their performance in
a realistic traffic-aware control situation. The
temperature variation in the LED luminaires
due to the cycled power was found to decrease
the lifetime of both studied luminaire types.
The luminaire manufacturers should consider
the effects of temperature variations due to the
cycled power when designing luminaires for
smart lighting applications.

The net effect of the decreased lifetimes and
the energy savings due to the traffic-aware
lighting control were estimated by using a net
present value estimation for a lighting instal-
lation with 12.5-year interval for luminaire
changes. The potential of the energy saving
due to the traffic-aware controlling is 25% of

the total costs, as compared to the situation
with time-based control only. Changing the
discount rate from 0% to 3% reduces the
energy saving potential from 25% to 24%.
The lifetime reduction of 0%–2% was
found to increase the total costs by 0%–
0.7% which is outweighed by the energy
saving potential.

We conclude that the effect of adaptive or
smart control in energy savings exceeds the
cost of the decreased lifetime and it is helpful
for meeting future energy saving targets. The
possibility for traffic-aware control should be
implemented especially in new LED street-
light installations at roads with non-continu-
ous traffic.
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Lighting of Roads for Motor and
Pedestrian Traffic. CIE 115:2010. Vienna:
CIE, 2010.

18 Buyukkinaci B, Onaygil S, Guler O, Yurtseven
MB. Road lighting automation scenarios
depending on traffic speed and volume.
Lighting Research & Technology 2019; 51:
910–921.

19 Fotios S, Gibbons R. Road lighting research
for drivers and pedestrians: The basis of
luminance and illuminance recommendations.

Adaptive control effect on LED street luminaire 13

Lighting Res. Technol. 2021; 0: 1–15

https://orcid.org/0000-0003-3267-7967
https://orcid.org/0000-0003-3267-7967
https://orcid.org/0000-0003-3267-7967


Lighting Research & Technology 2018; 50:
154–186.

20 Wood J M, Isoardi G, Black A, Cowling I.
Night-time driving visibility associated with
LED streetlight dimming. Accident Analysis &
Prevention 2018; 121: 295–300.

21 Chew I, Karunatilaka D, Tan CP, Kalavally
V. Smart lighting: The way forward?
Reviewing the past to shape the future. Energy
and Buildings 2017; 149: 180–191.

22 Marino F, Leccese F, Pizzuti S. Adaptive street
lighting predictive control. Energy Procedia
2017; 111: 790–799.

23 Rubinstein F. Adaptive control technology for
lighting systems. In Karlicek R, Sun CC, Zissis
G, Ma R, editors. Handbook of Advanced
Lighting Technology. Switzerland: Springer,
2017: 583–605.

24 Jagadeesh Y, Akilesh S, Karthik S. Intelligent
street lights. Procedia Technology 2015; 21:
547–551.

25 US Department of Energy. Hammer Testing
Findings for Solid-State Lighting Luminaires
Hammer Testing Findings for Solid-State
Lighting Luminaires Report. Technical report,
2013.

26 Baumgartner H, Renoux D, Kärhä P,
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Appendix 1. Failure and ageing of
the LEDs

After ageing the luminaires for 32 000 hours,
they were studied for their failure and ageing
mechanisms. Studies included opening the
broken luminaires to see their inner structures
and measurements of the current-voltage -
curves, later referred to as IV-curves, of the
LED modules and the power supplies of the
failed type B luminaires.

Type B luminaires consisted of two separ-
ate LED panels both driven with separate
electronics. One panel consisted of a LED
matrix of the size of 6� 8, where all the LEDs
were connected in series. In one luminaire
there was in total 96 LEDs within the two
modules. Because there are two separate LED
systems in the luminaire, the luminous flux
levels lower than 50% of the initial flux
measured for three of the type B luminaires
under intensive adaptive control indicate that
both systems had malfunctioned.

The power supplies of the type B lumin-
aires were tested with one properly working
LED panel to see if there are differences in the
voltage or current output of the electronics.
The measured currents as a function of the
panel voltage are presented in Figure 9. Seven
out of the 11 power supplies tested had output
voltages and currents between 133.3–133.4V
and 0.285–0.287A. For these power supplies
the output power was between 38.07 and
38.25W. Two of the power supplies had
increased currents of 0.290A, resulting in
powers of 38.61 W. One power supply had an
increased output voltage of 133.5V, yielding
an output power of 38.31W and one power
supply had a current of 0.282A and voltage
of 133.4V, resulting in power of 37.57W. The
deviant output powers for the power supplies
were recorded both for luminaires aged under
full power mode and for luminaires under
intensive adaptive control.

The IV-curves of the LEDs were measured
with a source-meter feeding a current sweep
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to the LEDs and measuring the produced
voltage over them. These measurements were
performed for the subarrays and individual
LEDs in the panels.

The different current regimes of LEDs are
considered as leakage, non-radiant, and radi-
ant currents.8 The measured IV-curves for the
LED subarrays in panel 1 of luminaire B2 are
presented in Figure 10. The radiant current
for a typical LED is responsible for the light
emission, and it is dominant above threshold

voltage levels. For two of the arrays, leakage
currents are larger than expected up to 20V.

The IV-curves of the individual LEDs in
the subarrays D17-D24 and D41-D48 were
also measured, and, based on the results, only
single LEDs are responsible for the leakage
current deviations seen in Figure 10. The IV-
curves of the LED arrays in one type A
luminaire were also measured, but there were
no large deviations.

Figure 10. Current-voltage relations of LED subarrays in
one failed panel of a type B luminaire. Symbols D1–D8,
etc. denote subarrays of eight LEDs. Figures can be seen
in colour in the electronic version of the article

Figure 9. Voltages and currents of 11 type B luminaire
power supplies when feeding one properly working LED
panel of type B luminaire
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