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Abstract

Energy demand represents a global challenge that calls for innovative energy solutions. Road lighting
contributes in a small part to the overall worldwide electricity consumption, however the possibilities for
energy saving are numerous. The road lighting should provide the required lighting quality, in the most
energy efficient way as possible.

In this paper the Authors analyze, compare and discuss the numerical indicators currently used to evaluate
the lighting and the energy performance of new-designed and existing road lighting systems. To support the
discussion, the use of the case study of road lighting of the historic town center of Pisa is proposed. For the
case study the Authors have chosen a significant sample of 20 roads representative of 80 similar roads
located in the historic town center. For the sample, geometric surveys, luminance and illuminance
measurements, calculation of the national and international energy performance indicators have been carry
out. The considerations made by the Authors, obtained with an investigation procedure of general validity,
are useful to point out strengths and weaknesses of each indicator and to provide suggestions on the use of
the appropriate indicators during the design stage of road lighting systems.

Keywords: Road lighting; Public lighting; Energy performance indicators; Lighting requirements; Electrical
energy consumption; Energy performance.

1. Introduction

Energy demand represents a global issue that calls for innovative local energy solutions, such as the ones
generally proposed in Sustainable Action Plans (SEAP) [1]. By the end of May 2016 more than 6700 cities
around Europe (3100 in Italy), that involve 211,610,834 inhabitants, started to working on their SEAPs [2].
Public lighting (predominantly on roads) contributes for 2.3% to the global worldwide electricity
consumption; thus, energy-efficient programs in this field are very welcome, since the possibilities for
energy saving in road lighting are numerous and sometimes even enable reductions in electricity
consumptions of more than 30% [3,4]. In 2005, in Europe, road lighting consumed a notable amount of
energy: approximately 35 TWh [5]. In 2010, in the Netherlands, about 0.8 TWh per year were used by
municipalities for public lighting, accounting for 60% of the local government's energy consumption [6]. In
the same year, in Italy, the national consumption for lighting was about 50.8 TWh per year and, of this
amount, 6.1 TWh per year were used for public lighting [7].

Currently, towns throughout the world are engaged in road lighting refurbishment, carried out with the
changeover to more efficient luminaires, in some cases at the end of the economic life of the existing ones, in
others before the end. Several studies have shown that urban interventions on lighting can lead to positive
results [8-12], since public lighting is an essential element of urban environments [13]. Public lighting
should: provide good visibility conditions, reduce potential hazards by illuminating objects in and along the
roadways [14-16], influence the emotions of the observers.
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With increasing consideration of pollution and energy conservation, the needs to introduce new
recommendations for energy efficient lighting and new indicators to evaluate the energy performance of
lighting systems are arisen. At the beginning, the attention was paid to the indoor lighting systems [17-22],
nowadays new efforts are focused on the energy consumptions of public lighting systems [8,11,25] and some
energy performance indicators have been proposed at international level to compare the performance of these
systems [23].
In Europe, only few countries have provisions addressing the energy efficiency of the road lighting systems.
In [8], useful suggestions for preparing such provisions were supplied, identifying a set of the most important
recommendations regarding the influencing factors for energy savings in road lighting. However the
suggestions were mainly qualitative and there was no systematic use of energy-based and lighting-based
parameters for the comparison of different road lighting systems. In the Netherlands an energy efficiency A-
G label were developed for road lighting systems, based on the Street Lighting Energy Efficiency Criterion
(SLEEC), which is a whole system indicator taking into account efficiency of the lamp, ballast and
luminaires [24]. In [25] a multi-objective evolutionary algorithms was presented with the aim to use it for
planning efficient public lighting. The approach adopted in [25] was SLEEC-based, but no result about other
performance indicators were shown, thus the work does not contribute to a critical comparison between the
different performance indicators proposed at international level. In Italy, the legislative power in matter of
light pollution, design and management of public lighting belongs to the Regions that can enact laws
applicable in its territory [26,27]. In [11] a new interesting methodology for the evaluation of the cost-benefit
ratio, for energy saving interventions on the road lighting, was proposed by using the case study of the
Comiso Municipality (Italy). In the case study, a comparison between 2 different scenarios (providing
specific energy efficiency measures) was made, but also in this work the techno-economic analysis does not
use the performance indicators proposed at international level. In this context, it is clear the importance to
critically discuss and compare the energy performance indicators for road lighting systems, currently
available at international and national (Italian) level.
In this paper the Authors propose a critical analysis of the most significant numeric indicators for the
evaluation of lighting and energy performance of both new-designed and existing (whose refurbishment is to
be planned) road lighting systems. The comparison of energy performance indicator takes into consideration
the types of lighting systems (new-designed or existing under refurbishment) and it is aimed to:
o define strengths and weaknesses of each indicator,
e  provide suggestions on the use of the appropriate indicators during the design stage of road lighting
systems.
These aspects are not sufficiently clarified by the technical standards and nor by the scientific literature. To
support the discussion, the use of the case study of the road lighting of the historical old town center of Pisa
is proposed. In order to analyze the current state of the road lighting systems of the case study, the Authors
have defined an investigation procedure that has been applied to a sample of 20 roads, representative of 80
similar roads. The use of the case study is not be intended as a limitation of the performed research, but as an
application example of the investigation procedure defined by the Authors, useful in highlighting the critical
issues about the evaluation of energy performance indicators, especially for existing public lighting systems.
The same approach followed by the Authors, in fact, could be used in any other town. Moreover, being the
state of the art of public lighting in the historical towns of central Italy (often characterized by similar
lighting infrastructure, similar lamps and luminaires typologies), the use of Pisa as case study town can be
considered representative for a large number of historical towns located in that geographical area.

2. Energy performance indicators for road lighting
Recently, with the aim to quantify the potential savings obtainable from the improvement of the energy
performance of the road lighting systems, some numerical indicators have been introduced on European and



Italian levels. The most important energy performance indicators for road lighting systems are summarized
in Table 1, and briefly discussed in the Annex B.

In the European standard [23], the Power Density Indicator and the Annual Energy Consumption Indicator
have been defined. The Power Density Indicator (Dp) states the power needed for a road lighting system to
meet the lighting requirements set out in [28]. The Dp (W/m’Ix) is defined as the value of the electrical
power divided by the value of the product of the surface area to be lit and the maintained average
illuminance value on this area (see Tab. 1) according to [29]. The Annual Energy Consumption Indicator
(Dg) states the electrical energy consumption for a road lighting system during the year, also taking into
account specific night-time or seasonal lighting performance (i.e. possible variations to absorbed grid power
due to different operation profiles at night-time or during certain seasons of the year). The Dg (Wh/m?) is
defined as the electrical energy consumed by a lighting system throughout the year divided by the surface
area to be lit (see Tab. 1). These indicators could be used to easily compare the energy performance of
lighting systems obtained with different solutions and technologies for a single road. The comparison of the
energy performance of lighting systems installed in roads with different features should be done with
caution, because these indicators are function of the area to be lit and the lighting requirements [28-30].

In Iltaly, specifically in the regulations of the Emilia Romagna region [31], two indicators have been
introduced with the aim to promote energy savings in outdoor public and private lighting: a Luminaire
Energy Efficiency Indicator and a Lighting System Energy Efficiency Indicator. The Luminaire Energy
Efficiency Indicator (IPEA) is useful to provide an objective overall assessment of the luminaire,
disregarding aspects of lighting design and luminaire operation. The IPEA is the ratio between the luminous
efficacy and the standard luminous efficacy related to the best technology available on the market (see Tab.
1). Starting from the IPEA calculated value, an energy class to the analyzed luminaire can be assigned. The
Lighting systems Energy Efficiency Indicator (IPEI) has been introduced on the basis of the SLEEC [24],
with the aim to enable the assessment of the overall energy performance of a particular lighting system. The
calculation of IPEI (see Tab. 1) is based on the illuminance or on the luminance values (IPElz and IPEI,
respectively). Considering the assumption that the road surface is a Lambert source, using the relation
E.=nL, /r where r is the luminous reflection coefficient of the road surface, the illuminance based IPEI
(IPEIg) and the luminance based IPEI (IPEI.) should produce the same results. Starting from the IPEI
calculated value, an energy class to the analyzed luminaire can be assigned. The IPEA and IPEI can be used
to evaluate both new-designed and existing road lighting systems.

2.1 Determination of the energy class for luminaires and lighting systems
The energy class for a luminaire is determined by comparing the obtained IPEA value with the labelling
scheme [31] shown in Table 2. The energy class for a lighting system is likewise determined by using the
obtained IPEI value [31] (see Tab. 2). In Italy, the Emilia Romagna region has established that, starting from
2013, for all new lighting systems (except for outdoor lighting systems with fewer than ten luminaires) the
minimum acceptable class for the IPEA indicator shall be Class C (IPEA>0.93) and the minimum acceptable
class for the IPEI indicator shall be Class B (IPEI<1.09). Regarding the refurbishment of existing lighting
systems, the region of Emilia Romagna requires that at least one of the two indicators has to be improved
with respect to the initial conditions (proven through the energy and lighting calculations).
Moreover, it should be noticed that the determination of the energy classes, for luminaires and road lighting
systems, makes sense only if the requirements fixed by the standards (in terms of luminance or illuminance)
are fulfilled. On the contrary, before proceeding to the classification, the analysis and the resolution of non-
compliances of the lighting requirements is strongly recommended.
3. Analysis of the energy performance of urban lighting systems: the case study of Pisa
The city of Pisa originated as an Etruscan river port around the middle of the sixth century, even though the
presence of definite clusters of dwellings was documented around the ninth century [32,33]. Pisa is located
few kilometers from the Arno river mouth on the Tyrrhenian Sea and is considered to be one of the most
important art cities in Europe [33]. The city covers an area of 185.2 km?; the oldest part of Pisa lies within its
3



Medieval walls and is centrally located, whereas modern buildings and industrial plants have developed on

the outskirts around the historical center [32].

The Municipal Authority of Pisa joined in 2010 the Covenant Major [1] and it has scheduled in 2015 an

extensive plan for replacing approximately 13,000 existing luminaires with new generation LED-source

luminaires. Such plan involves an investment of approximately 18 million Euro and includes the replacement

of the luminaires by the end of 2018, the management and the maintenance of the lighting systems for ten

years.

Public lighting in Pisa is currently composed of approximately 14,000 luminaires (of varying types) having

lamps with different characteristics (i.e. electrical power, luminous flux, color temperature, color rendition,

luminous efficacy). Specifically there are historical luminaires (e.g. wall and lamp post lanterns in the

historical center and along the roads that run alongside the Arno river), luminaires for road lighting (e.g.

projectors on lamp posts or mounted on catenaries) and luminaires for lighting parks and gardens (e.g.

artistic luminaires mounted on lamp posts not taller than 4 meters). There are also special luminaires for

architectural lighting of squares and monuments, which are not considered in the current analysis. Data from

2009 indicated the annual consumption of electrical energy due to public lighting to be about 9 GWh/year

corresponding to an annual cost of 18 €/inhabitant and 122 €/luminaire. These values closely match those

processed for the major Italian cities [7,34].

In order to analyze the energy performance of the existing urban lighting systems in the city of Pisa, the

Authors have carried out a systematic procedure based on in-field measurement of the current lighting

performance and on post processing activities of the results, necessary to calculate the energy performance

indicators [23,28,35,36]. The various phases of the activity can be listed as follows:

e  Step 1) Identification of a representative sample of roads;

e  Step 2) Survey of the geometric characteristics of each road,;

e  Step 3) Determination of the lighting class of each road;

e Step 4) Survey of the main characteristics of the lighting system (i.e. type and size of the support
structures, photometric characteristics of lamps and devices) for each road,;

e  Step 5) Identification of the typical span, on which to carry out in situ lighting measurements, for each
road;

e Step 6) In situ lighting measurement activity (i.e. horizontal, vertical and semi-cylindrical illuminance,
luminance, color temperature and color rendering index of the installed lamps);

e  Step 7) Post processing of the measurement results (in order to calculate lighting parameters and energy
efficiency indicators).

It is important to note that the step 1 is performed only once at the beginning of the procedure, the steps from

2 to 7 are repeated for all the roads belonging to the sample.

3.1 Identification of a representative sample of roads

The identification of a representative sample of roads is undoubtedly the most delicate operation, since an
unsuitable choice of the sample could produce incorrect results. In this phase, all the different types of roads
in the territory need to be considered, in order to select a sample having an adequate number of roads to
allow the extension of the results to a significant part of the town. Additionally, the choice of the roads has to
take into account the types of traffic and the operation time profiles in order to guide the measurement
activities.

In the current case study an appropriate selection was made of 20 roads, distributed within the municipal
territory (Fig. 1), in representation of 80 roads. The sample of 20 road has been identified by considering in
particular the following characteristics: arrangements and types of lighting system, lighting classes of the
roads. The roads inserted in the sample have different characteristics to cover the largest case present in the
center of Pisa. The differences between the roads can be detected by observing the last four columns of Table
3, where all combinations (Arr, Type, Lighting class) are different, except for the roads 19 and 20 which
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have the same combinations of the roads 4 and 16 respectively. However, the road 19 has a different
installation height of the luminaires compared to the road 4 (10 m instead of 8.5 m), the road 20 has a
different luminaires interdistance compared to the road 16 (27.5 m instead of 23 m). Each of the 80 roads
represented by the sample has similar characteristics to at least one of the roads contained in the sample. The
sample of 20 roads has a total length of 12 km and is constituted by a total of 600 luminaires within a whole
lit area of 153,000 m®. The sample extended to the 80 roads is constituted by a total of 2600 luminaires
within a whole lit area of 660,000 m? it develops along an overall road length of 75 km and it includes the
19% of the luminaires of the municipal territory and the almost totality of the luminaires of the city-center.

3.2 Survey of the geometric characteristics of each road

The following characteristics have been measured for each road belonging to the sample: the total length (L),
the carriageway width (W,) and sidewalks widths (W, WS3), the height of luminaire system (H), the
luminaire interdistance (d) intended as the distance between the luminaires on the same side of the road, the
number of the luminaires (No) located on the road, and the arrangement (Arr) of the luminaires. The survey
results of the geometric characteristics are shown in Table 3 for the examined roads. For the sake of
completeness, in Table 3 the types of luminaire and lamps (Type) as identified in Table 4 are also shown,
together with the lighting classes assigned to the carriageway (M) and to the sidewalks (P).

It should be noted that most of the analyzed roads have sidewalks on both sides, except the road 1 (which is
completely pedestrian) and the roads 11, 16, and 17 (which have a sidewalk on one side only). Despite the
presence of sidewalks on both sides of the carriageway, the luminaires are often located on one side only
(Arr=0, Tab. 3). In some cases, between the sidewalk and carriageway, there is a car parking lane. The
luminaire system height usually coincides with the pole height and in each road the luminaires are ahl
mounted at the same height. In some cases the luminaires are mounted as a suspended catenary, for example
in the roads 9, 11, and 17. The lengths of the analyzed roads vary between approximately 200 m and 2 km.
The luminaire interdistance (d), in relation to the luminaires arrangement, has been considered as shown in
Figure 2.

3.3 Identification of the lighting class of each road

The road lighting classification has been carried out using the selection procedure presented in [35]. This
classification is based on different lighting situations (i.e. motorized traffic areas, conflict areas, pedestrian
and low speed areas) and on several parameters that include the design speed, the traffic volume and the
traffic composition, the function and the overall layout of the road, the environmental conditions. The
classification, which is based on European technical standards, is aligned to the classification of the roads
according to the traffic laws in Italy, which are based on the type of road and the maximum vehicle speed
allowed [37,38].

The results of the lighting classification, evaluated for the 20 analyzed roads, are shown in Table 3. Note that
for the aims of the surveys undertaken in this study, in the case of one-sided arrangement of the luminaires
(Arr=0, Tab. 3), a subscript value of 1 refers to the sidewalk on which the luminaires are located (in the
graphical representations, the location is on the left).

3.4 Survey of the main characteristics of the lighting system

In this phase, beth by visual inspection as well as by in situ measurements, the types of luminaires, and when
distinguishable, the types and the powers of the installed lamps have been identified. The results of the
survey have been verified with the installation data provided by the Municipal Authority of Pisa.

The obtained results have been used to conduct research in the luminaire manufacturer catalogues in order to
identify the characteristics required to complete the analysis, in particular: photometric data, light output
ratio of the luminaire (for determining Dlor), efficacy of the power supply (#7supply)- The results of the survey
regarding the lighting system are indicated in Table 4, where the following data are shown for each
luminaire: photo of the luminaire, the type and the power of the installed lamp, the color temperature (CCT)
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and the color rendering index (Ra) of the lamp. The latter two characteristics have been measured in situ by
using a Konica Minolta mod. CL-500A spectrophotometer in order to verify the installation data provided by
the Municipal Authority of Pisa.

3.5 Identification of the typical span for each road

The identification of the typical span on which to carry out in situ lighting measurements constitutes a very
important activity, in order to obtain significant and representative results for the entire length of the road. In
this phase it is necessary to examine the entire road and assess the uniformity of the lighting system, the
luminaire interdistance, the geometric dimensions of the road section, etc. It is very convenient to choose a
typical span in which there are no parasitic light sources, for example: luminous signs, business activity
windows (e.g. shops, banks, cafes, etc) that are lit at night time, curb parked vehicles that obscure the portion
of sidewalk on which the measurements are carried out, pedestrian crossings or other areas that require
appropriate evaluation. It must be stressed that such issues are very frequent and are at times difficult to
handle; it is not always possible to identify a convenient typical span (consider, for example, business roads
that have heavy traffic even at night time) and in such cases it might be appropriate to carry out the
measurements several times at different hours and on different days of the week. Three example of typical
spans for the roads in the analyzed sample are shown in Figure 3, with the illustrations of the arrangements
of the luminaires and the associated photographic images.

3.6 In situ lighting measurement activities
The following activities have been carried out on each road in the sample: horizontal illuminance
measurements on the sidewalks and the carriageways, luminance measurements on the carriageways in both
directions, and vertical and semi-cylindrical illuminance measurements on each sidewalk in both directions.
Altogether in this extensive series of measurements approximately 1300 lighting measurements have been
carried out, subdivided as follows: 365 horizontal illuminance measurements, 370 vertical illuminance
measurements, 370 semi-cylindrical illuminance measurements, and 190 luminance measurements, in
addition to some control measurements. In this paper only the horizontal illuminance and luminance
measurements are shown and discussed in so far as they are useful for assessing the energy performance of
lighting systems.
In order to conduct a series of in situ lighting measurements it is necessary to set up an adequate
measurement grid by identifying the minimum number of points in which to measure illuminance and
luminance. For each typical span, 5 points have been identified for the horizontal illuminance measurements
on each sidewalk (such points have been also used for the vertical and semi-cylindrical illuminance
measurements in both directions), 9 points have been identified for the horizontal illuminance measurements
on the carriageway, and 6 points have been identified for the luminance measurements on the carriageway.
In Figure 4 examples of illuminance measurement points, for spans belonging to two of the analyzed roads,
are shown. With the aim of verifying the repeatability of the measurements results, the horizontal
illuminance and luminance measurements have been repeated 3 times for the 20% (randomly selected) of the
total measured points, obtaining a maximum deviation between measures taken at the same point equal to
8%. This deviation, in relation to the type of measurements made (illuminance and luminance values due to
road lighting systems), is such that no significant variations on the results obtained for the energy
performance indicators were introduced.
The instruments utilized for carrying out the series of measurements are part of the instrumentation made
available by the Laboratory of Lighting and Acoustics of the School of Engineering at the University of Pisa.
The measurement instruments are compliant to the requirements indicated in [36]. Specifically for the
illuminance measurements, the luxmeter PRC Krochmann model Radiolux 111 was used. The luxmeter was
equipped with a probe for horizontal illuminance measurements. The luxmeter allows illuminance
measurements in the range 1-10°+3.6-10° Ix, with maximum errors of 3% and 1.5% in the spectral sensitivity
6



response and in the cosine response [39] respectively. For the luminance measurements, the luminancemeter
Hagner model S4 was used. The luminancemeter was equipped with a silicon photodiode detector, it allows
luminance measurements in the range 1-10%+2:10° cd/m* with a measuring angle of 1° and with maximum
errors of 3% and 1.5% in the spectral sensitivity response and in the cosine response [39] respectively. The
luxmeter and the luminancemeter are characterized by the maximum precision level on a three level scale
compliant with [39]. The utilized measuring instruments were accompanied by calibration certificates, issued
by accredited laboratories, that attested the regular operation according to the Italian standard for portable
photometers [39].

3.7 Post processing and discussion of measurement results

For each analyzed road, the following activities have been carried out: the average values of illuminance
have been calculated on the sidewalk and carriageway areas (E;), the maximum and minimum values of
illuminance (Emin, Emax) have been identified, and the average illuminance uniformity (U) has been
calculated. For the carriageways the average luminance values (L)) have been also calculated, the minimum
luminance value (L») has been identified, and the overall (Up) and longitudinal (U.) luminance uniformities
have been calculated. The measurements results are shown in Tables 5 and 6 for the 20 analyzed roads. In
the measurement results the subscripts 1, 2, 3 match the notation used in Table 3. For the sake of
completeness, in Tables 5 and 6 the minimum values required by the standards [28,30] are shown. It should
be noted that the values of E,, required for the carriageways (see Table 6), which are unspecified in the
technical standards, have been derived for the purpose of the present paper from the values required for L,
and using a mean reflection coefficient of the examined roads surfaces equal to 0.2 [30].

From the results of the illuminance measurements on the sidewalks (see Table 5) it can be observed an
overall compliance with the standard requirements [28,30]. The major critical situations derive from the
results of the horizontal illuminance measurements in roads with sidewalks on both sides with one-sided
arrangement of the luminaires and without luminaires specifically dedicated to the pedestrian lanes. In such
cases a large difference in the average illuminance values between the two sidewalks can be observed, for
example, in the road 3 (Table 5) the average illuminance on the sidewalk where the luminaires are installed
is En=32.6 Ix whereas the average illuminance on the opposite sidewalk is E,=4.7 Ix, with a difference of
27.9 I, i.e. a reduction of over 85% and a corresponding visual discomfort for walkers. Moreover, in some
roads the average values of illuminance are totally unsatisfactory, with values equal to or less than 2 Ix, for
example roads 2, 10, and 18 (Table 5). In all the last three cases, the luminaire installation heights are
inadequate with respect to the luminaire interdistances.

From the results of the illuminance measurements on the carriageways (Table 6), it can be observed that the
average illuminance values are often higher than 10 Ix, and the lower values has been obtained on the roads
10 and 18 with average illuminance values lower than 2 Ix. From the results of the luminance measurements
on the carriageways (Table 6) it can be observed an overall compliance with the standard requirements
[28,30]. Clearly, due to the one-sided arrangement of the luminaires, compliance with carriageway
longitudinal luminance uniformity is much more difficult to obtain. This is especially evident for the roads 2,
5, 13, 19, and 20 (Tab. 9), with U_ values ranging between 0.27 and 0.61.

4. Calculation and discussion of energy performance indicators

The energy performance indicators Dp and Dg specified in [23] and the energy performance indicators IPEA
and IPEI specified in [31] have been calculated for the analyzed roads.

For calculating Dp it has been necessary to identify the areas which make up the chosen typical span
(sidewalk and carriageway) and to refer to the calculated average illuminance (see Table 5 and 6). For
calculating De an operating time of 4000 hours has been assumed with a single utilization profile in the
absence of control systems for shutting off totally or partially the luminaires during the night-time.

In Table 7 for each road are shown: the luminaire lamp power (P.), the absorbed power (P) including that

used by auxiliary electrical components, the surface of the subareas that make up the typical span, and the
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calculated values of numerical indicators Dr and Dg. Furthermore the values of Annual Energy Consumption
in the case of reduction of luminous flux of 50% for 1700 hours of the overall 4000 hours of annual use
(corresponding, for example, to the time period 23:00-04:00 ) Dg* has been added. The results show a high
discrepancy in the values calculated for the numerical indicators Dp and Dg: Dy varies from 17.7 mW/m?Ix
for the road 13 to 197.1 mW/m?Ix for the road 3; De varies from 1.1 kWh/m?y for the roads 8, and 18 to 5.6
kWh/m?y for the road 3 (see Table 7). These results should not surprise, considering the evident high
dissimilarity in the configurations (i.e. arrangement, installation height, type of lamp and luminaire)
pertaining to the public lighting systems in the city of Pisa. Concerning the operating time, in the case of
reduction of luminous flux of 50% for 1700 hours, the Dg* results 21% lower than the Dg obtained in the
case of total power for all 4000 hours.

The calculation of IPEA has been carried out using the characteristics of the luminaires installed in the

analyzed roads. The utilized luminaires are all old generation luminaires (about to be replaced with LED

luminaires) and have IPEA values ranging from 0.39 to 0.93, between class D and class G (see Table 8).

Clearly, all luminaires pertain to classes lower than class C (IPEA>0.93, Table 2), which is the lowest

acceptable class for implementing new lighting systems in the region of Emilia Romagna [31].

For calculating the IPEI, it has been necessary to compare the measured lighting values with those required

by the reference technical standards [28] and to know the geometries that characterize roads and installations

(i.e. carriageway width, and post inter-distance), see Table 9. As the luminaires located in the analyzed roads

provide both carriageway as well as sidewalk lighting, it seems more appropriate to determine an IPEI value

which takes into account the installation performance across the entire road section. It should be noted that in

[31] the method for calculating the IPEI is not specified in the case of roads composed of both carriageway

lanes as well as pedestrian sidewalks. The global indicator (IPEI,,) defined by the Authors is calculated as a

weighted average on the areas of the indicators obtained for the various subareas that make up the analyzed

typical span, because a different lighting requirement has to be met for each of the subareas, appropriate
values of Er or Lyr need to be used each time. For the sake of completeness, in Table 9 the IPEI,, values are
additionally shown for all the analyzed roads. The IPEI, values were calculated as the arithmetic average of
the values obtained for the subareas, in which each road can be divided into. For each IPEI value obtained
separately for the sidewalks and the carriageways and for the corresponding arithmetic and weighted average
values, energy classes have been determined and indicated in Table 9. Clearly, as expected from the previous
results, both for the average illuminance and luminance values as well as for the numerical indicators Dy and

D, the overall energy classes of the roads in the analyzed sample are very low. The best overall energy class

IPEI,=D was assigned to the roads 1,4,13, and 19, which, except for the pedestrian road 1, is always

positively influenced by the high energy class obtained by the respective carriageways.

Summarizing the results obtained from the calculation of the four performance indices it is possible to put in

evidence the following observations.

e Low D values (i.e. Dp <27 mW/Ix'm®) have been obtained for the roads 4,6,12,13,14,19. For these
roads, with the exception of the road 12, the average illuminance values satisfy the limit values required
by the technical standards. Although very high D values (i.e. D>120 mW/Ix-m?) have been obtained
for the roads 2,3,10 and 18, for some of these roads (roads 10 and 18) very low illuminance levels were
measured.

e Low Dg values (i.e. Dg=1.1 kWh/mzy) have been obtained for the roads 8,18. These results, however,
are influenced by the fact that these roads are so scarcely lit, so that at reduced energy consumption do
not match adequate lighting performance (non-compliance with the lighting requirements fixed by the
technical standards). The highest Dg values (i.e. Dg>3.0 kWh/m?y) have been obtained for the roads
1,3,7,15 which satisfy, sometimes very largely, the lighting requirements fixed by the technical
standards. Therefore, a high De value indicates an inadequate exploitation of the lighting system (e.g.
lamps with too high luminous flux and electrical power, luminaires with unsuitable emission
characteristics, etc.).



o  The lower IPEI values (i.e. IPEI<2.0) have been obtained for the roads 1,4,6,12,13,19, in analogy with
the Dp values (this result was easily predictable, given the relationship existing between IPEI and Dp,
see Annex B). The highest IPEI values (i.e. IPEI>10) have been obtained for the roads 10 and 18,
scarcely lit roads which correspond to very high Dp values.

e The lower IPEA values (and lower energy classes) have been obtained for the older luminaires. The
highest energy class (“D” class) has been obtained for the luminaires identified with the codes L1 and
L5 (see Table 4). For all the analyzed roads, the IPEA values, and the correlated energy classes, are
lower than the minimum values required in [31].

5. Conclusive remarks

From the detailed analysis conducted on the different performance indicators and from their application to

the case study of the historical town of Pisa, the following considerations can be outlined for each studied

indicator. Although deducted from the case study of Pisa, the following considerations are obtained with an
investigation procedure of general validity and they can be extended to other towns, with particular reference
to the historical towns of central Italy, whose road and lighting configurations are similar to those of Pisa.

e  The definition of the Power Density Indicator (D) is based on the illuminance values maintained on the
different reference areas (e.g. carriageway, sidewalk, cycle path), this makes it a flexible indicator and
applicable to roads consisting of different lanes with different uses characterized by different lighting
requirements. Moreover from the D; values can be pointed out the scarcely lit roads (high Dy values), as
happens for the case study presented in this work. However, the Dp does not take into account the limit
values fixed by the technical standards and of any other benchmark values by which the quality of road
lighting can be assessed. The Dy does not take into account even the road surface luminance, benchmark
parameter used in the technical standards in the case of roadways travelled by motorized traffic.

e  The Annual Energy Consumption Indicator (Dg) takes into account only the electrical power installed
for lighting, the surface area to be lit and the duration of the operating time over a year. The D is useful
in order to predict the energy consumptions of the lighting systems, especially when different operation
profiles (e.g. total or partial switch-off of some luminaires in late night) are used, as it has been shown
for the analyzed case study. The Dg is an indicator of immediate determination, however, it does not
provide details on the lighting quality, since it does not take into account the illuminance and luminance
values required by the technical standards. It should therefore be used only after the verification that the
lighting system meets all the lighting requirements.

e The Lighting System Energy Efficiency Indicator (IPEI) takes into account both the illuminance levels
and the luminance levels, depending on the analyzed area (motorized, pedestrian, conflict). In the
definition of the IPEI is included a comparison with the limit values fixed by the technical standards and
the IPEI is associated with an energy labelling system for the whole road lighting system. The
calculation of this indicator is unclear in the case of roads composed of lanes with different limit values
of the lighting parameters (i.e. sidewalks and carriageways) and lighted by a single type of luminaire, as
happens for the case study and as often happens in the historical city centers.

e The Luminaire Energy Efficiency Indicator (IPEA) is a very useful indicator for the determination of
the energy performance of a single luminaire, it takes into account the performance of lamps and of
power suppliers, as well as the percentage of the luminous flux emitted downward (only portion of
emitted flux that is useful in the case of road lighting). The IPEA is associated with a labelling system
of energy performance, similar to that already introduced for the electrical appliances that enables
immediate understanding of the performance of each analyzed luminaire. The IPEA does not take into
account the operation of the lighting system as a whole and is linked to standard luminous efficacy,
intended as the best technology on the market, this implies that the values of the standard luminous
efficacy and the limit values of the different energy classes have to be periodically updated.
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ANNEX A — LIGHTING CLASSES FOR ROAD AREAS

The lighting requirements for road areas are related to the visual tasks of the road users. In the European
Standard [29] the road areas are divided (in relation to the expected type of traffic) in: Motorized (M) that are
intended for drivers of motorized vehicles on traffic routes, and in some countries also on residential roads,
allowing moderate to high driving speeds; Conflict areas (C) that are intended for use on conflict areas on
traffic routes where the traffic composition is mainly motorized; Pedestrian and low speed areas (P) that are
intended predominantly for pedestrians and cyclists for use on footways and cycle ways, and drivers of
motorized vehicles at low speed on residential road.

For the motorized roads (M) are defined 6 lighting classes (from M1 to M6) and for each lighting class the
limit values of the average road surface luminance (L), the overall uniformity of the luminance (Ug), the
longitudinal uniformity of the luminance (U,) are provided. Note that U, is defined as ratio of the lowest to
the average road surface luminance found in the whole carriageway, and U, is defined as the ratio of the
lowest to the highest road surface luminance found in a line in the center along each driving lane which
compose the carriageway.

For the conflict areas (C) are defined 6 lighting classes (from CO to C5) and for each class the limit values of
the average value of the horizontal illuminance (E), and the overall uniformity of the horizontal illuminance
(V) are provided. Note that U is defined as ratio of the lowest to the average horizontal illuminance.

For the pedestrian and low speed areas (P) are defined 7 lighting classes (from P1 to P7) and for each class
the limit values of horizontal illuminance (E), the overall uniformity of the horizontal illuminance (U), the
vertical plane illuminance (E,), and the semi-cylindrical illuminance (Ey) are provided.

Obviously in the real cases, it is very common to find spans with motorized lanes, sidewalks on one or both
sides, and various conflict areas (e.g. pedestrian crossings, traffic roundabouts) for each of these areas it is
necessary to evaluate the satisfaction of the related limit values based on the reference lighting classes.
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ANNEX B — DISCUSSION OF ENERGY PERFORMANCE INDICATORS

The indicators defined in previous sections (see Table 1) may be utilized for comparing energy performances
of different types of lighting systems along an examined road. More specifically, they can be considerably
useful to the lighting system management authority in order to obtain a forecast of the energy consumption
for new lighting system, and the energy savings due to the refurbishment for an existing lighting system. It is
interesting to note that the indicators introduced at an international level [23] match those introduced in Italy
[28]. For example, in the simplest of cases (but widespread in real situations) in which the surface area to be
lit is not divided into subareas Dp is equivalent to SE and it can be obtained the following:

IPEI_ =k, -D, /SE, (1)

In the case that there is only one operation profile, a simple and useful relation between Dg and Dp can be
obtained:

D, =D, E, -t ©)

In Table B1, the values of D for pedestrian lanes are shown, they are calculated for different lighting classes
and for different values of IPEI,. The table has been obtained by combining the Egs. (1) and (2), assuming
that each lighting system fully complies with the lighting requirement (E,=Enr) Which is set as a function of
the lighting class and considering an annual operating time of 4000 h. As an example, for a P4 lighting class
pedestrian lane using a class C lighting system (see Table 2), the lighting system management authority can
estimate a maximum annual electrical energy consumption of 2.97 kWh/m?year. If the same road were to be
lit utilizing a class A++ lighting system, the estimated maximum annual electrical energy consumption
would be equal to 1.65 kWh/m?year with an energy saving of 45%.

In the Table B2, the values of Dg for roads are shown, they are calculated for different lighting classes and
for different values of IPEI. The table has been obtained in a way similar to that done for pedestrian lanes,
assuming that each lighting system fully complies with the lighting requirement (L,=L,r) which is set as a
function of the lighting class and considering an annual operating time of 4000 h. In this case, as the lighting
requirement is relative to the road surface luminance, the value of E, to use in Eq. (2) has been calculated in
the assumption that the road surface is a Lambert source. Such assumption is useful when the lit area in not
observed by a small angle or when the directional reflection coefficient is unknown (is known only the
diffuse reflection coefficient). In the case of both the reflection coefficients are unknown, the diffuse
reflection coefficient can be assumed equal to 0.30 [30,31]. As an example, if a lighting class M4 road is
considered, utilizing a class C lighting system (see Table 2), management authority can estimate a maximum
annual electrical energy consumption of 2.35 kWh/m?year. If the same road is lit utilizing a class A++
lighting system, the estimated maximum annual electrical energy consumption is 1.31 kWh/m?year with an
energy saving of 45%.

Table B1. Value of Dg obtained for pedestrian road in relation to the IPEI and the lighting class.

Lighting class

IPEI P1 P2 P3 P4 P5 P6
(Emg=15 Ix) (Emg=10 Ix) (Emg=7.5 IX) (Emg=5 Ix) (Emg=3 Ix) (Emg=2 Ix)

0.75 3.15 2.40 2.03 1.65 1.26 1.02
0.82 3.44 2.62 2.21 1.80 1.38 1.12
0.91 3.82 291 2.46 2.00 1.53 1.24
1.09 458 3.49 2.94 2.40 1.83 1.48
1.35 5.67 4.32 3.65 2.97 2.27 1.84
1.79 7.52 5.73 4.83 3.94 3.01 2.43
2.63 11.05 8.42 7.10 5.79 4.42 3.58
3.10 13.02 9.92 8.37 6.82 5.21 4.22
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Table B2. Value of Dg obtained for motorized traffic road in relation to the IPEI and the lighting class.

Lighting class

IPEI M1 M2 M3 M4 M5 M6
(Lmg=2.00 cd/m?) (Lmg=1.50 cd/m?) (Lmg=1.00 cd/m?) (L=0.75 cd/m?) (L=0.50 cd/m?) (Lz=0.30 cd/m?)
0.75 2.94 2.30 1.65 1.31 0.90 0.59
0.82 3.21 2.51 1.80 1.43 0.98 0.64
0.91 3.57 2.78 2.00 1.58 1.09 0.71
1.09 4.27 3.34 2.40 1.90 1.31 0.85
1.35 5.29 4.13 2.97 2.35 1.62 1.05
1.79 7.02 5.48 3.94 3.11 2.15 1.40
2.63 10.31 8.05 5.79 4.58 3.16 2.05
3.10 12.15 9.49 6.82 5.39 3.72 2.42
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