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1. Introduction

Energy savings for road lighting must be considered in many future projects and
there are a number of methods that can be applied to obtain energy savings.
These are listed in the note, Efficiency of road lighting in the Nordic countries [1]:

The methods are:

1. Omitting road lighting on particular roads.

2. Reducing the lighting level in general.

3. Reducing the lighting level in periods of reduced traffic intensity.
4. Improving the efficiency of the road lighting installations.

The note [1] suggests a study of road lighting installations in the Nordic countries
and a comparison of the efficiency of the road lighting installations thus address-
ing item 4 in the list above.

The objective of this investigation is an evaluation of the method for calculation of
the efficiency and efficacy through a comparison of the efficiency of the road
lighting installations in four Nordic countries: Denmark, Finland, Norway and Swe-
den.

The method facilitates comparison of the efficiency across different requirements
and installation geometries.

2. Method

As there are a large variety of road types a limitation is set for the study. Only
small and medium size traffic roads are considered, which constitutes to average
road surface luminance levels of 0.5 to 1.5 cd/m?. Other types of roads, i.e. mo-
torways, large traffic roads, crossings, squares, local roads etc. are not considered
in this study.

Collection of information/data for the installations was conducted by contacting
the road directorates in the four countries asking them to supply information on
typical installation parameters for small and medium traffic roads. The collected
data assumed the use of high-pressure sodium (HPS) as light source. The model is
evaluated by comparing a solution with similar properties but using LED as light
source.

The regulations for road lighting were also delivered if it was not available on the
internet site of the road directorate.

From [1] the calculation model was implemented in an Excel-spread sheet and the
different figures of merit were used to calculate the luminous efficiency of the
lighting installation.

The regulations for road lighting of the different countries constitute the basis for
selection of the lighting class for a particular road. How the selection of a lighting
class for a particular road is conducted, is different in all four countries. They are
in essence based on the parameters listed in EN 13201-1. The specific levels for
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3. Efficiency of road lighting 4

each lighting class does somewhat follow EN 13201-2 — in some cases with altera-
tions to uniformity, glare restrictions and some are divided into even finer groups.

For all four countries the MEW classes are used on traffic roads. There are though
differences in the use of longitudinal uniformity and in the requirements for areas
adjacent to the carriageway. Restrictions of disability glare is also different. These
differences will be addressed in section 4.

In addition to a comparison of the efficiency and efficacy a comparison of the
costs for equipment — luminaires and poles — per km and the energy consumption
—luminaire and ballast - per km are included.

The cost of equipment is an estimation based on list prices from suppliers and
manufacturers of luminaires and columns. Power line cables and manual labour is
not included.

Applying the method one considers the illuminated areas in a cross section of the
road within one luminaire spacing. In the case of a single side installation, this can
be considered as illuminated by the luminous flux from one luminaire. In other
cases the luminous flux from two or more luminaires must be considered as
providing the illumination of the areas between to (four) poles.

All the areas covered by requirements (of the lighting class) should be counted in,
because our interest is to know how efficient the installation is to provide the
lighting it is designed for.

3. Efficiency of road lighting

The efficiency of a road lighting installation is defined as the ratio of the minimum
needed luminous flux to the actual installed luminous flux [1]:

_ P rinimum
Ninstallation = (I)—
actual
where ®minimum is the minimum luminous flux needed to provide the mini-
mum lighting levels required for the specified areas
and Dactual is the luminous flux actually used by the lighting installation

for the illumination of the same areas.

The MNinstallation shows the fraction of the luminous flux used to provide the illumi-
nation required by, for instance, the lighting class. It is the joint efficiency of the
luminaire optics, the luminaire light distribution, the road surface reflection and
the geometrical arrangement of the luminaire position towards the areas to be
illuminated. It is useful to know this efficiency independently of the efficacy of the
light source and its control gear, because it reveals how well the installation is
designed to fit to the requirements in terms of exploiting the luminous flux.

It is though, interesting to look at the total efficacy of the installation, i.e. the ratio
of the minimum needed luminous flux to the total power consumption [1]:

Efficiency and Efficacy of Road Lighting in the Nordic Countries
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P minimum _ P minimum

plamp + l)ballast B P

Ntotal =

where @ minimum is as defined above and P = Pamp + Phaliast is the total power con-
sumed by the light source and ballast. It is an important figure of merit to take
into account as well as it gives insight to how effective the chosen luminaires and
light sources are to the task at hand.

The total efficacy of a lighting installation is given by the product of the efficiency
of the installation, Ninstatiation, and the efficiency of the system, nNsystem:

Ntotal = Nsystem X Ninstallation

where nsystem is the lamp efficacy including control gear losses and defined as the
ratio between the luminous flux from the light source and the total power con-
sumption:

Dy ctual _ Dyctual
Plamp + Pballast p

Nsystem =

The unit for the joint efficacy of the installation and for the system is lumen per
Watt (Im/W). The efficiency does by definition not have a unit.

The ntwtal cOmprises the joint efficacy of the actual lamp, the luminaire, the control
gear, the lighting geometry and the road surface reflection to meet the require-
ments of the lighting class.?

3.1 Calculation of the luminous efficiency and efficacy of a lighting
installation

As defined in [1] the calculation of the luminous efficiency is calculated using

* The minimum required luminous flux for the carriageway, Qcarriageway (IM)

* The minimum required luminous flux for the surroundings, ®surroundings (IM)

* The actual luminous flux of the lighting installation, ®actal (IM)

e The area of the carriageway, Acarriageway (M?)

¢ The minimum required average illuminance on the carriageway, Ecarriageway (1X)
 The area of the surroundings, Asurroundings (M?)

¢ The minimum required average illuminance of the surroundings, Esurroundings (1X)

The minimum required luminous flux to provide the illuminance, E, is defined as:
D inimum = AXE

This is sufficient for areas where the requirement is based on the horizontal illu-
minance, as in the CE- and S-lighting classes.

! The terms for describing the efficiency and efficacy used in this report are identical to the
terms used in [1]. In Annex C in [9] similar, but different, terms are used. The concepts
covered by the terms are the same.
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For areas applying other requirement parameters the requirement has to be con-
verted into a corresponding horizontal illuminance.

The required luminance of the carriageway is converted into the illuminance on
the carriageway, Ecarriageway, i calculated by

L
Ecarriageway = 6

where L is the required luminance of the road surface of the carriageway (cd/m?),
and Q is an average luminance coefficient of the road surface (cd/m?/Ix).

The value of L is the required luminance in the lighting class for the specific road.
The value of Q is a fixed, standard value of 0.07. Fixing the average luminance
coefficient at 0.07 cm/m?/Ix is based on the arguments described in [2]: Looking
through the reflection table covering N1-N4, R1-R4, C1 and C2 the most common
value of Q0 is 0.07 cd/m?/Ix.

The flux required for the carriageway is then:
q)carriageway = Acarriageway X Ecarriageway

For the surroundings, i.e. the area adjacent to the carriageway, the value of the
illumination can be specified directly as

Esurroundings
If the requirement for the adjacent area is based on the horizontal illuminance.

If the specification is given by means of the average hemispherical illumination,
Ens, the value of Esurroundings IS estimated as:

_ Ehs
Esurrounding_ m

For the case that the area adjacent to the carriageway is defined as SR, surround
ratio, the Esurroundings is ¥4 of the illuminance of the nearby carriageway:

Ecarriageway _ L

Esurrounding5= 2 2x%0.07

If this is not the case, it must be estimated otherwise.

The minimum luminous flux needed is then the sum of the flux from the carriage-
way and the surroundings:

q)minimum = ¢carriageway + q)surroundings

The actual luminous flux, @actual, is the sum of the luminous flux values of the
light sources in the lighting installation. If the road and the lighting installation
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have uniform cross section of the areas illuminated with identical luminaires, the
value can be calculated for the average luminaire spacing. That is, the length of
the area is set to the pole spacing (on one side) and @actual is set to the nominal
luminous flux of the light sources per spacing, i.e. for single sided installations
normally one single light source.

The efficiency of a lighting installation is then the ratio of @ minimum to Pactual:

_ Pminimum

TNinstallation = D
actual

The efficacy of the lighting installation is calculated as described in the section
above.

3.2 Calculation of energy consumption per km

Calculation of energy consumption per km of a lighting installation is calculated as
the product of the total power, Pkm = Piamp + Phaliast, and the number of energy con-

suming units per km:

1000 m
l:)KM = l:’total X D
poles

where Piotal = Plamp + Phallast and Dpoles = distance between light points.

4. Lighting classes in the Nordic countries

As indicated above each country has its own implementation of EN 13201-2:2003.
This paragraph will cover how they are implemented for the traffic road in ques-
tion. A complete coverage of implementation on all the road and lighting classes is
considered to lie outside the scope of this report.

Lighting class

In general the Nordic countries have implemented the MEW-classes listed in EN
13201-2:2003 as it is. Denmark has used an option all ways to have a requirement
for the area adjacent to the carriageway and the size of the area is defined as 3.5
meter. EN 13201-2:2003 specifies the surround ratio as the standard option when
there is no other traffic area with its own requirement. Further Denmark has
tighter restrictions on disability glare than the standard.

The following table includes the deviations in performance requirements.

All text in bold differs from EN 13201-2:2003

Efficiency and Efficacy of Road Lighting in the Nordic Countries
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DENMARK
nghtlng Luminance of the road surface of the carriage- Dlsablllty nghtlng of
class name way for the dry and wet road surface condltlon glare surroundlngs
. 2.00 0.15 5.0 Ix
%g L3 1.50 04 06 0.15 65 5.0 Ix
2 L5 1.00 0.4 0.6 0.15 6.8 2.5 Ix

< L2 2.00 0.4 0.3 0.15 6.1 5.0 Ix

S L4 1.50 0.4 0.3 0.15 6.5 5.0 Ix

é L6 1.00 0.4 0.3 0.15 6.8 2.51x

E L7a 0.75 0.4 0.3 0.15 7.0 2.5 Ix

L7b 0.50 0.4 0.3 0.15 7.0 2.5 Ix

| E-classname | Hemispherical illuminance

0.15
E2 2.5 0.15
E3 1 0.15

E4 - -
The E-class applies to areas adjacent to carriageways, local roads, paths, parking
lots etc. It is similar to the A-class in EN 13201-2:2003.

FINLAND

Lighting Luminance of the road surface of the carriage- Disability Lighting of
class name way for the dry and wet road surface condition glare surroundings

2,00 0.15
AL2 1.50 0.4 0.6 0.15 10 0.5
AL3 1.00 0.4 0.6 0.15 15 0.5
Al4a 1.00 0.4 0.4 0.15 15 0.5
AL4b 0.75 0.4 0.4 0.15 15 0.5
AL5 0.50 0.4 0.4 0.15 15 0.5

2 Measured as minimum average hemispherical illuminance, Es, which is similar to the A-
series lighting class from EN 13201-2.
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Lighting Horizontal illuminance
class name

K1 15 5

K2 10 3

K3 7.5 1.5

K4 5 1

K5 3 0.6

K6 2 0.6
NORWAY

EN 13201-2:2003 Luminance of the road surface of the carriage- Disability Lighting of
class name way for the dry and wet road surface condition glare surroundings

MEW 1 2.00 0.40 0.15

MEW 2 1.50 0.40 0.6 0.15 10A 0.5
MEW 3 1.00 0.40 0.6 0.15 154 0.5
MEW 4 0.75 0.40 - 0.15 15 0.5
MEW 5 0.50 0.35 - 0.15 15 0.5

* The requirement is under the assumption of the use of surface type W4. If W3 is
used instead the requirement is Up = 0.20.
4 In regular dark surroundings % of the Tl-value should not be exceeded.

EN 13201-2:2003 Horizontal illuminance
class name

S1 15 5
S2 10 3
S3 7.5 1.5
S4 5 1
S4 3 0.6
S6 2 0.6

SWEDEN

EN 13201-2:2003 Luminance of the road surface of the carriage- Disability Lighting of
class name way for the dry and wet road surface condition glare surroundmgs

MEW 1 2.00 0.40 0.15

MEW 2 1.50 0.40 0.6 0.15 10 0.5
MEW 3 1.00 0.40 0.6 0.15 15 0.5
MEW 4 0.75 0.40 - 0.15 15 0.5
MEW 5 0.50 0.40 - 0.15 15 0.5

Efficiency and Efficacy of Road Lighting in the Nordic Countries



5. Data 10

EN 13201-2:2003 Horizontal illuminance
class name

E in Ix [minimum] Eminimum in Ix [Maintained]
S1 15 5
S2 10 3
S3 7.5 1.5
S4 5 1
S4 3 0.6
S6 2 0.6

Selection of lighting class

In all the four countries the selection of lighting class is determined by the type of
road, the type of traffic that it supports the geometry of the carriageway and on
the speed limit on the carriageway.

In Denmark selection of lighting class is based on the geometry of the road (the
number of lanes), on the width of a central median if present, and on the type of
traffic, i.e. are there pedestrian and/or cyclists on the carriageway or do they have
their own traffic area.

The Finnish regulations are similar to the Danish regulation in the sense that it
states that the selection of lighting class is based on the speed limit and on
whether or not cyclist and pedestrians are present on the carriageway.

In Norway and Sweden the lighting class is determined by the annual average
daily traffic (AADT) and on the geometry of the road.

5. Data

5.1 Standard installation properties

In order to compare the installed road lighting equipment a request on a standard
installation on two types of traffic roads was issued to the department of opera-
tion at the road directorates in Denmark, Finland, Norway and Sweden. The two
types of road were a small and a medium size traffic road.

A small size road is characterised as a road with a speed limit of approximately 50
km/h having one carriageway in each direction. The traffic load is up to 12,000
(measured as AADT).

A medium size road is characterised as a road with a speed limit of approximately
70 km/h. The traffic load is 12,000 or higher (measured as AADT).

It is further more assumed that both the small and medium size roads have a bi-

cycle path and pedestrian areas on each side of the carriageway, thus the sur-
roundings are the two bicycle path and pedestrian area.

Efficiency and Efficacy of Road Lighting in the Nordic Countries
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As there are different traditions and principles of setting up requirements and
solutions, the data have different structures depending on which country they
were received from. For both types of road the following parameters are listed:

¢ Pole spacing

e Light point height

e Width of carriageway

¢ Width of surroundings

e Luminaire power consumption (lamp and ballast)

¢ Lighting class including carriageway and surroundings.

Data from the four countries are as follows:

DENMARK

The data used in this table are found in [1] and in the document Template for
evaluation of luminaires [3] where they represents typical figures of merit for road
lighting installations in Denmark used by the Danish Road Directorate.

Type of | Pole Light point Width of Width of Luminaire Lighting class
road spacing height carriageway | surroundings | power con-

sumption
Small 35m 8.0m 7.0m 2x3.5m 79 W L7b + E2
Medium 38 m 9.0m 8.0m 2x3.5m 109 W L7a + E2

The r-table used to achieve these figures is:

Dry N2 (DK) 0.090 cd/m?/Ix  0.078 cd/m?/Ix
Wet W4 (DK) _ ;

The geometry of roads are in both situations single carriageways with a bicycle
path and pedestrian area on each side of the carriageway.

FINLAND
The data used in the table below was received from Pentti Hautala from Sito. They

represent typical figures of merit for road installations in Finland

According to [4] the lighting class used for a small traffic road is AL4b. For the pre-
sent evaluation of a medium traffic road lighting class AL3 is used.

Type of Pole spacing | Light point | Width of Width of Luminaire power | Lighting
road height carriageway | surroundings | consumption class

Small 55m 10.0m 7.0m 2x3.5m 150 W AL4b + K6
Medium 39m 10.0 m 7.0m 2x3.5m 150 W AL3 + K4
55m 12.0m 7.0m 2x3.5m 250 W AL3 + K4
52m 10.0 m 140 m 4x3.5m 150 W AL3 + K4
65 m 12.0m 140 m 4x3.5m 250 W AL3 + K4

Efficiency and Efficacy of Road Lighting in the Nordic Countries
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The r-table used to achieve these figures is:
Dry R2 0.070 cd/m?/Ix ~ 0.057 cd/m?/Ix
Wet w3 - -

The geometry of roads is a single carriageway for the small traffic road, and a dual
carriageway for the medium traffic road. It is assumed that there is a bicycle path
and pedestrian area on each side of the carriageway for both types of road.

NORWAY

Data regarding typical light sources and pole spacing was received from Per Ole
Warvik, Statens Veivesen, and the Handbok 264 [6] was used to determine width
of carriageway and surroundings.

Type of Pole spacing | Light point | Width of Width of Luminaire power | Lighting
road height carriageway | surroundings | consumption class

Small 22.5m 6.0m 7.0m 2x3.5m 100 W MEW 3 + S4
325 m 8.0m 7.0m 2x3.5m 150 W MEW 3 +S4
Medium 42.5m 10.0 m 85m 2x3.5m 250 W MEW 2 +S2

The r-table used to achieve these figures is:

r-table (o]} Qq
Dry c2 0.070 cd/m?/Ix ~ 0.054 cd/m?/Ix
Wet W3 - -

The geometry of roads is in both situations single carriageways with a bicycle path
and pedestrian area on each side of the carriageway.

SWEDEN
All data on typical light sources, pole heights and spacing were delivered by Petter
Hafdell, Trafikverket. The width of carriageway and surroundings was determined
using [7].

road height carriageway | surroundings | consumption class
Small 30m 8.0m 7.0m 2x3.5m 150 W MEW 5 + S2
Medium 35m 10.0 m 2x7.5m 2x3.5m 100 W MEW 4 +S2

The r-table assumed used to achieve these figures is:

Type of road r-table Qo Qq

Small Dry N1t 0.100 cd/m2/Ix ~ 0.090 cd/m2/Ix |
Wet W3 - -

Medium Dry N2t 0.080 cd/m?/Ix  0.070 cd/m?/Ix
Wet W3 - -

! values for N1 and N2 are listed in [7]
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The geometry of roads is a single carriageway for the small traffic road, and a dual
carriageway for the medium traffic road. It is assumed that there is a bicycle path
and pedestrian area on each side of the carriageway for both types of road.

5.2 Road lighting installation using LED as light source

The scope of this report is to evaluate the model for calculation of the efficiency
and efficacy of road lighting installations. It is chosen to use road lighting installa-
tions with similar properties only using LED as light source for this comparison.

For each of the installations described in the previous section an installation was
designed with an LED light source. In order to approximate similar and compara-
ble properties, the light point height and the road geometry were fixed, and a
solution with an optimal light point distance was found using Dialux, ver. 4.11. The
road lighting models were designed and optimised using an LED-based luminaire
family from Philips, the LEDgine. Photometric files were found in Philips Product
Selector ver. 5.2.7.0.

Detailed data on the light point distance and luminaire, and other properties of
the road lighting installations can be found in Appendix A paragraph 10.1.2.

5.3 Product data

Light sources

Data on the light source, light flux and energy consumption is based on Philips
SON-T light sources. The properties of light sources from other manufactures are
almost identical with regards to the luminous flux.

LUMINOUS FLUX — HPS

Wattage Philips SON-T
70 W 6,600 Im
100 W 10,700 Im
150 W 18,000 Im
250 W 33,300 Im

For the comparison with a solution based on LED the LEDengine-module from
Philips is used in the optimal configuration. In the table below the modules used
in the calculations is listed. As the LED-modules has the option of being adjustable
in the emitted luminous flux, the listed values are the maximum luminous flux
that the modules can emit.

LUMINOUS FLUX — LED

Wattage Philips LEDengine

54 W 4,800 - 5,856 Im
70 W 7,808 Im
86 W 8,000 -9,760 Im

Efficiency and Efficacy of Road Lighting in the Nordic Countries
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Luminaires and poles

For comparison of installation costs the data is based on list prices from Danlintra
regarding poles and Philips’ Copenhagen regarding luminaire.

POLES LUMINAIRES
Danlintra — passive safe steel pole Philips Copenhagen
~ Height ~ Price  Llightsource  Wattage  Price

6 m €700 70 W €425
8m €790 % 100 W €540
9m €845 I 150 W €540
10m €990 250 W €725
12m €1,320 54 W €1,050
0 70W  €1,105

86 W €1,160

6. Results and comparison

6.1 Efficiency and efficacy

The luminous efficiency of the installations is calculated based on the principles
described in section 3.1 and the data listed in the previous section are used for
this calculation. Detailed calculations are found in Appendix A. The figures below
show the result of the calculations.

6.1.1 HPS-based luminaires

Tlinstallation

0,45
0,40
0,35
0,30
0,25
0,20
0,15
0,10
0,05
0,00

iency

Effic

Denmark Finland Norway Sweden

®m Small trafficroad = Medium traffic road

Figure 6.1 Installation efficiency of typical road lighting installations with HPS-based luminaires in
four Nordic countries.
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Figure 6.2 System efficacy [Im/W] of typical road lighting installations with HPS-based
luminaires in four Nordic countries.
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Figure 6.3 Total efficacy of typical road lighting installations with HPS-based luminaires in
four Nordic countries.
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6.1.2 LED-based luminaires
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Figure 6.4 Installation efficiency of typical road lighting installations with LED-based lumi-
naires in four Nordic countries.
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Figure 6.5 System efficacy [Im/W] of typical road lighting installations with LED-based
luminaires in four Nordic countries.
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Figure 6.6 Total efficacy of typical road lighting installations with LED-based luminaires in
four Nordic countries.

6.1.3 Comparison of efficiency and efficacy on HPS and LED-based road lighting
installations

For easier overview of comparing solutions using HPS-based luminaires and LED-
based luminaires

Ninstallation - SMall traffic road
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Figure 6.7 Comparison of installation efficiency on HPS- and LED-based road lighting
installations for small traffic roads.
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Figure 6.8 Comparison of installation efficiency on HPS- and LED-based road lighting
installations for medium traffic roads.
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Figure 6.8 Comparison of system efficacy on HPS- and LED-based road lighting installations
for small traffic roads.
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Figure 6.9 Comparison of system efficacy on HPS- and LED-based road lighting installations
for medium traffic roads.
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Figure 6.10 Comparison of total efficacy on HPS- and LED-based road lighting installations
for small traffic roads.
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Figure 6.11 Comparison of total efficacy on HPS- and LED-based road lighting installations
for medium traffic roads.

6.2 Costs of lighting equipment

The cost of luminaires and poles per km is calculated using the information on the
pole spacing given in section 5.1 and the information on the list price of poles and
luminaires given in section 5.3.

The comparison does not include manual labour work for the installation, power
line cable or road cupboards.

How the calculation of the cost of equipment is conducted is described in details
in section 10.2.

6.2.1 High pressure sodium based road lighting installations

The figure below lists the results of the calculations for equipment for installation
of road lighting based on high pressure sodium as light source.

Cost of equipment per km

100.000
‘o
= 80.000 S
2 o9
L
= 60.000 c 0
bl o
= 8
2 40.000 — N -
2 " @ 3
'g (o)} —
20.000 |— : —  — = — —
S <
0 i |
Denmark Finland Norway Sweden
m Small traffic road Medium traffic road

Figure 6.12 Costs of poles and luminaires per km for a road lighting installation based on
HPS as the light source.
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6.2.2 LED-based road lighting installations

The figure below lists the results of the calculations for equipment for installation
of road lighting based on LED as light source.

Cost of equipment per km
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Figure 6.13 Costs of poles and luminaires per km for a road lighting installation based on
LED as the light source.

6.3 Energy consumption per km

Following the description in section 3.2 the total energy consumption per
km is calculated using the information on the pole spacing and energy con-
sumption of each light point given in section 5.1.

Further details on the figures used is found in section 10.2.
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6.3.1 HPS-based road lighting installations

Energy consumption per km
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Figure 6.14 Energy consumption per km for a road lighting installation with HPS as the
light source.

6.3.2 LED based road lighting installations
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Figure 6.15 Energy consumption per km for a road lighting installation with LED as the
light source.
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7. Discussion

In section 6.1 the results from the calculations of the efficacy and efficiency of the
road lighting installations are presented in Figures 6.1 — 6.6.

The comparison of efficiency and efficacy is based only on the technical data, i.e.
on data that describes the road geometry and properties of a road lighting instal-
lation in general. It does not take into account the national and cultural prefer-
ences that might exist in each of the four countries.

The efficiencies and efficacies do not differ much from each other even though
the requirements, the road geometries and the selected solutions are different
from each other. Generally, the lighting installations on medium traffic roads tend
to be slightly more efficient compared to lighting installations on small traffic
roads.

There is one exception: Medium traffic roads in Finland using LED-based lumi-
naires show a tendency to be much more efficient compared to all other road
lighting installation.

7.1 The efficiency of the installations

As illustrated in Figure 6.1 the figures do not differ greatly. What can be found is
that the installations in Denmark have the most efficient use of the chosen light
source for fulfilment of the required lighting class. A possible explanation for this
is the use of a tarmac with a high ratio of light aggregates. This is seen in the high
luminance coefficient, Q4. The combination of a high Qq, efficient light distribu-
tions and adjustment of the light point height to the area result in a high efficien-

cy.

It should be noted that the geometries in the Finnish and Swedish lighting installa-
tions on medium traffic roads are based on “double sided” installations when
using HPS light sources. These types of installation will benefit from the combined
luminous flux from the two luminaires reducing the needed power to fulfil the
required lighting class.

The low efficiency of the Swedish installation on medium roads may have a num-
ber of reasons, where further analysis is required in order to find an explanation.
It is likely that part of the explanation is the high requirement to the surroundings.
Here the requirement are at the same level as on the carriageway. It does howev-
er lie outside the scope of this report to go deeper into the analysis.

For the road lighting installations, using LED-based luminaires, there is a clear
trend in achieving a higher installation efficiency (seen in figure 6.7 and 6.8).
There is also a generally trend that the efficiency is higher on medium traffic roads
compared to small traffic roads.
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7.2 The efficacy of the installation

Tsystem

Both on small and medium traffic roads the Finnish and the Norwegian lamp sys-
tems are the most efficient when using HPS. This is caused by the fact that the
high wattage lamps, 150 W-250 W (HPS and metal halide), are more efficient
compared to the low wattage lamps — 50 W-100 W (HPS and metal halide). In
Denmark it is customary to use 70 W and 100 W lamps for lighting small and me-
dium traffic roads. Their efficacy is lower and counters the installation efficiency

This is not the case when using LED. As the seen in Figure 6.5 the efficacy is not
affected as much by the geometry of the road. A possible explanation is that the
efficacy of an LED-based luminaire is proportional to the power consumption.

This is actually seen in Figure 6.7 and 6.8 where the efficacy is much higher for
LED-based installations on small traffic roads, whereas the efficacies are more or
less equal for the installations on medium traffic roads.

Ntotal

This figure is a direct measure of how well the power that goes into the luminaire
is transformed to light on the road according to the requirement.

From Figure 6.3 it can be found that the lighting installations using HPS on medi-
um traffic roads have a higher total efficacy compared to the total efficacy for
small traffic roads — with the exception of the Swedish installations. This is
achieved by using high light point heights combined with large spacing between
the poles so light sources with high luminous flux and high efficacy can be used.
This is clearly seen for the installations in Finland and Norway and it is a combina-
tion of efficient installations and the use of high wattage light sources, which have
a high luminous efficacy.

The efficacy of the Danish medium traffic road is almost at the same level despite
a lower Tsystem. This is caused by the high T)installation.

The efficacy of the Finnish medium traffic road is an optimal use of the lighting
properties to the lighting task to be solved.

If a solution using LED-based luminaires was implemented the total efficacy would
increase for all geometries. At least if the general overview is used. It must be
stressed, that it is not possible to conclude that in all cases the LED-based solution
is the optimal solution. A number of issues cannot be seen from these calcula-
tions; among some are the use of spill light, which can be used to create a smooth
transition from the areas outside the adjacent area to the adjacent area. By doing
so the human perception of objects and people entering the adjacent and traffic
area will often cause people to feel more comfortable compared to areas where
there is a clear cut-off to the areas outside the traffic and adjacent areas.
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7.3 Cost of lighting equipment

The general trend is the same as for the efficiency and efficacy with one excep-
tion: small traffic road in Finland.

The use of long spacing obviously leads to a lower cost of equipment than seen
for other similar installations.

For the medium traffic roads the high costs in Finland and Sweden is caused by
the use of double sided installations. These installations are the most efficient as
seen in Appendix A.

The same trend is seen when LED-based installations are used, only the cost is
approximately 50 % higher in general. The exception here is the Finnish situation,
where the lowering of the costs is that using LED the most efficient solution is a
single sided installation, compared to a double sided solution using HPS-based
luminaires.

7.4 Energy consumption per km

Figure 6.14 shows the actual cost in terms of energy consumption of the lighting
installation.

This reveals differences which are not related to the efficiencies of the road light-
ing but are related to traffic demands and national preferences.

When the energy cost in Norway is high, the reason is predominantly the use of a
higher lighting class MEW2 where as the other Nordic countries have lower re-
guirements.

When the energy costs in Finland and Sweden are high, the reason is the use of
double sided installations for the medium traffic roads, where Denmark and Nor-
way use mainly single installations for this type of road.

Again, this does not take the national preferences and other requirements into
account.

The comparison shows that having high requirements to the lighting class is cost-
ly. llluminating wide areas using double sided installations is also costly. Such ef-
fects are not addressed by the energy efficiency method, but neither intended.

If the lighting installations is based on LED-luminaires the energy consumption
would be optimised even more, but this will require a different installation in
terms of pole distance. The figure shows that if a new installation or a refurbish-
ment of an existing is about to be implemented, the LED-based solution should be
considered.
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8. Conclusion

The installation efficiency, the system efficacy (of the light source - control gear
system) and the installation efficacy are useful tools for analysing the perfor-
mance of road lighting installations in terms of the use of luminous flux.

The method of summing up the fluxes needed for the different areas of the road
cross profile as explained in section 3.1 seems to work well, making it possible to
compare installations designed for different sets of requirements in terms of lu-

minous efficiency.

For revealing the actual cost of energy simpler parameters such as the energy
consumption per km or energy consumption per m? can be applied.

The analysis using the method indicates the benefit of taking a range of initiatives
to increase the efficiency. The parameters that need attention are such as lumi-
naires with high luminous efficacy, adjusting the optics to the road geometry,
adjusting the light point height and pole spacing, and using a tarmac with a high
ratio of light aggregates (high Qo).

From the analysis using the method it is also possible to identify some of the
causes of the found efficiency and efficacies.

On the other hand the efficiency methods as presented here are not able to ac-
count for the gain of visibility by tighter restrictions on disability glare. This could
be a subject for further development.

Other important aspects such as the pole height compared to the height of sur-
rounding buildings or trees and visual appearance of the installation cannot be
addressed directly by the methods. In the same manner with architectural and
cultural preferences they cannot be addressed by the method. However the cost
of weighting such aspects can be analysed.

The first part of the analysis is based on high pressure sodium light sources which
have the property that as the wattage of the light source increase, the efficiency
increase. In the future it seems likely that LED will be the dominant choice of light
source and the efficiency of the LED is the same regardless of the wattage. This
influences the system efficacy and thus the total efficacy favouring low wattage
solutions. The second part of the analysis, where the same installations are ana-
lysed using LED-based luminaires, confirms this. The analysis method does how-
ever not reveal the lifetime (life cycle) cost of LED-based installations.

As an energy analysis tool, the method is a very effective tool for comparing dif-
ferent installation configurations.
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10. Appendix

10.1 Appendix A - Calculations of efficiency and efficacy of road light-
ing installations

In order to illustrate how the calculations were conducted the principles that are
described in section 3.1 will implemented using an example:

Example

Installation

Pole spacing 38 m

Light point height 9.0m

Lamp power 100 W

Ballast power 14 W

Geometry Carriageway Surroundings
Requirement 0.75 cd/m? 2.5 Ix
Width 7.0m 7.0 m
Area 38 mx8m=304m? 38 mx7m=266m?
Minimum illuminance % =10.71 Ix 20'_56]5)( =3.851Ix
Luminous flux 10.71 Ix x 304 m? = 3,257 Im 3.85Ix x 266 m?=1,023 Im
Dminimum Dcarriageway + Psurroundings = 3,257 Im + 1,023 Im = 4,280 Im
Dactual 10,700 Im

Ninstallation 4,280 Im / 10,700 Im =0.40

Neystern 10,700 Im / (100W + 14W) = 93.86 Im/W

Ntotal 0.40 x 93.86 Im/W = 37.55 Im/W

In the following two sections the results including all required detailed calcula-
tions are listed in the tables below for calculation of the efficiency and efficacy for
each of the road geometries in the four Nordic countries.

10.1.1 Road lighting installations based on high pressure sodium as light source

Based on the information on the typical installations as described in section 5.3
the calculations of the efficiency and efficacy are listed for each road geometry
and for each of the four Nordic countries.
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Denmark
Installation
Pole spacing 35m
Light point height 8.0m
Lamp power 70 W
Ballast power now
‘Geometry  Carriageway  Surroundings®
Requirement 0.5 cd/m? 2.5 Ix
Width 7.0m 2x3.5m
Area 245 m? 245 m?
Minimum illuminance 7.14 Ix 3.85 Ix
Luminous flux 1,750 Im 942 Im
Dnminimum 2,692 Im
Dactual 6,600 Im
Ninstallation 0.41
Nsystem 83.54 Im/W
Ntotal 34.08 Im/W
(nstallaton
Pole spacing 38 m
Light point height 9.0 m
Lamp power 100 W
Ballast power 14 W
Requirement 0.75 cd/m? 2.5 Ix
Width 8.0m 2x 3.5 m
Area 304 m? 266 m?
Minimum illuminance 10.71 Ix 3.85 Ix
Luminous flux 3,257 Im 1,023 Im
q)minimum 4,280 Im
Dactual 10,700 Im
Ninstallation 0.40
Nsystem 93.86 Im/W
Ntotal 37.55 Im/W

> The requirement is for average hemispherical illumination, Ens, avg.
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Finland

(nstallaton
Pole spacing 55 m
Light point height 10.0 m
Lamp power 150 W
Ballast power 18 W

‘Geometry  Carriageway  Surroundings®
Requirement 0.75 cd/m? 2.0 Ix
Width 7.0m 2x3,5m
Area 385 m2 385 m2
Minimum illuminance 10.71 Ix 2.0 Ix
Luminous flux 4,125 Im 770 Im
q)minimum 4,895 Im
Dactual 18,000 Im
Ninstallation 0.27
Nsystem 107.14 Im/W
Ntotal 29.14 Im/W

Medium traffic roads — 10 m LPH, single sided

Pole spacing 39m
Light point height 10.0 m
Lamp power 150 W
Ballast power 18 W

‘Geometry  Carriageway  Surroundings®
Requirement 1.0 cd/m? 5.0 Ix
Width 7.0m 2x3.5m
Area 273 m? 273 m?
Minimum illuminance 14.29 Ix 5 Ix
Luminous flux 3,900 Im 1,365 Im
(D 5,265 Im
Dactual 18,000 Im
Ninstallation 0.29
Nsystem 107.14 Im/W
Ntotal 31.34 Im/W

® The requirement is for average horisontal illumination, Enorisontal, avg-
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Medium traffic roads — 12 m LPH, single sided

Pole spacing 55 m
Light point height 12.0m
Lamp power 250 W
Ballast power 26 W

‘Geometry  Carriageway  Surroundings®
Requirement 1.0 cd/m? 5.0 Ix
Width 7.0m 2x 3.5 m
Area 385 m? 385 m?
Minimum illuminance 14.29 Ix 5.0 Ix
Luminous flux 5,500 Im 1,925 Im
Dminimum 7,425 Im
(Dactual 33,300 Im
Ninstallation 0.22
Nsystem 120.65 Im/W
Ntotal 26.90 Im/W

Medium traffic roads — 10 m LPH, double sided

Pole spacing 52 m
Light point height 10.0 m
Lamp power 2x 150 W
Ballast power 2x 18 W

‘Geometry  Carriageway  Surroundings®
Requirement 1.0 cd/m? 5.0 Ix
Width 2x 7.0 m 4x3.5m
Area 728 m? 728 m?
Minimum illuminance 14.29 Ix 5.0 Ix
Luminous flux 10,400 Im 3,640 Im
CDminimum 14,040 Im
Dactual 2x 18,000 Im
Ninstallation 0.39
Nsystem 107.14 Im/W
Ntotal 41.79 Im/W
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Medium traffic roads — 12 m LPH, double sided

Pole spacing 65 m
Light point height 12.0m
Lamp power 250 W
Ballast power 26 W

‘Geometry  Carriageway  Surroundings®
Requirement 1.0 cd/m? 5.0 Ix
Width 2x7.0 m 4x3.5m
Area 910 m? 910m?
Minimum illuminance 14.29 Ix 5.0 Ix
Luminous flux 13,000 Im 4,550 Im
(Dminimum 17,550 Im
Qactual 2x 33,300 Im
Ninstallation 0.26
Nsystem 120.65 Im/W
Ntotal 31.79 Im/W
Norway

Installaton
Pole spacing 22.5m
Light point height 6.0 m
Lamp power 100 W
Ballast power 14 W

‘Geometry  Carriageway  Surroundings®
Requirement 1.0 cd/m? 5 Ix
Width 7.0 m 2x3.5m
Area 158 m2 158 m2
Minimum illuminance 14.29 Ix 5.0 Ix
Luminous flux 2,250 Im 788 Im
(D 3,038 Im
Dactual 10,700 Im
Ninstallation 0.28
Nsystem 93.86 Im/W
Ntotal 26.64 Im/W
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Small traffic roads — 8 m LPH

Pole spacing 325 m
Light point height 8.0m
Lamp power 150 W
Ballast power 18 W

‘Geometry  Carriageway  Surroundings®
Requirement 1.0 cd/m? 5 Ix
Width 2x 3.5 m 2x 3.5 m
Area 228 m? 228 m?
Minimum illuminance 14.3 Ix 5.0 Ix
W eE i 3,250 Im 1,138 Im
@hsfisimm 4,388 Im
Dactual 18,000 Im
Ninstallation 0.24
Nsystem 107,14 Im/W
Ntotal 26.12 Im/W

Medium traffic roads — 10 m LPH

Pole spacing 42.5m
Light point height 10.0 m
Lamp power 250 W
Ballast power 26 W

‘Geometry  Carriageway  Surroundings®
Requirement 1.5 cd/m? 10.0 Ix
Width 8.5m 70m
Area 361 m? 298 m?
Minimum illuminance 21.43 Ix 10 Ix
Luminous flux 7,741 Im 2,975 Im
@hisisfizmum 10,713 Im
(Dactual 33,300 Im
Ninstallation 0.32
Nsystem 120.65 Im/W
Ntotal 38.83 Im/W
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Sweden

Small traffic roads

Pole spacing
Light point height
Lamp power
Ballast power

Requirement

Width
Area

Minimum illuminance
Luminous flux

cDminimum

cDactuaI

Ninstallation

Nsystem

Ntotal

30m
80m
100 W
14 W

0.5 cd/m? 7.5 Ix
2x3.5m 2x3.5m
210 m? 210 m?
5.0 Ix 7.5 Ix
1,050 Im 1,575 Im
2,625 Im
10,700 Im
0.25
93.86 Im/W
23.03 Im/W

Medium traffic roads

Pole spacing
Light point height
Lamp power
Ballast power

Requirement

Width
Area

Minimum illuminance

Luminous flux

cDminimum
cDactuaI
Ninstallation
Nsystem

Ntotal

35m
10.0 m
2x 150 W
2x 18 W

0.75 cd/m? 10.0 Ix
4x3.75m 2x3.5m
525 m? 245 m?
9.38 Ix 10.0 Ix
4,922 Im 2,450 Im

7,372 Im
2x 18,000 Im
0.20
107,14 Im/W
21.94 Im/W
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The calculated efficiencies and efficacies are gathered and listed in a table for
small traffic roads and medium traffic roads below.

Comparison of different solutions in the Nordic countries

Small traffic road

Country Ninstallation Nsystem [Im/ W] Ntotal [Im/ W]
Denmark 0.41 83.54 34.08
Finland 0.27 107.14 29.14
Norway 0.28 93.86 26.64
Sweden 0.25 93.86 23.03

Table A.1 Efficiency and efficacy of road lighting installations on small traffic roads
in four Nordic countries.

Medium traffic road

Country Ninstallation Nsystem [Im/ W] Ntotal [Im/ W]
Denmark 0.40 93.86 37.55
Finland 0.39 107.14 41,79
Norway 0.32 120.65 38.83
Sweden 0.20 107.14 21.94

Table A.2 Efficiency and efficacy of road lighting installations on medium traffic
roads in four Nordic countries.

10.1.2 Road lighting installations based on LED as light source

In the following the optimal design for road lighting installations using LED as light
source is found.

For all designs, the light point height is the same as above for installations with
conventional (high-pressure sodium) light sources. The optimisation is applying to
the distance between the poles and the distance of the luminaire to the road.

The Philips LEDgine is used for the optimisation. This is found in e.g. the Philips
Copenhagen LED-luminaire. Only the models on the marked today (2013) are
used, which means that it is not possible to used LED-luminaires that has a lumi-
nous flux similar to a 150 W or a 250 W sodium based light source.
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Denmark
Installation
Pole spacing 36 m
Light point height 8.0m
Lamp power 54,1 W
‘Geometry ~ Carriageway  Surroundings’
Requirement 0.5 cd/m? 2.5 Ix
Width 7.0m 2x3.5m
Area 238 m? 238 m?
Minimum illuminance 7.14 Ix 3.85 Ix
Luminous flux 1,700 Im 915 Im
Dnminimum 2,615 Im
Dactual 5,856 Im
Ninstallation 0.45
Nsystem 108.2 Im/W
Ntotal 48.34 Im/W
(Installation
Pole spacing 34 m
Light point height 9.0 m
Lamp power 69.8 W
Requirement 0.75 cd/m? 2.5 Ix
Width 8.0m 2x 3.5 m
Area 272 m? 238 m?
Minimum illuminance 10.71 Ix 3.85 Ix
Luminous flux 2,914 Im 915 Im
q)minimum 3,830 Im
Dactual 7,808 Im
Ninstallation 0.49
Nsystem 111.86 Im/W
Ntotal 54.87 Im/W

" The requirement is for average hemispherical illumination, Ens, avg.
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Finland

(nstallaton
Pole spacing 40 m
Light point height 10.0 m
Lamp power 86 W
Ballast power ow

‘Geometry  Carriageway  Surroundings®
Requirement 0.75 cd/m? 2.0 Ix
Width 7.0m 2x3,5m
Area 280 m? 280 m?
Minimum illuminance 10.71 Ix 2.0 Ix
Luminous flux 3,000 Im 560 Im
q)minimum 3,560 Im
Dactual 9,760 Im
Ninstallation 0.36
Nsystem 113.49 Im/W
Ntotal 41.40 Im/W

Medium traffic roads — 10 m LPH, single sided

Pole spacing 46 m
Light point height 10.0 m
Lamp power 86 W
Ballast power ow

‘Geometry  Carriageway  Surroundings®
Requirement 1.0 cd/m? 5.0 Ix
Width 7.0m 2x3.5m
Area 322 m? 322 m?
Minimum illuminance 14.29 Ix 5 Ix
Luminous flux 4,600 Im 1,610 Im
(D 6,210 Im
Dactual 8,000 Im
Ninstallation 0.78
Nsystem 93.02 Im/W
Ntotal 72.21 Im/W

8 The requirement is for average horisontal illumination, Enorisontal, avg-

Efficiency and Efficacy of Road Lighting in the Nordic Countries



10. Appendix

Medium traffic roads — 12 m LPH, single sided

Pole spacing 26 m
Light point height 12.0m
Lamp power 86 W
Ballast power oW

‘Geometry  Carriageway  Surroundings®
Requirement 1.0 cd/m? 5.0 Ix
Width 7.0m 2x 3.5 m
Area 182 m? 182 m?
Minimum illuminance 14.29 Ix 5.0 Ix
Luminous flux 2,600 Im 910 Im
(Dminimum 3,510 Im
(Dactual 9,760 Im
Ninstallation 0.36
Nsystem 113.49 Im/W
Ntotal 40.81 Im/W

Medium traffic roads — 10 m LPH, double sided

Pole spacing 44 m
Light point height 10.0 m
Lamp power 2x 86 W
Ballast power ow

‘Geometry ~ Carriageway  Surroundings®
Requirement 1.0 cd/m? 5.0 Ix
Width 2x 7.0 m 4x3.5m
Area 616 m? 616 m?
Minimum illuminance 14.29 Ix 5.0 Ix
Luminous flux 8,800 Im 3,080 Im
(D 11,880 Im
Dactual 2x 9,760 Im
Ninstallation 0.61
Nsystem 113,49 Im/W
Ntotal 69.07 Im/W
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Medium traffic roads — 12 m LPH, double sided

Pole spacing 40 m
Light point height 12.0m
Lamp power 2x 86 W
Ballast power oW

‘Geometry  Carriageway  Surroundings®
Requirement 1.0 cd/m? 5.0 Ix
Width 2x 7.0 m 4x3.5m
Area 560 m? 560 m?
Minimum illuminance 14.29 Ix 5.0 Ix
Luminous flux 8,000 Im 2,800 Im
@hisisfizmurm 10,800 Im
Dsctual 2% 9,760 Im
Ninstallation 0.55
Nsystem 113.49 Im/W
Ntotal 62.79 Im/W
Norway

Installaton
Pole spacing 22 m
Light point height 6.0 m
Lamp power 69.8 W
Ballast power oW

‘Geometry  Carriageway  Surroundings®
Requirement 1.0 cd/m? 5 Ix
Width 7.0 m 2x3.5m
Area 154 m? 154 m?
Minimum illuminance 14.29 Ix 5.0 Ix
Luminous flux 2,200 Im 770 Im
(D 2,970 Im
Dactual 6,400 Im
Ninstallation 0.46
Nsystem 91.69 Im/W
Ntotal 42.55 Im/W
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Small traffic roads — 8 m LPH

Pole spacing 28 m
Light point height 8.0m
Lamp power 69.8 W
Ballast power oW

‘Geometry  Carriageway  Surroundings®
Requirement 1.0 cd/m? 5 Ix
Width 2x 3.5 m 2x 3.5 m
Area 196 m? 196 m?
Minimum illuminance 14.3 Ix 5.0 Ix
Luminous flux 2,800 Im 980 Im
@itz 3,780 Im
Dactual 6,400 Im
Ninstallation 0.59
Nsystem 91,69 Im/W
Ntotal 54.15 Im/W

Medium traffic roads — 10 m LPH

Pole spacing 22 m
Light point height 10.0 m
Lamp power 86 W
Ballast power oW

‘Geometry  Carriageway  Surroundings®
Requirement 1.5 cd/m? 10.0 Ix
Width 8.5m 70m
Area 187 m? 187 m?
Minimum illuminance 21.43 Ix 10 Ix
Luminous flux 4,007 Im 1,540 Im
Dminimum 5,547 Im
(Dactual 9,760 Im
Ninstallation 0.57
Nsystem 113.49 Im/W
Ntotal 64.50 Im/W
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Sweden

Small traffic roads

Pole spacing
Light point height
Lamp power
Ballast power

Requirement

Width
Area

Minimum illuminance
Luminous flux

cDminimum

cDactuaI

Ninstallation

Nsystem

Ntotal

30m
80m
86 W
ow

0.5 cd/m? 7.5 Ix
2x3.5m 2x3.5m
210 m? 210 m?
5.0 Ix 7.5 Ix
1,050 Im 1,575 Im
2,625 Im
9,760 Im
0.27
113.49 Im/W
30.52 Im/W

Medium traffic roads

Pole spacing
Light point height
Lamp power
Ballast power

Requirement

Width
Area

Minimum illuminance

Luminous flux

cDminimum
cDactuaI
Ninstallation
Nsystem

Ntotal

30m
10.0 m
2x 86 W
ow

0.75 cd/m? 10.0 Ix
4x3.75m 2x3.5m
450 m? 210 m?
9.38 Ix 10.0 Ix
4,219 Im 2,100 Im

6,319 Im
2% 9,760 Im
0.32
113.49 Im/W
36.74 Im/W
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Comparison of different solutions in the Nordic countries
The calculated efficiencies and efficacies are gathered and listed in a table for
small traffic roads and medium traffic roads below.

Small traffic road

Denmark 0.45 108.24 48.34
Finland 0.36 113.49 41.40
Norway 0.59 91.69 54.15
Sweden 0.27 113.49 30.52

Table A.3 Efficiency and efficacy of road lighting installations with LED as light
source on small traffic roads in four Nordic countries.

Medium traffic road

Denmark 0.49 111.86 54.87
Finland 0.78 93.02 72.21
Norway 0.57 113.49 64.50
Sweden 0.32 113.49 36.74

Table A.4 Efficiency and efficacy of road lighting installations with LED as light
source on medium traffic roads in four Nordic countries.

10.1.3 Comparison of HPS and LED-based road lighting installations

As seen in section 6.1.3 the results of the calculation are used to compare to two
different solutions: HPS-based and LED-based road lighting installations. The re-
sults are presented in diagrams for better overview. In the following the values for
the typical road lighting installation based on HPS and the solution best suited
using LED as light source are listed in tables.

Small traffic road

Denmark 0.41 0.45 83.54 108.24 34.08 48.34
Finland 0.27 0.36 107.14 113.49 29.14 41.40
Norway 0.28 0.59 93.86 91.69 26.64 54.15
Sweden 0.25 0.27 93.86 113.49 23.03 30.52

Table A.5 Comparison of the efficiency and efficacy of road lighting installations
based on HPS and LED as the light source on small traffic roads.
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Medium traffic road

Denmark 0.40 0.49 93.86 111.86 37.55 54.87
Finland 0.39 0.78 107.14 93.02 41,79 72.21
Norway 0.32 0.57 120.65 113.49 38.83 64.50
Sweden 0.20 0.32 107.14 113.49 21.94 36.74

Table A.6 Comparison of the efficiency and efficacy of road lighting installations
based on HPS and LED as the light source on medium traffic roads.
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10.2 Appendix B — Calculation of costs of equipment

Using the list prices from section 5.3 the cost of luminaires and poles are calculat-
edasa

Total price = Price|yminaire X Pricepge X Number of poles per km
The cost is listed in the tables below.

Cost of luminaires and poles per km

Small traffic road

Denmark 70 W € 35,235 54 W € 55,350
Finland 10 m 150 W 19 €29,070 86 W 25 €53,750
Norway 6 m 100 W 45 € 55,800 70W 36 €65,160
Sweden 8m 100 W 34 €45,220 86 W 34 € 66,300

Table 6.7 Average costs of installation per km on small traffic roads in four Nordic
countries.

Medium traffic road

Denmark 100 W € 37,395 70 W € 58,650
Finland 10 m 2x 150 W 20 €61,200 86 W 22 € 47,300
Norway 10 m 250 W 24 €41,160 86 W 46 € 98,900
Sweden 10m 2x 150 W 29 € 88,740 2x 86 W 34 € 146,200

Table 6.8 Average costs of installation per km on medium traffic roads in four Nor-
dic countries.
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10.3 Appendix C — Calculation of energy consumption

As described in section 3.2 the energy consumption per km is calculated as the
product of the total power and the number of energy consuming units per km:

1000 m
Pxm = Protar X D
poles

where Piotal = Plamp + Phallast and Dpoles = the distance between the light points.

This result in the following results:

Small traffic road

Country Denmark Finland Norway Sweden
Light point height 8m 10m 6m 8m
Wattage 70W+9 W 150 W + 18 W 100 W + 14 W 100 W + 14 W

§ Poles per km 29 19 45 34
Power per km 2,291 W/km 3,192 W/km 5,130 W/km 3,876 W/km
Wattage 54 W 86 W 70 W 86 W

@ Poles per km 30 25 36 34
Power per km 1,623 W/km 2,150 W/km 2,513 W/km 2,924 W/km

Table 6.9 Energy consumption per km on small traffic roads in four Nordic coun-
tries.

Medium traffic road

Country Denmark Finland Norway Sweden
Light point height 9m 10m 10 m 10 m
Wattage 100W+14W 2x (150 W + 18 W) 250 W +26 W 2x (150 W + 18 W)

§ Poles per km 27 20 24 29
Power per km 3,078 W/km 6,720 W/km 6,624 W/km 9,744 W/km
Wattage 70 W 86 W 86 W 86 W

S Poles per km 30 22 46 34
Power per km 2,094 W/km 1.892 W/km 3,956 W/km 5,848 W/km

Table 6.10 Energy consumption per km on medium traffic roads in four Nordic
countries.

Besides the energy consumption per km, the energy consumption per m? can also
be calculated. This is only another view of the energy consumption and as such it
does not reveal more information than the energy consumption per km.

The energy consumption per m? is derived as follows:

Plamp + Pballast
Pole spacing x (Width of carriageway + surrounding)

PSquare meter =
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Small traffic road

Light point height 10 m
Wattage 70W+9W 150W+18W  100W +14 W 100W + 14 W
Spacing of poles 35m 55 m 22,5m 30m
w Width carriageway 70m 70m 70m 70m
T width surroundings 2x3.5m 2x3.5m 2x3.5m 2x3.5m
Total area 490 m? 770 m? 315 m? 420 m?
Power per m? 0.16 W/m? 0.22 W/m? 0.36 W/m? 0.27 W/m?
Wattage 54 W 86 W 70 W 86 W
Spacing of poles 34 m 52 m 28 m 30 m
a Width carriageway 70m 70m 70m 7.0m
= Width surroundings 2x3.5m 2x3.5m 2x3.5m 2x3.5m
Total area 476 m? 560 m? 308 m? 420 m?
Power per m? 0.11 W/m? 0.15 W/m? 0.23 W/m? 0.20 W/m?

Table 6.11 Energy consumption per m? on small traffic roads in four Nordic coun-
tries.

Below the result of the comparison of the energy consumption per m? for a small
traffic road is illustrated graphically.

Energy consumption per m?
Small traffic road
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Energy consumption

Denmark Finland Norway Sweden

m High pressure sodium  m LED
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Medium traffic road

Country Denmark Finland Norway Sweden
Light point height 9m 10 m 10 m 10 m
Wattage 100W+14W 2x (150 W +18W) 250 W +26W  2x (150 W + 18 W)
Spacing of poles 38 m 52 m 42,5m 35m

o Width carriageway 8.0m 14.0 m 8.5m 15.0 m

T width surroundings 2x3.5m 4x3.5m 2x3.5m 2x3.5m
Total area 570 m?2 1113 m? 659 m? 770 m?
Power per m? 0.20 W/m? 0.30 W/m? 0.42 W/m? 0.44 W/m?
Wattage 70 W 86 W 86 W 86 W
Spacing of poles 34 m 46 m 22 m 30 m

a Width carriageway 8.0m 7.0 m 8.5m 15.0 m

= Width surroundings 2x3.5m 2x3.5m 2x3.5m 2x3.5m
Total area 510 m? 644 m? 341 m? 660 m?
Power per m? 0.14 W/m? 0,13 W/m? 0.25 W/m? 0.26 W/m?

Table 6.12 Energy consumption per m? on small traffic roads in four Nordic coun-
tries. Notice that the optimal solution in Finland is for a 4 lane road using double
sided road lighting with HPS as light source, whereas the optimal solution with LED
as light source is for a 2 lane road with single sided road lighting.

Below the result of the comparison of the energy consumption per m? for a medi-
um traffic road is illustrated graphically.

Energy consumption per m?
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10.4 Appendix D — Values for calculation of spacing of pole in Finland

The data on pole spacing, light point height, width of carriageway and surround-
ing, light source power consumption and corresponding lighting class was given by
Penttii Hautala. The calculation of the mean and standard deviation is calculated
for this report.

Small traffic road

55 m 10 m 7.0m 2x3.5m 150 W AL4b + K6
Table 6.13 Properties for road lighting on small traffic roads.

Medium traffic road

42 m 10 m 7.0 m 2x3,5m 150 W Al4a
70 m 12 m 7.0 m 2x3.5m 250 W Al4a
39m 10 m 7.0 m 2x3.5m 150 W AL3
55 m 12m 7.0m 2x3.5m 250 W AL3
52m 10 m 140 m 4x3.5m 150 W AL3
65 m 12 m 14.0m 4x3.5m 250 W AL3
43 m 10 m 7.0m 2x3.5m 250 W AL2
58 m 12m 14.0m 4x3.5m 250 W AL2

Table 6.14 Properties for road lighting on medium traffic roads. The figures within
the red framing is used for calculation of the efficiency and efficacy. Lighting class
AL3 was chosen for this comparison.
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10.5 Appendix D — Efficiency of road lighting in the Nordic countries

As the draft for the report has not been published it is included with this report.

Efficiency of road lighting in the Nordic countries
Draft by Kai Sgrensen, DELTA, 25 May 2010

Background and introduction

It is likely that energy saving to road lighting will become an issue in some or all of the Nordic
countries. There are several methods to obtain savings:

a. omitting road lighting of particular roads

b. reducing the lighting level in general

c. reducing the lighting level in periods with less traffic

d. improving the efficiency of the road lighting installations.

Only the last-mentioned method is considered in this note. The idea is that a comparison of
the efficiency of road lighting installations among the Nordic countries may indicate means of
improvement in the individual countries. If for instance one of the countries uses particularly
efficient luminaires, this may be exposed and help the other countries to use introduce equally
efficient luminaires.

Therefore, the purpose is not to reveal if the road lighting quality differs in the individual coun-
tries, only to expose if the energy is used equally well - and eventually to explain differences in
terms of the lighting equipment used.

In section 1 it is proposed that a study is based on road lighting of small and medium sized
traffic roads only. In section 2, some figures of merit are introduced, while values for some
examples of installations are provided in section 3.

1. Limitation of a study to road lighting of small and medium sized traffic roads

It is proposed to consider road lighting of small and medium size traffic roads only, typically
with illumination to an average road surface luminance of 0,5 or 0,75 cd/m?. Such road lighting
is assumed to be in accordance with the MEW-series of lighting classes as defined in EN 12301-
2 “Road lighting - Part 2: Performance requirements”.

For this kind of road lighting, the main quality criteria concern the average of the road surface
luminance of the carriageway, while additional criteria include the uniformity of the road sur-
face luminance, illumination of specified areas surrounding the carriageway and glare from the
installation. Refer to EN 12301-2 or to national road lighting standards.

NOTE: This means that road lighting of motorways, large traffic roads, road crossings, squares, local
roads (domestic roads and some industrial roads), pedestrian crossings, parking lots, paths and so on is
not considered — although such road lighting may be included at a later point in time.
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2. Figures of merit
2.1System luminous efficacy of a light source
The luminous efficacy of a light source Niignt source is the quotient of the luminous flux emitted by

the light source to the power consumed. The unit is lumen per Watt (Im/W).

All discharge lamps need to have ballasts that introduce some additional power consumption.
When including this additional power, light sources can be attributed a system luminous effi-
cacy Nsystem, Which is smaller than njignt source- Table 1 provides typical values of Miight source and
TNsystem fOr some light sources.

Table 1: Typical luminous efficacy values for some light sources.

Lamps Luminous efficacy (Im/W)
Light source System
Incandescent lamp 100 W 14 14
Compact fluorescent lamp 42 W 75
Linear fluorescent tube for
low temperatures 65 W 78
Mercury lamps
50w 40 34
80w 50 46
125W 54 48
250 W 57 53
High pressure sodium
lamps 50 W 88 72
70W 94 82
100 W 105 96
150 W 110 94
Compact metal halide
lamps 35w 90 65
70W 95 74
150 W 95 86
Some modern lamps Comparable to high pressure
sodium lamps

2.2 Luminous efficiency of a lighting installation

The luminous efficiency of the lighting installation is defined as:

Ninstallation = (Dminimum/q)actual

where  ®minimum is the minimum luminous flux needed in view of the areas to be illuminated
and the minimum levels of illumination for those areas

and D,ctual is the nominal luminous flux used by the lighting installation.

The value of Ninstaliation is calculated in accordance with annex A. The calculated value is affected
by:
a. thevalue of the maintenance factor MF used when designing the installation (enters as a
factor)
b. the output ratio of the luminaires (enters as a factor)
spill of light outside the areas to be illuminated (reduces the value of Ninstaliation)
d. excess illumination of one or more of the areas to be illuminated (reduces the value of

ninstallation)
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e. The reflection capability of the road surface (reduces or raises the value of Ninstaliation)
f.  The capability of the illumination to produce the lighting characteristic used to specify the
illumination of the surroundings (reduces or raises the value of Ninstaliation)-

The factors a. to d. have the dominating effect and force the value of Ninstaliation to become less
than unity in the general case.

The factor e. reduces or raises the value of Ninstallation When the road lighting installation is de-
signed for a road surface with a lower or higher reflection value than normal. A further change
of the value of Ninstaliation May occur depending on the directionality of the illumination.

The factor f. may change the value of Ninstaiation depending on the directionality of the illumina-
tion.
2.3 Total efficacy of a lighting installation

The total efficacy of a lighting installation is defined by:

Ntotal = cI)minimum/P

where  @ninimum is the minimum luminous flux introduced in the previous section
and P is the total power consumed by the installation (light sources and ballasts).

Once the luminous efficacy of the light source and the luminous efficiency of the lighting instal-
lation have been calculated, the total efficacy can be obtained as the product

(T]total = 1"lsystemxn installation)-

3. Examples of lighting installations

Table 2 provides figures of merits for examples of lighting installations.

Table 2: Figures of merit.

TNinstallation Nsystem MNtotal

Denmark (refer to annex B) ¥
Example 1 0,40 98 Im/W | 39 Im/W
Example 2 0,41 82 Im/W | 34 Im/W
Finland
Iceland
Norway
Sweden
1) These examples do not show the top performance of the most compet-
itive luminaires, but a performance that is needed in order to take lumi-
naires into consideration at all.
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Annex A: Calculation of the luminous efficiency of a lighting installation Ninstallation

The carriageway needs to receive a minimum luminous flux of:

CI)carriageway = AcarriagewayxEcarriageway

where Acarriageway IS the area of the carriageway (m?)

and Ecarriageway IS the minimum average illuminance on the carriageway (Ix)

The value of Ecarriageway IS calculated by:

Ecarriageway = L/Q
where L is the minimum maintained luminance of the road surface of the carriageway (cd-m2)
and Q is an average luminance coefficient for the road surface (cd-m2-Ix?).

The value L is the one that is requested for the particular lighting installation. The value of Q is
not evaluated for the particular lighting installation, but set to a fixed, standard value of 0,07.

The surroundings need to receive a minimum luminous flux of:

cDsurroundings = AsurroundingsxEsurroundings

where  Asurroundings is the area of those surroundings that need a specified illumination (m?)
and Esurroundings i the minimum average illuminance on the surroundings (Ix)

If the illumination on the surroundings is not specified by means of Esurroundings directly, then the
value of Esurroundings has to be estimated. In case the specification is by means of the average
hemispherical illuminance Exs, then Esurroundings is obtained by Esurroundings = Ens/0,65.

The value of @minimum is determined as the sum of the values of @carriageway aNd Psurroundings-

The value of ®,cual is found as the sum of the nominal luminous flux values of the light sources
of the lighting installation. In the case of lighting installations with a uniform cross section of
the areas to be illuminated and identical luminaires with a uniform spacing, the values can be
calculated for one luminaire spacing (the length of the areas is set to one spacing and ®tyal is
set to the nominal luminous flux of a single light source).

Finally, the luminous efficiency of a lighting installation Ninstailation is Obtained as the ratio of
cDminimum to cDactual (ninstallation = (Dminimum/q)actual)-
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Annex B: Road lighting in Denmark
Kai Sgrensen, DELTA, 25 May 2010

B.1 General
Road lighting in Denmark is designed according to “Vejregler for vejbelysning”, Vejdirektoratet
—Vejregelradet Marts 1999.

B.2 Relevant lighting classes
Road lighting on traffic roads is mostly designed to the lighting classes L7a or L7b. The re-
quirements are shown in table B.1.

Table B.1: Requirements of lighting classes L7a and L7b.
Road surface luminance and glare limitation
Dry condition: table N2 with a Qd of 0.078 cd-m2Ix?

Average luminance L7a: Minimum 0.75 cd/m?
(maintained) L7b: Minimum 0.50 cd/m?
Overall uniformity Minimum 0.40
Longitudinal uniformity | Minimum 0.30

Disability glare TI Maximum 0.15

Wet condition: table W4

Overall uniformity ‘ Minimum 0.15

lllumination of the surroundings of the carriageway
(hemispherical illuminance)

Average Minimum 2.5 Ix
(maintained)
Overall uniformity Minimum 0.15

The requirements regarding road surface luminance and glare limitation correspond to classes
MEW4 and MEWS5 of EN 13201-2, while the requirements regarding to illumination of the sur-
roundings to the carriageway correspond to classes A2/A3 (mid between the two).

The requirements for the illumination of the surroundings to the carriageway apply for fields
on both sides of the carriageway with a standard width of 3.5 m. Refer to figure B.1

A maintenance factor of 0.85 is generally applied when designing road lighting on traffic roads.
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/;; luminance iﬂum%@e\
actual width of carriageway standard width of 3,5 m

Figure B.1: Fields used to derive values for the luminance of the carriageway and for the
illuminance of the surroundings to both sides of the carriageway.

B.3 Other requirements

Mounting heights of luminaires are maximum 8 m for small traffic roads and maximum 10 m
for larger traffic roads. Columns are normally 8 or 9 m high. Brackets are not used, except
when they are short and a natural part of the design of the columns.

Luminaires used for road lighting of traffic roads must be of class minimum G4, which corre-
sponds to flat glass luminaires, and they must be mounted without tilt or with a tilt of maxi-
mum 3°.

In view of the low mounting heights and the use of table W4 for the wet condition, the lumi-
naires are used with a setting that provides a larger toe-in of the beams than for most other
road lighting traditions.

B.4 Typical installations
Figure B.2 shows a typical lighting installation for lighting class L7a. The light source is a tubular
high pressure sodium lamps of 100 W with a luminous output of 10,700 Im.

Figure B.3 shows a typical lighting installation for lighting class L7b. The light source is of the
same type as for the example in figure A.2, but of 70 W and with a luminous output of 6,600
Im.

The two typical lighting installations are called examples 1 and 2 in the following. They have
been copied form a note “Armaturernes evne til at opfylde kravene til statens veje”, Rev. 2,
18.01.2010, issued by AF - Hansen & Henneberg. The examples do not show the top perfor-
mance of the most competitive luminaires, but a performance that is needed in order to take
luminaires into consideration at all.
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NOTE: AF - Hansen & Henneberg is advisor to the Danish Road Directorate in matters of road lighting
and work also for other road administrations in Denmark and some of the Nordic countries.

Figures of merit are given in tables B.2 and B.3 for the two examples of lighting installations.

Table B.2: Values of figures of merit for example 1.

Spacing | Width Area Minimum Luminous
illuminance | flux
Carriageway 38m 8m 304 m? | 10.7 Ix 3253 Im
Surroundings 2x3.5m | 266 m? | 3.85Ix 1024 Im
D nminimum (sum for carriageway and surroundings) 4277 Im
Dactual (luminous flux for one 100 W lamp) 10700 Im
Results
TNinstallation ((Dminimum/q)actual) 0.40
Nsystem (luminous flux/power of lamp and ballast) | 98 Im/W
Neotal (MsystemXMNinstallation) 39 Im/W
Table B.3: Values of figures of merit for example 2.
Spacing | Width Area Minimum Luminous
illuminance | flux

Carriageway 35m 7m 245 m? | 7.14 Ix 1749 Im
Surroundings 2x3.5m | 245m? | 3.85Ix 943 Im
Drinimum (sum for carriageway and surroundings) 2692 Im
Dactual (luminous flux for one 100 W lamp) 6600 Im
Tinstallation ((Dminimum/q)actual) 0.41
Nsystem (luminous flux/power of lamp and ballast) | 82 Im/W
Ntotal (MsystemXNinstallation) 34 Im/W
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Figure B.2: Typical installation for lighting class L7a.
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Figure B.3: Typical installation for lighting class L7b.
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