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Abstract: The technological innovation in the field of lighting and the need to reduce energy con-
sumption connected to public lighting are leading many municipalities to undertake the renewal of
public lighting systems, by replacing the existing luminaires with LED technologies. This renova-
tion process is usually aimed at increasing energy efficiency and reducing maintenance costs, whist
improving the lighting performance. To achieve these results, the new luminaires are often charac-
terised by a luminous flux distribution much more downward oriented, which may remarkably
influence and alter the perception of the night image of the sites. In this study the implications of
the renovation of public lighting systems in terms of lighting and energy performance as well as the
effects relating to the alteration of the night image, in historical contexts characterized by significant
landscape value, are analysed. Results, along with demonstrating the positive effect that more sus-
tainable and energy efficient lighting systems may have on the lighting performance and energy
consumptions of public lighting systems, evidences the impact they may have on the alteration of
the nocturnal image.

Keywords: public lighting; urban lighting; lighting retrofit; energy efficiency; nocturnal image;
lightscape; cultural landscape

1. Introduction

In the last few decades, the concept of smart cities has promoted as a system aimed
at increasing citizens’ quality of life, safety and energy savings [1]. From an analysis of
the literature it emerges that currently the meaning of a smart city is multi-faceted and
characterized by many elements and dimensions [2]. The application of new technologies
is one of the solutions adopted to obtain sustainable economic development, decrease en-
ergy consumption and improve the quality of life [3]. Within this frame in public policies,
among the different contexts of intervention (buildings, mobility, etc.), the renewal of
lighting systems has assumed a fundamental role. In fact, public lighting is an important
service for cities and responds to specific needs: it has a key role for the security of citizens
and prevention of criminal actions [4], as well as for their well-being. Moreover, public
lighting has a fundamental role in defining the urban night-time panorama, improving
the appearance and increasing the attractiveness of a city [5]. In fact, light is an element
able to define the nocturnal image of urban spaces and to enhance monuments and archi-
tectures in the cities. However, it also represents a significant item of recurrent expendi-
ture in the budget of municipal administrations [6], for energy and maintenance costs,
and could have a significant impact in terms of energy consumption and light pollution
[7].

As reported by Cellucci et al. in 2015 [8] in Europe in most cases urban and street
lighting current systems are obsolete, inefficient, and not fulfil the standard requirements
[9]. Therefore, they represent an opportunity to improve energy efficiency and reduce CO:
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emissions. A study conducted by the European Commission in 2004 [10] demonstrated
that a savings of approximately between 30% and 50% of the electricity used for lighting
could be achieved by investing in energy-efficient lighting systems. Such investments
could be economically sensible with a good return on investment and sustainability, as
well as improve lighting quality [11]. In Italy, the public lighting situation has been out-
lined in some studies conducted by the Italian research institute ENEA [12,13]. These stud-
ies showed that in 2015 street lighting was responsible for an energy consumption of 5.9
TWh/year and that about 2 million light points were still characterized by luminous effi-
ciencies below 70 Im/W. Moreover, the lighting plants were mostly controlled by tradi-
tional switch systems. In general, results demonstrated that in Italy, on average, savings
of approximately 30-40% could be achieved through public lighting renovation interven-
tions.

The need of reducing costs and energy consumption connected to public lighting,
combined with the important technological innovation that occurred in the field of light-
ing with the introduction of solid state lamps (SSL) and lighting control technologies, are
leading many municipalities to undertake the renovation of public lighting systems. One
of the most common measures is the substitution of luminaires using old light sources
with more efficient lighting technologies (e.g., light emitting diode (LED) luminaires)
and/or the introduction of smart lighting control systems. In fact, LED technology is cur-
rently a satisfactory solution due to its high luminous efficiency, long life, decreasing in-
vestment and maintenance costs and lower environmental impact [14-16].

Several studies have shown the effectiveness of interventions based on the renova-
tion of the current lighting systems with more efficient ones. In 2019 Islam et al. [17]
demonstrated the potential impact of the substitution of the energy-intensive lighting
technologies mostly used currently in Kazakhstan with LED technology. In particular, in
the study three subsectors were analysed: residential, commercial/industrial and outdoor
illumination. Results demonstrated that the replacement of the current lighting system
with lamps with LED sources could determine a significant increase in energy efficiency
and favor investments. Djuretic and Kostic [18] estimated in 2018 potential energy savings
of between 31% and 60% by using high-quality LED instead of high-quality high pressure
sodium (HPS) luminaires in street lighting. In particular, the study demonstrated that sig-
nificant savings could be achieved when applying multi-stage dimming scenarios and in-
telligent street lighting systems. Similar results were obtained by Yoomak et al. [19] who
analysed the performance of LED luminaires and existing standard HPS luminaires in a
roadway lighting system in Thailand. The two systems were compared in terms of light-
ing quality, energy savings, power quality, and investment. Results in terms of lighting
performance showed that with the LED luminaires, minimum illuminances were main-
tained, while average illuminances were reduced, and uniformity was improved. The
study highlighted a potential energy savings of 40% provided by the use of LED luminaire
instead of the HPS luminaire. Moreover, in 2014 Escolar et al. [20] demonstrated the rele-
vance of the application of adaptive control system. They enabled multiphase light
sources to adapt their intensity based on the environment conditions to reach energy sav-
ings and sustainable goals.

From an economic point of view, Beccali et al. [21] analysed in 2015 the effects of the
retrofit of a lighting system in Comiso, Italy. In the study a set of planning options to
improve energy efficiency in street lighting systems were presented and the payback time
considering three different scenarios was evaluated. The results demonstrated that the
introduction of high efficient light sources such as LED allows one to significantly im-
prove the lighting performance, as well as contain energy consumptions and expenditure.
Carli et al. [22,23] proposed a multi-criteria decision-making tool in order to support the
public decision maker in the selection of the optimal retrofit solutions in existing public
street lighting systems. The aim of the study was the introduction of an operative tool
designed to improve the energy and environment sustainability and maintain comfort,
while ensuring an efficient use of public funds. The proposed method was applied and
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validated in a case study located in Bari, Italy. A comparison between different scenarios
was made by Pagden et al. [24]. They performed an economic analysis to compare the
feasibility for a case study located in UK of two different street lighting systems: LED
lamps and “part-night’ lighting, assuming the return period of investment is twenty years.
In fact, some city councils in UK adopt a ‘part night” lighting system in order to achieve
short-term energy savings. In particular, this solution is applied in residential areas, where
lights of relatively lower importance (considering traffic accidents and crime rates) are
dimmed or switched off at times during the night when they are least likely to be needed.
The comparison between LED lamps and part-night lighting systems showed that elec-
tricity savings of 44% and 21%, respectively, could be achieved compared to current elec-
tricity usage patterns. The authors concluded that the “part-night’ lighting system could
be beneficial in the short-term, however, the replacement of the existing lower efficiency
lights with LED lamps is more cost-effective.

The reported works demonstrate that the renovation of public lighting systems with
LED technologies can provide many benefits in terms of improvement of the lighting per-
formance together with large energy and economic saving. However, in most cases dif-
ferent forms of financing support are needed, mainly because of the high investment costs
and budget constraints of the municipalities. In Europe there are different forms of financ-
ing models and several organizations involved, such as European Union funds, public or
private banks, energy services companies (ESCo), manufacturers of innovative lighting
systems or institutional investors [25].

The renovation process of lighting systems is affecting both big cities and small urban
centres. As an example, Cellucci et al. [8] presented in 2015 a study of smart lighting for a
small town located on the Italian coast. The study analysed three different approaches and
investigated their effects on the territory. In particular, the first level approach refers to
the substitution of current luminaries with new ones selected for their technological char-
acteristics, while the geometry of the lighting system (distance and height) remains un-
changed. The second level involves the introduction of a new lighting system, character-
ized by a different layout and by a dynamic road lighting system able to adapt lighting
conditions as needed. Finally, the third level approach adds to the second one a complete
remote control, transforming the lighting system in a smart grid opportunity. The study
demonstrated that the third approach achieves better results than both the two other ap-
proaches from an economic, social and environmental point of view. In general, results
highlight a significant positive impact on annual energy costs and suggest applications of
smart grid planning not only for metropolis and big cities, but also in smaller towns.

These kinds of interventions, based on the renewal of lighting systems, may reduce
energy consumption and maintenance costs, whilst improving the lighting performance.
Moreover, the new high efficient optics should avoid light pollution. On the other hand,
the more controlled light output of the new luminaires may remarkably influence and
alter the perception of the nocturnal image of single monuments, urban areas, and land-
scape in general. The implications on the nocturnal visual perception are currently less
analysed in scientific research, but in fact play a fundamental role [26]. Indeed, valorisa-
tion strategies that consider all the hours of life of infrastructure, sites and settings, and
which also pay attention to the nocturnal perception should be promoted [27]. Within this
frame, artificial light could become one of the tools of the valorisation project [28,29]. In
fact, it could give a significant contribution by enhancing a site and defining its
nightscape, with positive effects on the economy, on touristic visibility and on the promo-
tion of the territory (Figure 1). Some studies [30] demonstrated that projects based on
nightscape strategies could increase night activities and the touristic attractiveness of a
site, improving the user satisfaction and the cultural value of the territory. On the other
hand, other studies focused on the potential impact of the nocturnal environment and of
light and dark from a social-cultural perspective. In 2020 a study conducted by Kumar et
al. [31] highlighted the importance of considering light, but also dark, in countryside en-
vironments. The study analysed how changes in lighting technologies and practices could
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affect different kinds of ordinary countryside. Within this frame, the study and the design
of the nocturnal image should not only concern main cities or single buildings (historical
buildings, monuments, etc.), but also small villages and countrysides. In particular in
these contexts, it is necessary to carefully balance the use of light and dark, in order to
enhance the perception of cities and territories, increasing the attractiveness of sites while
preserving the social and cultural values.

Figure 1. (a) Mont Saint Michel, France, day image. (Credits: Wikipedia—Luca Deboli—originally
posted to Flickr as Lun de Miel 443, CC BY 2.0). (b) Mont Saint Michel, France, night image. Light-
ing project: Light Cibles, Louis et Emmanuel Clair, 2006. (Credits: Wikipedia—Benh Lieu Song—
own work, CC BY 2.5).

Within this framework, the aim of the study presented in this paper is to evaluate the
impact of the renovation of the public lighting system on the night image of settlements
from both internal and external observation points. In particular, the implications of the
renovation of public lighting systems in contexts characterized by cultural landscape and
widespread settlements with historical values are analysed. A case study, composed of a
historical village located in the Tuscany area of Maremma Grossetana, in Italy, was se-
lected.

This kind of historical landscape strongly characterizes the European and the Italian
territory. It is well known that the Italian identity is built in great part around the presence
of numerous small historical settlements. As reported by Micelli et al. [32], the interna-
tional and the national cultural debate, in the second part of the XXth century, focused on
the country’s historic centres and on the historical urban landscape. The aim was to define
guidelines and development policies (for a critical review on the notion of historical urban
landscapes see [33]). However, from the 1990s up to recent years, their social and eco-
nomic attractiveness has progressively decreased, due to structural mutation in Italian
society and in the country’s economy. This trend is partially being reversed and, nowa-
days the small urban centres are becoming increasingly important from a cultural, social
and economic point of view.

Like many other Italian villages, the municipality of the selected case study is con-
sidering the possibility to substitute the current urban lighting system with new, energy
efficient lighting technologies. Within this study, the current lighting condition, produced
by traditional lighting sources and luminaires, was compared, through simulation, to the
lighting condition produced by the retrofit proposal of the current lighting system with
LED luminaires typically employed in street and urban lighting retrofit. The effects in
terms of lighting and energy performance were taken into consideration, as well as the
implications relating to the alteration of the night image and night perception, considering
both internal and external observation points of the settlements.
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2. Case Study

The case study consisted of a medieval village, named Montepescali, located in the
area of Maremma Grossetana, close to the city of Grosseto, in the Tuscany region of Italy.
The case study was selected because of its interesting characteristics from both the point
of view of the settlement, that is an historical village located in a prominent position, and
the value of the surrounding landscape context.

Initially, a multidisciplinary analysis of the case study was carried out considering
its morphological, perceptive, and functional aspects. Data related to the morphological
conformation of the site, historical development phases, the presence of buildings of his-
torical and architectural importance, as well as functional aspects and main access roads
were analysed. The analysis was aimed at acquiring useful information for the evaluation
of the night image. Furthermore, it was possible to identify significant observation points
inside and outside the settlement from which to evaluate the night image of the site.

Montepescali is located in a strategic area, on the top of the hilly region of Maremma
Grossetana. The prominent village position allows it to define privileged visibility and
inter-relationship between the settlements, the viability system and the landscape context.
Moreover, the area enjoys good tourist visibility and accessibility through the most im-
portant trade routes of the region. In fact, Montepescali is built along the historical Roman
road called Aurelia (nowadays an highway), which leads from Grosseto to important Tus-
can cities such as Livorno, Pisa and Siena (Figure 2a), and close to the Grosseto-Siena rail-
way line, which is one of the main railway lines of the region (Figure 2b) [34].

b)

Figure 2. (a) View of Montepescali from the highway 1; (b) View of Montepescali from the
Grosseto-Siena railway line. (Credits: Francesca Floris).

Montepescali is surrounded by towers and fortified walls and enjoys a well-pre-
served historical heritage. The village was founded during the Middle Ages (11th century)
and its dimensions were expanded in several phases of construction during the following
centuries [35]. Nowadays, the village plant has an ovoid shape divided in two levels, iden-
tified as the upper plateau and the lower plateau. The upper plateau corresponds to the origi-
nal medieval core of the settlement (first expansion ring on Figure 3a) and is characterized
by the presence of historical buildings such as the ancient castle (called Cassero) and the
Saint Niccolo Church (Figure 3b). The lower plateau corresponds to the second expansion
ring (Figure 3a) and includes the residential and service buildings, the Saints Stefano e
Lorenzo Church and the historic village entrance (called Belvedere Tower), restored in the
Renaissance period (Figure 3b) [36]. The village mobility is almost completely constituted
by pedestrian streets except for a suburban road. The driveway leads to the main entrance
of the village, located on the lower plateau, and surrounds Montepescali’s external perim-
eter, allowing the access to the village from secondary entrances.
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1st Expansion
2nd Expansion

1- Saint Niccolo Church

2- Cassero Tower

3- Belvedere Tower

4- Saints Stefano e Lorenzo Church and Bell Tower
5- Sixteenth-century village wall

(a) (b)

Figure 3. (a) Construction phases; (b) Identification of the main historical buildings.

2.1. Ex-Ante Lighting Systems

The existing lighting system of Montepescali village consisted of 259 luminaires. The
entire stock of luminaires can be represented by the groups showed in Table 1. The abacus
reports quantities and typology of luminaires, their photometric diagrams, lamp type, in-
stalled power, luminous flux and correlated colour temperature (CCT). In particular, three
typologies of lighting systems are identified: street lighting system, square lighting system
and architectural lighting system. The street lighting system (driveways and pedestrian
streets) were composed by 228 diffusing globes (88% of the total luminaires) equipped
with 65 W high-pressure sodium lamps (HPS) and two semi-diffusing globes (1% of total
luminaires) equipped with 50 W HPS lamps. The street lighting systems were constituted,
for all pedestrian streets, by one-sided disposition, with a constant inter-distance of 15
metres between the lighting poles. The driveway presented both a one-side lighting poles
arrangements (inter-distance: 14 m) with a single luminaire per pole, and a one-side dis-
position (inter-distance: 23 m) with two luminaires per pole. The most important square
in Montepescali, named Cassero Square, had a different lighting system (square lighting
system) composed by 10 luminaires equipped with 150 W metal halide floodlights, in-
stalled on the fagades of the surrounding buildings. Finally, 19 floodlights (7% of the total
luminaires) with different powers and luminous fluxes were dedicated to the valorisation
of buildings with particular historical and architectural value spread throughout the set-
tlement (architectural lighting system). The current lighting system was automatically
switched on and off and kept at full power for the whole night.

Table 1. Existing lighting system.

Description N. of Luminaire Photometric Lamp Power [W] Luminous CCT
4 Luminaires Image Diagram Typology Flux [Im] K]
NN,
228 : :\ ) HPS 65 W 5300 Im 2000 K
Street lighting lu- = .
minaires /-\ i
2 NI e HPS 50 W 4400 Im 2000 K
|/\ \
: : 448 ‘\“
Square lighting 10 MH 150 W 9370 Im 3000 K

luminaires
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3 F 85 W 1750 Im 3000 K
Architectural
C . 150 W1 13,500 Im
hghtm‘g lumi- 8 MH 230 W 25,000 Im 3000 K
naires
8 MH 83 W 2500 Im 3000 K

1 6 lamps with an absorbed power of 150 W and a luminous flux of 13,500 Im and 2 lamps with an absorbed power of 230
W and a luminous flux of 25,000 Im.

2.2. Ex-Post Lighting Systems

The existing street lighting system emitted light in almost all directions and, as a con-
sequence, part of the light flux also reached the vertical surfaces of the surrounding build-
ings. However, the dispersion of light flux beyond the surfaces for which light is required
(i-e., the carriage for street lighting) generated light pollution. Moreover, from an energy
point of view, the flux dispersion and the adoption of traditional light sources determined
a waste of energy and high operating costs. In order to improve energy sustainability and
to address light pollution, in 2019 the administration of Montepescali commissioned the
drafting of a new lighting plan for the municipality. The new lighting plan was drawn up
by a professional lighting design studio and involved the replacement of almost all the
existing luminaires with new ones chosen for their technological characteristics.

The proposed retrofit solution for Montepescali involved the substitution of the ex-
isting luminaires for street lighting and square lighting with LED technologies (Table 2). The
architectural lighting system was not involved in the retrofitting and the geometry of the
lighting system (distances and heights) remained the same. LED luminaires with shielded
street optics and safety glass were proposed in place of the HPS diffusing globes (street
lighting system), while LED floodlights with asymmetric light distribution (mounted par-
allel to the square surface) were proposed to substitute the MH floodlights (square light-
ing).

Furthermore, the retrofit proposal included a step dimming during night-time: the
street lighting system and the square lighting system will be kept full power from the switch-
ing-on to 10 p.m. and 30% dimming (70% of nominal light flux) from 10 p.m. until switch-
off. Instead, the architectural lighting system (not object of substitution) will be kept at full
power and switched-off at midnight.

Table 2. Ex-post lighting luminaires.

Description N. of Luminaire Photometric Lamp Power [W] Luminous CCT
escriptio Luminaires Image Diagram Typology owe Flux [Im] K]
228 é Y ) LED 21 W 2500 Im 3000 K
Street lighting e : =
luminaires r
e
2 ' LED 13W 2000 Im 3000 K
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lighti
Square lighting 10 LED 58 W 10,000 Im 3000 K
luminaires
3 F 85 W 1750 Im 3000 K
Architectural
lighting lumi- 150 W1 13,500 Im
naires 8 MH 230 W 25,000 Im 3000 K
NOT REPLACED 5
T
8 Y 4 MH 83 W 2500 Im 3000 K
q

16 lamps with an absorbed power of 150 W and a luminous flux of 13,500 Im and 2 lamps with an absorbed power of 230
W and a luminous flux of 25,000 Im.

The retrofit proposal for Montepescali was designed by a lighting design studio but
has not yet been carried out. Therefore, in the present study the comparison between ex-
ante and ex-post lighting conditions was performed by means of simulations.

3. Methods

In this section, the methodological approach adopted for evaluating the impacts of
the renovation of the lighting system is presented. The comparison between ex-ante (cur-
rent conditions) and ex-post (proposed lighting plan) conditions was made through sim-
ulations. A 3D model of the settlement with the ex-ante lighting system was initially cre-
ated. Then the model was calibrated by comparing the results of the lighting simulation
with the photometric data measured in field. The calibrated model was used in the study
to simulate the ex-ante and ex-post lighting condition in order to assess the impact of the
two solutions on the photometric and energy performance as well as on the nocturnal
image of the settlement.

3.1. Identification of Significant Observation Points

In order to evaluate the night image of the site, some significant observation points
located inside and outside the settlement were selected. Based on the information col-
lected in the preliminary analysis of the case study (morphological, perceptive, and func-
tional aspects), two external (E1 and E2 in Figure 4) and one internal (I1 in Figure 4) sig-
nificant observation points were selected. In particular, the E1 viewpoint was located on
the Highway 1 and the E2 viewpoint in a neighbouring village. The internal viewpoint I1
was located in the Cassero Square. Figures 5 and 6 show the diurnal and nocturnal pho-
tographs taken from the selected observation points.
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E1 External viewpoint
Highway 1

I1 Internal viewpoint
Cassero Square

E2 External viewpoint
" Neighbouring village

Figure 4. Significant internal and external observation points.

(d)

Figure 5. (a) day and (b) night photographs taken from the external point of view El. (c) day and (d) night photographs
taken from the external point of view E2. (Credits: Francesca Floris).
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(a)

Figure 6. (a) day and (b) night photographs taken from the internal point of view I1. (Credits: Francesca Floris).

3.2. Definition of the 3D Model, Measurement Campaing and Calibration of the Model

A 3D model of the case study was used for the lighting simulation of both the ex-ante
and ex-post condition, carried out with the software DIALux Evo 8.2 (DIAL GmbH, Lii-
denscheid, Germany). Based on the territorial and historical analysis, a 3D model includ-
ing a significative portion of Montepascali village was created. The modelled area in-
cluded parts of both the upper and the lower plateau, incorporating the parts of the village
that are visible from the selected significant observation points. Moreover, the 3D model
included all the different types of luminaires. In the 3D model the surfaces were charac-
terized by attributing the corresponding reflection factors that were defined through an
in-field survey.

In order to analyse the settlement image during night-time and to calibrate the model
for the lighting simulations, an in situ measurement campaign was conducted. The meas-
urement campaign was aimed measuring the luminance of the settlement’s parts that are
perceived from the selected internal and external points of view. Luminance is in fact the
most representative photometric measurement of the brightness perceived when an object
or a set of illuminated objects are observed [37]. The in situ measurement campaign was
conducted by one of the authors during the month of September 2019. In this study, an
“LMK Mobile” videophotometer (TechnoTeam Bildverarbeitung GmbH, Ilmenau, Ger-
many) based on a EOS digital camera (Canon Inc., Ota, Tokyo, Japan) positioned at eye
level on a tripod was used to capture the luminance distribution of the considered areas
from the different points of view. During the measurement campaign, the valid calibra-
tion ranges of the instrument were respected. All images were captured in RAW format.
Different kinds of camera lens (focal length from 17 to 50 mm and from 70 mm to 200 mm)
were used in order to take images of the entire settlement and detailed images of selected
areas or relevant buildings. The associated TechnoTeam “LMK LabSoft” software was
used to elaborate the captured images. Results were expressed as false colour images.

For the model calibration, the luminance values measured in-situ were compared
with those obtained from the ex-ante lighting simulation. The calibration was done by
comparing the measured luminance values and the simulated ones from both the external
(Figure 7) and internal (Figure 8) observation points. Several elementary surfaces of the
building facades with greater visibility from the viewpoints were selected for the compar-
ison. For each elementary building’s surface, the average luminance value was calculated,
and the measured values were compared with the simulated ones (Tables 3 and 4). Fur-
thermore, the relative differences (RD) between the ex-ante measured luminance values
and simulated ones were calculated. The RD, expressed as a percentage, is calculated as:

RD = (X=Xref) 1)

Xref
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where xret, in this study, corresponds to the values of the ex-ante condition. For the model
calibration x is the simulated luminance value and xwfis the ex-ante measured luminance
value. The RD values obtained for all viewpoints were below 8%, a value that is acceptable
for this study.

(@) S (b)

Figure 7. Comparison of the measured and simulated average luminance values from the external
viewpoint E1. (a) Measured luminance distribution; (b) simulation output.

Table 3. Comparison of the measured and simulated average luminance values from the external viewpoint E1. (1) Bell
tower (2) residential building (3) residential building (4) Historic wall.

Lav (1) [cd/m?] Lav (2) [cd/m?] Lav (3) [cd/m?] Lav (4) [cd/m?]
Ex-ante 1.26 0.65 0.61 0.78
Ex-post 1.25 0.70 0.65 0.77
RD -0.79% 7.69% 6.56% -1.28%

oo @ B

a

(@) (b)

Figure 8. Comparison of the measured and simulated average luminance values from the internal
viewpoint I1. (a) Measured luminance distribution; (b) simulation output.

Table 4. Comparison of the measured and simulated average luminance values from the internal
viewpoint I1. (1) building facade.

Ex-Ante Ex-Post
Lav (1) [ed/m?] 5.32 5.72
RD 7.52%

3.3. Lighting Simulations and Analysis of the Results

The calibrated model was used to carry out the lighting simulations and results of
the ex-ante and ex-post condition were compared. In order to simulate the lighting condi-
tion and to assess the lighting performance determined by the ex-ante lighting plants and
the ex-post lighting design, an analysis of the roads’ typologies and of the corresponding
lighting classes was performed. According to the Standard UNI 11248:2016 Road Light-
ing—Selection of lighting classes [38], the roads were organized into categories based on
their geometry and speed limit. The roads’ typologies and the corresponding road lighting
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classes (defined according to the Standard) are shown in Figure 9. In particular, local ur-
ban pedestrian roads were identified with the P1 lighting class and the secondary subur-
ban road (50 km/h speed limit) was identified with the M3 lighting class.

The ex-ante lighting classes were modified in the design phase conducted by the de-
signers as a result of the risk analysis. The risk analysis, introduced by the Standard UNI
11248:2016 Road Lighting —Selection of lighting classes [38] is a mandatory phase in road
lighting design. This involves the evaluation of the influence parameters in order to guar-
antee maximum efficiency of the lighting systems contribution to the safety of road users,
while reducing energy consumption, installation and management costs, environmental
impact and light pollution. According to the Standard, the project lighting category is de-
fined by modifying the entrance lighting class (that depends on the type of road and the
analysed area before any improvement) according to the risk analysis [39].

In this case, based on the risk analysis, the project lighting classes (ex-post) were in-
creased by one class with respect to the entrance lighting class (ex-ante), decreasing the
corresponding performance requirements. The P1 class was changed to P2 and the M3 to
M4. The definition of the ex-post lighting classes allowed to establish the corresponding
lighting requirements, according to the Standard EN 13201-2:2015 Road lighting —Part 2:
Performance requirements [40].

Current Project

lighting lighting

category  category
— M3 M4

— Pl P2

Figure 9. Road lighting classes (ex-ante and ex-post).

In this study, a limited number of road sections, which were assumed to be repre-
sentative of the totality of the road typologies of Montepescali village, were considered in
the analysis of plants lighting performances and energy performances. In particular, the
driveway (M3 lighting class) was characterized by two types of road sections: section M-
S1 that was a one-way street and the carriage was 4 m wide, and section M-52 that was a
two-way traffic street and the carriage was 6 m wide. Instead, pedestrian roads (P1 light-
ing class) were characterized by three types of road sections: section P-S1 2.5 m wide; sec-
tion P-52 4 m wide and section P-S3 8 m wide.

Subsequently the ex-ante and ex-post condition were compared and results in terms
of lighting performances, energy consumption and alteration of the night image and night
perception were analysed. Concerning the lighting performances, the main metrics de-
fined in the Standards as performance parameters for street lighting systems were calcu-
lated. The energy performances and the environmental impacts generated by the retrofit
proposal were evaluated by comparing the energy demand of the ex-ante and ex-post
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systems. Moreover, some energy indexed were calculated, as requested by the European
and Italian Standards. In particular, the power density indicator (Dr) and annual energy
consumption indicator (D), introduced by the Standard EN 13201-5:2015 [41] as energy
performance indicators for road lighting, were calculated. These indicators may be used
to compare the energy performance of different road lighting solutions and technologies
for the same road lighting project. In particular, the power density indicator (Dr) demon-
strates the energy needed for a road lighting installation. The Dr of a lighting installation
in a given state of operation is the value of the system power divided by the value of the
product of the surface area to be lit and the calculated maintained average illuminance
value on this area. According to the Standard [41], the Dr is calculated as:

P

De =S @

where Dr is the power density indicator [W-Ix"'m=]; P is the system power of the lighting
installation used to light the relevant areas [W]; E, is the maintained average horizontal
illuminance of the sub-area “i” [Ix]; Aiis the size of the sub-area “i” lit by the lighting
installation [m?] and n is the number of sub-areas to be lit.

The annual energy consumption indicator (De) determines the energy consumption
during the year and is calculated as the total electrical energy consumed by a lighting
installation day and night throughout a specific year in proportion to the total area to be
illuminated by the lighting installation. According to the Standard [41], the Dk is calcu-
lated as:

D, = Ii.(Pyt)) 3)
A

where Dr is the annual energy consumption indicator for a road lighting installation

[Wh-m2]; Pj is the operational power associated with the j-th period of operation [W]; tj is

the duration of j-th period of operation profile when the power P; is consumed, over a

year [h]; Ais the size of the area lit by the same lighting arrangement [m?] and m is the

number of periods with different operational power P;.

Moreover, the parameterized index of lighting system efficiency (IPEI) for both the
current and LED installations was calculated, as defined in the Italian Minimum Environ-
mental Criteria [42], to define the corresponding energy class. According to the Standard
[42] the IPEI index is calculated as:

IPE] = 2P

(4)

Pr

where IPEI is the annual energy consumption indicator for a road lighting installation [-];
Dr is the calculated power density indicator [W-Ix''m=2] and is D¢ is the reference power
density indicator. The reference values are defined in the Italian Minimum Environmental
Criteria [42], according to the road lighting class [W-Ix"-m™].

Finally, the assessment of the nightscape was made by comparing the ex-ante and ex-
post condition in terms of luminance values and luminance distributions on vertical sur-
faces (building facades). In addition, the luminance contrasts from the selected significant
observation points were calculated. The luminance contrast is calculated as [43]:
L¢—Lp

Lp

¢= ©)

where C is the luminance contrast; Ly is the luminance of the background and L: is the
luminance of the target

4. Results

In this section, results relative to the comparation between the ex-ante and ex-post
lighting system, in terms of lighting performances, energy consumption and alteration of
the night image and night perception are presented.



Energies 2021, 14, 509

14 of 26

4.1. Lighting Performance

For both the ex-ante and ex-post lighting systems, the lighting performances were
calculated and compared to the requirements of the Standard EN 13201-2:2015 Road light-
ing —Part 2: Performance requirements [40], according to corresponding lighting classes.
The lighting performances were evaluated considering the representative road areas (M-
S1, M-S2 for driveways and P-5S1, P-S2, P-53 for pedestrian roads) and the main pedestrian
square of Montepescali (Cassero square).

The quantities calculated for the driveways (M-51, M-S2) were: the average lumi-
nance (Lav), the overall uniformity (Us), the Threshold Increment (TI) and the Edge Illu-
minance Ratio (EIR). Furthermore, the Relative Differences (RD) between the ex-ante and
the ex-post performances were calculated.

In particular, according to the definitions of the Standard [40]:

e  The average luminance (Lav) is the average value of the luminance calculated on the
roadway.

e  The overall uniformity (Uo) of the road surface luminance is the ratio between the
minimum and the average value.

e the Threshold Increment (TI) is the parameter which expresses the disability glare as
percentage increase in luminance contrast threshold (between object and back-
ground) that is required to make it visible in presence of disability glare generated
by road lighting luminaires.

e the Edge [lluminance Ratio (EIR) is the ratio between the average horizontal illumi-
nance on a strip nearby the carriageway and the average horizontal illuminance in-
side the carriageway, on a strip that have the width of one driving lane.

The results for the selected driveway areas are reported in Table 5.

Table 5. Lighting performances of the ex-ante and ex-post installations for the representative
driveway areas.

Lav [cd/m?] Uo TI EIR

Standard Requirement ! >0.75 >0.40 <15% >0.30

Ex-ante 0.43 0.40 74% 0.70

M-S1 Ex-post 0.88 0.54 12% 0.39
RD +52% +26% -83% -45%

Ex-ante 0.68 0.30 96% 0.56

M-S2 Ex-post 1.16 0.46 13% 0.37
RD +42 +35% -87% -34%

1 EN 13201-2:2016 Standard (M4 class).

The quantities calculated for the three characteristic portions of the pedestrian streets
(P-S1, P-S2, P-S3) and for the pedestrian Cassero square were: average illuminance (Eav),
minimum illuminance (Emin), minimum semi-cylindrical illuminance (Escmin) and the min-
imum vertical illuminance (Evmin). Furthermore, the Relative Differences (RD) between the
ex-ante performance and ex-post performance were calculated.

In particular, according to the definitions of the Standard [40]:

e  The average illuminance (Eav) is the horizontal illuminance averaged over a road
area.

e  The minimum illuminance (Emin) is the lowest illuminance on a road area.

e The minimum semi-cylindrical illuminance (Escmin) in a plane above a road area is the
lowest semi-cylindrical illuminance on a plane at a specified height (in this case 1.50
m) above a road area.

e  The minimum vertical illuminance (Ev.min) on a plane above a road area is the lowest
vertical plane illuminance on a plane at a specified height (in this case 1.50 m) above
the road area.
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The results for the selected pedestrian areas are reported in Table 6 (pedestrian
streets) and in Table 7 (Cassero square).

Table 6. Lighting performances of the ex-ante and ex-post installations for the pedestrian sections.

Eav [1x] Emin [1x] Esc, min [1X] Ev, min [1x]
Standard Requirement ! 10 < Ewv< 15 >2 >2 >3

Ex-ante 6.19 3.57 1.25 1.71

P-S1 Ex-post 14.26 8.53 1.42 0.70
RD +56% +58% +11% -59%

Ex-ante 5.70 3.24 1.37 1.67

P-S2 Ex-post 13.70 8.70 1.80 1.72
RD +58% +62% +23% 2%

Ex-ante 4.36 2.00 1.37 1.44

P-S3 Ex-post 10.41 3.60 0.95 1.09
RD +58% +44% -30% -24%

1T EN 13201-2:2016 Standard (P2 class).

Table 7. Lighting performances of the ex-ante and ex-post installations for the pedestrian square
area (Cassero square).

Eav [Ix] Emin [1x] Esc, min [1X] Ev, min [1x]
Standard Requirement ! 10 <Ewv< 15 >2 >2 >3
Ex-ante 94.35 60.89 11.41 4.77
P-S4 Ex-post 96.95 90.03 46.85 30.10
RD +3% +33% +76% +75%

TEN 13201-2:2016 Standard (P2 class).

4.2. Energy Performance

The energy analyses allowed evaluation of the annual energy savings and the envi-
ronmental impacts generated by the retrofit proposal. The evaluation of the energy per-
formance was performed by considering the total absorbed power due to lamps, ballasts,
and grid losses, and the equivalent hours of use. The equivalent hours of use resulted from
the step dimming program planned for the new plants: the street lighting system and the
square lighting system was kept full power from the switching-on to 10 p.m. and dimmed
to 70% from 10 p.m. until switch-off. The architectural lighting system (not object of the
substitution scheme) was kept at full power and switched-off at midnight. In Table 8 the
input data for the energy analysis are reported.

Table 8. Total installed power and equivalent hours of use of the ex-ante and ex-post installations
for the street lighting system and the square lighting system and for the architectural lighting sys-

tem.
Street and Square Lighting Arch. Lighting
Total Power Equivalent Hours [h] Total Power Equivalent Hours [h]
W] [W]
Ex-ante 17,560 4200 2439 4200
Ex-post 6714 3351 2439 2100
RD -62% 0%

The energy demand of the ex-ante and ex-post systems were calculated. Two scenar-
ios in particular were considered in the analysis. Initially the energy demand of the ex-
ante and ex-post systems considering only the substitution of the luminaires, without the
introduction of dimming strategies during night-time, was calculated (Table 9). Subse-
quently, the energy demand of the ex-ante and ex-post systems also considering the step-
dimming scenario was calculated (Table 10).
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Table 9. Energy demand of the ex-ante and ex-post installations considering only the substitution
of luminaires.

Energy Demand (No Step-Dimming) [kWh]

Street Lighting Square Lighting  Arch. Lighting Total
Ex-ante 81,448 7607 12,446 101,501
Ex-post 27,051 2558 10,756 38,475
RD —66.8% —66.4% —28.8% —62.1%

Table 10. Energy demand of the ex-ante and ex-post installations.

Energy Demands (with Step-Dimming) [kWh]

Street Lighting Square Lighting  Arch. Lighting Total
Ex-ante 81,448 7607 12,446 101,501
Ex-post 21,583 2041 6223 29,847
RD -73.5% -73.2% -50% -70.6%

Moreover, the environmental impacts generated by the retrofit of the lighting system
were calculated in terms of tons of oil equivalent (TOE) and tons of annual carbon dioxide
(CO2). The relative differences (RD), corresponding to the energy savings, between the
current system and the LED system were calculated and results are reported in Table 11.

Table 11. Tons of oil equivalent (TOE) and tons of annual carbon dioxide (COz) of the ex-ante and
ex-post installations.

TOE CO2

Ex-ante 18.98 32.88
Ex-post 5.58 9.67
RD -70% —-70%

In order to assess the lighting installations energy performance, as defined by the
European Standard EN 13201-5: 2015 Road lighting— Part 5: Energy performance indicators
[41], the Power Density Indicator (Dr) and Annual Energy Consumption Indicator (Dk)
were calculated for both the ex-ante and ex-post installations. Table 12 shows the calcu-
lated values for the driveway’s areas (M-S1 and M-52), Table 13 for the pedestrian areas
(P-S1, P-S2 and P-S3) and Table 14 the pedestrian Cassero square area. Moreover, the Pa-
rameterized index of lighting system efficiency (IPEI) for both the current and LED instal-
lations was calculated, as defined in the Italian Minimum Environmental Criteria [42], to
define the corresponding energy class.

Table 12. Energy performance indicators for ex-ante and ex-post installations of driveway areas.

De: Dr De IPEI Energy Class
Ex-ante 0.040 0.28 11.26 7.00 G
M-S1 Ex-post 0.042 0.02 1.40 0.54 A3+
RD - -92% -88% -92% -
Ex-ante 0.040 0.06 2.13 1.37 D
M-S2 Ex-post 0.042 0.01 0.50 0.19 A6+
RD - -85% ~77% -86% -

Table 13. Energy performance indicators for ex-ante and ex-post installations of pedestrian areas.

Dr: Dr De IPEI Energy Class
Ex-ante 0.048 0.53 21.13 11.04 G
P-S1 Ex-post 0.051 0.04 2.63 0.86 B
RD - -92% -88% -92% -
Ex-ante 0.048 0.20 4.90 4.26 G
P-S2 Ex-post 0.051 0.027 1.17 0.50 A3+
RD - -86% ~76% -88% -
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Ex-ante 0.048 0.13 2.45 2.78 F
P-S3 Ex-post 0.051 0.02 0.58 0.32 A5+
RD - -88% -76% -88% -

Table 14. Energy performance indicators for ex-ante and ex-post installations of the pedestrian
square area (Cassero square).

Dr: Dr De IPEI Energy Class
Ex-ante 0.048 0.09 42.22 1.82 E
P-S4 Ex-post 0.051 0.01 4.06 0.19 Ab+
RD - -89% -90% -90% -

4.3. Visual Perception (Nightscape)

In this study, in addition to the lighting and energy analysis, the ex-ante and ex-post
lighting solutions were also evaluated for the nightscape they determine for external and
internal observation points.

The assessment of the nightscape of Montepescali was made through the calibrated
model by comparing the ex-ante and ex-post condition in terms of luminance values, lu-
minance distributions on vertical surfaces (building facades) and luminance contrasts
from the selected external (E1 and E2) and internal (IM1) significant observation points.

As previously reported, the calibrated model included parts of both the upper and
the lower plateau, incorporating the parts of the village that are visible from the selected
observation points. In the study, the luminance values of the vertical facades in large part
or completely visible from the selected points of view were analysed, including both the
main historical landmarks (identified in the preliminary territorial analysis) and the resi-
dential buildings. The luminance distribution on the visible buildings’ facades was eval-
uated and results relative to the ex-ante and ex-post conditions were compared. Figure 10
reports, for the observation point E1, the lighting condition (rendered image) and the lu-
minance distribution (false colour image) obtained from the simulation for both the ex-
ante and the ex-post installations. In this case, in particular, the visible portion of the lower
plateau (residential buildings), the bell tower of the Santo Stefano and San Lorenzo Church
and the Belvedere tower (historical landmarks) were analysed. Figure 11 shows the light-
ing condition (rendered image) and the luminance distribution (false colour image) from
the E2 external point of view. In this case the visible facades of the upper plateau (residential
buildings), the Cassero tower and the Belvedere tower (historical landmarks) were ana-
lysed. Figure 12 reports the lighting simulation results relative to the internal viewpoint
I1 (Cassero Square).

For each observation point, the average luminance values (Lav) of the vertical surfaces
corresponding to the facades of the visible building or monuments were calculated. Fur-
thermore, the RD between the average luminance of the ex-ante and the ex-post installa-
tions were calculated (Tables 15-19).

Finally, for both ex-ante and ex-post solutions, luminance contrasts were calculated
in order to quantify the visibility of a target relative to its immediate background. In this
study the luminance contrasts between the average luminance values (Lav) of the main
historical buildings that characterizes the village skyline (identified in the preliminary
multidisciplinary analysis) and the average luminance values (Lavb) of the background
built context (residential buildings) were calculated. The calculated luminance contrasts
are reported in the Tables 16-20.
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Figure 10. Observation point E1 (simulation performed using Dialux EVO software): (a) render of the ex-ante condition;
(b) false colour render of the ex-ante luminance distribution. In evidence the analysed vertical surfaces and the corre-
sponding average luminance values; (c) render of the ex-post condition; (d) false colour render of the ex-post luminance
distribution. In evidence the analysed vertical surfaces, the corresponding average luminance values and the Relative
Differences (RD) between the average luminance of the ex-ante and the ex-post installations.

Table 15. Observation point E1: (a) Bell tower, (b) Belvedere tower, (c) residential building, (d)
residential building, (e) residential building, (f) Historic wall.

Lav [cd/m?]
(a)? (b) ! (c) (d) (e) (f)
Ex-ante 1.25 1.56 0.14 0.70 0.65 0.62
Ex-post 0.96 1.24 0.03 0.32 0.24 0.36
RD —23% -21% -79% —54% -63% -42%

! Historic building illuminated by architectural lighting floodlights (not involved in the retrofit
proposal).

Table 16. Observation point E1. Luminance contrasts.

Luminance Contrast [-]
Bell Tower | Context Belvedere Tower | Context
Ex-ante 1.37 1.96
Ex-post 3.04 4.22
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Figure 11. Observation point E2 (simulation performed using Dialux EVO software): (a) render of the ex-ante condition;
(b) false colour render of the ex-ante luminance distribution. In evidence the analysed vertical surfaces and the corre-
sponding average luminance values; (c) render of the ex-post condition; (d) false colour render of the ex-post luminance
distribution. In evidence the analysed vertical surfaces, the corresponding average luminance values and the Relative
Differences (RD) between the average luminance of the ex-ante and the ex-post installations.

Table 17. Observation point E2: (a) Cassero tower, (b) Belvedere tower, (c) residential building, (d)
residential building, (e) residential building, (f) Historic wall.

Lav [cd/m?]
(@)! (b) ! (c) (d) (e) (f) (g)
Ex-ante 1.47 1.56 0.30 0.64 0.40 0.68 0.62
Ex-post 141 1.24 0.09 0.21 0.09 0.29 0.36
RD 4% -21% ~70% —67% ~78% -57% —42%
! Historic building illuminated by architectural lighting floodlights (not involved in the retrofit

proposal).

Table 18. Observation point E2. Luminance contrasts.

Luminance Contrast [-]
Cassero Tower | Context Belvedere Tower | Context
Ex-ante 1.78 1.95
Ex-post 5.78 4.96
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Figure 12. Observation point I1 (simulation performed using Dialux EVO software): (a) render of the ex-ante condition;
(b) false colour render of the ex-ante luminance distribution. In evidence the analysed vertical surfaces and the corre-
sponding average luminance values; (c) render of the ex-post condition; (d) false colour render of the ex-post luminance
distribution. In evidence the analysed vertical surfaces, the corresponding average luminance values and the Relative
Differences (RD) between the average luminance of the ex-ante and the ex-post installations.

Table 19. Observation point I1: (a) Cassero Facade, (b) Cassero tower, (c) residential building, (d)
horizontal floor.

Lav [cd/m?]
@? b (0 (d)
Ex-ante 4.95 4.88 6.08 5.92
Ex-post 5.09 4.81 9.46 5.97
RD 3% 1% 56% 1%
! Historic building illuminated by architectural lighting floodlights (not involved in the retrofit

proposal).

Table 20. Observation point I1. Luminance contrasts.

Luminance Contrast [-]

Cassero Tower | Cassero Facade Cassero Tower | Facade (c)
Ex-ante -0.01 -0.20
Ex-post -0.06 -0.49

5. Discussion

This study was aimed at assessing the impact of different lighting systems and con-
trol systems on the photometric and energy performances and on the nocturnal image of
a small settlement located in a landscape context. In the paper, data and results relating
to the case study of Montepescali were reported. Comparable results were obtained from
an analogous study conducted by the same authors on the neighbouring village of
Batignano.
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As expected from the analysis of the literature, results confirmed the effectiveness of
the retrofit proposal in terms of lighting and energy performances. In particular, the pre-
sented study showed that, even in the case of intervention in a small village, significant
improvements in terms of lighting and energy performances could be achieved.

Concerning lighting performances, results confirmed the effectiveness of the diffus-
ing globes retrofit with LED luminaires equipped with asymmetric optical systems. In
fact, the analysis of the ex-ante lighting system showed that, in the driveway areas, the
lighting performances did not comply with the Standard requirements in terms of average
luminance values and threshold increment (TI) (due to the uncontrolled emission of lu-
minous flux of the existing luminaires). The simulation of the ex-post solution showed
that the average luminance values were increased by more than 42%, and the minimum
requirement imposed by the Standard reference was respected. Moreover, the threshold
increment (TT) was drastically reduced by more than 83%, solving the critical issue related
to the disability glare. A different result was obtained for the pedestrian roads. The ex-
post solution showed higher illuminance values on the horizontal surface with respect to
the ex-ante condition, increasing the average illuminance values by more than 56% and
respecting the Standard requirement. Instead, the semi-cylindrical and vertical illumi-
nance values did not increase significantly in the ex-post solution and did not reach the
Standard requirements. The reason for this result was that the new LED luminaires were
characterized by high efficient optics, designed to decrease the dispersion of light flux
towards the vertical surfaces.

Also for energy performances the results were in agreement with previous studies
and demonstrated the positive potential of a retrofit intervention in terms of energy sav-
ings. Indeed, the comparison of the energy demand of the ex-ante and ex-post systems
and the analysis of the environmental impacts generated by the retrofit of the lighting
system (in terms of tons of oil equivalent (TOE) and tons of annual carbon dioxide (COz2))
showed in both cases a reduction by more than 70%. Moreover, the calculation of energy
performance indicators showed a significant potential of energy savings. On each ana-
lysed areas, the replacement of HPS lamps (70 W) with LED technologies (21 W) caused a
reduction in the power density indicator (Dr) greater than 85% and of the annual energy
consumption indicator (D) greater than 76%. Also the IPEI indexes of the different road
areas were reduced significantly (relative differences between 86% and 92%) causing an
improvement on the design energy classes.

The results of the study highlighted that with only the substitution of traditional lighting
systems with LED luminaires, that is without the introduction of dimming strategies during
night-time with further effects in the same direction, allows one to decrease the energy con-
sumption of 62.1%. The introduction of lighting control systems, also in the case of a simple
step-dimming program, could implement further total energy savings of 8.5% (from 62.1% to
70.6%). Within this frame, the introduction of an adaptive control system, as pursued in the
smart cities approach, could further increase energy savings. Moreover, results demonstrate
that the architectural lighting system, composed of metal halide lamps not replaced in the retrofit
proposal, could also generate an energy savings of 50%. This result was only due to the effi-
ciency of the power lines and the switch-off at midnight.

In this paper, in addition to the lighting and energy analysis, the ex-ante and the ex-post
lighting solutions were evaluated for the nightscape they determine. In fact, in literature the
implications on the alteration of the night image and night perception were generally not
taken into account. In the present study the variation on nightscape was investigated and
quantified. The nightscape was evaluated through simulations, analysing the average lumi-
nance distributions on the building facades observed from one internal and two external ob-
servation points and calculating luminance contrasts. Results showed a remarkable difference
between the simulation of the ex-ante and ex-post lighting systems concerning the visual per-
ception of the urban context.

From the external points of view, the simulation of the ex-post solution showed a
reduction in buildings” average luminance values and a different luminance distribution
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on vertical surfaces. A decrease between 41% and 79% of average luminance values was
obtained on the fagades of common residential buildings, while a lower decrease (between
4% and 23%) was calculated on the facades of historical buildings (i.e., the bell tower, the
Belvedere tower, etc.). Different results for historical buildings and residential buildings
emerged. In fact, the ambient lighting of the settlement in the ex-ante condition was the
result of the diffusion of the light beam from street lighting luminaires. Instead, the his-
toric buildings were enlightened by the dedicated architectural lighting system, not in-
cluded in the retrofit intervention, causing a lower alteration in their night perception.
Moreover, the analysis of the luminance contrasts showed that the calculated luminance
contrasts between the average luminance values of the historical buildings and the aver-
age luminance values of the visible parts of the surrounding residential buildings was
higher in ex-post solution. In fact, the luminance contrasts increased respectively from
1.37 to 3.04 (bell tower) and from 1.96 and 4.22 (Belvedere tower) from the E1 point of
view and from 1.78 to 5.78 (Cassero tower) and from 1.95 to 4.96 (Belvedere tower) from
the E2 point of view. Also, in this case the reason was that the facades of the historic build-
ings, illuminated by the not replaced architectural lighting system, preserved high lumi-
nance values also in the retrofit solution. Instead, the replacement of the other lighting
systems caused a significant decrease of the luminance values on the facades of the sur-
rounding urban context, due to the more controlled light output of the new LED lumi-
naires.

As a general comment, a significant variation in the luminance values and luminance
distributions comparing the ex-ante and ex-post conditions emerged. In fact, the current
lighting systems emits light in almost all directions and, as a consequence, part of the light
flux reaches also the vertical surfaces of the surrounding buildings. However, the unnec-
essary dispersion of light flux generates energy waste and light pollution. The substitution
with LED luminaires with high efficient optics, allow to reduce energy consumption and
to minimize obtrusive light and light pollution. However, the limitation of the luminous
flux emitted towards the building facades, significantly modified the nocturnal image and
the perception of the urban context. In fact, results showed that the nocturnal visibility of
residential buildings was significantly reduced in the ex-post condition, and consequently
the luminance contrasts between the historical landmarks and the urban context in-
creased. Results demonstrated that this design strategy allow to increase the visibility of
the landmark elements. However, the excessive reduction of the visibility of the urban
context could define a lack in the overall perception of the settlements. As a consequence,
at night, only some elements, considered to be the most important, would be perceived
from external points of observation. Within this frame, another study conducted by the
authors [44] investigated the subjective perception of the nightscape perceived from ob-
servation points located outside settlements in prominent position and characterised by
high historical and heritage value. The study demonstrated that when during night-time
large parts of a settlement are not illuminated, and therefore not recognizable, the subjec-
tive pleasantness of the perceived nightscape is low. On the other hand, the subjective
pleasantness rises when the overall or larger parts of the settlement can be perceived. The
same study demonstrated that also excessive luminance contrasts could again reduce the
perceived pleasantness of the nightscape. Within this frame, innovative strategies could
be directed towards creating and controlling specific nocturnal lighting scenarios, consid-
ering also the visual aspects of the nightscape as a design criteria.

Different results were obtained in the analysis of the visual perception from the in-
ternal point of view. The replacement of existing luminaires (metal halide floodlights)
with LED technologies in the Cassero square did not significantly change the existing vis-
ual perception. The reason is that the photometric diagrams of the current and new LED
luminaires were similar and the installation in the upper part of the building facades al-
lowed to homogenously illuminate the vertical surfaces in both ex-ante and ex-post con-
ditions. In fact, the calculated luminance contrasts between the average luminance values
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of the vertical surfaces of the square were near-zero and without relevant differences be-
tween the ex-ante and ex-post conditions. As a comment, in this case the total absence of
luminance contrasts could compromise the valorisation of the main buildings and the cre-
ation of a visual hierarchy able to enhance the architectures and their cultural values.

From the simulation of a retrofit intervention of a lighting system it was possible to
demonstrate that the replacement of existing luminaires with LED technologies could im-
prove the energy efficiency and the lighting performances. On the other hand, it may re-
markably influence the perception of the nocturnal image of the monuments and of the
urban context. Within this frame, the absence of a design strategy able to connect the dif-
ferent elements of the settlement in a coordinate system could compromise the overall
perception of the settlements and of the context perceived from external points of view.
On the other hand, the absence of a luminance hierarchy and an excessive uniformity
could compromise the perception of the nocturnal image from internal observation points.
For these reasons, in order to enhance the nightscape from both internal and external
points, the introduction of new attentions and indications should be considered.

6. Conclusions

The renewal of public lighting systems, replacing the existing luminaires with LED
technologies, is a policy that many municipalities are adopting to reduce their expenditure
budget, as well as to increase the city environmental sustainability. Moreover, the intro-
duction of innovative and flexible systems could be a first step toward the smart cities
approach. In fact, the renovation of public lighting systems may increase the energy effi-
ciency, reduce the maintenance costs and the COz emissions, while improving the lighting
performance. On the other hand, it may remarkably influence and alter the night image
and night perception of the sites.

In this paper the possible implications of the retrofit of public lighting systems in
small villages characterized by prominent position, landscape context and widespread
heritage are analysed. The current lighting condition, produced by traditional luminaires,
and the lighting condition produced by a retrofit proposal with LED sources of a case
study located in the Tuscany area of Maremma Grossetana are evaluated. The ex-ante and
ex-post lighting solutions are compared through simulations. The effects in terms of light-
ing and energy performance are analysed, as well as the implications on the alteration of
the nightscape, considering both internal and external significant observation points.

Results confirm the positive effect that more sustainable and energy efficient lighting
systems may have on the lighting performance and energy consumptions. On the other
hand, a significant variation in the nightscape emerges, in particular considering the vis-
ual perception from external observation points. In fact, results demonstrate the high im-
pact that retrofit interventions could have on the perceived visual image of a site. As a
general comment, the need of introducing also the visual aspects as a design criteria of the
nightscape emerged. Within this frame, future research will be devoted to defining new
design indications. As an example, to allow a general perception of the settlement, design
strategies based on the definition of a coordinated nocturnal image, considering both the
main elements of the urban scene and the surrounding context should be developed. To
this end, the definition of luminance hierarchies considering the entire settlement should
be an effectiveness solution, as also recommended in [27]. Moreover, in order to avoid
excessive luminance contrasts or, in contrast, an excessive uniformity in the perceived
nocturnal image, design indications should be introduced in order to suggest specific
range of luminance contrasts.

In conclusion, the introduction of a new approach based on a systemic vision should
be considered. The definition of new design indications should be the premises to re-think
the public lighting of urban settlements with cultural heritage value and to enhance the
nightscape from both internal and external observation points. The final goal should be
the promotion of both energy saving policies (economic and environmental sustainability)
and valorisation of places and landscapes, respecting the socio-cultural values of the sites.
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