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Abstract: This work calculates and discusses the Life Cycle Assessment (LCA) of four scenarios
composed of two types of road pavements and two types of lighting systems to be built in an Italian
twin-tube road tunnel. A 20-year time horizon is adopted to assess the burdens of construction and
maintenance of both flexible and rigid pavements and high-pressure sodium (HPS) and light-emitting
diode (LED) lamps, traffic, and switching on of lamps. All considered scenarios are comparable with
each other in terms of technical performances, but significantly differ regarding their environmental
consequences. The geometrical and technical characteristics of the examined scenarios comply with
current Italian standards for highways. In all the examined cases, LCA is carried out according to the
European standard, EN 15804, and includes 19 impact categories (IC). The analysis demonstrates that
the use of more reflecting surface pavement materials (i.e., concrete vs. asphalt) and more performing
lighting systems (i.e., LED vs. HPS) can effectively mitigate the deleterious burdens related to road
construction, maintenance, and use. For most of the examined ICs, the most environment-friendly
scenario has LED lamps and concrete pavement.

Keywords: tunnel lighting; light-emitting diode; high-pressure sodium; EN 15804; LCA; road tunnel

1. Introduction

The energy efficiency of public lighting installations has become an important area of focus in
the last years [1]. Public administrations and lighting designers are making efforts to design and
adopt the best solutions to produce an efficient luminance and save energy [2]. In road infrastructures,
tunnels are the most energy demanding of the whole asset because of the need of the prescribed
equipment in tunnels. Indeed, it is necessary to provide adequate lighting, signing, and ventilation for
drivers; to maintain drainage systems; and to deal with emergencies. The largest energy requirements
are associated with providing lighting. Lighting costs represent up to 25% of the total budget for
management of the road network [3,4].

The European Community has provided calls for research projects to enhance the energy
efficiency of road tunnel operation through the promotion and implementation of appropriate
technologies [5]. Among them, the REETS project (Realistic Energy Efficient Tunnel Solutions) deals
with the enhancement of the energy efficiency of road tunnels using appropriate technologies [6].

Many technologies could improve operational energy efficiency in road tunnels [7–9]. Regarding
the lighting system, the main measures pertain the use of efficient lamps. This is growing the interest
towards the technological evolution of the lamps. Since the 1970s, gas-discharge lamps, sodium
lamps, and high-pressure sodium lamps (HPS) have been passed on until the introduction in 2000s of
light-emitting diode lamps (LED). LED lighting systems, especially if solar powered [10], can improve
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the efficiency of lighting systems during their service life. However, LEDs are not globally used for
road lighting systems. Indeed, HPS lamps are currently one of the most used types of light source and
the road lighting upgrade is still in progress [11].

Many other complementary measures could contribute to operational energy efficiency in road
tunnels. The most effective ones concern the tunnel lining and the road surface materials. Indeed,
self-cleaning lining panels can produce 2.5% energy savings [12], while the use of a white and
highly-reflective road surface materials can improve the driver visibility, and save more than 20% due
to less luminaires required [10].

Design options of a road infrastructure determine its sustainability and efficiency during the
whole life cycle. For road tunnels and similar underground structures, in particular, there are
both technical and economic constraints and opportunities to be considered [13,14]. In fact, these
infrastructures require special attention due to their technical characteristics and performances that
they must ensure, especially regarding the safety and comfort of users [15]. A road tunnel, in fact, is a
complex infrastructure where a sensitive equilibrium is needed between the civil structures and the
technical systems; among these components, an important role is played by the road pavement and the
lighting system [16]. They determine the safety condition experimented by users, in terms of friction,
stability, evenness, and visibility along the road section. At the same time, they significantly influence
the economic, environmental, and energetic sustainability of the tunnel [17]. Recent research has
highlighted that the use of lighter surfaced pavements can be a valid design solution to reduce lighting
consumption. For this purpose, more reflective asphalt mixes [18] and concrete pavements [19] have
been studied. Particularly, in the past, the use of concrete has been encouraged as an alternative to
the commonly adopted asphalt mixes because of its long service life and durability without needing
onerous maintenance works [20]. Another huge benefit to using concrete pavements in tunnels regards
the road safety as the reduced maintenance works required by this type of pavement decreases the
reduction of a lane change and therefore reduces the likelihood of accidents related to maintenance
phases [21]. In addition, concrete is an incombustible material and non-toxic in the case of fire in
the tunnel [22]. However, this material offers other advantages if used in tunnels: Compared to
asphalt, it allows a reduction of energy needed to provide the required luminance. The reduction of
the electrical energy consumption (up to 30% less both in the installation and the management cost
of the plant) [23] implies a reduction of emissions into the environment, as confirmed by recent Life
Cycle Assessment (LCA) studies [24].

Energy saving is challenging, especially in Italy, where many tunnels are widespread over the
whole territory. Italy has the highest number (greater than 600) of tunnels of the Trans-European Road
Network (TERN) [25], having more than half of the total assets in Europe.

In the last years, in Italy, the increasing attention to energy-saving led to the use of the most
performing lamps [18] and studying the impact of reflective road pavements on lighting consumption.
Road agencies are substituting old and inefficient lighting HPS systems with more recent and better
performing LED ones, and, in the last five years, about 50 km of new and rehabilitated tunnels were
built with concrete pavements. However, the process is slow and expensive: The high installation cost
of LED lamps discourages road agencies from substituting HPS lamps [18], and the vast majority of
tunnels still have HPS lamps.

This paper presents the environmental performances of two types of road pavements (i.e., flexible
and rigid pavement) and two types of lighting systems (i.e., HPS and LED lamps) to be built in a
750 m-long twin-tube tunnel, which belongs to an Italian highway. The study has been conducted
according to the Italian standards about the design of road pavements [26] and tunnel lighting [27–29],
and European methods about environmental [30] and human health impact indicators [31,32].
The proposed study consisted in quantifying and discussing 19 indicators related to four “from
cradle to gate with option” boundary systems (i.e., including production and construction processes,
maintenance of the lighting system and road pavement, and vehicular passes). The interpretation of
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the LCA results of the environmental and human health impacts is useful to understand and improve
processes and technologies currently used in the road section to reduce its environmental burdens.

2. Materials and Methods

In this study, the LCA methodology was used to assess the life cycle impacts of pavement
and lighting in a twin-tube road tunnel whose cross-section is 9.5 m wide, and is composed of two
3.50 m-wide lanes and two 1.25 m-wide shoulders. In the examined case study, the subgrade resilient
modulus is equal to 90 MPa, and the design traffic complies with data listed in Table 1 [33].

Table 1. Design traffic.

Vehicle Type Maximum Mass (t) Number of Passes (million)

Cars 3 15.000
Mopeds 1 0.190

Commercial vehicles 12 0.882
Commercial vehicles 16 0.441
Commercial vehicles 13 0.435

Heavy vehicles 26 0.420
Heavy vehicles 56 0.003

According to the Italian Catalogue of road pavements [26], these numbers of passes of commercial
and heavy vehicles determine the following pavement compositions, from top to down: For flexible
pavement: 4 cm-thick wearing layer, 5 cm-thick binder layer, 12 cm-thick asphalt base layer,
and 15 cm-thick granular subbase; and for concrete pavement: 18 cm-thick jointed plain concrete slab,
15 cm-thick cement bound base, and 15 cm-thick unbound granular subbase.

Routine maintenance for the examined pavements complies with routine programs listed in [19]:
For rigid pavement, joint sealing and grinding are scheduled; and for flexible pavement, milling,
patching, and re-construction of wearing, binder, and base are programmed.

Regarding the lighting system, the average characteristics of the considered HPS and LED lamps
are shown in Table 2.

Table 2. Average characteristics of considered lamps.

Characteristic Unit HPS LED

Luminaire power W 176 117
Luminous efficiency Lm/W 130 120
Colour temperature K 2200 4000

Lamp life h 20,000 80,000
Luminaire weight kg 15.3 18.6

The lighting systems were designed according to the requirements laid down by the Italian
Organization for Standardization (UNI) for road lighting [27–29]. Particularly, the standard UNI
11095 [29] divides the longitudinal section of the tunnel into five reference zones (i.e., access, threshold,
transition, interior, and exit zones) (Figure 1).

Each zone differs for the minimum luminance value to be ensured as a consequence of the design
speed, the meteorological visibility distance, the horizontal lighting in the access zone, the natural
luminance, and the optics type Equations (1)–(3).

Le = c × Lv = c (Lseq + Latm + Lpar + Lcru) (1)

Lt = Le/(1.9 + t)1.4 (2)

Lt ≥ 2 × Lr (3)
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where Le is the maximum luminance value of Lv; c is a coefficient, which depends on the optics; Lv is
the veiling luminance; Lseq is the equivalent veiling luminance; Latm is the atmospheric luminance;
Lpar is the luminance of the windshield; Lt is the average luminance value in the transition zone; Lcru is
the luminance of the dashboard; t is the travel time in the transition zone; Li is the minimum luminance
of the permanent lighting circuit; and Lr is the reference luminance value according to [28].Sustainability 2018, 10, 4165 4 of 18 
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The average luminance coefficient (Q0) of the examined pavement types significantly differs.
It represents the brightness of the surface and plays a fundamental role in the design of road lighting.
For concrete, Q0 is 0.1, while for asphalt it is 0.07 [27]. Figure 3 shows the required illuminance on the
road surface that produces the prescribed luminance level for different pavement types (and Q0).
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Therefore, the rigid pavement needs lower illuminance than the flexible pavement to ensure equal
luminance values. This difference decisively affects the lighting design, which has been verified using
the software package, ProLITE7.0® [34], under the following hypotheses:

1. Maintenance factor (i.e., the ratio between the average luminance in service and the average
luminance obtained with a new installation) is equal to 0.9 (according to [29]).

2. Average wall diffuse reflection factor is equal to 0.5.

A permanent lighting circuit and a reinforcement lighting circuit compose the lighting systems
to obtain the luminance curve in Figure 2. The lamps are arranged in a single line in the permanent
lighting, and in a quincunx geometric pattern in the reinforcement systems.

The lighting systems have been designed for the daytime of sunny days, which represent the
most severe condition during the year. However, the used power depends on the external luminance
(Equation 1); therefore, visual comfort goals and energy saving requirements are needed for using
variable lighting power during a solar year (e.g., sunny days are 34% of the overall yearly days and
require 100% of the installed power). Table 3 lists the values of the overall installed power, and the
yearly consumption of the designed lighting systems. The lighting design pursued the aims of both
guaranteeing the minimum luminance values according to [29] and minimizing the installed power.

Table 3. Data about the designed lighting systems.

Lighting Type HPS Lamps LED Lamps

Pavement Type Flexible Pavement Rigid Pavement Flexible Pavement Rigid Pavement

Installed power (kW) 108 75 116 81
Yearly consumption (MWh/year) * 562 386 543 380

* The values of yearly consumptions for scenarios with HPS lamps include the installed power due to the power
unit (ballast) of luminaries.
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Routine maintenance for the designed lighting systems provides that every 2.5 years, the lamps
are cleaned, and they are substituted at the end of their service life (Table 2).

The approach for assessing the life cycle impacts of road materials and construction complies
with that proposed in the literature for asphalt mixes [35], road construction [36], and the average grey
Italian Cement [37]. Input data for the Life Cycle Inventory (LCI) of HPS and LED lamps derive from
the comparison of LED and HPS technologies carried out by [38].

The LCA has been carried out according to the European standard, EN 15804 [30],
the methodology ECO-Indicator 99 (E) V2.08 for assessing the Land use [31], the methodology
CML 2 BASELINE 2000 V2.05 for assessing Human Toxicity Potential [32,39], and the methodology
ECO-Indicator 99 (E) V2.09 for assessing Ecotoxicity [31].

Data collected in the LCI were modelled using the characterization factors defined by the
above-mentioned model. The concept of characterization factors permits comparison of the ability
of different chemical compounds to cause the same environmental impact. These factors convert the
assigned LCI results into a common unit of a category indicator, expressed as equivalent (eq) due to
the applied “conversion” process, as explained by Equation (4):

IC = Σx CFic(x) × INV(x) (4)

where IC is the Impact Category obtained from the inventory of the substance x (i.e., INV(x)),
and CFic(x) is the characterization factor assigned to the substance x for the calculation of IC.

The database, Ecoinvent 2.2, and the software package, SimaPro 8.0.5.13 [31], have been used
to assess the impact categories caused by the investigated activities (i.e., “from cradle to end of
life” phases).

All the analyses refer to a 20 year-long service life; this term has been established with the aim to
make the comparison homogeneous, although the rigid pavement is expected to maintain its integrity
and performances for not less than 30 years [40].

3. Results

Data collected in the LCI were modelled according to the EN 15804 standard for construction
materials [30] and the PCR 2013, part B for luminaires, lamps, and components for luminaires [41] to
assess the environmental burdens of the examined solutions. Table 4 lists the results of the “cradle to
use” analysis carried out for:

1. Flexible pavement production and construction, and lighting production and installation
(HPS lamps are considered). The case is FH.

2. Flexible pavement production and construction, and lighting production and installation
(LED lamps are considered). The case is FL.

3. Rigid pavement production and construction, and lighting production and installation
(HPS lamps are considered). The case is RH.

4. Rigid pavement production and construction, and lighting production and installation
(LED lamps are considered). The case is RL.



Sustainability 2018, 10, 4165 7 of 18

Table 4. Impact categories of pavement and lighting construction.

Impact Category IC Unit FH FL RH RL

Global Warming Potential GWP kg CO2 eq 2.74 × 105 3.49 × 105 7.45 × 105 7.99 × 105

Ozone layer Depletion Potential ODP kg CFC-11 eq 7.76 × 10−2 5.91 × 10−2 1.03 × 10−1 9.05 × 10−2

Acidification Potential AP kg SO2 eq 1.35 × 103 1.54 × 103 2.73 × 103 2.87 × 103

Eutrophication Potential EP Kg PO4– eq 4.02 × 102 5.05 × 102 6.83 × 102 7.58 × 102

Photochemical oxidation Potential POCP kg C2H4 eq 3.88 × 102 4.28 × 102 1.09 × 103 1.12 × 103

Abiotic depletion-elements ADP-E kg Sb eq 6.79 3.38 4.82 2.49

Abiotic depletion-fossil fuels ADP-F MJ 5.20 × 106 6.18 × 106 6.06 × 106 6.77 × 106

Renewable energy as raw materials RPEnoRM MJ 2.24 × 105 7.00 × 105 2.49 × 105 5.85 × 105

Renewable energy as raw materials RPEasRM MJ 0 0 0 0

Non-renewable energy as raw material nonRPEnoRM MJ eq 5.34 × 106 7.46 × 106 5.47 × 106 6.98 × 106

Non-renewable energy as raw materials nonRPEasRM MJ 0 0 0 0

Use of secondary raw materials SRM kg 0 0 0 0

Non-renewable secondary fuels nonRSF MJ 0 0 0 0

Renewable secondary fuels RSF MJ 0 0 0 0

Water depletion Water m3 9.02 × 102 2.04 × 103 8.55 × 102 1.66 × 103

Electricity E kWh 7.79 × 104 1.87 × 105 5.41 × 104 1.32 × 105

Components for re-use ReU kg 3.01 × 103 1.29 × 103 2.09 × 103 9.08 × 102

Materials for recycling ReC kg 7.67 × 103 1.32 × 104 5.33 × 103 9.29 × 103

Materials for energy recovery ERec kg 0 0 0 0

Exported energy ExE kWh 0 0 0 0

Particulates P kg PTS 3.00 × 102 3.31 × 102 4.21 × 102 4.44 × 102

Hazardous waste disposed HW kg 6.14 1.99 4.26 1.40

Non-hazardous waste disposed nonHW kg 1.40 × 104 1.87 × 104 9.74 × 103 1.32 × 104

Radioactive waste RW kg 0 0 0 0

Land use LU PDF*m2yr 1.79 × 104 1.69 × 104 1.57 × 104 1.49 × 104

Human toxicity Potential HTP kg 1,4-DB eq 3.76 × 105 4.21 × 105 3.63 × 105 3.97 × 105

Ecotoxicity ET PAF*m2yr 1.54 × 104 1.77 × 104 2.16 × 104 2.33 × 104

* is part of the unit of measure.

The results listed in Table 4 highlight that:

1. Given a pavement type, at the beginning of the tunnel service life, the scenario with LED implies
more environmental burdens than that with HPS in 15 ICs. Having FH and FL as a reference,
the use of LED ensures better performances than HPS when considering ODP (−47% on average),
ADP-E (−57% on average), ReU (−67% on average), and HW (−86% on average). Moreover,
for HPS lamps, the best environmentally performing ICs are: Renewable energy non-as raw
materials (on average −98% respect to LED lamps) and water (on average −82% respect to
LED lamps).

2. Given a lighting system, the impacts of road construction are more when the pavement is rigid
than when it is flexible. The higher differences are related to GWP (6.53 × 105 kg CO2 eq for
concrete pavement vs. 1.41 × 105 kg CO2 eq for flexible pavement) and POCP (9.64 × 102 kg
C2H4 eq for concrete pavement vs. 2.10 × 102 kg C2H4 eq for flexible pavement). However,
for each IC, the calculated LCA values belong to the same order of magnitude.

3. In summary, it is possible to affirm that FH has the lower impacts, while the most impacting
scenario is RL.

4. RPEasRM, nonRPEasRM, SRM, nonRSF, RSF, ERec, ExE, and RW have no impacts, neither in
pavement and lighting construction nor in other examined phases, therefore, they will be omitted
in the next analyses.

Figure 4a,b show the contributions of traffic and lighting to the “from cradle to use” phase
calculated for FH and RH, respectively. The authors do not represent the results obtained for scenarios
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FL and RL because there are not graphically appreciable differences between cases which differ for
lighting type.
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Figure 4. Comparison of “from cradle to use” impacts of (a) FH and (b) RH.

The bar graphs in Figure 4 highlight that the allocation of impacts between pavement and lighting
slightly depends on the pavement type. It is possible to observe that the pavement construction is
responsible for the most contributions to air emissions (i.e., GWP, ODP, AP, EP, POCP: On average 91%)
and consumption of fossil fuels (i.e., ADP-F) and non-renewable primary energy (i.e., nonRPEnoRM:
On average 79%); on the other hand, lighting production and installation give the highest contributions
to consumption of abiotic elements (i.e., ADP-E: On average 92%) and electricity (i.e., E: On average
more than 98%).

The environmental effects of the expected traffic have been calculated considering Euro 5 stages of
vehicles [42] because they represent the majority of the total Italian fleet [43]. Table 5 lists the obtained
overall results, and the partial contributions from different expected vehicles according to Table 1.

Table 5. Impact categories of traffic.

IC Unit Total
Impact Passenger Car Motor

Scooter
Freight, Lorry

7.5−16 t
Freight, Lorry

16−32 t
Freight, Lorry

> 32 t

GWP kg CO2 eq 6.96 × 106 3.50 × 106 2.06 × 104 3.03 × 106 2.96 × 105 1.08 × 105

ODP kg CFC-11 eq 1.18 5.71 × 10−1 3.33 × 10−3 5.34 × 10−1 5.36 × 10−2 2.02 × 10−2

AP kg SO2 eq 2.34 × 104 1.19 × 104 6.99 × 101 1.01 × 104 9.87 × 102 3.80 × 102

EP Kg PO4– eq 6.76 × 103 4.03 × 103 1.46 × 101 2.39 × 103 2.36 × 102 8.83 × 101

POCP kg C2H4 eq 6.50 × 103 3.74 × 103 5.26 × 101 2.40 × 103 2.24 × 102 8.79 × 101

ADP-E kg Sb eq 8.68 7.57 7.80 × 10−4 1.02 7.40 × 10−2 1.72×10−2

ADP-F MJ 7.94 × 107 3.69 × 107 2.39 × 105 3.71 × 107 3.74 × 106 1.40 × 106

RPEnoRM MJ 1.95 × 106 1.27 × 106 3.43 × 103 6.04 × 105 5.64 × 104 2.56 × 104

nonRPEnoRM MJ eq 1.49 × 105 9.29 × 104 2.56 × 102 4.97 × 104 4.31 × 103 1.76 × 103

Water m3 1.26 6.98 × 10−1 2.35 × 10−3 4.69 × 10−1 7.20 × 10−2 1.90 × 10−2

E kWh 0 0 0 0 0 0
ReU kg 0 0 0 0 0 0
ReC kg 0 0 0 0 0 0

P kg PTS 1.04 × 105 1.01 × 105 6.66 2.06 × 103 2.72 × 102 1.52 × 102

HW kg 0 0 0 0 0 0
nonHW kg 0 0 0 0 0 0

LU PDF*m2yr 1.42 × 105 5.31 × 104 1.30 × 101 7.00 × 104 1.02 × 104 8.74 × 103

HTP kg 1,4-DB eq 5.21 × 106 3.92 × 106 4.50 × 104 1.02 × 106 1.67 × 105 5.17 × 104

ET PAF*m2yr 4.62 × 105 1.83 × 105 7.42 × 102 1.99 × 105 6.27 × 104 1.69 × 104

* is part of the unit of measure.

The results listed in Table 5 highlight that, on average, the traffic affects the environment more
than the pavement and lighting system construction. Paying attention to the first seven calculated ICs,
which are defined by EN 15804 (EN, 2013) as “environmental impacts”, the traffic has burdens two
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to 14 times more than the “from cradle to use” phase (Table 4). The lowest difference is for ADP-E
(+119%), while the highest difference is for ODP (+1431%), ADP-F (+1311%), and GWP (+1284%).
On average, the environmental impacts calculated in Table 4 account for 15% of those listed in Table 5.

Light vehicles (i.e., passenger cars and motor scooters) have overall burdens comparable to those
of commercial and heavy vehicles: The average contribution of light vehicles to the traffic burden
is 60%. P, ADP-E, and HTP are the worst ICs for light vehicles: Their average contribution to the total
traffic burdens are 98%, 87%, and 76%, respectively.

Regarding the lighting system, the yearly switching on of the lighting requires the effective
consumption of energy listed in Table 3. These values have been used to calculate the impacts from
lighting switch on having regard to the Italian country mix available on SimaPro. The impacts from
lighting switching on are listed in Table 6.

Table 6. Overall impact categories of lighting switching on during the service life.

IC Unit FH FL RH RL

GWP kg CO2 eq 7.30 × 106 7.05 × 106 5.01 × 106 4.95 × 106

ODP kg CFC-11 eq 6.32 × 10−1 6.11 × 10−1 4.34 × 10−1 4.29 × 10−1

AP kg SO2 eq 3.59 × 104 3.47 × 104 2.47 × 104 2.43 × 104

EP Kg PO4– eq 8.67 × 103 8.37 × 103 5.95 × 103 5.88 × 103

POCP kg C2H4 eq 1.16 × 104 1.12 × 104 7.93 × 103 7.83 × 103

ADP-E kg Sb eq 1.01 × 101 9.79 6.96 6.87
ADP-F MJ 1.06 × 108 1.02 × 108 7.27 × 107 7.18 × 107

RPEnoRM MJ 9.97 × 106 9.63 × 106 6.85 × 106 6.76 × 106

nonRPEnoRM MJ eq 1.19 × 108 1.15 × 108 8.17 × 107 8.06 × 107

Water m3 2.62 × 104 2.53 × 104 1.80 × 104 1.78 × 104

E kWh 1.12 × 107 1.09 × 107 7.72 × 106 7.62 × 106

ReU kg 0 0 0 0
ReC kg 0 0 0 0

P kg PTS 2.94 × 103 2.84 × 103 2.02 × 103 1.99 × 103

HW kg 0 0 0 0
nonHW kg 0 0 0 0

LU PDF*m2yr 4.48 × 104 4.33 × 104 3.08 × 104 3.04 × 104

HTP kg 1,4-DB eq 2.75 × 106 2.66 × 106 1.89 × 106 1.87 × 106

ET PAF*m2yr 1.69 × 105 1.63 × 105 1.16 × 105 1.14 × 105

* is part of the unit of measure.

Figure 5a,b shows the contributions of traffic and lighting to the use phase impacts for FH and RH,
respectively. The authors do not represent the results obtained for scenarios FL and RL because there
are not graphically appreciable differences between cases which differ for lighting type.
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Figure 5. Impacts of traffic and lighting to the use phase impacts. (a) FH scenario; (b) RH scenario.

From Figure 5, the allocation of impacts between traffic and lighting slightly depend on
pavement type: Few percentage points distinguish the FH results from the RH ones. Moreover,
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great attention should be paid to the fact that traffic and lighting have comparable contributions to
all the environmental impacts (i.e., GWP, ODP, AP, EP, POCP, ADP-E, and ADP-F), while traffic is
crucial for particulates (it has the highest relative contribution: More than 97% of the overall P in
the use phase), but it gives zero or quite low contribution to nonRPEnoRM, Water, and E. Regarding
the additional ICs (i.e., LU, HTP, and ET), which have direct correlations with life quality, traffic
causes, on average, more than 65% overall use burdens. This highlights the importance and need for
appropriate and comprehensive LCA analyses.

Pavement and lighting system maintenance imply the IC values listed in Tables 7 and 8, respectively.

Table 7. Overall impact categories of pavement maintenance during the service life.

IC Unit Flexible Pavement Rigid Pavement

GWP kg CO2 eq 4.07 × 105 1.80 × 104

ODP kg CFC-11 eq 1.49 × 10−1 2.23 × 10−3

AP kg SO2 eq 2.33 × 103 1.06 × 102

EP Kg PO4– eq 4.40 × 102 3.68 × 101

POCP kg C2H4 eq 6.58 × 102 3.34 × 101

ADP-E kg Sb eq 2.78 × 10−1 8.72 × 10−3

ADP-F MJ 1.54 × 107 1.17 × 105

RPEnoRM MJ 8.12 × 104 3.08 × 104

nonRPEnoRM MJ eq 1.71 × 107 7.57 × 102

Water m3 1.54 × 103 2.81 × 10−2

E kWh 0 0
ReU kg 0 0
ReC kg 0 0

P kg PTS 9.17 × 102 7.78
HW kg 0 0

nonHW kg 0 0
LU PDF*m2yr 1.20 × 104 4.37 × 101

HTP kg 1,4-DB eq 1.46 × 105 1.03 × 104

ET PAF*m2yr 1.23 × 104 1.01 × 103

* is part of the unit of measure.

Results listed in Table 7 reflect data available in the literature [23]: Having the same service life
and equivalent structural performances, a rigid pavement requires lower maintenance works than a
flexible pavement. Therefore, this implies lower financial and environmental costs: In the study, ICs of
rigid pavement are up to three orders of magnitude lower than those of flexible pavement.

Table 8. Overall impact categories of lighting system maintenance during the service life.

IC Unit FH FL RH RL

GWP kg CO2 eq 9.46 × 105 2.27 × 105 6.58 × 105 1.61 × 105

ODP kg CFC-11 eq 3.04 × 10−1 2.74 × 10−2 2.11 × 10−1 1.94 × 10−2

AP kg SO2 eq 3.94 × 103 8.18 × 102 2.74 × 103 5.79 × 102

EP Kg PO4– eq 1.42 × 103 3.23 × 102 9.88 × 102 2.28 × 102

POCP kg C2H4 eq 1.26 × 103 2.31 × 102 8.74 × 102 1.63 × 102

ADP-E kg Sb eq 4.71 × 101 3.32 3.27 × 101 2.34
ADP-F MJ 1.36 × 107 3.14 × 106 9.46 × 106 2.22 × 106

RPEnoRM MJ 1.21 × 106 6.49 × 105 8.37 × 105 4.57 × 105

nonRPEnoRM MJ eq 1.52 × 107 4.29 × 106 1.06 × 107 3.02 × 106

Water m3 4.30 × 103 1.75 × 103 2.99 × 103 1.23 × 103

E kWh 5.46 × 105 1.87 × 105 3.79 × 105 1.32 × 105

ReU kg 2.10 × 104 1.29 × 103 1.46 × 104 9.08 × 102

ReC kg 5.37 × 104 1.32 × 104 3.73 × 104 9.29 × 103

P kg PTS 4.54 × 102 9.90 × 101 3.15 × 102 6.98 × 101

HW kg 4.30 × 101 1.99 2.98 × 101 1.40
nonHW kg 9.82 × 104 1.87 × 104 6.82 × 104 1.32 × 104

LU PDF*m2yr 1.04 × 104 2.65 × 103 7.21 × 103 1.87 × 103

HTP kg 1,4-DB eq 2.23 × 106 3.67 × 105 1.55 × 106 2.58 × 105

ET PAF*m2yr 6.73 × 104 1.21 × 104 4.67 × 104 8.49 × 103

* is part of the unit of measure.
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Figure 6 shows the dominance analysis of the LCA referred to pavement and lighting maintenance.
Unlike the use phase, the contributions of pavement and lighting maintenance to the assessed ICs
depend on both the pavement and lighting type.

In Figure 6c,d it is possible to appreciate that maintenance burdens in scenarios with concrete
pavements are, on average, related for more than 90% to lighting (i.e., 99% for RH and 94% for RL).
Therefore, with respect to the corresponding scenarios with asphalt pavement, the impacts from
pavement maintenance are negligible. On the other hand, when the tunnel is paved with asphalt
(or low-reflective materials), maintenance of the pavement contributes, on average, to 72% of the
overall maintenance impacts (Figure 6a,b). Particularly unfavourable for pavement maintenance is FL,
when the higher burdens related to flexible pavement maintenance combine with lower burdens
related to LED lamps maintenance.
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Figure 6. Dominance analysis of the maintenance phase. (a) FH scenario; (b) FL scenario; (c) RH
scenario; (d) RL scenario.

Combining the results obtained for the examined “from cradle to end of life” phases, the overall
IC values have been obtained. They are listed in Table 9. For each IC, bold characters evidence the
lowest value.

For all examined impact categories, the greenest solution has concrete pavement and an LED
lighting system (i.e., RL), while the worst scenario is FH. The use of concrete pavement and LED
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lamps ensures the best performances in terms of environmental burdens because this pair of options
combines the most environmental-friendly examined solutions in terms of both road pavement and
tunnel lighting technology. Moreover, the technological development in the field of LEDs is still
ongoing: The increases of the specific luminous flux and luminous efficiency [18] will ensure results
that are even more interesting. In Table 9, the highest differences between the examined scenarios were
found for ReU (2.41 × 104 kg for FH and 1.82 × 103 kg for RL) and HW (4.91 × 101 kg for FH and
2.81 kg for RL). More than one order of magnitude varies between the obtained results, which affect by
product and waste production and management. These results clearly confirm the need for analysing
a process with an inclusive approach, without omitting processes or activity within the boundaries
that define the system being studied.

Table 9. Impact categories of the examined “from cradle to end of life” LCA.

IC Unit FH FL RH RL

GWP kg CO2 eq 1.62 × 107 1.53 × 107 1.40 × 107 1.35 × 107

ODP kg CFC-11 eq 2.44 2.12 2.01 1.80
AP kg SO2 eq 6.86 × 104 6.44 × 104 5.60 × 104 5.37 × 104

EP Kg PO4– eq 1.80 × 104 1.67 × 104 1.50 × 104 1.42 × 104

POCP kg C2H4 eq 2.08 × 104 1.94 × 104 1.74 × 104 1.66 × 104

ADP-E kg Sb eq 7.31 × 101 2.56 × 101 5.33 × 101 2.05 × 101

ADP-F MJ 2.29 × 108 2.16 × 108 1.72 × 108 1.65 × 108

RPEnoRM MJ 1.35 × 107 1.31 × 107 1.00 × 107 9.91 × 106

nonRPEnoRM MJ eq 1.67 × 108 1.54 × 108 1.02 × 108 9.47 × 107

Water m3 3.38 × 104 3.15 × 104 2.23 × 104 2.11 × 104

E kWh 1.19 × 107 1.12 × 107 8.15 × 106 7.88 × 106

ReU kg 2.41 × 104 2.58 × 103 1.67 × 104 1.82 × 103

ReC kg 6.14 × 104 2.64 × 104 4.26 × 104 1.86 × 104

P kg PTS 1.09 × 105 1.08 × 105 1.07 × 105 1.06 × 105

HW kg 4.91 × 101 3.99 3.41 × 101 2.81
nonHW kg 1.12 × 105 3.75 × 104 7.79 × 104 2.64 × 104

LU PDF*m2yr 2.20 × 105 2.12 × 105 1.91 × 105 1.86 × 105

HTP kg 1,4-DB eq 1.08 × 107 8.91 × 106 9.16 × 106 7.88 × 106

ET PAF*m2yr 7.35 × 105 6.77 × 105 6.62 × 105 6.24 × 105

* is part of the unit of measure.

Therefore, the radar graphs in Figure 7a–d represent the adimensional obtained results of each IC
attributing 100 to the value of FH. According to [30], each graph compares impact categories, which are
grouped by similarities regarding their effects on the environment: Environmental impacts (Figure 7a);
water, electricity, and primary energy consumption (Figure 7b); solid and powdery output flows
(Figure 7c); and life quality ICs (Figure 7d).

Figure 7a–d demonstrate that it is not possible to conduct correctly both synthetic and
comprehensive environmental analyses because the results of each scenario vary with each other
considering different ICs. Regarding the environmental impacts, GWP, ODP, AP, EP, POCP, and ADP-E
have similar mutual trends, but ADP-E is seriously affected by the lighting technology (Figure 7a).
On the other hand, consumptions depend on the pavement type more than the lighting technology
(Figure 7b). Pavement type and much more lighting technology affect the output flows, but powder
emissions are constant in the examined scenarios (Figure 7c). The results of life quality ICs are more
stable (Figure 7d): The radar curves are regular, and their mutual percentage differences are, on average,
less than those observed for environmental impacts, consumption, and output flows.
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4. Discussion

Figure 8a–d show the dominance analysis of the LCA referred to construction (both pavement
and lighting), maintenance (both pavement and lighting), and use (both traffic and lighting) phases.
The acronyms, PC, LC, PM, and LM, refer to pavement construction, lighting construction, pavement
maintenance, and lighting maintenance, respectively.
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For all impact categories except ReU, ReC, HW, and nonHW, the dominant phase is “Use”,
the reason why the study started. Indeed, the “Use” phase does not affect ReU, ReC, HW, and nonHW:
They only depend on lighting construction and maintenance activities. Their percentage allocation
between construction and maintenance depends on the lighting type: For LED, the contributions are
equally distributed, while for HPS lamps, the maintenance phase contributes to more than 80% of
the overall results. Moreover, HPS lamps affect the more than 60% contribution of LM to ADP-E:
This trend is observed for both FH and FL, and it strongly differs from RH and RL whose LM is on
average 10%.

LU, HTP, and ET, which are the sustainability ICs calculated in addition to the categories listed in
EN15804, are definitely due to “Use”, as chemical and powder emissions on air. Particularly, more than
97% of the impact category, P, is caused by the Use phase, and more specifically by the vehicular
traffic. Tunnel lighting is responsible for 21%, 30%, and 23% of the overall LU, HTP, and ET calculated
for the Use phase, respectively. Therefore, traffic gives the highest contributions to the “Use” phase:
It highlights the need for tough legislation in this sector to ensure high environmental standards.

Lighting construction, maintenance, and use significantly contribute to the overall environmental
categories: Their average percentage contributions range from 33% for ODP to 73% for ADP-E.
This result highlights the need for sustainable and low-impacting methods of both electricity
production and road vehicles.

The construction phase has the lowest burden results: Its average percentage contribution is
less than 10%. Regarding the maintenance phase, the obtained trend of pavement maintenance is
interesting. In Figure 8, its incidence is appreciable only in FH and FL (red elements), while in RH
and RL, it is not. It confirms the most onerous (and impacting) activities needed for managing road
asphalt pavements.

5. Conclusions

A correct design of lighting system in road tunnel could improve safety and comfort for
drivers, and reduce energetic costs for road management bodies. Compared to standard solutions,
high-reflective pavement materials and high-performance lamps can be particularly advantageous in
road tunnels to obtain energy-saving effects. Different international institutions undertook technical,
scientific, and legislative initiatives to improve efficiency of road tunnel lighting and reduce its
environmental burdens.

This paper presents the LCA of four scenarios composed of LED or HPS lighting and flexible or
concrete pavement in an Italian twin-tube road tunnel during its 20-year service life. This period is the
conventional service life of flexible pavements, while rigid ones are expected to maintain their integrity
and performances for a longer period. The environmental analysis has been carried out according
to European standard, EN 15804, using the software package, ProLITE7.0, for lighting design and
SimaPro 8.0.5.13 for LCA; all input data comply with Italian standards for road pavement and lighting
design. The examined stages are: Road construction, lighting construction and installation, traffic,
switching on of lamps, pavement maintenance, and lighting maintenance. Based on the results of this
environmental investigation, the following conclusions are drawn:

1. Regarding the pavement-related burdens, the construction impacts of flexible pavement are lower
than those of rigid one; the opposite was found for the maintenance phase.

2. Regarding the lighting-related burdens, the construction and installation of LED lamps imply
more consequences than that of HPS lamps; the opposite was found for the maintenance phase.

3. Regarding the traffic-related burdens, it implies the highest contributions to the “Use” phase,
particularly it is responsible for more than 70% of the overall LU, HTP, and ET values. Moreover,
it contributes to more than 99% of powder emissions.

4. The use phase, which is composed of traffic and electricity consumption due to tunnel lighting,
is the most impacting phase between the examined ones (i.e., construction and maintenance of
both pavement and lighting).
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5. The “from cradle to end of life” highlights that the scenario with concrete pavement and
LED lamps has the best environmentally results except for consumption of renewable and
non-renewable primary energy, water, and electricity.

6. GWP, which is the most commonly used parameter to evaluate the environmental impact of a
process, has a stable trend between the examined scenarios (the worst performance is 14% higher
than the best one), while important differences have been observed for other ICs. This justifies
the comprehensive analysis carried out by the authors to boost informed choices for reducing the
environmental impact related to tunnel lighting.

Finally, it is important to highlight that the importance of this case study is that it provides
results obtained from hypotheses and input data related to Italian standards and procedures currently
adopted in road tunnels. The comprehensive assessment of the environmental impact related to
construction and maintenance of lighting and road pavement, and traffic provides data that could be
used to critically approach this strategic sector whose impacts are economic, social, and environmental.
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