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Abstract: Provided that LED street lighting is guided by
quality principles, outdoor illumination using light-emit-
ting diodes will have a significant global impact helping
to reduce carbon dioxide emissions, save relevant
amounts of electricity and enhance the quality of life in
cities as well as in remote areas. This study summarizes
recent findings providing guidelines for further progress
in this crucially important technology on the common
pathway to sustainable development.
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1 Background

In 2014, the Nobel Prize in physics was awarded to the
inventors of efficient blue light-emitting diodes (LED)
Nakamura, Akasaki, and Amano “which has enabled
bright and energy-saving white light sources” [1]. The
new solid state lighting (SSL) sources are not only energy
efficient (the most recently commercialized lights emit-
ting 150 lm/W) but have an unprecedented lifetime, offer-
ing relevant savings through increased energy efficiency
and decreased maintenance [2].

In 2006, the International Energy Agency estimated
that artificial lighting accounted for 19 % of global elec-
tricity consumption [3]. Since then, the world’s popula-
tion has considerably grown and outdoor lighting has
further increased, so much that the compound annual
growth rate of the respective market is estimated to be
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42% in period 2011-2020 [4]. It is perhaps not surprising,
then, that in the course of the past decade, street lighting
with LED as integrated light sources has rapidly evolved
to become one of the preferred technologies also thanks
to enhanced visual performance for motorists [5].

The subsequent year, Torraca, a small Italian city,
became the first entire urban agglomerate lit with LED
lights [6], even though the resulting lighting performance
was generally poor [7]. In 2013 Los Angeles started to
install 140,000 LED lights replacing conventional light
sources in one of the world’s largest LED street light
project [8]. In brief, the rapid progress in the reliability
of LED street lighting fixtures along with rapid price fall
and enhanced illumination explain why high-pressure
sodium (HPS) and mercury vapor lamps can be consid-
ered legacy lighting technologies.

Excellent books [2] detail the new SSL technology, and
its revolutionary impact due to entirely different nature of
the point-like solid light sources that are assembled in
either rigid or flexible 1-D, 2-D and 3-D geometries [9].

While until not long ago traditional luminaires were
replaced by energy-efficient LED street lamps (“relamp-
ing”) on the basis of simple financial metrics, new LED
installations can take into account health, environmen-
tal, safety, light quality, financial and aesthetic aspects,
as it is since long well understood that light does much
more than just enable us to see, but rather has a direct
effect on our wellbeing and health, meeting both physio-
logical and psychological needs (Figure 1) [10, 11].

Following a brief review of this rapid illumination
evolution with reference to the energetically relevant
street lighting sector, we identify open opportunities
and conclude adding recommendations that hopefully
will be useful to energy managers, engineers, lighting
designers, landscape planners and policy makers evalu-
ating the LED technology for street illumination.

2 LED street lights

In general, most LED lights used for street lighting are
integrated lighting fixtures comprised of multiple LED
light sources sealed and assembled to a focus panel
encompassing a lens, with a further crucially important
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Figure 1: Model of the effects of light on human beings [Reproduced
from Ref. [10], with kind permission].

heat sink to effectively dissipate heat as a flow of hot air
to ensure long lifespan of the single LED lights [2]. Light
fixtures of multiple shapes are available on the market,
whereas the original lens on the LED panel casting light
in a rectangular pattern to the road, and thus reducing
light in the surrounding environment such as the foot-
paths, are increasingly being replaced by specialized lens
designed to widen the light pattern.

The current trend is to use high power 1 W diodes. As
mentioned above, the chip-on-board (COB) diode employed
in commercial luminaires targeted at street and area lights
have lately approached the 150 Im/W efficacy threshold. For
example, one company announced in late 2015 the commer-
cialization of a LED module based on COB diodes that
delivers 15,000 Im, available over the range of 2,200-5,700
K color temperature which, compared to similar power high-
intensity discharge (HID) lights, i.e. 100-150 W, would
generate a far higher illumination.

We remind here that in 2014, the efficiency of the
electrical and optical systems has already approached the
technologically best possible values [2] so that the lumi-
nous efficacy of the luminaires will improve through the
concomitant development of the luminous efficacy of the
white LEDs and their thermal management.

For example, in 2014, cold white LEDs with a lumi-
nous efficacy of about 150 Im W™ were used with modern
LED electronics of 90-94 % electrical efficiency, primary
optics of 92% optical efficiency and a transmittance of
the protection glass of the luminaire of 92% [2].
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=0.92-150lmW!-0.92-0.92=116 ImW !
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From the above values, the overall luminous efficacy
of the whole LED luminaire would be estimated from eq.
(1) to be 116 Im W' rather than 150 Im W™

3 LED street lighting: advantages

The advantages of LED lights when compared to conven-
tional HID lamps, such as mercury vapor, metal halide
and HPS vapor lamps are clear.

Contrary to HID street lights requiring a reflector
(a glass cover) to capture the light emitted upwards from
the lamp, which absorbs some of the light while requiring
a careful design in order to avoid wasting some fraction up
to the sky (light pollution), (i) LED street lights do not use
reflectors because they emanate light only into a halfsphe-
rical space (a solid angle of 2 msr, Figure 2), thereby pre-
venting light pollution, i.e. achieving zero Upward Light
Output Ratio (ULOR) without any special additional device.

Intensity (cd)
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Figure 2: Luminous intensity of a diffusely emitting white LED [Image
source: Technische Universitat Darmstadt [Reproduced from Ref. [2],
with kind permission].

In other words, LED lighting systems are much more
efficient at directing light to desired areas, therefore redu-
cing the amount of light escaping to nearby environ-
ments. Indeed, while only about 50 % of the light from
traditional roadway luminaries reaches the roadway, as
much as 85% of LED lighting can do so [12].

Brought to you by | University of Southern California
Authenticated
Download Date | 5/9/17 4:22 PM



DE GRUYTER

We recall here that there are three main types of
lighting effects that have the potential for varying degrees
of intrusiveness to both vehicles and residents living near
lighting installations. Displayed in Figure 3, these effects
are:

—  Spill light, which can also be backlight
- Glare
- Sky glow (upward light)

Spill Light

Task &
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Figure 3: Types of obtrusive lights. [Reproduced from Ref. [13] with
kind permission].

To help mitigate these adverse effects from new lighting
schemes, luminaires need to be installed at either tilt
angles of no more than five degrees.

In addition, opposite to HID lights which take signif-
icant (and hazardous) lapse of time to heat up once
switched on (ii) LEDs emit light at full brightness
instantly after switch on. Furthermore, LED lights do
not suffer (iii) low winter temperatures offering high
light output even at very low temperatures.

Compared to HID lamps, LED street lights have (iv) a
longer projected average lifetime of any single unit
(50,000-100,000 h), namely about double that of cur-
rently prevalent HPS [14]. This unique feature, coupled to
the absence of the reactor used in HID lamps, leads to (v)
lower maintenance cost due to less frequent need to
service or replace the lights.

In comparison to HPS street light with their poor color
rendering (color rendering index, CRI=0.25-0.30), LED
street lights (with CRI > 0.7 and now often > 0.8) [14]
reproduce (vi) the colors of the lit objects far more accu-
rately, making it easier for drivers to recognize potential
hazards and improving the perception of the lit environ-
ment in general (Figure 4) [15].

The CRI is linked to the color temperature, and
increasingly better control over the color temperature is
allowing to illuminate roads with light of lower color
temperature compared to 6,000 K lights used at the
beginning of the LED lighting era (see below).
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Figure 4: 2014 composite photo shows LED street lights on right on
Carling Ave. and old style streetlights looking east, across the street
from Civic Campus of The Ottawa Hospital [Reproduced from Ref.
[16] with kind permission].

Another unique feature of LED lights when compared to
HID lamps is that they (vii) do not contain poisonous
mercury and sodium gases, nor toxic lead, lowering the
environmental impact and the disposal cost for the own-
ers of damaged street lights, provided that specific rules
are established for disposal and more research is per-
formed about the life cycle analysis (LCA) of LED lighting
systems [10].

Mercury is a neurotoxin causing damage to the
central nervous system, and when emitted in vapor
form by broken lamps poses a serious danger to health
and to the environment [17]. In 2015, with the coming
into force of the second stage of the EU Directive
245/2009 (ErP = Energy-related products) and the speci-
fications of the EU Directive 2011/65 (RoHS = Restriction
of the use of certain hazardous substances), the EU
has banned sales of all mercury vapor lamps, mercury
hybrid lamps and many sodium vapor lamps
(Figure 5).

To understand the market impact of this decision, it
is enough to notice that 18 million of mercury vapor
lamps for street lighting were still sold in Europe in
2007. Mercury-containing HID “metal halide” lamps
(wherein “metal” is indeed mercury) can still be commer-
cialized, likewise to Hg-containing compact fluorescent
lamps (CFL), which exhibit at least 2.5 and 1.3 times
higher human and eco-toxicity potentials than the LED
lights [18]. For comparison a CFL may contain up to 15 mg
of mercury, with 1 mg being enough to contaminate
10,000 L of water. Finally, contrary to conventional mer-
cury light sources, the best LED street lights (viii) do not
emit ultraviolet light which makes them less attractive to
nocturnal.
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Figure 5: Metal halide lamps will be phased out in the European
Union market as of 13 April 2017 due to the EU Directive 245/2009
(ErP = Energy-related products) and the specifications of the EU
Directive 2011/65 (RoHS) [Reproduced from Ref. [1] with kind
permission].

4 LED street lighting: limits

Like any other technology, LED lighting has its own
limits. The pronounced luminance from the point-like
sources of LED lamps, and the abundancy of blue radia-
tion in the white light spectrum worsen problems of glare
on LED-lit streets. Furthermore, the very same spectral
character of the white radiation emitted by LED lights
poses new environmental and health problems. In 2010,
the French Agency for Food, Environmental and
Occupational Health & Safety (ANSES) was the first
national regulatory authority to publish a 300 pages
report [19] on the potential health problems caused by
LED lighting. Among the recommendations to manufac-
turers and integrators of lighting systems using LED the
report contained a call to use optics to diffuse the beams
of light emitted by the diodes, thereby reducing glare and
the photobiological risk.

Whereas HPS lamps emit orange light, the white light
generated by the LED lamps with its significant blue
component at wavelengths of 400-500 nm, significantly
increases suppression in the production of melatonin in
humans and animals at a rate more than five times
greater than the HPS bulb (Table 1) [20].

Prolonged exposure affects the biological clock
resulting in poor sleeping. To limit the impact of light
pollution on human health and environment, Haim and
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Table 1: 440-500 nm energy ratios (second column) and melatonin
suppression efficiency (third column) for some common lamps
[Reproduced from Ref. [20], with kind permission].

Lamp type Energy relative to HPS, Melatonin suppression
440-500 nm band effect (relative to HPS)

HPS 1 1

LPS 0.02 0.3

Metal Halide 2.7 3.4

Natural White 7.0 5.4
LED

Incandescent 2.5 2.5
65 W

co-workers concluded their 2011 study with three sugges-
tions, all of which can be easily achieved with the LED
technology, namely to adjust lampposts so that their light
is not directed beyond the horizon; using only the
amount of light needed for a task; and reducing or turn-
ing off lighting when not in use.

The team even suggested that industry should pro-
duce only warm light LEDs, with no blue emissions.

One reason for the use of conventional cool-white
lights, which emit a far higher amount of blue light, has
to do with the considerable higher efficiency of the for-
mer LED sources when compared to warm-white lights
(Figure 6).

200 .
cool-white
Im/W
150
100 - warm-white
50 —
0 T T T |
2005 2010 2015 2020 2025

Figure 6: White-light efficiency projections for commercial LED
packages. Warm-white: Tk between 2,600 K and 3,700 K with Ra >
80; cool to bluish white: Tk between 4,800 and 7,000 K with Ra > 70
[US Department of energy, 2013, Reproduced from Ref. [21] with kind
permission].

However, as shown in Figure 6, the efficiency gap is
closing and the growing industry activity in the field
might even shorten the time to parity or so.

In a related work published two years later by
researchers in Spain, the high level of short-wave, high-
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energy blue of LED lights was found linked to irreparable
damage of the eye’s retina upon long-term exposure [22].
To prevent serious health problems, the same team
invoked adequate protection from the blue band of LED
lights.

It is indeed the exposure to unnatural levels of light
of short wavelength to cause eye strain and fatigue, as
well as to suppress the hormone melatonin, disturbing
our sleep-wake cycle, and the production of the protec-
tive pigment melanin.

For the first decade of massive LED commercializa-
tion (2003-2013), the most profitable way to make white
LEDs has been to combine a blue-wavelength diode with
a yellow luminophore affording LED lamps with high
color temperature. The first LEDs emitting primarily
blue light (wavelength 450-495 nm) at high color tem-
perature, though, are currently being replaced by newer
LED sources emitting warmer light, with considerably
lower amounts of blue light (Figure 7) [23].
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Figure 7: Typical LED spectral power distributions (normalized) of
white LEDs [Reproduced from Ref. [23] with kind permission].

We remind here that in case of direct, repeated exposure
at high power, blue light can harm the eyes (risks are
especially significant for children because of their higher
sensitivity to blue light).

The photochemical blue light hazard can be evalu-
ated on the basis of the European EN 62471:2008 stan-
dard on the photobiological safety of lamps which
provides a methodology for evaluating risk due to blue
light emission, eventually classifying light sources into
risk groups O, 1, 2 and 3 (Table 2) from O = no risk
through to 3 = high risk, that of the sun [2].

Safety-oriented companies ensure that their products
comply with the photobiological safety standard,
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Table 2: Risk groups according to EN 62471:2008.

Risk group 0: no risk.

Risk group 1: low risk. The product presents no risk related to
exposure limits under normal usage conditions.

Risk group 2: moderate risk. The reflex to look away from the lamp
suffices to reduce the risk.

Risk group 3: high risk. The product can present a risk even with a
momentary or short exposure.

commercializing lights in the lower photobiological risk
groups, manufacturers, thereby avoiding RG2 hazards in
their products either by avoiding LEDs capable of produ-
cing an RG2 rating or by using appropriately designed
optics to lower the source radiance of LEDs that are
RG2 [24].

Problems arising from LEDs emitting light of high
color temperature, for example, were evident during the
recent streetlight conversion project of the city of
Portland in the United States from HPS to LED-based
streetlights. The city received and accepted citizen
requests to reduce brightness in the stages of installation,
despite the fact that the lumen output of the LEDs was
already significantly lower than the HPS products they
replaced [25]. The higher color temperature in combina-
tion with a smaller area from which the light emanates
leads to a common perception of LED lights as being
“brighter.”

To reduce glare on roadways, namely the amount of
light that is directed into driver’s eyes causing a serious
threat to safety, a team of researchers in China and in
the Netherlands recently developed a model predicting
discomfort glare caused by LED road lights [26]. In
detail, to investigate the effect of LED streetlights on
the discomfort glare perceived by drivers, the research-
ers devised a laboratory set-up to mimic visual condi-
tions on the road (Figure 8). Selected volunteers were
asked to rate their level of discomfort with the glare on a
standard rating scale, ranging from unnoticeable to
unbearable.

The team found that the vertical illuminance (namely
the interaction between the LED luminance and the solid
angle) is the most significant factor affecting perceived
discomfort glare. The team concluded that for a LED
street uniformly emitting light, the discomfort glare is
very much affected by the same main parameters of a
traditional light source, with the foremost difference
between the two types of light sources being not in how
the key parameters affect perceived glare, but just in the
weighting coefficients of these parameters.
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Figure 8: The road (top) with LED streetlamp glare where the
researchers validated their laboratory findings; and the relation
(bottom) between the vertical illuminance at the eye produced by
the glare source and the product of the glare source luminance and
its solid angle (for a viewing angle of 10°) [Reproduced from Ref.
[26], with kind permission].
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Figure 9: The internal roadmap of a leading Japanese manufacturer
(Nichia) for luminous efficacy improvements in standard packages
[Reproduced from Ref. [30] with kind permission].

Good optical design of the LED light unit and careful
placement of each streetlight will minimize both the
amount of light hitting the observer’s eyes, and the lumi-
nance contrast between the streetlights and the
background.
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Finally, LED lighting increases the ecological impact
of light pollution irrespective of color temperature [27].
White LEDs are more attractive and thus have greater
ecological impacts than HPS due to the peak UV-green-
blue visual sensitivity of nocturnal invertebrates. On aver-
age, LED light traps captured 48 % more insects than were
captured with light traps fitted with HPS lamps, and this
effect is greatly affected by air temperature.

Alas, the team found that the switch to white LEDs of
significantly lower color temperature would not minimize
the ecological impacts of the adoption of white LED
lights, concluding with a call to ecologists and technolo-
gists to work together to focus future developments in
lighting technology that balance the needs of illumina-
tion with reduced ecological impact.

Nevertheless, a further recent study investigating the
attraction of nocturnal arthropods by white LEDs found
that suitably adjusting spectral composition of white light
allows minimizing such attraction, along with their dis-
ease potential to humans. Remarkably, in the same study
was found that spectral characteristics that minimize
insect attraction probably also reduce impacts on circa-
dian rhythms, adding to the overall reduction of the
health impact [28].

5 Performance and price progress
of the technology

In 1999 Roland Haitz, a leading industry’s practitioner at
a large microelectronics company, postulated an empiri-
cal price/performance exponential trend of LED lighting
technology according to which every 10 years there will
be a tenfold drop in the cost of a lumen, and a twentyfold
increase in efficacy (Figure 9) [29].

Subsequent analysis carried out fifteen years later by
another industry’s practitioner actually shows that on
price, the Haitz prediction has been largely conservative.
Indeed, driven by unprecedented competition, the price
per lumen has decreased at a much faster rate than
predicted with the cost per lumen having dropped by a
factor at least 25 between early 2005 and early 2015,
namely 2.5 times more than Haitz’s law predicts [31].

On the other hand, the law is far from reproducing
the efficacy performance trend, especially with regard to
the last decade. For example, in 2005 the efficacy of state
of the art commercial LED was about 40 1lm/W for warm
white (2,700 K) and 50 Im/W for cool white (5,000 K). Ten
years later, the efficacy of standard LEDs commercialized
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Table 3: Progress of the street LED lighting technology supplied to
the City of Los Angeles (LED fixtures manufactured by Cree, Philips

Hadco and Leotek).

2009

2010

Average price=$ 432
Efficiency =42 Im/W
Lifespan=280,000 h
Warranty = 5 years

Average price=$ 298
Efficiency=61 Im/W
Lifespan=111,000 h
Warranty = 6 years

2011

2012

Average price=$ 285
Efficiency=72 Im/W
Lifespan > 150,000 h
Warranty = 6 years

Average price=$ 245
Efficiency =81 Im/W
Lifespan > 150,000 h
Warranty =7 years

by the same leading manufacturers was 110-130 Im/W for

warm white and about 120-140 1lm/W for cool white,

namely up to three times better than in 2005, but far
less from the 10:1 prediction of the Haitz law.

It is thus relevant to notice, as emphasized by Benya
[32], that LEDs with a color temperature of 2,700 K are
now only 10% less efficient (such figure keeping on
dropping) than LEDs emitting light with CCT of 4,000 K,
so that today there is little impact on the projected energy
savings when using a warmer (and ecologically more
sound, see below) LED light.

Figures in Table 3 testify the rapid fall in price and
increase in efficiency as being evaluated by administra-
tors of the city of Los Angeles during the switch to LED
street lights between 2009 and 2012 (Figure 10).

According to the program managers, the main les-
sons learned from the results (Table 4) of said massive
switch to LED street lighting were two:

—  The change from yellow sodium light to white light
with the LEDs is being perceived as a significant
increase in lighting levels, with white light having
improved visibility as noticed by residents;
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Table 4: Program goals and actual results of the Los Angeles switch
to street LED lighting [Adapted from Ref. [1], with kind permission].

Program goals Actual goals

Total units 110,000 140,000
installed

Energy savings 40 % 63 %

Performance Uniformity a Good uniformity, better

concern than HPS

Community Anticipated Mostly positive
feedback negative

Removed HID Recycle Auction and recycle, >
units $1 million in revenue

— The energy savings are being realized and continue
to increase, having reached the 63 % threshold (and
costs savings of around $8.7 million in 2014) in place
of the 40 % objective originally planned.

In January 2015, the City of Los Angeles Bureau of
Street Lighting reported 157,000 units of LED lights, with
energy savings of 63.1% and annual savings of $8.3
million [33]. For comparison, in 2009 the city had spent
around $15 million for the first round of the LED lighting
project. Through sensors and digital connection technol-
ogies to provide light only on demand, the city was
planning by the end of 2015 to aim at energy savings of
up to 80 % [34].

Indeed, in contrast to traditional light sources, LED
street lamps are adaptive lighting systems that can be
instantaneously dimmed to 20% or 10 % when light is
not needed, with analogous instantaneous switch on
when a car or a pedestrian is approaching the lamppost.
As suggested by Kyba and Holker after two decades of
seminal studies aimed to provide guidelines for reducing
light pollution [35], this simple solution will reduce costs,
provide enhanced visibility and minimize adverse health
effects.

Figure 10: Los Angeles prior and after the switch to the LED public lighting [Reproduced from Ref. [8], with kind permission].
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6 Quality management of LED
street lighting

In a fully systemic approach to public lighting, contem-
porary and future road LED lighting will be guided by
aesthetic, health, energy efficiency, reliability and envir-
onmental criteria. Much work was performed concerning
both LCA of LED lighting systems, highlighting residual
critical areas such as disposal [10], as well as recommen-
dations were identified in order to prevent that more
efficient lighting systems could lead to excess illumina-
tion and therefore vanish the effort to cut light
pollution [36].

In other words, rather than narrowly focusing on
improving luminous efficiency, namely the approach
that has dominated the deployment of LED lamps in
urban street lighting in the last decade, the goal of
evolved LED lighting strategies will be providing the
amount of light required for a given task, thereby pre-
venting the rebound effects that without practical usage
limits made possible by digital LED technology, will
actually increase, rather than decrease, illumination
costs due to enhanced utilization of artificial lighting [37].

Concerning lifetime and reliability, researchers sum-
marizing the lessons learned up to 2013 rightly emphasize
that LEDs are just one component out of many that can
cause failure, with failure of the LED package met in only
10 % of the cases (Figure 11) [38].

Driver
(control circuit)
7%

LED package
10%

Driver

(power supply)
5 0,

o

Housing
31%

Figure 11: The chart depicts the distribution of 29 failures over 34
million operating hours for one manufacturer’s family of LED out-
door luminaires [Source: Appalachian Lighting Systems, Reproduced
from Ref. [39], with kind permission].
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Pursuing the above mentioned systems approach, lead-
ing manufacturers of LED outdoor luminaires will focus
on the driver (power supply and control circuit) technol-
ogy, which accounts for >50 % of the failures, as well on
poor housing which, causing overheating of the LEDs,
was found responsible of more than 30 % of the failures.

Furthermore, users of LEDs in large-scale applica-
tions such as street lighting and traffic lights will actively
utilize system health monitoring techniques providing
early warning of failure, reducing unscheduled mainte-
nance events and extending the time interval of mainte-
nance cycles [40].

Getting to the aesthetic aspects, the unique nature of
the solid state light sources allows to meet advanced
aesthetic criteria. For example, in the case of Bastia
Umbria, a small city in Italy, three different light color
levels were used: one for the historic district (3.500 K),
one for the first ring of roads around the historic district
(4.300 K, Figure 12), and yet another one for the outer
zones and suburban areas (6.000 K) [41].

Figure 12: LED street lighting downtown Bastia Umbra, an historical
town in Italy [Reproduced from Ref. [41], with kind permission].

Concerning light pollution and energy savings, in the
transition to LED-based street lighting, light emission
above the horizontal and even near-horizontal will be
entirely avoided, in order to minimize sky glow and
glare [20].

Advanced optical lenses will help in the careful dis-
tribution increasing visibility, whereas the intrinsically
adaptive nature of the semiconductor-based LED technol-
ogy will allow in suburban and rural locations with very
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little activity after midnight, to dim the LED lights to a
fraction (10 % or 20 %) of their flux [35]. In this respect,
indeed, guidelines for road lighting design encompassing
the LED technology already exist in several countries,
from New Zealand [42] to Germany [43]. For example, in
the indoor multi-storey and outdoor car park displayed in
Figure 13 a control system dims lights to 20% of full
output when there is nobody using the area, leading to
80 % energy savings and a payback period of less than 3
years [44].

Figure 13: In the outdoor car park, 62 road luminaires installed at a
height of 8 m and spaced at 8-9 m, each containing 40 LEDs
consuming 94 W use microwave sensors for dimming. The average
illumination in the car park is 100 Ix, with a uniformity ratio of 0.57
[Reproduced from Ref. [40], with kind permission].

Moreover, recent studies have demonstrated that redu-
cing street lighting at night, generally as a result of
budget restraints or carbon reduction incentives, pro-
duces insignificant to very low impact on road accidents
and casualties and crime [45], as well as on the overall
human health, often going unnoticed apart from few
psychologically motivated individuals [46]. On the other
hand, past studies claiming the opposite have long since
been rigorously demonstrated to have been poorly car-
ried out [47].

With well-designed LED luminaire applications,
today it is entirely feasible to adhere to the principles
of the International Dark-Sky Association (IDA), with
manufacturers getting the IDA fixture certification label
based on prevention of upward light emission (approved
fixtures must emit no light above 90 degrees as shown
from photometric imagery from a certified testing
laboratory) [48].

In 2011, a research team on behalf of the city of
Pittsburgh planning to replace its existing 40,000 street
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lighting fixtures with LED fixtures investigated the tech-
nological potentials offered by LED lighting, best man-
agement practices and lessons learned from cities where
LED lighting had been installed, as well as the place-
making and aesthetic impact of LED lighting and asso-
ciated technologies [49].

The team concluded that simple retrofits of any of
the existing luminaires with LED sources would provide
little benefit when compared to simply selecting new
luminaire heads designed appropriately, and that cities
adopting LED street lighting technology were not using
its unique and beneficial characteristics to its fullest
potential, typically ignoring or overlooking additional
applications such as dimming, variable color treatment,
emergency communication functions and, above all, the
aesthetic and placemaking potential of LEDs.

The same team recommending a 2,800-5,000 K color
temperature range, and preferably 3,500 K if only a single
color temperature is to be provided, with a color render-
ing index (CRI) of at least 80.

Light pollution depends also on the light source cor-
related color temperature (CCT). The IDA’s Fixture Seal of
Approval program mentioned above [42] provides third-
party certification for luminaires that minimize glare,
reduce light trespass, and do not pollute the night sky
(Figure 14) has recently reduced the maximum allowable
CCT from 4,100 K (neutral white) to 3,000 K (warm
white).
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Figure 14: Overhead sky glow spectral power distribution at 80 km
[Reproduced from Ref. [23], with kind permission].

Brought to you by | University of Southern California
Authenticated
Download Date | 5/9/17 4:22 PM



92 —— R. Ciriminna etal.: LED Street Lighting

Using recent research results based on a comprehen-
sive light pollution model [50], Ashdown concluded that
the concerns over high color temperature LEDs are well
founded and concluded that requiring LED street lighting
with correlated color temperatures of 3,000 K or less that
indeed minimize glare and sky glow is completely justifi-
able [23].

The fact that many people prefer low-CCT outdoor
lighting, especially in residential areas is reflected, for
example, by the recent decision of the city of Davis
(California) to replace the 650 LED street lights emitting
light at 4,800 K with 2,700 K luminaires a few months after
they were installed, following residents’ complaints [51].

7 Outlook and conclusions

Mostly located in cities, there are around 300 million
street lights around the world, out of which about 10 %
are already LEDs (with less than 1% being currently
connected) [52]. In Europe only, 75% of streetlights are
at least 25 years old. At the current conversion rate of 3 %
per year, a complete shift to the LED lighting technology
would take around 30 years.

Major cities around the world are either upgrading or
plan to upgrade soon to LED street lighting, as it is now
evident from a decade of trials across the world that cities
that have adopted LED street lighting have achieved
energy savings of between 50 % and 70 %. The technical
and financial barriers for switching to LED have been
overcome. The fall in price of LED lights allows rapid
(3-5 years) return on investment. It is enough, for muni-
cipalities, to allocate resources currently used to pay their
electricity lighting bill to access credit and finance and
switch to light-emitting diodes.

The cutting effect in carbon dioxide emissions can be
very important insofar LED lighting reduces the primary
energy demand. Hence, the policy outcomes of the UN
conference on climate change (COP21), which is going on
at the time of writing, could create more support from
governments around the world to boost the transition of
outdoor lighting to the LED technology.

This study summarizes in a single report the major
opportunities for improvement in LED outdoor and street
lighting, with the aim to assist city planners, energy
managers and policy makers to take into account not
only the economic advantages due to reduced energy
requirements but also those health, environmental and
aesthetic aspects that will allow them to exploit the full
potential of LED lighting.
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In order to assess the social and environmental
impacts of LED lights before their installation, city plan-
ners will require lighting designers to effectively (and
creatively) apply lighting design guidelines such as, for
example, those formulated in the German standard DIN
SPEC 67600 [43], supporting the design of biologically
effective lighting installation. Modeling programs such as
the Outdoor Site-Lighting Performance [53], developed by
researchers in the US, are also available, allowing to ana-
lyze a variety of design options in the context of existing
site conditions and identify the best possible lighting
scheme to minimize sky glow, light trespass, and glare.

In conclusion, the undergoing global lighting revolu-
tion taking place at accelerated pace requires a full
understanding of the advantages and limitations of the
new SSL technology to effectively design and use it for
street lighting. The relevance of this sector is a single
segment of the energy scenario is self-evident: 304 mil-
lion street lamps scattered worldwide (likely to reach 350
million by 2025), accounting for more than 10 % of the
global power demand (i. e. more than half of the world-
wide energy demand for artificial lighting).

This work will hopefully contribute toward this cru-
cially important sector of contemporary sustainability
efforts to improve energy utilization while protecting the
environment.
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