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Anne-Mari Ylinen1*, Leena Tähkämö1, Marjukka Puolakka1 DSc Liisa Halonen1 DSc

Abstract—The topics of this paper are mesopic dimensioning, glare
properties and energy efficiency of LED street lighting. Road lighting
luminance measurements and threshold increment (TI) measurements
are made for four different LED street lighting installations. The effect
of mesopic dimensioning on energy consumption and life cycle costs of
the LED installations are examined. Through the calculations and
measurements, the energy efficiency and glare properties of the LED
installations are analyzed. The measurement results indicate that the
measured and calculated threshold increment values differ from each
other due to varying calculation parameters in real installations. It also
shows that energy can be saved when mesopic dimensioning is
applied to street lighting design.
Keywords—street lighting, threshold increment, mesopic dimensioning,
street lighting cost analysis.
1 INTRODUCTION

I

n recent years much effort has been used to improve energy efficiency and
decrease energy consumption. This has resulted in new legislation in the
European Union on energy efficiency in general, but also for the lighting
sector. The Directive of Ecodesign of Energy related Products (ErP) will phase
out a number of products with poor energy efficiency within the near future,
such as high pressure mercury lamps, which are widely used in road lighting.
The rapid development of light emitting diodes (LEDs), especially their
increasing luminous efficacy makes them viable light source offering potential for energy savings. LEDs also provide other advantages such as reduced
maintenance costs, longer service life, the possibility to control the illumina1
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tion levels and reduced light pollution. However, LED lighting still has some
disadvantages. The lack of standardization, temperature dependence and
high price of the luminaires, restrict their application and wider adoption in
road lighting applications. Also, the technical data provided by the seller or
manufacture of the luminaire is often inadequate for comprehensive comparison.
The European standard [CEN 2003a] for road lighting quality characteristics gives values for average road surface luminance and overall and longitudinal luminance uniformity. These values are based on photopic photometry. However, during night time the visual conditions are usually mesopic.
Therefore, light sources that are more effective under mesopic conditions can
be used to reduce the luminance on the road surface while providing the same
visibility. Thus, mesopic design has potential to save energy. Until recently,
there has not been an accepted model for mesopic photometry and internationally agreed methods, standards or products to evaluate the effectiveness
of lighting installation in the mesopic region. The International Commission
on Illumination (CIE) has recently published The Technical Report 191:2010
Recommended System for Mesopic Photometry based on Visual Performance
[CIE 2010]. This new CIE mesopic photometry is valid between 0.005 – 5
cd/m2, that is, it covers luminances encountered in outdoor lighting. The new
mesopic system provides for the first time the means to evaluate lighting in
terms of an internationally accepted system of mesopic photometry.
1.1 MESOPIC DESIGN IN ROAD LIGHTING
1.1.1 MESOPIC PHOTOMETRY
The human eye is not equally sensitive to all wavelengths of light. The sensitivity
of the eye to different wavelengths is described by the relative spectral sensitivity
function. In 1924 the CIE introduced the spectral luminous efficiency function
V() for photopic vision [CIE 1926], which is based on the responsivity of the
cones. It is defined in the domain of 360 to 830 nm, and it is normalized to one
at its peak 555 nm (Fig. 1).
The scotopic spectral luminous efficiency V’() is based on the rod photoreceptor responsivity of the eye. It was defined by CIE in 1951 [CIE 1951] and has
its peak at 507 nm (Fig. 1).
Mesopic vision relates to lighting levels between photopic and scotopic vision.
Under mesopic conditions both rods and cones are active. The mesopic spectral
sensitivity is not constant, but varies with light level and viewing conditions due
to the distribution of rods and cones on the retina.
The CIE system for mesopic photometry [CIE 2010] is based on linear
combination of photopic and scotopic spectral sensitivity functions. The upper
luminance limit of the mesopic system is 5 cd/m2 and the lower luminance limit
is 0.005 cd/m2. The mesopic system is of the form:
M共m兲Vmes共兲 ⫽ mV共兲 ⫹ 共1 ⫺ m兲V⬘共兲 for

0ⱕmⱕ1

(1)

where Vmes() is the mesopic luminous efficiency function under given conditions, M(m) is a normalizing function such that Vmes() attains a maximum value
of 1, and m is a coefficient dependent on the adaptation luminance and
spectrum. The m coefficient and the mesopic luminance can be calculated
m 0 ⫽ 0.5
10
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Fig. 1. Relative spectral sensitivity functions of photopic vision V(), scotopic vision V’()
and mesopic vision Vmes() for
photopic luminance Lpⴝ0.75
cd/m2 and S/P-ratioⴝ2. [CIE
2004, 2010].

L mes,n ⫽

m共n⫺1兲Lp ⫹ 共1 ⫺ m共n⫺1兲兲LsV⬘共0兲
m共n⫺1兲 ⫹ 共1 ⫺ m共n⫺1兲兲V⬘共0兲

m n ⫽ a ⫹ b log10共Lmes,n兲

for

0 ⱕ mn ⱕ 1

(2)
(3)

where Lmes is the mesopic luminance, Lp is the photopic luminance, Ls is the
scotopic luminance and V’(0)⫽683/1699 is the value of scotopic spectral
sensitivity function V’() at 0⫽555 nm, where V(0)⫽1, a and b are parameters
that have the values a⫽0.7670 and b⫽0.3334, and n is the iteration step [CIE
2010]. In order to calculate the mesopic luminance, the corresponding photopic
luminance and the S/P-ratio of the light source is needed.
The scotopic/photopic ratio (S/P-ratio) of a light source is the ratio of the
luminous output of a light source evaluated according to the CIE scotopic
spectral luminous efficiency function V’() to the luminous output evaluated
according to the CIE photopic spectral luminous efficiency function V() [CIE
2010]. Light sources with greater part of their output in the short wavelength
region have higher S/P-ratios. Typical S/P-ratios of different light sources are
presented in Table 1.
Fig. 1 shows the CIE photopic spectral sensitivity function V(), the CIE
scotopic spectral sensitivity function V’() and the mesopic spectral sensitivity
function Vmes() for photopic luminance Lp⫽0.75 cd/m2 and S/P-ratio⫽2.
1.2 ROAD LIGHTING AND MESOPIC PHOTOMETRY
The purpose of road lighting is to make people, vehicles and objects on the road
visible without causing discomfort to the driver. The European standard for road
lighting [CEN 2003a, 2003b, 2003c] gives values for illuminance and luminance
and their distribution on the road surface. Furthermore, the standard gives
measures of the loss of visibility caused by the glare of the luminaires of a road
11
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S/P-ratio

Incandescent

1.36

Fluorescent (3500 K)

1.36

Fluorescent (5000 K)

1.97

Mercury vapor

1.28

Metal halide (warm white)

1.20

Metal halide (day light)

2.40

High pressure sodium

0.65

Low pressure sodium

0.25

LED (3500 K)

1.39

LED (6000 K)

2.18

lighting installation. The standard also defines and describes the conventions
and mathematical procedures for calculating the photometric performance of
road lighting installations.
The range of the average road surface luminances recommended in the
standard are between 0.3 and 2 cd/m2, which is in the mesopic region. However,
all the lighting quantities used in the standard are based on the photopic V()
function. Several studies have been made to investigate the effect of spectral
power distribution on visual performance under mesopic conditions. Eloholma
and others [2003] investigated pedestrian visibility under metal halide (MH) and
high pressure sodium (HPS) lighting. Eloholma and others [2005] and Ketomäki
[2006] investigated achromatic detection contrast thresholds and reaction times
at several mesopic luminance levels in varied spectral conditions. The results of
these experiments show that light sources with high output in the short wave
length region are visually more effective. Lewis [1998, 1999] investigated the
effect of different light sources on visual performance using different methods
including observer reaction times. His results indicate that the reaction time to
perform a certain task at low light levels is much shorter under metal halide
lamps than under high pressure sodium lamps. Thus, less light is needed using
metal halide lamps.
Light sources that have high S/P-ratios and have spectral output in the blue
wavelength region are mesopically more effective. The higher the S/P-ratio is, the
better the light source is in terms of mesopic design.
The spectral power distribution of light defines its color characteristics
described with the correlated color temperature (CCT) and the general color
rendering index (CRI). There are, however, shortcomings of the CRI when applied
to LED light sources due to their peaked spectrum. The CIE technical committee
TCI-69 Color Rendering of White Light Sources is currently investigating this
issue. The effect of light color has been studied in indoor lighting. For example
Fotios [2002] and Boyce [1977] found that less light is needed when the color
characteristics of light sources are better. Ekrias and others [2009] obtained
similar results for road lighting. The color of light is also a factor of lighting
effectiveness. More research is needed to confirm these findings and they are not
given further consideration in the present paper.
1.3 GLARE
Glare is related to phenomena where visual perception is hampered or even
impossible. Glare has three aspects: dazzle, physiological glare, and psychological glare [Narisada and others 2004; Schreuder 1998]. Dazzle, or blinding glare,
occurs when the intensity of the light stimulus rises over the upper limit of the
12
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sensitivity area of the visual system. The stimulus obstructs relevant perception.
Dazzle occurs for example when driving on a wet surface against a low sun or
leaving a tunnel in daylight. Physiological glare, also called the disability glare,
occurs when one or more glare sources occurs in the field of vision. A light veil
is formed in the whole field of vision which reduces contrast and the visibility of
the target. Psychological glare, also called discomfort glare, occurs when glare
sources in the field of view (FOV) cause disturbing effects and discomfort in
vision without the reduction of the visual performance.
A measure to express the loss of visibility caused by the disability glare of
luminaires of a road lighting installation is the threshold increment TI [CEN
2003a]. It expresses the amount of extra contrast required to make the object
just visible again under glare conditions and it can be calculated using equations
TI ⫽

65
L %
Lave0.8 v

冘 E ⫽E ⫹ E ⫹ . . . ⫹ E ⫹ . . . ⫹ E
n

L v ⫽ 10

(4)

k⫽1

k
2
k

1
2
1

2
2
2

k
2
k

n
2
n

(5)

where Lv is the equivalent veiling luminance, Ek is the illuminance produced by
the kth luminaire in its new state on a plane normal to the line of sight and at the
height of the observer’s eye. k is the angle of arc between the line of sight and the
line of from the observer to the center of the luminaire. [CEN 2003b]
The observer is positioned at the center of each lane in turn so that his eyes are
at the height of 1.5 m above the road level. The longitudinal distance in meters
in front of the calculation field is 2.75(H-1.5), where H is the mounting height of
the luminaire. The observation angle is 1° below the horizontal and in the
vertical plane in the longitudinal direction passing through the eye of the
observer.
The summation is preformed from the first luminaire for each luminaire row in
the direction of observation and is concluded when a luminaire in that row
contributes of less than 2 percent to the total veiling luminance. Luminaires that
are 20° above horizontal passing through the observer’s line of sight, and
intersect the road in the transverse direction are excluded from the calculation.
[CEN 2003b]
The calculation is started at the position described above and repeated with
the observer moved forward in increments that are the same in number and
distance as are used for spacing of luminance calculation points [CEN 2003b].
The procedure is repeated with the observer positioned in the center of each
lane. In each case the initial average road surface luminance corresponding the
observer position is used.
The operative TI value is the maximum value found. This method is valid for
0.005 cd/m2 ⬍ Lave ⬍ 5 cd/m2 and 1.5° ⬍ k ⬍ 60°.

2 CASE MEASUREMENTS
The case street, Tietotie, in Espoo, Finland, is where high pressure sodium (HPS)
lamp luminaires were changed to different types of LED luminaires. Only the
luminaires were changed whereas the poles were retained. The power consumption, luminous flux, luminous intensity distribution curve and spectral characteristics of the luminaires were measured at Aalto University Lighting Unit. The
power consumption, luminous efficacy, color temperature and S/P-ratio of each
13
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luminaire are given in Table 2. The luminaire’s spectral power distributions are
presented in Fig. 2 and the luminous intensity distribution curves in Fig. 3.
TABLE 2.
Luminaire power
consumption given by the
manufacture, measured
power consumption,
measured luminous efficacy,
measured colour temperature
and measured S/P-ratio of
each luminaire

Luminaire

Luminaire power Luminaire power
consumption,
consumption,
by manual [W]
measured [W]

Luminaire
Colour
Colour
luminous
S/Ptemperature rendering
efficacy
ratio
CCT [K]
index CRI
[lm/W]

HPS

–

143

35

1750

25

0.56

LED Luminaire A

117

108

59

3470

84

1.39

LED Luminaire B

150

133

40

3220

71

1.16

LED Luminaire C

125

140

57

6660

82

2.18

LED Luminaire D

106

110

58

6150

70

1.93

Fig. 2. Relative spectral power
distribution of the original
high pressure sodium (HPS) luminaire and LED luminaires
(A, B, C and D).

The case consists of 2.5 m wide pedestrian way and a two lane roadway, which
is 7 m wide. The luminaires are on the pedestrian way side and the luminaire
spacing varies from 22 m to 33 m, 27 m being an average. The pole height is
9.5 m and the poles are 0.40 – 1.5 m (average 0.95 m) from the edge of the
pedestrian way. The lighting class for the street is the Finnish lighting class for
dry and wet conditions for drivers of motorized vehicles of medium to high
driving speeds (AL4b) (Lave⫽0,75, U0 ⱖ 0.4, Ul ⱖ 0.4, U0,wet ⱖ 0.15, TI ⱕ 15, SR ⱖ
0.5) which is equivalent to the European lighting class for dry and wet conditions
for drivers of motorized vehicles on traffic routes of medium to high driving
speeds (MEW4) with the exception that the longitudinal luminance uniformity Ul
has a requirement ⱖ 0,4 (Ul has no requirement in MEW4).
The case street is approximately 465 m long and the difference in altitude is
approximately 7 m. Only LED luminaires D are placed along straight and fairly
even surface, whereas the other LED luminaires are placed along curved and
14
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Fig. 3. Measured luminous intensity distribution curves showing the C0-C180, C90 –270 and maximum C direction of the a.
original HPS lamp luminaire, b. LED luminaire A, c. LED luminaire B, d. LED luminaire C and e. LED luminaire D.
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sloping road. Figure 4 a shows the shape of the case street and positions of the
LED luminaires. In Fig. 4b the altitude contour of the case street is shown. In
each LED luminaire section there are trees among the luminaires blocking a part
of the light output. In LED luminaire section A all the luminaires are more or less
among trees. Two of the LED luminaires B are among trees and one LED
luminaire C and D are among trees. Figures 5a and 5b present the original HPS
installation taken from both ends of the street. Figures 5c – 5f present the
different LED luminaire installations.
Fig. 4. Approximate shape of
Tietotie (street) and luminaire
positions. LED luminaire D
section is a straight part of the
case street. LED luminaires A,
B and C are placed along
curved street section. b. Approximate altitude contour of
the case street. The difference
in altitude is approximately
7m. LED luminaire positions
in meters starting from the beginning of the LED luminaire
D section are at the x-axis of
the chart and luminaire position from the edge of the pedestrian way at the bottom
line.

2.1 LUMINANCE MEASUREMENTS ON THE ROAD
Luminance measurements were made for the HPS lamp installation and for the
new LED installations. The LED luminaire installations were measured soon
after the installation in April 2010 and six months later in September 2010. The
measurements were made using Techno Team LMK Mobile Advanced digital
luminance camera [TechnoTeam 2010a]. The HPS lamp measurements were
calibrated using barium sulfate surface (⫽0.97). The luminance values for HPS
16
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Fig. 5. Tietotie (street) in Espoo Finland. a and b. Original HPS installation in December 2009. c. LED luminaire A installation in
September 2010 d. LED luminaire B installation in April 2010. e. LED luminaire C installation in September 2010. f. LED
luminaire D installation in April 2010.

lamp installations are lower with the high dynamic range (HDR) photography
technique than using luminance spot meter. The difference is due to filters in
cameras that pass through red, blue and green light [Inanici 2006].
Table 3 shows the measured average photopic road surface luminance, overall
luminance uniformity and longitudinal luminance uniformity values for the
original HPS lamp installation and for each LED luminaire section. The road
surface of the case was not straight and flat, except for the section with the LED
luminaires D. The luminance measurements were done towards up-slope road.
Thus, the measured luminance values are higher and uniformities are better
than it would be if the street had been completely flat.
17
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Lave [cd/m2]

U0

Ul

ⱖ0.75

ⱖ0.4

ⱖ0.4

AL4b requirements
HPS

0.6

0.5

0.5

April

September

April

September

April

LED luminaire A

0.9

0.7

0.6

0.5

0.5

September
0.3

LED luminaire B

1.0

0.8

0.5

0.3

0.5

0.6

LED luminaire C

1.2

1.1

0.2

0.2

0.7

0.5

LED luminaire D

2.0

2.0

0.4

0.4

0.4

0.3

The original HPS installation did no longer meet the average road surface
luminance requirement. It should be noted that the HPS lamps were as old as 15
years. Thus, the lumen depreciation of the lamps must have affected the
luminance values. All the LED installations meet the requirement for average
road surface luminance, except the second measurement for LED luminaire A.
The overall uniformity is sufficient for LED luminaire A and D. The overall
luminance uniformity for LED luminaire B is insufficient in the first measurement and for the LED luminaire C the requirement is not met in either
measurement. The longitudinal uniformity is insufficient for LED luminaire A
and D at the second measurement. For the three other LED installations (A, B,
and D) lamp power could be reduced or pole spacing could be increased in order
to reduce the luminance level on the road surface. For example, the pole spacing
for the LED luminaire D could be increased to 34 m and the installation would
still fulfill the uniformity requirements.
There are some differences between the two measurements. The first measurement was done in the spring when there were no leaves in the trees. In
September the leaves still were mostly in trees. As some of the luminaires are
among the trees, the leaves block some of the light. Also, the measuring area was
subject to change between the two measurements. It is impossible to measure
exactly at the same distance and at the same measuring points. Otherwise the
measuring conditions were approximately similar.
As the case parameters are not the same for all the LED luminaire section, the
luminaires are compared using DIALux software. The calculation parameters
are selected to match the average case parameters. The calculation is performed
for a 7 m wide roadway with a pedestrian way of 2.5 m along the road side. The
luminaire spacing is set to S⫽27 m. The pole height is h⫽9.5 m. The luminaire
overhang is -1 m and the luminaire tilt angle is 15°. Table 4 shows the simulated
photometric quantities for each LED luminaire and the original HPS luminaire.
TABLE 4.
Average road surface
luminance Lave, overall
luminance uniformity U0 and
longitudinal luminance
uniformity Ul calculated
using DIALux for average
case parameters (Sⴝ27 m,
hⴝ9.5 m, luminaire overhang
-1 m, luminaire tilt angle
15°) for the original HPS
lamp luminaire and each
LED luminaire

Lave [cd/m2]

U0

Ul

HPS

0.36

0.5

0.5

LED luminaire A

0.48

0.6

0.8

LED luminaire B

0.56

0.6

0.6

LED luminaire C

0.85

0.6

0.5

LED luminaire D

0.78

0.5

0.6

The required photometric parameters (Lave⫽0,75, U0 ⱖ 0.4, Ul ⱖ 0.4) for the
road class are fulfilled with LED luminaires C and D, whereas the average road
surface luminance is too low for the original HPS lamp luminaire and LED
18
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luminaires A and B. The measurements show that the average road surface
luminance levels are much higher than the calculated values using average case
parameters. This is most likely due to stray light from the surroundings.
Results of the optimized HPS lamp luminaire and LED luminaire positions to
meet the photometric requirements are shown in Table 5.
S [m]

h [m]

overhang
[m]

tilt angle
[°]

Lave
[cd/m2]

U0

Ul
0.6

HPS

17

7

0

16

0.75

0.5

LED luminaire A

23

7

⫺1.5

0

0.77

0.6

0.8

LED luminaire B

22

10

0

0

0.75

0.6

0.8

LED luminaire C

32

10

0

10

0.75

0.5

0.4

LED luminaire D

41

10

⫺2

0

0.75

0.5

0.5

TABLE 5.
Optimization results of
luminaire positions for the
original HPS lamp luminaire
and each LED luminaire to
fulfill the photometric
requirements of the case road
class

According to these optimized pole positions the pole spacing of the LED
luminaire D could be increased to 41 m if the luminaire tilt angle is set to 0°. In
case of the LED luminaire C, the pole spacing could be increased to 32 m
although the average road surface luminance using 27 m pole spacing is higher
than in case of the LED luminaire D. LED luminaire D has more light output also
across the road than LED luminaire C. Similar results are seen also in case of
LED luminaires A and B, where the pole spacing of LED luminaire A is higher
than the pole spacing of LED luminaire B.
Table 6 shows the calculated mesopic average road surface luminance for the
original HPS lamp installation and for each LED luminaire section. The difference between the photopic and the mesopic luminance values are not significant. The mesopic design favors luminaires with high S/P-ratio at low luminance
levels. The difference between photopic and corresponding mesopic luminances
of these LED luminaires at the photopic luminance of 0.75 cd/m2 is 5 percent
(LED luminaire A), 2 percent (LED luminaire B), 14 percent (LED luminaire C)
and 11 percent (LED luminaire D). At luminance level of 0.5 cd/m2 the difference
between the photopic and the corresponding mesopic luminance is 6 percent
(LED luminaire A), 3 percent (LED luminaire B), 18 percent (LED luminaire C)
and 14 percent (LED luminaire D). For the LED luminaire D it would mean 11
percent reduction in the power consumption and 11 percent increase in the pole
spacing if the design was made using mesopic luminance (Lmes⫽0.75 cd/m2,
Lp⫽0.67 cd/m2). Increasing the pole spacing, however, is not so straightforward.
Also, the overall luminance uniformity and longitudinal luminance uniformity as
well as glare change.
TABLE 6.
Calculated mesopic average
road surface luminance Lave,
for each installation

Lave [cd/m2]
ⱖ0.75

Limits (AL4b)
High pressure sodium

0.6
April

September

LED luminaire A

0.9

0.7

LED luminaire B

1.0

0.9

LED luminaire C

1.4

1.3

LED luminaire D

2.1

2.1

2.2 TI VALUE MEASUREMENTS
The Threshold Increment (TI) measurements were done using the LMK Mobile
Advanced luminance camera and TechnoTeam LabSoft software [TechnoTeam
2010b], DIALux software [DIAL 2010], and calculating the TI values from the
19
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luminous intensity distribution curves. According to the standard [CEN 2003b],
the summation of the veiling luminance is done up to distance of 500 m in each
luminaire row and completed when the contribution of the calculated luminaire
to the veiling luminance is less than 2 percent. In the current case there are only
four luminaires of each type spreading at a distance of approximately 100 m.
Table 7 shows the measured TI values (LMK and LabSoft) and the calculated TI
values (luminous intensity distribution curves) for the case for four luminaires.
Table 7 also shows TI values calculated using DIALux. DIALux calculates the TI
value according to the standard EN 13201:3. In the DIALux calculation, average
case parameters are used (poles spacing 27 m, overhang -1 m, luminaire tilt
angle 15°, R2 pavement).
TABLE 7.
Measured and calculated
threshold increment (TI)
values for each luminaire.
The measured values are
done using LMK Mobile
Advanced luminance camera
and TechnoTeam LabSoft
software. The calculated TI
values using luminous
intensity distribution curves
for four luminaires represent
the actual pole spacings and
overhangs of the luminaires
and measured average road
surface luminance. TI
DIALux calculations are
calculated using DIALux with
average case parameters

TI measured [%]
LMK and LabSoft

TI calculated [%]
luminous intensity
distribution curves

TI calculated [%]
DIALux

ⱖ 15

Limits (AL4b)
HPS

16

2

2

LED luminaire A

8

7

8

LED luminaire B

8

5

6

LED luminaire C

7

6

4

LED luminaire D

10

8

10

The measured and calculated TI values differ from each other. The differences
can be explained by the differences in the case study parameters compared with
the parameters that are used in the DIALux calculation. The four real luminaires
are not equally spaced and at the same distance from the edge of the roadway.
Nor are they are not spaced along a flat surface on a straight line. Also, there are
trees among the luminaires. There is also stray light from other light sources
than the street light luminaires affecting the average road surface luminance.
The DIALux calculations and the calculated values do not take into account the
surrounding illumination.
The TI values calculated from the luminous intensity distribution curves
are slightly lower than the measured TI values. Both values are based on four
luminaires. The measured values are also affected by the stray light from the
surrounding areas and the trees blocking the light. The biggest difference
between the measured and the calculated values from the luminous intensity
distribution curve is for the LED luminaire B for which the stray light from
the surroundings is the strongest. The measured TI values and calculated TI
values using DIALux are the same for LED luminaires A and D. The luminaire
positions for LED luminaire D at the case site corresponds closely to the
calculation parameters of the DIALux program. Differences between the
measured and DIALux calculated TI values depend on of luminaire position
parameters, stray light from the surroundings and also the average road
surface luminance used for the TI value calculation. The measured TI values
are calculated using the measured road surface luminances. The TI value
decreases for the same veiling luminance if the road surface luminance
increases.
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The results show that installations with the LED luminaires meet the requirements for measured TI values for the AL4b road lighting class. However, the
luminaire arrangements in this case do not correspond to the luminaire arrangement for TI value calculation given in the standard EN 13021:3 [CEN 2003b].
The results also indicate that designed values do not correspond to the values
actually achieved by the real installations.

3 COST CALCULATIONS
The calculated annual energy consumption per km is shown in Table 8 for the HPS
lamp installation and for the LED installations. The results are normalized to the
original energy consumption of the HPS lamp installation. The annual energy
consumption per km (full power) represents the consumption that the installation
annually uses. Table 8 shows also the calculated reduced power consumption
(reduced power), that is needed if the lamps are dimmed so that they just satisfy the
average road surface luminance requirement (Lp⫽0.75cd/m2) for the given road
class. The reduced power mesopic represents the power consumption for installation designed with mesopic design to achieve mesopic luminance Lmes⫽0.75 cd/m2.
Full power

Reduced power

TABLE 8.
Energy consumption per km
normalized to original HPS
installation. Full power is the
power consumption that is
used by the installation.
Reduced power is the power
consumption that could be
achieved if the LED luminaires
were dimmed to required
luminance level. Reduced
power mesopic could be
achieved if the luminaires
were designed using mesopic
design. The calculations are
made using the first (April
2010) measurement results

Reduced power mesopic

P [%]

Lp
[cd/m2]

Lmes
[cd/m2]

P [%]

Lp
[cd/m2]

Lmes
[cd/m2]

P [%]

Lp
[cd/m2]

Lmes
[cd/m2]

HPS

100

0.6

0.56

125

0.75

0.70

133

0.8

0.75

LED A

76

0.9

0.94

63

0.75

0.79

60

0.71

0.75

LED B

94

1.0

1.02

70

0.75

0.77

68

0.73

0.75

LED C

98

1.2

1.32

61

0.75

0.86

53

0.65

0.75

LED D

77

2.0

2.10

29

0.75

0.83

26

0.67

0.75

The energy consumption of the LED luminaires varies. The consumption by
the LED luminaires A and C is almost the same as by the original HPS luminaire,
whereas consumption by the LED luminaires A and C is almost 25 percent
lower. Reducing the power by dimming, if possible, would reduce the energy
consumption of LED luminaire A and C by almost 40 percent. With the LED
luminaire D the reduction would be as much as 70 percent. If the mesopic design
were also considered, the power consumption would decrease even more. It
should be noted that this calculation was made assuming that the luminous
efficacy behaves linearly. Thus these calculations are theoretical maximal
energy savings.
The calculated annual energy consumption per km for the optimized pole
spacings for LED luminaire installations is shown in Table 9. The results are
normalized to the original energy consumption of the HPS lamp installation.
The energy consumption per km for the optimized pole positions for the LED
luminaire B is 15 percent higher than the original HPS lamp installation and the
luminaire spacing is also lower than the original HPS lamp installation. The
annual energy consumption for LED luminaire A on the other hand is 11 percent
lower than the original HPS lamp installation although the luminaire spacing is
smaller than the original HPS lamp installation.
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P [%]
LED luminaire A

89%

LED luminaire B

115%

LED luminaire C

83%

LED luminaire D

51%

3.1 COST ANALYSIS OF STREET LIGHTING INSTALLATIONS
Life cycle costs include the overall costs of the installation during its lifetime. The
life cycle costs of the street lighting installation are often calculated by using the
present value method in which the costs are discounted to present time. Thus,
the time value of the money is taken into account.
The life cycle cost calculations include generally the investment costs, the
operating costs and the residual value. The investment costs of a street lighting
renovation include the purchase and installation costs of the new products such
as the lamp, the ballast and the luminaire. If the poles and the wiring are
renewed, their costs can be considered as investment costs of the street lighting
installation. The investment costs may include also the disassembly of the old
installation though it actually belongs to the residual value of the old installation. The operating costs consist of energy costs and maintenance costs that
usually include lamp replacement costs either as group or spot replacements,
and the costs of optics cleaning. The residual value describes the value of the
installation at the end of its lifetime. It can be either a return or a cost, meaning
either a positive or a negative amount of money, respectively.
The life cycle costs of LED luminaires differ from the life cycle costs of
conventional street lighting solutions. Replacing HPS lamps, ballasts and luminaires by LED luminaires creates fairly high investment costs as the LED
luminaires are still expensive. However, the price of the LED luminaires is
decreasing and will continue to decease during the next years as the LED
technology becomes more wide-spread and the production costs decrease. The
energy costs of the LED luminaires are usually lower than the ones of the
conventional lighting solutions. The energy consumption of a LED luminaire can
be of the same scale than the one of an HPS lamp luminaire but there are also
LED luminaires with significantly lower energy consumption on the market. The
maintenance costs of LED luminaires are expected to be low as the lifetime is
long. However, the lifetime and lumen maintenance of LED luminaires contain
uncertainties due to the fast development of the technology and the lack of
testing and experience from the field.
In the Tietotie (street) case, the energy cost calculations show varying savings
as the energy costs vary according to the power consumption of the luminaire.
The energy costs of the old installation with retrofit HPS lamps are approximately 1260 €/km annually. The annual energy costs of LED luminaires are
lower for each case of LED luminaire as shown in Table 10. The calculations were
done by using values from the case: annual operating hours 3900 h/a, energy
price 0.061 €/kWh and pole spacing 27 m. Energy price in Espoo is lower than
TABLE 10.
Annual energy costs of street
lighting installations in
Tietotie (street) when
operating time is 3900 h/a,
energy price 0.061 €/kWh
and pole spacing 27 m

Annual energy costs [€/km]
HPS
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1260

LED luminaire A

950

LED luminaire B

1170

LED luminaire C

1230

LED luminaire D

970
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the average energy price in Finland or in the EU. In Finland, electricity cost in
2010 approximately 0.13 €/kWh for household consumers and 0.07 €/kWh for
industrial consumers, and in EU-27 0.17€/kWh and 0.10 €/kWh, respectively
[Eurostat 2010].

4 CONCLUSIONS
It is possible to save energy using LED luminaires in road lighting. However, not all
solutions are energy efficient or satisfy the lighting quality requirements given in the
standards. When the old installation is replaced by a new LED luminaire installation the pole placing and pole height are usually kept unchanged for cost reasons.
The selection of luminaire must be made carefully. The light distribution varies with
different luminaires and not all solutions are suitable for all cases.
Replacing the existing installation, when the old poles are used and when
there are no possibilities to dim the lighting energy savings are possible by
choosing energy efficient solutions. However, the power consumption given by
the seller may not correspond to actual consumption. In the case considered the
actual calculated energy consumption per km and energy consumption per km
given by the manufacture varied ⫾ 12 percent. For accurate energy consumption
calculations the luminaire power consumption must be known.
Mesopic design saves energy also. The best results are reached when the
lighting installation is designed from the beginning and the luminaire spacing is
fitted to photometric design parameters for the specific road class. However,
when dimming is possible, the luminance levels could be adjusted to match the
required photopic luminances. Thus, significant energy savings could be
achieved.
The use of LEDs in road lighting is increasing as the suitable products enter
the market. The measurements made in this case show discrepancies between
the designed and the measured TI values. The measured values are on average
higher. The road lighting design calculation is performed for a straight road with
constant pole spacing, luminaire position and no stray light is present. However,
in real cases the conditions may be quite different. Roads are not straight and
flat and the pole positions vary. On the other hand, the calculation method and
measurement method are not the same. The calculation is based on the
luminous intensity distribution curves and standard road surface reflection
tables, whereas the measurement is based on measured road surface luminance
and measured veiling luminance. The stray light from the surroundings affect
the veiling luminance and also the average road surface luminance. The
measured TI values are higher than the designed TI values indicating higher
glare properties of the installation than designed values assume. Thus, more
investigation on road lighting glare properties is needed.
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