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Abstract: In the last decade, green solutions for road tunnels have steadily emerged in the field of
engineering. The focus has been on using renewable energy sources to conserve energy and address
issues of disaster risk management, territorial resilience and vulnerability, especially as these issues
relate to critical infrastructures (Cls), such as roads and railways. Focusing on the equilibrium of
the infrastructure through integrated system services and their external effects guarantees a better
evaluation of both effects as they relate to other systems and energy consumption optimisation. To
this end, a systematic literature review has been conducted herein that collects and analyses studies
carried out in the last decade that relate to green energy solutions in tunnels. Upon a review of the
Scopus database from 2013 to 2022, 46 conceptual and empirical studies were selected. Classifications
and discussions were then developed according to the main issues identified (e.g., energy saving in
road tunnels, zero-energy tunnels, renewable energy sources, tunnel safety lighting, and sustainable
infrastructure). Each contribution constitutes a part of the current literature that combines the
problems of tunnel safety (as represented by the energy costs of safety devices, e.g., tunnel lighting
systems) with issues of renewable energy sources in tunnels. The results of this systematic review
offer ideas for future directions of the ‘green’ vision for tunnel infrastructure. This study represents
the state-of-the-art of renewable energy solutions currently present worldwide. Gaps in the literature
that have yet to be addressed include how to build a green system as well as how to balance its life
costs. The review supports the claim that the integration of renewable energy sources can exploit
innovative solutions related to the concept of resilience.

Keywords: energy saving; green tunnel; renewable sources; road safety; sustainable infrastructure;
safety tunnel lighting; systematic literature review

1. Introduction

In recent years, the concept of energy saving, and the related use of renewable re-
sources, has been introduced as a means to attain the Sustainable Development Goals
(SDGs) of the 2030 Agenda, specifically as they relate to Objective 9.1 of Goal 9: ‘Develop
quality, reliable, sustainable and resilient infrastructure, including regional and transborder
infrastructure, to support economic development and human well-being, with a focus on
affordable and equitable access for all’ [1]. When it comes to the critical infrastructure (CI)
of tunnels, the concept of energy efficiency is central. Energy efficiency is accomplished
by finding alternative energy sources, decreasing the amount of energy consumed and
reducing cost. Moreover, SDG 7 of the 2030 Agenda sets a requirement for clean and
affordable energy through an increase in the use of renewable sources to be used and made
affordable for everyone. The goals proposed in the agenda are social responsibility: techni-
cal knowledge must transform all ideas contained in theoretical proposals into effective
opportunities and actions [2].

The discussion about road tunnel systems is centred around the performance of inte-
grated systems, the efficient use of energy and the use of renewable energy sources while
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maintaining safety standards for people and things. Tunnels are a long-life infrastructure [3,4]
that is necessary for connection and mobility. These facilities are characterised by an easy
conceptual design and critical problems of safety. While many studies proposed the instal-
lation of photovoltaic (PV) panels to provide energy to a tunnel, it was not clear how a PV
system would react in the event of a fire. A study related to a semi-transparent photovoltaic
canopy [5] demonstrates that, under steady-state aeraulic conditions, the interaction between
PV panels, fire, and smoke can be managed with a top opening for ventilation near the tunnel
entrance rather than near the PV canopy system.

Safety requirements, such as emergency lighting and ventilation systems, are necessary
in case of emergency. For example, a lack of sufficient lighting can increase the risk of
traffic accidents [6], and a loss of power can inhibit the activation of the ventilation system
and threaten safety in the event of a fire. Thus, reducing energy consumption does not
mean reducing safety standards or the energy supply of safety systems. The importance
of guaranteeing continuity of service also involves incorporating an architectural design
that supports the maintenance and can overcome system failure [7]. This implies the need
to create a flexible energy supply for infrastructures. Excessive lighting in tunnels often
results in a waste of electricity. Methods and technologies are suggested through the use
of algorithms to enhance energy efficiency and thus reduce energy consumption in road
tunnels [8,9].

Although much research has been conducted on this topic, this systematic review
focuses on energy solutions discussed in scientific journals from January 2013 to August
2022. While one decade of studies can present a limited view of the state of the art, it can
also represent trends in the latest innovations that have a ‘green tunnel’ as their goal. Past
studies motivated this review with the following point of reflection: how can we apply the
concepts of sustainability and energy saving to road tunnel infrastructure while ensuring
safety standards?

After an introduction to the study (Section 1), Section 2 is dedicated to describing the
method of the systematic review; then, a bibliometric analysis of the material is presented
(Section 3), followed by the results of content analysis (Section 4). Finally, a critical discus-
sion of the studies (Section 5) is undertaken, conclusions are drawn, and future directions
(Section 6) are proposed.

2. Materials and Methods

A multidisciplinary approach to the review of the topic of sustainability was proposed
by Huymajer et al. [10]. Following this approach, we proposed a systematic literature
review to investigate sustainable green tunnel solutions.

The theoretical methodology adopted is the PRISMA statements described in Section 2.1.
The process flow can be summarised as follows (see Figure 1):

1.  Identification of research materials (topic, database and keywords);

2. Initial filtering of content (according to the purposes of the abstract);

3. Eligibility assessment of publications with respect to search criteria (in continuity
with the research scope);

4.  Meta-analysis of selected papers (full-text review).

2.1. Identification: Data Collection Process

This study follows the Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) guidelines [11]. PRISMA is a consolidated procedure for scientific
research in the fields of energy and sustainability. A systematic review gives a summary of
the state of knowledge on a topic. For this reason, the fundamental steps for the collection,
analysis and categorisation were carried out following the guidelines indicated in the
PRISMA checklist. The article selection process is shown in Figure 1, coherently with the
PRISMA flow diagram model [12].
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Figure 1. Flow chart of criteria for the selection of documents analysed.

In line with these guidelines, each phase of the review was performed in accordance
with certain criteria, as follows:

Topic: green road tunnel solutions using renewables energies;
Database and time frame: Scopus, from 2013 to 2022;
Eligibility: an analysis of the selected papers’ abstracts to evaluate their inclusion/
exclusion in the study;

e Classification and Categorisation: selected articles were analysed according to the
eligibility criterion and classified into ‘subject topic” areas in the results section.

Further analysis of the full text of each document was then carried out to determine
whether it fits the stated aim of the study.

The collection of documents includes research found in Scopus [13], a consolidated
research database known for its quality and usefulness to the research community. Al-
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though its coverage includes journals more than any other means of disseminating scientific
knowledge, it is sufficient for the engineering fields.

To procure a collection of publications that addressed the theme of green tunnel
solutions, research was split into different subjects linked to singular keywords.

In addition to chosen keywords, a second relevant criterion concerning time frame
was included. The theme of green sources in infrastructure, such as tunnels, has developed
faster in the last decade not only because of continuous improvements to new technologies
but also because of the demand for such change to reach the objectives of Agenda 2030 [14].

In the Scopus database, some input strings for words included in the abstract, title, or
keywords of the studies were selected.

The choice of words was very detailed because the research needed to focus on the
most fitting studies and exclude those with only general themes.

2.2. Filtering (Search Strategy): Formulation and Database

The research strategy involved, first, adopting a search query to input into the Scopus
database. This involved selecting a basic set of words that must be present either in the title,
abstract, or keywords of each study. The decision to use Scopus instead of Google Scholar
or Web of Science arose from the need to choose a database that provided structured data
about the publications and citations, and information about the author. Moreover, Scopus
indexes more journals and covers more modern materials than other databases [10,15,16].
A collection of 409 documents were used as a starting point from which to classify input
word strings, specifically query inputs (see Table 1):

e  Query A: ‘energy’ ‘saving’ ‘road’ ‘tunnel’;
e  Query B: ‘sustainable’ “infrastructure’ ‘tunnel’;
e Query C: ‘energy’ ‘lighting’ “zero” ‘tunnel’.

Table 1. Query inputs for research on Scopus.

STREAM QUERY
TITLE-ABS-KEY (‘energy’” AND ‘saving” AND ‘road” AND ‘tunnel’)
QUERY A AND SUBJAREA (engineering AND energy)

AND PUBYEAR > 2012 AND PUBYEAR < 2023

TITLE-ABS-KEY (‘sustainable” AND ‘infrastructure” AND ‘tunnel’)
QUERY B AND SUBJAREA (engineering AND energy)
AND PUBYEAR > 2012 AND PUBYEAR < 2023

TITLE-ABS-KEY (‘energy’ AND ‘lighting” AND “zero” AND ‘tunnel’)
QUERY C AND SUBJAREA (engineering AND energy)
AND PUBYEAR > 2012 AND PUBYEAR < 2023

The initial research resulted in 117 documents for Query A, 209 for Query B, and 3 for
Query C. The next step to make the search results compliant with the scope of the study
was to limit the subject area to only two fields: engineering and energy. After this filtering,
92 articles for Query A, 146 articles for Query B and 3 articles for Query C remained.

The core objective of the research was to find articles that fit the discussion topic of the
review: green tunnel solutions and, specifically, aspects of their safety and sustainability.

To this end, after an initial analysis of the abstracts and contents of each paper, only
46 studies were chosen in the eligibility phase. After this phase, a meta-analysis (a deep
review with the objective of categorising chosen studies according to how they fit the topic)
was conducted. Results were then transferred to an Excel spreadsheet to conduct a further
systematic review and to analyse data through a bibliometric tool.

Documents were selected based on a series of inclusion and exclusion criteria. These
criteria, detailed in Table 2, were among the starting ones used to identify the sample of
articles. First, a set of common keywords in the article group was selected. Then, the field
was confined according to language, source type and time range.
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Table 2. Inclusion criteria.

Inclusion Criteria Description

Safety tunnel lighting, renewables energy, road safety, zero energy tunnel,

Keywords energy demand

Language English
Source type Peer-reviewed articles
Time interval 2013-2022

The topics chosen related to the sustainability of tunnels [17,18]. A detailed description
of each topic (in Table 3) provided guidelines for choosing the criteria of the selected papers.

Table 3. Subject topic stream for articles.

Subject Topic Definition

S.1 Sustainable infrastructure Limit the negative impact of climate change.

S.2 Renewable sources The use of renewable sources: PV, wind, etc.

S.3 Zero-energy tunnel Minimise to near zero the use of energy; improve efficiency.

Reduce the amount of energy consumed to ensure safety of

S.4 Tunnel safety lighting the tunnel lighting system.

Finally, the research issues addressed by the selected articles were investigated. In
Appendix A, the full list of documents with assigned reference numbers (according to the
stream in Table 3) is reported.

2.3. Eligibility: Metrics Results

The list of 21 journals from the engineering and energy fields, matching the selected
publications and arranged in alphabetical order, is summarised in Table 4 below. Based
on journal rankings or impact factors found on the Scimago website [19,20], a value was
assigned to each journal with respect to quartile citation and H-index.

Table 4. Journal, H-index, and Scimago quartile citation.

Journal H-Index Quartile Citation

Advances in Civil Engineering 33 Q2
Applied Optics 203 Q2
Applied Mechanics and Materials 37 -

Applied Sciences (Switzerland) 75 Q2
Bautechnik 19 Q3
Building and Environment 172 Q1
Building Simulation 38 Q1
Elektrische Bahnen 12 Q4
Energies 111 Q1
Frontiers in Sustainable Cities - -

IEEE Transactions on Industry Applications 206 Q1
IOP Conference Series: Materials Science and Engineering 48 -

Journal of Donghua University (English edition) 11 Q4
Journal of Light and Visual Environment 19 -

Modern Tunnelling Technology 15 Q3
Progress in Photovoltaics: Research and Applications 137 Q1
SAE Technical Papers 116 Q3
Sustainable Cities and Society 82 Q1
Sustainable Construction Materials and Technologies 15 -

Sustainability (Switzerland) 109 Q1
Tunnelling and Underground Space Technology 113 Q1

Tunnels and Tunnelling International 15 Q4
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A systematic literature review, according to PRISMA guidelines, must reflect the
queries compliant with the proposed approach (see Table 1). Therefore, the scope of this
review is precisely defined, and the dataset is composed of a few elements. Thus, the topic
of each article synthesising the findings of existing literature on certain research trends can
be manually reviewed [21].

2.4. Meta-Analysis Statement: Full-Text Review

A set of 46 articles (the output of the eligibility phase) was ultimately reviewed.
Analysis and synthesis of the data extracted from the selected papers were conducted in
two phases. In Section 3, a bibliometric analysis report is presented; in Section 4, the results
are discussed.

3. Bibliometrics

The bibliometric section is an instrument used for analysing results, making com-
parisons and underlining the evidence and gaps in the literature [22]. A content analy-
sis according to bibliographic and network data analysis was conducted. Our research
identified the main topics and their trends over time, prolific authors and the level of
co-authorship among the authors [23]. Previous researchers have applied bibliometric
analysis to inspect sustainability in tunnelling through an interdisciplinary vision without
the use of a science map approach [10]. Other studies have performed bibliometric analyses
using VOSviewer [24,25]. VOSviewer analyses the content and data of published literature
imported into the software. Separate groups of text concepts are detected by performing
cluster analysis. VOSviewer software allows for results to be displayed in three different
ways: a network visualisation, an overlay visualisation and a density visualisation. Visu-
alisations are based on bibliometric network distance: the distance between two nodes
reflects the relation between them [25]. By exporting Scopus data in text format (.csv) and
applying a bibliographic analysis of author data, the classification below was provided.
Based on the collection parameters, the output showed a connection (potential author
matches via density visualisation) between the most prolific authors (by the number of
citations) and co-authored articles. A density visualisation map is presented in Figure 2
below. VOSviewer reads data from files input from Scopus and displays the co-authorship
relation. The parameters used for the display were: a full counting method, which means
that all co-occurrence has the same weight; a minimum number of documents per author
equal to 1; and a minimum number of citations equal to 2. The resulting cluster showed
that only 104 of a total of 150 authors met this threshold. The density visualisation has been
set with the colour intensity related to the number of citations. Figure 2 illustrates that Pena
Garcia, Gil Martin and Lopez are the authors with the most co-occurrences and citations.

In a systematic literature review, a bibliometric analysis is a required step of the
described method. By means of an overlay network visualisation, topic mapping of Scopus
data in the period from 2013 to 2022 is presented in Figure 3 below. By reading the data
of a Scopus input file, VOSviewer creates network data using words included in the titles
of works. With a limitation of occurrence of two times per word applied, only 19 of the
168 words met this threshold. The output of the most relevant terms is shown in Figure 3.
The network visualisation detected 18 items and five clusters. Energy, tunnel lighting and
lighting installation are the most selected terms; these were also the most dominant and
widely discussed by researchers.

Taking account of Figures 2 and 3 together, some considerations emerge: energy,
lighting systems, road tunnels, maintenance and the application of solutions are major
topics of discussion. Authors that investigate green solutions for tunnels are not a large
group; relevant authors are those with the most cited papers.

The next phase of the review consisted of quantifying bibliometric parameters. The
figures below show the number of articles published per year, the most cited papers, country
distribution, connection and topic trends. Data were elaborated upon (e.g., publication
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Figure 3. Mapping of most relevant terms.

The distribution of publications per year is shown in Figure 4. The trend in the number
of publications for the decade from 2013 to 2022 appears constant, except for two years:
2015 and 2020. The main reason for this is the Paris Agreement of 2015. One of the major
objectives of the Paris Agreement to stop climate change is regarding energy consumption
and operational continuity of critical infrastructures [27].
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Figure 4. Number of publications per year.

The majority of the papers were published by researchers from China and Europe
(mostly Spain and Italy), as shown in Figure 5 and in Table 5

1
m2
ms
% { . 3
< 13
AR LI
7
Figure 5. Graphical distribution of first author’s country.
Table 5. Number of articles per country.
Country No.
China 13
Spain 9
Italy 8
Canada 3
United Kingdom 2
France, the Netherlands, Oman, Germany, Australia, 1

Bulgaria, Greece, Switzerland, Japan
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The most cited articles among the collected publications are presented in Table 6
below. Due to the small number of reviewed articles (46 in total), only the top 10 most cited
are included.

Table 6. Ranking of most cited papers.

Ranking Title Author Journal Country No
Managerpent of 'road tunnels: Moretti, L., Cantisani, G. & Di Tunnelling and
1 Construction, maintenance and . Underground Space Italy 77
R Mascio, P.
lighting costs Technology
Salata, F., Golasi, L., Bovenzi,
Energy optimization of road S., Vollaro, E., Pagliaro, E, o
2 tunnel lighting systems Cellucci, L., Coppi, M., Sustainability ftaly 5
Gugliermetti, F. & Vollaro, A.
Study of light-pipes for the use of =~ Gil-Martin, L.M., Pefia-Garcia, Tunnelling and
3 sunlight in road tunnels: From a A, Jiménez, A. & Underground Space Spain 54
scale model to real tunnels Hernandez-Montes, E. Technology
Decrease of energy demands of
lighting mst.allatlons in rgad Pefia-Garcia, A., Lopez, J.C. & Tunnelling and '
4 tunnels based in the forestation of . Underground Space Spain 41
. . Grindlay, A.L.
portal surroundings with Technology
climbing plants
Study of pergolas for energy .
savings in road tunnels: Pefia-Garcia, A. & Gil-Martin, Tunnelling and .
5 . - . Underground Space Spain 40
Comparison with tension LM.
Technology
structures
Use of sunlight in road tunnels: Tunnelling and
An approach to the improvement =~ Pefia-Garcia, A., Gil-Martin, & .
6 . e ! Underground Space Spain 39
of light-pipes’ efficacy through ~ L.M. & Hernandez-Montes, E.
. Technology
heliostats
. Tunnelling and
History and recent development Luo Y., Alaghbandrad A,
7 . oy Underground Space Canada 34
of multi-purpose utility tunnels Genger TK. & Hammad A.
Technology
A§sessment of .the future Makana, L.O., Jefferson, I, Tunnelling and
8 resilience of sustainable urban Underground Space UK 27
. Hunt, D.V.L. & Rogers, C.D.E.
sub-surface environments Technology
Management optimization of the Salata,.F., Golasi, I." Poliziani,
- . A., Futia, A., De Lieto Vollaro, . .
9 luminous flux regulation of a . . Sustainability Italy 24
lighting system in road tunnels E., Coppi, M. & De Lieto
& Vollaro, A.
Energy saving in tunnels lighting
10 Salam, A.A. & Mezher, K. IEEE UK 22

using shading structures

In Figure 6, the subdivision of documents between conference papers and journal
articles is shown. The majority of documents chosen for this study are journal articles.
Because of the peer-review process, journal articles are considered higher quality than
conference papers; however, the chosen conference proceedings are nevertheless relevant
to the topic at hand. Moreover, they come out of conferences related to the CI sector and,
by extension, tunnels.

As shown in Figure 6, both articles submitted to journals or presented at conferences
are related to the relevance of green energy solutions in CL
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Figure 6. Graph of document type.

Another significant subdivision emerges with respect to each article’s approach—
either conceptual or empirical (see Figure 7). Conceptual articles include theoretical studies:
data collection and analysis, literature reviews of certain topics and structured studies with
a demonstration through the use of software modelling. Empirical articles are those based
on experimentation, such as case studies providing a new case, experimental prototypes
and experimentation on real equipment.

Conceptual Empirical
Article type

Figure 7. Number of empirical and conceptual studies.

A further classification was performed that created the following empirical sub-
categories: empirical studies based on scale models and prototypes (E-P), empirical studies
based on experimentation on real equipment (E-T), and empirical studies based on a
newly provided case study (E-N). For conceptual works, the following sub-categories were
defined: studies based on data collection and analysis (C-D), studies based on software
simulation and modelling (C-M), and literature reviews (C-R).
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No. of publications

These sub-categories (see Figure 8) refer to the target of each study and the means
employed to achieve it. The designation of a category follows a logic of association in
accordance with the purposes of the article and its setting.

8
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6

. ]
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; ]
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Trend per year

m Empirical - Experimentation on real equipment m Empirical - scale model and prototype
B Empirical - newly case study Conceptual - data collection and analysis

B Conceptual - Software and Modeling W Conceptual - Literature Review

Figure 8. Sub-category trends per year.

In Table 3, the discussion topic was divided into four research trends. The number of
articles screened for each subject topic is highlighted in Figure 9.

5.4 Safety Tunnel Lighting

5.3 Zero-Energy Tunnel

Stream

|
0

5.2 Renewable sources |
1

S.1 Sustainable infrastructure

8 10 12 14 16
No of articles

(]
o
e
[

Figure 9. Number of articles per subject topic.

Merging its content and aim, a relevant reflection arises: although the number of arti-
cles for every topic is similar, each topic group accounts for a different aspect of the problem.
With reference to the basic question at the beginning of this article—what does it mean when
infrastructure becomes sustainable—different issues are implicated: energy consumption
and optimisation, green energy sources and the safety of lighting and ventilation systems.
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These issues must be analysed in order to catch the core of the isolated issues, and then the
results must be verified as an integrated approach to safety and sustainability goals.

4. Results of Meta-Analysis

Based on relevant research areas consistent with the theme stated in the introduction,
the results of this review are presented in four distinct sections: sustainable infrastructure,
renewable energy sources, zero-energy tunnels and tunnel safety lighting.

First, a presentation of the research trends from a temporal perspective is offered in
Figure 10.

2013 2014 2015 2016 2017 2018 2019 2020 2021 2022

Stream trend per year

B S.1 Sustainable Infrastracture M S.2 Renewable sources

S.3 Zero energy tunnel m 5.4 Safety Tunnel Lighting

Figure 10. Research trends per year.

The distribution of the number of publications in each half of the decade in question
(2013-2022) is almost equal: 24 for the years from 2013 to 2017 and 22 for the years from
2018 to 2022. The most notable results appear in 2015 and 2019, as was remarked upon in
the bibliometric section (see Section 3 of that section).

4.1. Sustainable Infrastructure

Analysing what is meant by a ‘sustainable road tunnel’ is a complex undertaking.
A multi-criterion approach to the concept of sustainability simultaneously merges envi-
ronmental, economic and social considerations about the design and management of a
tunnel system. When formulating strategies for tunnel design and operation, all legal
requirements, technical guidelines and facilities should be taken into consideration [28].
Such an approach is not a simple undertaking; however, changes to current approaches
must be made that will act on the sustainability aspects of the infrastructure and, therefore,
on the issues of renewable energies, zero-energy tunnels and tunnel safety lighting.

Four main perspectives define the sustainability of a tunnel: energetic, social, resilience
and transitional [17]. The social perspective refers to the social acceptance of sustainability
themes. The transitional perspective expresses the challenge of transitioning to sustainable
tunnels, where social commitment and involvement have an impact on the implementation
of such a transition. From an energy perspective, it also is necessary to optimise energy
needs in order to balance pollutant emissions generated in the operational life cycle of the
tunnel system [29].
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The resilience perspective is the most difficult one to address. A resilient system
is capable of recovering from a dangerous external event; indeed, resilience pertains to
recovery and flexibility. To this end, the use of intelligent materials is proposed [30]. Such
an approach sees the integration of the concept of resilience with materials that become
‘intelligent materials’, combining the latter with civil engineering applications to control
performance in static and dynamic conditions. With the aim of achieving sustainable
infrastructure, it is necessary to develop methodologies [31] to quantify implemented solu-
tions both spatially and temporally. New developments can only arise from very specific
economic, environmental and social needs pointed out by the data, and without these data,
such needs can go undetected. From an economic perspective, Bergman et al. [32] propose
an analytical approach based on a sustainability dimension and an identification of the
limits of a system’s life cycle to develop a series of criteria that can be applied to empirical
cases and real data.

Furthermore, for an economic evaluation of the life cycle of a road tunnel system, it is
important to take into consideration aspects of design and construction, management costs
and road surfaces [33], which can have both a technically and economically positive impact.
Tunnels, therefore, become multifunctional by means of a multi-faceted risk management
approach that can be exploited transversally to all tunnels of the world, guaranteeing a
unique solution for resilient and sustainable development [34]. Smart technologies must
become a key element of the solutions for tunnel infrastructure management; resources
such as Building Information Modelling (BIM) can support the flow of information to
evaluate these infrastructures dynamically [35].

Bracale et al. [36] call attention to tunnel lighting safety requirements and the need
for an energy supply for tunnel safety systems. In particular, to evaluate the higher energy
consumption of the lamps in a tunnel, an economic criterion for the selection of technical
and technological solutions must be included. The theme of multidimensionality addressed
above is taken up by Yi et al. [8] as a means of lighting system management. In fact,
influencing factors and quantitative indices of the level of energy savings related to lighting
are modelled using software and validated through experimental tests. Two studies [37,38]
focus on the electrical systems of road tunnels, comparing the minimum technical require-
ments of the design of the lighting system required by law. Solutions are based on an
adaptive criterion in the first study and on a practical method to estimate load demand
and annual energy cost in the second, both adopting a smart control system to optimise
energy balance. Salata et al. [39] demonstrate an optimisation of energy consumption
by showing that, with special asphalts characterised by a high reflective coefficient, it is
possible to achieve equivalent lighting with a lower luminous flux and, consequently, lower
energy consumption.

4.2. Renewable Sources

The use of renewable energy sources is a central theme in the creation of sustainable
infrastructures. From a theoretical perspective, renewable energy sources are those sources
that are inexhaustible or renewed over time. The primary sources of alternative energy are
the sun and wind. To make the most of these two resources within a tunnel system, they
must be sufficiently integrated. Pefia Garcia et al. [40] focus on the use of solar energy to
demonstrate that PV systems near tunnel portal gates generate savings in terms of energy,
number of projectors installed, CO, emissions and environmental impact. The energy
consumed by the lighting and ventilation systems of a tunnel system is about 80% and
20% of a tunnel’s total energy consumption, respectively. Using a PV system and hybrid
inverter points to the possibility of reducing the adaptive luminance of L20 by means of
shading structures at the tunnel entrance [41].

Tunnel design data suggest that the key to achieving a sustainable tunnel system
will involve using sunlight in a focused way. Pefia Garcia [42] proposes an experimental
equation called SunLight in Tunnels (SLT) to predict and evaluate energy savings in road
tunnels. Starting from the desired conditions, characteristic parameters, such as the surface
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area and distribution of diffusers and the number of holes or light pipes, can be calculated.
A theoretical use of this equation is proposed that includes all the characteristic parameters
for evaluating luminance and luminous flux to demonstrate that any solution involving
the use of sunlight in road tunnels according to the two main strategies proposed to date
(shift in threshold zone and light injection) can be easily evaluated and compared to other
solutions. Garmarini et al. [43] apply a sensitivity analysis to the energy efficiency of a
solar prototype vehicle. Furthermore, Zhao et al. [44] propose an energy-saving solution
with an algorithm based on a long short-term memory neural network using the least
squares method to define luminance and a reduction coefficient for any speed and traffic
flow conditions. Other papers [45,46] offer an experimental approach, such as a system that
utilises a coupled heliostat-light pipe system for solar light collection as a sunlight source.
In another case study [47], the same author experiments with how changes in vegetation
around the portal gate (e.g., the use of common ivy) in an alpine environment can help
the lighting system save energy and thus guarantee the sustainability of the road tunnel.
The solutions proposed above are collected in a review [48] that highlights that the tasks
of renewable resources can be performed through different systems, e.g., optimisation of
an already existing LED system by simulations and models [49], the use of vegetation to
decrease energy demand [50] or, simply, a better design of already existing resources [51].
The aim of the zero-energy tunnel, which includes the use of the renewable energy sources
presented above, is illustrated below.

4.3. Zero-Energy Tunnel

The concept of the ‘zero-energy tunnel’ must be understood in an idealistic way. With
the current state-of-the-art knowledge, there is no evidence to demonstrate a balance of
zero energy. The vision of ‘zero’ represents the arrival point for integrating safety and
sustainability in road tunnels.

Doulos et al. [52] attempt to develop this vision of zero through the use of technological
resources, such as the Supervisory Control and Data Acquisition (SCADA) system. This
allows one to remotely program the influencing lighting system factor, how weather, traffic
and stopping distance, to design according to updated conditions. In another theoretical
approach, Yang et al. [53] propose a method using self-developed software based on a point-
by-point algorithm to evaluate the influence of the angles of luminaires and installation
modes on the road tunnel. Other examples of near-zero-energy achievement exploit
meteorological conditions [54] (e.g., wind, directionality) or investigate a reasonable time
factor for CO-based emissions [55] to optimise ventilation systems.

Looking towards the goal of a zero-energy tunnel, one paper simulates the interaction
between a fire and a tunnel PV system [5]. Another [56] studies the integration of semi-
transparent PV cells into sunscreen structures installed above a portal tunnel to reduce
tunnel lighting requirements and counteract energy consumption in critical time slots
through the use of simulation software. Such a study allows for an understanding of
the quantitative energy impact of the proposed solution. Jiang et al. [57] propose a zero-
energy system in which a sliding plate absorbs the kinetic energy produced by decelerating
vehicles. The absorbed energy is then converted into electrical energy.

4.4. Tunnel Safety Lighting

The number of researchers who include issues of tunnel safety lighting in their work
is considerable. The reasons are as follows: a tunnel is a confined environment and requires
a safety system design that guarantees user safety and infrastructure performance. In the
context of proposed green solutions, the optimisation of a lighting system’s energy con-
sumption is of utmost importance. This section will present articles that illustrate solutions
aimed at achieving sustainable tunnels while considering safety aspects. Concerning the
topic of lighting optimisation, a study led by Yang et al. [58] proposes a methodology
(known as high-performance uniformity) that, by exploiting LED lamps, ensures lighting
uniformity, greater user safety and a saving of 20% compared to ordinary solutions. Tsai
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et al. [59] comparatively address the same issue by proposing a solution that employs a
free lens with a cluster of light-emitting diodes. This system makes it possible to reduce
dazzle and increase safety. Other authors [60] propose a comparison of the use of pergolas
and tension structures through an equation that exploits the structural characteristics of a
tunnel to reduce energy consumption. On the same subject, Salam et al. [61] adopt shading
structures to achieve great reductions in tunnel lighting requirements by reducing artificial
lighting intensities at entrances and exits. Other energy solutions take advantage of tunnel
cross-sections [62]; under energetic and financial considerations, it becomes reasonable
to choose larger tunnel cross-sections. Lopez et al. [63] present a system that determines
the energy and lighting requirements of road tunnels through the use of photographs at
the gates. This can be considered a tool that makes the infrastructure more sustainable by
guaranteeing dynamic maintenance over time. Studies [64,65] also provide a new control
system for calculation and design—namely, an intelligent control system of road tunnel
lighting that can realise the effects of illumination as it moves with a vehicle. When a vehicle
is detected, the required luminance of the tunnel’s interior is calculated based on changes in
the tunnel’s external ambient luminance, traffic volume and vehicle speed. The use of LEDs
is also discussed [66,67]. The point is to improve the uniformity of the road surface due to
daylight increasing the use of light inside the tunnel. As has been illustrated, green energy
solutions must also meet an assessment of economic factors. Salata et al. [68] propose a
management model that calculates luminous flux through a new predictive control system.
Therefore, the economic aspect of sustainability must be addressed by finding solutions
for the ventilation [69] and lighting systems of tunnels [70] that also include an economic
return on investments made.

In Table 7, a summary of each paragraph is offered. The process flow to achieve results
was started from the inclusion criteria in Table 3. Most contributions came from China and
Europe, both of which also published highly cited papers. After the bibliometric analysis
and graphical categorical comparison of research trends, a detailed summary of each article
is presented. Discussion on the contents and limitations are offered in Sections 5 and 6.

Table 7. Summary of subject topic content.

Paragraph

Subject Topic Summary

41 S.1 Sustainable infrastructure

Environmental, economic and social aspects must be evaluated simultaneously to
make a tunnel system sustainable. Several studies presented herein summarise the
different aspects described above; namely, to be resilient, tunnels must be built with
sustainable materials, be equipped with smart systems that monitor their
infrastructure, guarantee that safety requirements meet regulations and be designed
with an economic evaluation of the road tunnel system’s lifetime in mind.

4.2 S.2 Renewable sources

The studies in this section address the issue of renewable resources for tunnels.
Most of these studies present solutions that involve the use of PV systems; others
propose the use of vegetation to reduce the energy required by portals. Most of the
energy required is for the lighting system of the tunnel. Therefore, studies are cited
that suggest ways to optimise and improve upon the design of already existing
resources.

4.3 5.3 Zero-energy tunnel

The ‘zero-energy tunnel’ is a hot topic. Major proposals involve technological
resources, such as the SCADA system; a point-by-point algorithm; the use of a
self-developed software to evaluate the influence of the installation mode and
angles of luminaires in the road tunnel; an investigation of reasonable time factors
for CO-based emissions; and the use of a sliding plate based on transverse
deceleration energy.

In the context of green solutions, the topic of energy optimisation in lighting systems
is most critical. Proposed solutions include exploiting LED lamps for performance
uniformity; the use of tension structures through an equation that exploits the

4.4 S.4 Tunnel safety lighting structural characteristics of a tunnel to reduce energy consumption; a management

model that calculates luminous flux through a predictive control system; and an
intelligent control system of road tunnel lighting that realises the effects of
illumination as it moves with a vehicle.
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5. Discussion

As highlighted in the results section, the topic of energy optimisation is extensively
discussed in the literature. Many studies also address issues of clean energy and the
functionality of integrated systems required to make tunnels a sustainable infrastructure.
In the context of sustainable tunnel design, a sustainability vector [71] is introduced to
describe the positive interaction between safety systems and territorial resilience. CIs are a
singular point of road networks, and the goal must be to ensure their continuity of service,
even in the event of an emergency. In terms of energy, continuity of service requires that
renewable sources are integrated with traditional sources and that the energy consumption
of safety features is reduced to a bare minimum.

The objective of this review was to examine state-of-the-art green solutions for tunnels,
paying special attention to aspects of their sustainability and safety. Below are the outputs
of the selected documents (many articles can be considered as a knowledge base for green
tunnel developments):

e  Most articles presented in the results section are conceptual, and the proposed solutions
and methodologies are carried out via simulations or analytical models. Although some
experimental research has been presented (see Figure 7), this disparity highlights the
need to conduct more real-scale tests to verify the feasibility of sustainability solutions;

e  The analysis highlighted the need for an economic return [68,70] on the use of renew-
able energy while also guaranteeing ordinary and extraordinary maintenance of the
tunnel and risk management of the investment;

e  Major trends in the last decade have resulted in the energy optimisation of road
luminaires with attention to the problem of light reflectance and the energy needed
for the portal gates of the tunnel;

e  Reviews report key points of sustainability perspectives [17] for presenting state-of-
the-art solutions;

e  The 46 articles presented herein show the complex relationship between different
elements of a tunnel system: tunnel lighting, energy consumption and safety. This
demonstrates how engineering can be considered as a whole when different subjects
are connected through the principles of sustainability;

e  From the results, a clear direction appears. Most studies apply experimental research
and theoretical frameworks to the issue of tunnel lighting. This is due to strict reg-
ulations that impose mandatory parameters on tunnels. If we consider what the
state-of-the-art is now, we can work to change the design priorities. For example, if
we can demonstrate a way to secure the same amount of energy through the use of
alternative sources, we could then design and enact systems from this starting point
and not be obligated to adjust engineering design to accommodate regulations. By
doing so, we can achieve a sustainable and resilient tunnel infrastructure.

6. Conclusions and Future Directions

An overview of scientific research on green tunnel solutions from the last decade
(2013-2022) has been presented with the aim of decreasing the energy required to operate
a tunnel system. A synthesis of the results includes possible solutions for protecting the
environment and enhancing the resilience and reliability of this particular infrastructure.
The main change that occurred during the decade in question, and especially after the Paris
Agreement, was the gradual social, economic and environmental approach to the issue
of sustainability of critical infrastructures (CI) that accompanied a growing awareness of
renewable resources and how to exploit them.

This literature review presents obvious limitations. Over the last several years, the
use of green energy for sustainability goals has been discussed from various points of view.
The decision to make selections based solely on a consideration of tunnel infrastructure and
to limit this consideration to the engineering and energy fields, despite social and ethical
themes involved, was motivated by the need to verify the scientific validity of currently
proposed solutions. The results of this study cannot be considered complete because the
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sustainability of critical infrastructures includes the consideration of other relevant issues.
Despite this, the proposed criteria for data analysis and the synthesis of results in this
review can be considered a basis for further research on tunnel energy and safety systems,
as well as their economic implications [70].

The goal of a zero-energy tunnel that uses renewable energy translates into designing
a conceptual tunnel with a newly defined energy supply. Minimising specific energy con-
sumption to ensure both user comfort and operational sustainability is not detached from
the minimum specific risks of tunnel systems in accordance with Directive 2004/54/EC
and Italian Decree 264/2006 [72]. The challenge lies in collecting all perspectives of CI
sustainability, including tunnels [73,74]. This review can serve as a point of reference for
achieving a near-zero-energy tunnel. Using European [75,76] and American [77] standards
as a starting point, safety requirements and a consideration of new technologies can be
incorporated to achieve the best design solution.

As underscored in the discussion section, developing a way to generate and store
renewable energy entails analysing the economic return of the installation of a green power
system, as well as technological innovations in optimising the projects by improving their
cost/benefit ratio. The alternative is to obtain exemptions from prescriptive requirements
that are not compatible with the real-world context of the project. The aim is to build
reliable plants and systems whose performance is subject to performance analysis. In this
context, a life cycle assessment is needed to calculate the life cost of the infrastructure’s
functionality [78]. Tunnels carry out an important role in supporting the economic and
social welfare of the nation and must therefore be protected from extreme events.

Extreme events can cause terrible damage to transportation infrastructure and have
long-term socio-economic impacts. Thus, in the event of a fire, protection and mitigation
systems must work with continuity for the duration of the event. Theoretical energy
production must be compared with the actual energy provided to evaluate and optimise
system efficiency. A life cycle assessment (following the ISO 14040/1SO 14044) [79,80] can
be conducted for structures such as tunnels to address environmental influences throughout
their life cycles, from construction to end-of-life, without omitting the operation phase.

One future direction is to link the cited Directive’s requirement [75-77] and the energy
module of the tunnel using a design based on the probability of a hazardous event occurring.
Solutions must be found for the use of renewable energy that provides safety and comfort
to users. This will be realised with technologies such as artificial intelligence, Big Data,
the Internet of Things and digital twins that advance computational understandings of
human behaviour and emergency planning. The goal is to redefine tunnel design and
service provision by reducing cost and increasing efficiency and resilience [81].

Overall, the present systematic literature review has led to some practical suggestions.
Several research works were highlighted and discussed on the theme of zero-energy road
tunnels. An introduction of renewable sources was provided to reduce energy consumption
in tunnels. A future challenge would be to combine photovoltaic systems with wind
turbines to generate the amount of energy needed [82]. Moreover, to reach the ideal of
Zero energy, energy storage must be guaranteed for tunnels to become independent. A
future direction could involve an autonomous energy module based on wind and solar
energy with a storage system. Energy modules calculate the efficiency of wind ventilation
and traffic conditions, potential power generation from installed wind turbines at tunnel
entrances and PV panels located at portal gates. After having acknowledged the theoretical
energy demand, one can realise how much energy is really needed in order to optimise the
system. In the initial phase, PV and wind turbines are not installed, and the optimal system
design is given by data analysis. Conversely, the management of tunnel ventilation can be
oriented towards energy production and/or air quality through a smart predictive system
that manages the activation of the system (lighting or ventilation) to ensure the minimum
amount of energy is consumed.
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Appendix A

List of selected documents categorised following the subject topic with its referred
code and divided as follows:

S.1 Sustainable infrastructure;

S.2 Renewable sources;

S.3 Zero-energy tunnel;

S.4 Safety tunnel lighting.

No Author Year Subject Topic Code
[58] Yang, C., Fan, S.J. 2013 S4
[29] Sauer, J., Fischer, O. 2013 S.1
[60] Pena-Garcia, A., Gil-Martin, L.M. 2013 S.4
[51] Lai, W., Liu, X., Chen, W,, Lei, X., Cheng, X. 2014 S.2
[46] Gil-Martin, L.M., Pefa-Garcia, A., Jiménez, A., Hernandez-Montes, E. 2014 S.2
[61] Abdul Salam, A.O., Mezher, K.A. 2014 SA4
[66] Kimura, M., Hirakawa, S., Uchino, H., Motomura, H., Jinno, M. 2014 S.4
[59] Tsai, M.-S., Lee, X.-H., Lo, Y.-C., Sun, C.-C. 2014 SA4
[39] Salata, F,, Golasi, I., Bovenzi, S., Vollaro, E.L., Pagliaro, F,, Cellucci, L., Coppi, M., 2015 51
Gugliermetti, ., Vollaro, A.L. ’
[38] Parise, G., Martirano, L., Parise, L. 2015 S.1
[50] Pefia-Garcia, A., Lopez, J.C., Grindlay, A.L. 2015 S.2
[37] Parise, G., Martirano, L., Parise, L., Carrarini, L., Mitolo, M. 2015 S.1
[62] Schranil S.; Stachetzki J. 2015 SA4
[28] Tarada F. 2015 S.1
[70] Salata, F.; Golasi, I.; Bombelli, E.; De Lieto Vollaro, E.; Nardecchia, F.; Pagliaro, F,; 2015 S4
Gugliermetti, F.; De Lieto Vollaro, A.L. :
[33] Moretti, L., Cantisani, G., Di Mascio, P. 2016 S.1
[45] Penia-Garcia, A., Gil-Martin, L.M., Hernandez-Montes, E. 2016 S.2
[70] Salata, F., Golasi, I., Poliziani, A., Futia, A., Vollaro, E.L., Coppi, M., Vollaro, A.L. 2016 SA4
[31] Makana L.O.; Jefferson I.; Hunt D.V.L.; Rogers C.D.E. 2016 S.1
[54] Guo, C,, Xu, J., Yang, L., Guo, X., Zhang, Y., Wang, M. 2017 S.3
[49] Yang, C., Fan, S. 2017 S.2
[43] Galmarini, G., Dell’Agostino, S., Gobbi, M., Mastinu, G. 2017 S.2
[42] Pena-Garcia, A. 2017 S.2
[65] Qin, L., Dong, L., Xu, W., Zhang, L., Yan, Q., Chen, X. 2017 S.4
[47] Garcia-Trenas, T., Lopez, ].C., Pefia-Garcia, A. 2018 S.2
[53] Yang, C., Li, M., Xiao, Y., Xu, Y. 2018 S.3
[63] Lopez ].C.; Pefia-Garcia A. 2018 S4
[36] Bracale, A., Caramia, P., Varilone, P., Verde, P. 2019 S.1
[52] Doulos, L.T., Sioutis, I., Tsangrassoulis, A., Canale, L., Faidas, K. 2019 S.3
[30] Farag S.G. 2019 S.1
[67] Krispel, S., Peyerl, M., Maier, G. 2019 S.4
[56] Sun, D., Athienitis, A., D’ Avignon, K. 2019 S.3
[41] Petrov, S., Todorov, G., Pachamanov, A. 2019 S.2
[55] Liu, W., Chen, J., Luo, Y., Shi, Z., Wu, Y., Xu, Z., Dong, F. 2020 S.3
[40] Pefia-Garcia, A., Gomez-Lorente, D. 2020 S.2
[69] Fang, Y., Shen, J., Chen, J., Wang, J., Li, W. 2020 S4
[64] Wang, Y., Cui, Y., Chen, F, Ren, R. 2020 SA4
[17] Gijzel D.; Bosch-Rekveldt M.; Schraven D.; Hertogh M. 2020 S.1
[34] Luo Y.; Alaghbandrad A.; Genger T.K.; Hammad A. 2020 S.1
[44] Zhao, J., Feng, Y., Yang, C. 2021 S.2
[35] Caldera S.; Mostafa S.; Desha C.; Mohamed S. 2021 S.1
[48] Pena-Garcia, A. 2022 S.2
[8] Shen, Y., Deng, Y., Li, T., Zhou, L., Feng, S., Zhu, H. 2022 S.1
[5] Qi, D,, Yang, S., Shu, C., Zhang, X., Wang, L.L., Athienitis, A. 2022 S.3
[57] Jiang, Z,, Jia, C., Zheng, P.,, Gong, Y., Li, N., Ahmed, A., Zhang, Z., Luo, D. 2022 S.3

[32] Bergman F.; Anderberg S.; Krook J.; Svensson N. 2022 S.1
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