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Editoriale
Cari Lettori e cari Soci

In questo numero della rivista Vi presentiamo una selezione di contributi scientifici provenienti 
dal mondo universitario e, più precisamente, da attività di ricerca svolte da docenti e collabo-
ratori afferenti al Dipartimento di Ingegneria dell’Ambiente, del Territorio e delle Infrastrutture 
(DIATI) del Politecnico di Torino.
Il DIATI è risultato infatti tra i 180 Dipartimenti Universitari di Eccellenza (2018-2022) 
assegnatari del finanziamento MIUR. Il progetto di sviluppo del DIATI (del valore di 8.7 milioni 
di Euro), predisposto grazie all’ampia collaborazione dei diversi settori scientifici disciplinari 
del Dipartimento ed inerente i Cambiamenti Climatici, ha superato con successo anche 
la selezione finale. I fondi, come previsto dai progetti presentati ed approvati dal MIUR, sono 
stati destinati a rafforzare il capitale umano, le infrastrutture di ricerca e attività didattiche di 
alta qualificazione.
L’idea che è sorta è quindi quella di provare a racchiudere in un unico numero di una rivista le 
principali attività di ricerca svolte che, sebbene non siano esaustive, possono dare un’idea della 
trasversalità, multidisciplinarietà e innovazione delle ricerche che vengono quotidianamente 
affrontate. Sono orgoglioso di poter dire che il DIATI abbia scelto la nostra rivista per poter 
mostrare ciò e quindi in questo numero doppio, il 163/164 della rivista, trovate gli articoli più 
rappresentativi di tali tematiche che spaziano dai sistemi di trasporto sostenibili e inclusivi, allo 
studio dell’impatto ambientale nelle grotte turistiche, alle analisi ambientali relative ad agenti 
atmosferici, alla sostenibilità urbana, protezione del territorio, sfide geologiche e idrauliche 
oltre che attività di cooperazione internazionale.
Le tematiche sono varie e le innovazioni sono repentine: per cui vi lascio alla lettura di questo 
doppio numero e, augurandovi una buona fine di 2021, vi attendo per il primo numero del 2022.

Paolo Dabove
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Dear Readers and GEAM Members

In this issue of the magazine, we present a selection of scientific contributions from the univer-
sity world and more information from research activities carried out by professors and colla-
borators belonging to the Department of Environment, Land, and Infrastructure Engineering 
(DIATI) of the Politecnico di Torino.
In fact, DIATI was among the 180 Departments of Excellence (2018-2022) awarded 
the MIUR (Ministry of Education, University and Research) funding. The DIATI development 
project (worth € 8.7 million), prepared thanks to the extensive collaboration of the various 
scientific sectors of the Department and relating to Climate Change, has also successfully 
passed the final selection. As envisaged by the projects presented and approved by MIUR, the 
funds were intended to strengthen human capital, research infrastructures, and highly qualified 
teaching activities.
Therefore, the idea that has arisen is to try to enclose in a single issue of a journal the main 
research activities carried out, which, although not exhaustive, can give an idea of the transver-
sality, multidisciplinarity and innovation of the researches that are dealt with daily. I am proud to 
say that DIATI has chosen our magazine to be able to show this and therefore in this double 
issue, 163/164 of the magazine, you will find the most representative articles of these issues 
ranging from sustainable and inclusive transport systems to the study of environmental impact 
in tourist caves, environmental analyses relating to atmospheric agents, urban sustainability, land 
protection, geological and hydraulic challenges as well as international cooperation activities.
The themes vary, and the innovations are sudden: so I leave you to read this double issue. 
Wishing you a good end of 2021, I look forward to seeing you for the first issue of 2022.

Paolo Dabove
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1. Introduction

Stone weathering is controlled by 
the intrinsic properties of the sto-
ne (mineralogical-petrographic, 
porosity and mechanical features) 

and by its uses (external and inter-
nal facades, paving, roofs etc.).

Previous studies underlined 
the influence of porosity in the 
weathering evolution processes 
in natural stones (Hudec, 1998; 

Siegesmund, 2008; Molina Balle-
steros et al., 2010) even in marble, 
characterized by a low porosity 
(Siegesmund, 2000, Sassoni et 
al., 2014). Many tests of artifi-
cial and natural ageing, together 
with in situ analysis on exposed 
marbles, showed that an increase 
in weathering is connected to an 
increase in porosity as well as to a 
decrease in mechanical resistance 
(Warke et al., 2006; Bellopede et 
al., 2016).

The response to natural or ar-
tificial ageing processes seems to 
be strongly influenced by the pore 
structure of the stone. The pre-
sence of closed or interconnected 
voids in compact rock is one of the 
main features that needs thorough 
investigation.

Due to the existing correlation 
between movement of the fluids, 
such as water, and weathering, the 
analysis of the porosity evolution 
within a rock is the most intere-
sting approach in order to investi-
gate the correlation between decay 
and structure.

The study of the increase of to-
tal porosity and of the geometrical 
characteristic of the pore structu-
re provides useful information on 
the evolution of the decay, and it 
allows evaluating the marble du-
rability in facades, and more gene-
rally in buildings, as well as for the 

o artificiale delle rocce è influenzata dalla struttura dei pori della pietra stessa. Questo feno-
meno può essere meglio compreso attraverso lo studio e la caratterizzazione della porosità
e della struttura dei pori a diverso grado di alterazione. Informazioni utili sull’evoluzione del
degrado portano alla valutazione della durabilità del marmo nelle facciate, e in generale negli
edifici, e alla tutela e il recupero del patrimonio artistico e architettonico.
In questo articolo, applichiamo un approccio per la caratterizzazione geometrica dei parame-
tri della struttura dei pori per quantificare l’alterazione naturale indotta dagli agenti atmosfe-
rici su lastre di marmo. La metodologia si basa sull’applicazione di un algoritmo di ricerca del
percorso ad immagini binarie 2D rappresentative di sezioni sottili del marmo a diversi livelli di
alterazione.
I risultati forniti dai test preliminari confermano una buona concordanza tra la struttura dei
pori e la corrispondente variazione delle proprietà fisiche e meccaniche del campione analiz-
zato.
Parole chiave: marmo, agenti atmosferici, immagini al microscopio, raggio dei pori, algoritmo
di path-finding, caratterizzazione della struttura porosa.

DX.DOI.ORG/10.19199/2021.163-164.1121-9041.05

Characterization of marble 
weathering through pore 
structure quantitative 
analysis

Stone weathering is strongly controlled by the intrinsic properties of the stone and by its use. 
Previous studies demonstrate that the response to natural or artificial ageing processes of the 
rocks seems to be strongly influenced by the pore structure of the stone. A better understan-
ding of this phenomenon is provided by the study and characterization of porosity and of the 
pore structure at different degrees of alteration. The analysis of the evolution of the decay leads 
to the evaluation of the durability of marble in facades, and more generally in buildings, as well 
as for the protection and recovery of artistic and architectural heritage.
In this paper, we apply a methodology for the geometrical characterization of the pore structure 
to quantify alteration induced by natural weathering on marble slabs. The approach is based on 
the application of a path-finding algorithm to 2D binary images representative of thin sections 
of marble at different degrees of alteration. Through the identification of the paths within the 
porous domain, the methodology allows the characterization of the pore structure in terms of 
pore radius distribution along the identified paths. Analysis of the results demonstrate a good 
agreement between the degree of alteration of the pore structure and the corresponding varia-
tion of the physical and mechanical properties of the rock samples under investigation. 
Keywords: marble, weathering, microscope images, pore radius, path-finding algorithm, pore 
structure characterization.

Caratterizzazione dell’alterazione del marmo dovuta ad agenti atmosferici 
mediante analisi quantitativa della struttura porosa. L’invecchiamento delle pietre 
ornamentali è fortemente condizionato dalle proprietà intrinseche della pietra e dal contesto 
di utilizzo. Precedenti studi dimostrano che la risposta ai processi di invecchiamento naturale 
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protection and recovery of artistic 
and architectural heritage.

In this paper, we apply a metho-
dology recently presented by Vi-
berti et al. 2020 for the geome-
trical characterization of the pore 
structure parameters to quantify 
marble weathering.

Porous media are complex ma-
terials characterized by a chao-
tic structure and tortuous fluid 
flow, with pore and grains dimen-
sion varying over a wide range 
(Ghanbarian et Al. 2013). Pore 
network model is considered to be 
an important platform for descri-
bing the geometry and topology 
of pore spaces and for performing 
flow calculations (Yao et al. 2015). 
Characterization of porous media 
geometry and properties, at dif-
ferent scales, is fundamental for 
several fields of application and 
scientific disciplines such as geo-
logy, reservoir engineering, under-
ground water science, chemistry, 
material science and engineering.

The study of the pore characte-
ristics has an important historical 
background, starting from ancient 
Egyptians, Greeks and Romans, 
passing through the significant 
progress in scientific evaluation 
during 19th century with the in-
troduction of physical principles 
such as capillarity, diffusion and 
fluid flow, leading up to the mo-
dern experimental methodologies 
(Sing, 2004). In the last decades, 
the adoption of addressed experi-
mental procedures coupled with 
the possibility to acquire high re-
solution images of porous media 
(microscope, etc.), several approa-
ches for 2D pore structure image 
analysis have been developed and 
presented in the technical literatu-
re. These include grain recognition 
(Oren & Bakke, 2003), medial-axis 
(Lindquist et al., 1996), medial 
surface (Al-Raoush and Madhoun, 
2017), fractal geometry (Xu et al., 
2008; Xiao et al., 2019; Cai et al., 
2019), Dijkstra’s algorithm (Sun 
et al., 2011), watershed (Sheppard 

et al., 2004; Rabbani, et al. 2014) 
and percolation theory (Liu et al., 
2014).

In this paper we present a 
methodological approach for 
the investigation of the effect of 
weathering on marble samples 
through the application of a mo-
dified version of the A* path-fin-
ding algorithm. The pore structure 
characterization is carried out on 
macroscope-acquired images of 
marble thin sections at different 
degrees of alteration. The acquired 
images are then binarized so as to 
identify the porous domain within 
which the paths are calculated by 
A*. The visible paths can be exploi-
ted for pore structure characteriza-
tion: along each path, the aperture 
of the channels can be estimated. 
An example of application of the 
methodology and the analysis of 
the output results is presented.

2. Dataset description
and experimental
procedure

2.1. Rock sample description

The methodology was applied to a 
case study of a Marble identified 
as ITQ4 quarried in Stazzena (LU).

The hand sample is a compact 
white breccia, characterized by 
veins varying in color from brown 

to dark gray with a very variable 
pattern and size. The marble cla-
sts are elongated and stretched, 
with pluridecimetric dimensions, 
immersed in a locally dark gray 
cement.

The thin section shows a crystal-
loblastic metamorphic lithotype. 
Anisotropic blasts with mainly 
interlobate, inequigranular edges 
(300 ÷ 350 µm) are present in the 
clasts which are surrounded by an 
inequigranular calcitic mosaic of 
subhedral blasts with rounded and 
rectilinear edges (100 µm). Com-
plex veins consisting of pyrite, 
quartz, sericite, muscovite, epido-
te, titanite and opaque are present 
(Fig. 1).

2.2. Weathering

Stone weathering is correlated 
with many different physicoche-
mical processes (Bortz et al., 1993, 
Winkler, 1987) operating both 
sequentially and synergistically 
(Bellopede et al., 2016). Previous 
studies (e.g. Camuffo, 1995) pro-
ved that the aesthetic value loss is 
directly related to the intrinsic pro-
perties of the material as well as to 
natural agents. Rainwater, wind, 
solar radiation and thermic varia-
tions are the primary causes for 
the mechanical and physical wea-
kening of stones. Moisture, which 
affects the inter-particle forces 
acting on independent granules, 

Fig. 1 – Comparison between non altered ITQ4 sample (left) and weathered slab (right).
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is a critical factor for weathering 
processes, and the water move-
ment within the bulk volume of 
the stone is strongly related to the 
porosity and the permeability of 
the material (Warke et al., 2006). 
Moreover, the natural decay de-
eply modifies the edges between 
grains, it widens cracks resulting 
in an increase in porosity.

This indicates that the variation 
of the pore characteristics, such as 
open porosity, pore size and shape, 
depends on the weathering trend. 
These characteristics are impor-
tant variables that may change 
with time, especially in the subsur-
face layer where the main physical, 
chemical and biological processes 
occur (Biscontin et al., 1993).

The two analyzed samples come 
from two 50 x 70 cm slabs of ITQ4 
marble. One underwent natural 
weathering, through ten years of 
outdoor exposure, while the se-
cond is the original sample that 
was kept indoors.

From the two original samples, 
the specimens have been cut and 
several thin sections were obtai-
ned from both the weathered and 
the original slab. The thin sections 
were impregnated with a blue 
methylene liquid in order to faci-
litate the microscopic analysis of 
the crystal structure.

2.3. Physical and mechanical 
tests performed on ITQ4

Physical and mechanical tests were 
carried out on the specimens both 
in natural condition and after ten 
years of natural weathering. The 

description of the test is provided 
in the following.

Water absorption by immersion 
in water at atmospheric pressure 
(WA) was carried out according to 
EN 13755 (2008). WA is expres-
sed as the percentage of water 
mass inside the pores of the speci-
men after 48 hours of saturation. 
Open Porosity test was performed 
according to EN1936 (2006) and 
the value represents the percen-
tage of open voids connected to 
the surfaces of the specimen. 
According to previous scientific 
studies (Manfredotti and Marini, 
2006, Vandevoorde et al., 2009), 
these methods are able to detect 
the weathering of a natural stone 
by comparing the results obtained 
on a fresh and weathered material.

Flexural strength was carried 
out to determine the resistance 
to flexural strength described by 
the European standard EN 12372 
(2007). This test is a destructive 
method used to study the decay 
of stone and it is well correlated 
with non-destructive tests such 
as UPV and water absorption. The 
test has been performed on 200 × 
50 × 30 mm specimens obtained 
from each slab.

Ultrasonic Pulse Velocity (UPV) 
is a very fast and efficient non-de-
structive methodology used to 
define the mechanical properties 
of a stone material. The test was 
carried out following the standard 
EN 14579 (2005). For each slab 
the indirect method has been ap-
plied using 250 kHz transducers. 
UPV is linked to the physical and 
mechanical characteristics of the 
material in which it propagates, 

such as in terms of crystal texture, 
porosity and cohesion. The resul-
ts of the tests are summarized in 
Table 1.

2.4. Quantitative pore 
structure analysis

In order to provide a quantitati-
ve characterization of the weathe-
ring effect on marble pore structu-
re, we apply a methodology based 
on a modified version of A* pa-
th-finding algorithm. The approa-
ch allows the analysis of 2D binary 
images of marble thin sections at 
different degrees of alteration. 
The A* algorithm is able to identi-
fy the paths representative of the 
pore structure and to estimate, 
along each path, the aperture of 
the channels. The workflow of the 
methodology can be summarized 
in three steps:
• 	�Image acquisition and proces-

sing
• 	�Path identification in pore

structure
• 	�Pore size analysis
The above steps are described in
the following sections.

2.4.1. Image acquisition and 
preprocessing

The images have been acquired 
using a Leica M420 macroscope 
(40X magnification) in *.Tiff for-
mat at 12 Mpixels. Digital pro-
cessing is applied to the images in 
order to highlight and extrapolate 
the impregnated paths. The proce-
dure first involves a preliminary 
tuning of some of the main ima-
ge parameters such as intensity, 
gamma, saturation, brightness 
and contrast. Secondly, a histo-
gram-threshold-based mask is ap-
plied on the RGB values of the pixel 
image. The identified threshold is 
used to identify the impregnated 
domain and for the construction 
of a binary image in which the 
grain pixels are represented by the 

Tab. 1 – Physical-mechanical test performed on the ITQ4 in natural condition and after ten 
years of natural weathering.

Performed tests Not weathered slab Naturally weathered slab

UPV f = 250kHz [m/s] 2725 ± 74 2205 ± 193

Open Porosity ( % ) 0,61 ± 0,04 1,65 ± 0,07

Water absorption WA [%] 0,20 ± 0.04 0,56 ± 0.05

Flexural strength [Mpa] 12,9 ± 3.5 9,2 ± 1.9
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digital number 1 while the impre-
gnated pore pixels by 0.

2.4.2. Path identification in pore 
structure

The pore structure of each gene-
rated image is characterized using 
a path-finding approach. Given a 
set of nin inlets (start) and nout out-
lets (target), automatically located 
along the boundaries faces of the 
porous domain (i.e. 2D image), the 
shortest paths between each in-
let-outlet pairs is computed along 
the main considered directions (X, 
Y) (Viberti et al., 2020) (Fig. 2).

A modified version of the A* al-
gorithm is used as a path-finding 
approach. The A* approach (Hart et 
al., 1968; Nilson, 2014) allows the 
construction of the optimal path 
(i.e. shortest) between two loca-
tions using an heuristic function 
to guide the search through the 
minimization of the cost function 
ci(n):

	 ci(n) = gi(n) + hi (n)� (1)

where n indicates the considered 
node along the path, gi(n) is the 
cost of the path from the start 
node (inlet) to a considered node 
n on the path, hi(n) is the heuristic 
function representing a prior esti-
mation of the cost to move from 
the considered node n to the target 
(outlet). The Euclidian distance is 
chosen as a forward cost hi(n). The 
path is constructed by progressi-
vely computing the cost function 
at each node from the inlet to the 
associated outlet. The final output 
is a graph G = (N, E) where N are 
a set of reference nodes progres-
sively identified through the cost 
function with X – Y coordinates 
and E the connecting edges betwe-
en nodes (2).

Since the marble could be poorly 
connected, the methodology was 
applied to image sub-windows. 
Moreover, a modified version of 
A* was used in this work, which 
also allows the characterization of 

dead-end paths (i.e. paths that are 
generated from a starting point 
that cannot reach the associated 
target because of obstacles).

2.4.3. Pore size analysis

T﻿he generated paths are used for 
the geometrical characterization 
of the pore structure. Along each 
identified geometrical path, the 
local pore size is estimated at each 
grid node location by measuring 
the extension of the pore section 
length orthogonal to the local path 
direction (Fig. 3), therefore the to-
tal pore size distribution of the 

porous domain within the image 
can be computed. The output pro-
vides a geometrical description of 
the pore size development along 
each simulated path and can be 
used for comparative quantitative 
analysis between pre and post rock 
weathering.

3. Results

Thin sections of marble samples 
described in paragraph 2, repre-
sentative of pre and post weathe-
ring conditions, were analyzed and 

Fig. 2 – Schematic representation of an optimal path between an inlet/outlet pair.

Fig. 3 – Qualitative representation of pore throat description along a path.
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compared. Two images of different 
subsections were considered in the 
non-weathered thin-section be-
cause of the presence of a signifi-
cant variability within the sample.

Square subsection of 2.47 mm 
per side of impregnated pictures 

are shown in Fig. 4 and the corre-
sponding binarized images in Fig. 
5. Each figure was divided into nine 
sub-windows of 0.823 x 0.823 mm 
to increase the algorithm explora-
tion in poorly connected areas. The 
path-finding based algorithm pre-

sented in section 3.2 was applied 
for each direction (N-S, S-N, E-W, 
W-E) in each of the nine sub-win-
dows. The merge of all individua-
ted paths is shown in red in Fig.
6, where the sub-windows subdi-
vision is displayed. For each path,

Fig. 4 – Thin sections of (a, b) non-weathered v.s. (c) natural weathering impregnated marble, after preliminary image processing. Figure 
resolution is 0.8 µm per pixel.

Fig. 5 – Binarized images of thin sections portions of (a, b) non-weathered and (c) natural weathering marble samples. Figure resolution 
is 4 µm per pixel.

Fig. 6 – Paths individuated on the binarized pore structure images of Fig. 5, subdivided in 9 sub-windows of 0.823 x 0.823 mm.
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the local pore radius was calculated 
as described in section 3.3. The re-
sulting pore radius distributions 
before and after weathering are 
compared in Fig. 7. The compari-
sons between total porosity and 
quartiles of pore radius distribu-
tion is shown in Table 2.

4. Discussion and
conclusion

The presented work is an exam-
ple of application of a methodo-
logy for pore structure analysis 
based on the A* path-finding al-
gorithm for characterizing orna-
mental stone degradation due to 
weathering.

Macroscope images of impre-
gnated thin sections representati-
ve of the Marble ITQ4, at natural 
conditions and after a long term 
natural weathering, were proces-
sed in order to obtain 2D binary 
images used as suitable inputs for 
A* algorithm. Through the iden-
tification of the paths within the 
porous domain, the methodology 
allows the characterization of the 
pore structure in terms of pore ra-
dius distribution along the identi-
fied paths.

Results are summarized in Table 
2 and Figure 7. The comparison 
between the considered parame-

ters for the two non-weathered 
sections (a) and (b) indicate a de-
gree of heterogeneity within the 
sample. However, the compari-
son between the porosity values 
and pore size distribution of the 
weathered (Fig. 4c) and the two 
non-weathered thin sections (Fig. 
4a and 4b) clearly demonstrate a si-
gnificant change in pore structure.

When comparing weathered 
with non-weathered thin sections 
(a) and (b), a significant increase in
both porosity and pore size distri-
bution is observed, especially with
respect to the thin section (b), in
which the third quartile (P75) of the
pore radius distribution has almost 
doubled (from 12 µm to 20 µm)
and the porosity has increased of a
factor of 2.6 (from 11% to 28.5%).
With regard to case (a), the increa-
se of the third quartile (P75) of the
pore radius distribution is limited
to 17% (from 17 µm to 20 µm) and
the porosity has increased of a fac-
tor of 1.5 (from 28.3 to 28.5).

The results obtained through 
image analysis highlight an incre-

ase in open porosity which occur-
red naturally in the specimen at 10 
years exposure compared to the 
non-weathered sections, as repor-
ted in Table 1. The result is in good 
agreement with the experimental 
results demonstrating a decreasing 
of mechanical resistance measured 
by flexural strength and UPV (Tab. 
1). In fact, the increase in the ave-
rage size of the pores is closely cor-
related to the decrease in flexural 
strength, to the reduction in the 
ultrasound propagation speed and 
to an increase in open porosity.

Due to the high variability of the 
pore structure at the considered 
scale, analysis on a more extended 
number of thin sections is requi-
red to guarantee a statistical repre-
sentativeness of the results.

References

Al-Raoush, R.I., Madhoun, I.T., 2017. 
TORT3D: A MATLAB code to 
compute geometric tortuosity 

Fr
eq

ue
nc

y 
(-)

Pore radius (μm)
0

0.2

0.15

0.1

0.05

10 20 30 40 50 60 70

Non weathered
Natural weathering

Fig. 7 – Comparison of pore radius distribution of non-weathered marble samples, in blue, and natural weathering, in orange.

Tab. 2 – Porosity and pore radius distribution comparison between non-weathered and 
naturally weathered samples.

Not weathered (a) Not weathered (b) Natural weathering (c)

Porosity (%) 18.3 11 28.5

Pore radius 
distribution

P25 (µm) 6 6 8

P50 (µm) 10 8.4 11.3

P75 (µm) 17 12 20



Dicembre 2021	 11

AMBIENTE

from 3D images of unconsolidated 
porous media. Powder technology, 
320, 99-107.

Bellopede, R., Castelletto, E., Marini, P., 
2016. Ten years of natural ageing 
of calcareous stones, Engineering 
Geology, vol. 211, Pages 19-26, 
ISSN 0013-7952, https://doi.or-
g/10.1016/j.enggeo.2016.06.015

Biscontin, G., Driussi, G., Maravelaki, P., 
Zendri, E., 1993. Physical-Chemical 
Investigations of Stone Architecto-
nic Surfaces in Venice: The Scuola 
Grande Dei Carmini. in Conserva-
tion of Architectural Surfaces: Sto-
nes and Wall Covering, pp. 125-136.

Biscontin, G., Graziano, L., 1993. Con-
servation of Architectural Surfaces: 
Stone Wall Covering, Il Cardo, Veni-
ce, pp. 125-136.

Bortz, S., Stecich, J., Wonneberger, B., 
Chin, I., 1993. Accelerated weathe-
ring in building stone Int. J. Rock 
Mech. Min. Sci. Geomech. Abstr.,30, 
pp. 1559-1562.

Cai, J., Zhang, Z., Wei, W., Guo, D., Li, S., 
Zhao, P., 2019. The critical factors 
for permeability-formation fac-
tor relation in reservoir rocks: Po-
re-throat ratio, tortuosity and con-
nectivity. Energy, Elsevier, vol. 188, 
2019, 116051. ISSN 0360-5442. 
https://doi .org/10.1016/j .ener-
gy.2019.116051

Camuffo, D., 1995. Physical weathering 
of stones Sci. Total Environ., 167, pp. 
1-14.

EN 12372 Natural Stone Test Methods 
– Determination of Flexural Stren-
gth under Concentrated Load CEN
Committee, Brussels, 2007.

EN 13755 Natural Stone Test Methods 
– Determination of Water Absorp-
tion at Atmospheric Pressure CEN
Committee, Brussels, 2008, p. 8.

EN 14579 Natural Stone Test Methods 
– Determination of Sound Spe-
ed Propagation CEN Committee,
Brussels, 2005, p. 12.

EN 1936 Natural stone test methods. 
Determination of real density and 
apparent density, and of total and 
open porosity, 2006.

Ghanbarian, B., Hunt, A.G., Ewing, R.P., 
& Sahimi, M., 2013. Tortuosity in 

porous media: a critical review. Soil 
science society of America journal, 
77(5), 1461-1477.

Hudec, P.P., 1998. Rock properties and 
physical processes of rapid weathe-
ring and deterioration. Proceedings 
of the 8th International IAEG Con-
gress, (IAEGC’ 98), Balkema, Rotter-
dam, pp. 335-341.

Lindquist, W.B., Lee, S.M., Coker, D.A., 
Jones, K.W., & Spanne, P., 1996. Me-
dial axis analysis of void structure 
in threedimensional tomographic 
images of porous media. Journal of 
Geophysical Research: Solid Earth, 
101(B4), 8297-8310.

Liu, J., Pereira, G.G., Regenauer-Lieb, K., 
2014. From characterisation of po-
re-structures to simulations of po-
re-scale fluid flow and the upscaling 
of permeability using microtomo-
graphy: A case study of heteroge-
neous carbonates, Journal of Geo-
chemical Exploration, vol. 144, Part 
A, 2014, Pages 84-96, https://doi.
org/10.1016/j.gexplo.2014.01.021.

Manfredotti, M., Marini, P., 2006. The 
“Contact Sponge”: Study of the 
Applicability of a New and Sim-
ple Methodology R. Fort, M.Á. de 
Buergo (Eds.), Book of Abstracts 
of Heritage, Weathering and Con-
servation 2006, Eighth Thematic 
Network on Cultural and Historic 
Heritage Scientific Meeting, Madrid 
(June 21-24, 2006).

Molina Ballesteros, E., Cantano Martín, 
M., García Talegón, J. 2010. Role of 
porosity in rock weathering proces-
ses: a theoretical approach. Cader-
nos Lab. Xeolóxico Laxe Coruña 
35, 147-162.

Øren, P.E., Bakke, S., 2003. Recon-
struction of Berea Sandstone and 
Pore-Scale Modeling of Wettability 
Effects, Journal of Petroleum Scien-
ce and Engineering, 39, 177-199.

Rabbani, A., Jamshid S.i, Salehi, S., 2014. 
An automated simple algorithm for 
realistic pore network extraction 
from micro-tomography images, 
Journal of Petroleum Science and 
Engineering, vol. 123, Pages 164-
171, Elsevier. doi: https://doi.or-
g/10.1016/j.petrol.2014.08.020.

Sassoni, E. & Franzoni, E. 2014. Sugaring 
marble in the Monumental Ceme-
tery in Bologna (Italy): characteri-
zation of naturally and artificially 
weathered samples and first results 
of consolidation by hydroxyapatite. 
Appl. Phys. A 117:1893-1906.

Sheppard, A.P., Sok, R.M., Averdunk, 
H., 2004. Techniques for image 
enhancement and segmentation 
of tomographic images of porous 
materials. Phys. A Stat. Mech. Appl. 
339(1),145-151.

Siegesmund, S., Mosch, S., Scheff-
zuk, Ch., Nikolayev, D.I. 2008. The 
bowing potential of granitic rocks: 
rock fabrics, thermal properties and 
residual strain. Environ. Geol. 55, 
743-795.

Siegesmund, S., Ullemeyer, K., Weiss, T., 
Tschegg, E.K. 2000. Physical weathe-
ring of marbles caused by anisotro-
pic thermal expansion. Int. J. Earth 
Sci. 89, 170-182.

Sing, K.S.W., 2004. Characterization 
of porous materials: past, present 
and future, Colloids and Surfaces 
A: Physicochemical and Enginee-
ring Aspects, vol. 241, Issues 1-3, 
Pages 3-7, (2004) ISSN 0927-7757, 
https://doi.org/10.1016/j.colsur-
fa.2004.04.003.

Sun, W.C., Andrade, J.E., & Rudnicki, 
J.W., 2011. Multiscale method for
characterization of porous mi-
crostructures and their impact on
macroscopic effective permeability.
International Journal for Numeri-
cal Methods in Engineering, 88(12),
1260-1279.

Vandevoorde, D., Pamplona, M., 
Schalm, O., Vanhellemont, Y., Cnud-
de, V., Verhaeven, E., 2009. Contact 
sponge method: performance of 
a promising tool for measuring 
the initial water absorption J. Cult. 
Herit., 10.1, pp. 41-47, 10.1016/j.
culher.2008.10.002.

Viberti, D., Peter, C., Borello, E.S., & 
Panini, F., 2020. Pore structure cha-
racterization through path-finding 
and Lattice Boltzmann simulation. 
Advances in Water Resources, 
103609.

Warke, P.A.,McKinley, J., Smith, B.J., 



12 Dicembre 2021

ENVIRONMENT

2006. Weathering of Building Stone: 
Approaches to Assessment, Predi-
ction and Modelling S.K. Kourkoulis 
(Ed.), Fract. Fail. Nat. Build. Stones, 
Springer, The Netherlands , pp. 313-
327.

Winkler, E.M., 1987. Weathering and 
weathering rates of natural stone 
Environ. Geol. Water Sci., 9, pp. 85-
92.

Xiao, B., Wang, W., Zhang, X., Long, G., 

Fan, J., Chen, H., Deng, L., 2019. A 
novel fractal solution for permea-
bility and Kozeny-Carman constant 
of fibrous porous media made up 
of solid particles and porous fi-
bers, Powder Technology, vol. 349, 
2019, Pages 92-98, ISSN 0032-
5910, https://doi.org/10.1016/j.
powtec.2019.03.028.

Xu, P., Yu, B., 2008. Developing a new 
form of permeability and Ko-

zeny-Carman constant for homo-
geneous porous media by means 
of fractal geometry, Advances in 
Water Resources, 31(1), pp. 74-81, 
ISSN 0309-1708, https://doi.or-
g/10.1016/j.advwatres.2007.06.003.

Yao, J., Hu, R., Wang, C., Yang, Y., 2015. 
Multiscale Pore Structure Analy-
sis In Carbonate Rocks, Journal for 
Multiscale Computational Enginee-
ring, 13 (1): 1-9.





14 Dicembre 2021

ENVIRONMENT

the percentage reached 15%; the-
se values are almost conservative 
in the last years.

On the other hand, it is neces-
sary to consider the constraints 
imposed on transport systems, 
focusing on the European ones: 
pursuit of the partial independen-
ce of urban mobility from oil-de-
rived fuels, effects of emissions at 
global level, containment of urban 
pollution, the competitiveness of 
the automotive sector and related 
industry.

Secondly, the European legi-
slation on air quality (Directive 
2008/50/EC) is based on precise 
principles: as regards the emis-
sions generated by transport sy-
stems, it is important to underli-
ne the difference between global 
aspects (carbon dioxide emis-
sions), implying a Well-to-Wheel 
analysis on the life-cycle, and local 
ones, linked to Tank-to-Wheel ef-
ficiency (Dalla Chiara and Pellicelli, 
2016).

Thirdly, the European Commu-
nity has set ambitious emission 
performance levels for newly 
manufactured automobiles and 
light-duty commercial vehicles, 
which are consistent with EU com-
mitments under the Paris Agree-
ment. So, to what extent transport 
research may contribute to these 
three main purposes?

At first, both studies from 
ISFORT, at Italian level, and from 
Politecnico di Torino, at an inter-
national one (Dalla Chiara et al., 
2019; Caballini et al., 2021), found 
that more than 60% of daily trips 
take place within a distance of 10 
km whereas only approximately 
3% exceed 50 km.

Car driving habits were detected 
using a dataset obtained from au-
tomobiles in use in Europe (Dalla 
Chiara et al., 2019). A very aggre-
gated analysis of demand trends 
is not yet sufficient to understand 
the actual daily mobility of peo-
ple. To this end, recent researches 
have been developed with real 

data from the automotive indu-
stry. An analysis was conducted 
on real trips undertaken in Euro-
pe by more than 1,000 vehicles 
and more than 200,000 automo-
biles, referring to an extended 
period that lasted more than one 
year; the obtained results are an 
example of the information that 
can be extracted from rough data 
to support future decisions of sta-
keholders and end users (e.g., car 
makers, authorities, drivers).

The main scope of such study 
was to investigate whether hy-
brid and electric powertrains can 
represent suitable alternatives to 
traditional engines to pursue abo-
vementioned environmental aims, 
taking into account available bat-
tery ranges, idle times for rechar-
ging and charging alternatives. 
Long distance trips were analysed 
to better understand whether they 
could be covered by pure electric 
cars. In the extensive sample 
analysed, it would be necessary to 
increase the driving range to 400 
km/day in order to satisfy 99.9% 
of trips, however not satisfying 
the queuing issues for recharging. 
This aspect can be alleviated by 

adopting a PHEV (plug-in), given 
box their flexible recharging and 
less energy requesting batteries. 
The study provided a quantitati-
ve analysis of the energy needs, 
considering a wide range of road 
vehicles usage, and the chance for 
recovering energy during vehicles 
idle times.

The driving analysis was con-
ducted in two phases. The first 
step was devoted to identify the 
most frequent car usages and the 
structure of the most representa-
tive trips; more specifically in this 
phase single trips were considered, 
classified according in relation to 
their length, duration, idle time 
and frequency of use. The second 
step aimed at providing an over-
view of the daily usage of vehicles, 
considering all the trips performed 
each day. This second step showed 
how different trips comprised the 
entire daily usage, and provided 
the daily travelled length and du-
ration with reference to a 24h dri-
ving cycle.

The frequency of the daily di-
stance for all trips is shown in 
Figure 1. Extended daily trips are 
relevant because, although 99% of 

 �Fig. 1 – Frequency [#days] of 
the daily distance covered 
over all the driving cycles 
(contexts) for all the trips.
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the days per user involves at most 
400 km/day, only 60% of the days 
per user involves less than 50 km/
day. Instead, this range was obser-
ved in 99.9% of the days for an ur-
ban context.

The idle time after concluding a 
journey, was depicted for the enti-
re dataset; all the contexts (urban, 
extra-urban and motorway) were 
included (Figure 2).

As it can be seen, in approxi-
mately 50% of the cases, the total 
idle time after finishing a journey 
is less than 1 hour, 10% is betwe-
en 1 to 2 hours, 10% is between 2 
to 4 hours, 10% is between 4 to 9 
hours, and it is more than 9 hours 
for the remaining cases (20%). The 
obtained results point out again 
that the most flexible automobile 
is the PHEV; yet, for drivers who 
cannot afford it, BEV-sharing (i.e., 
a car sharing of plug-in automo-
biles) may be a good solution, at 
least during a transitional phase.

Another issue faced by our re-
search was to propose a methodo-
logy, unexplored in the literature, 
aimed at comparing battery re-
charging scenarios with differently 
electrified plug-in vehicles (hybrid 
and full electric, i.e. BEV, with dif-

ferent levels of energy storage). 
The obtained results have provided 
interesting insights about both the 
operability of different types of do-
mestic recharging and the poten-
tiality of recharging architectures 
that involve the use of larger in-
stalled structures, for example at 
work places.

The results related to a generic 
simulation day show that PHEVs 
are much more flexible than the 
other considered vehicles and 
have the characteristics necessary 
to travel with zero local emissions 
within an urbanised context, with 
obvious benefits for the environ-
ment and for the quality of life 
of citizens. In addition, their re-
charging times are compliant with 
the periods of night rest, as they 
would be for regular daily work in 
a stable place. Furthermore, they 
also show much greater complian-
ce with the electric grid, since the 
limited capacity allows them to 
use a slow recharging, also compe-
titive in terms of unit costs when 
compared to traditional fuels, wi-
thout penalising the available dri-
ving range. Fast and rapid charging 
not only shows higher costs of 
energy per kWh, even higher than 

an equivalent refuelling, but also 
frequently does not comply with 
the required time and expected 
queues, having to deal with shared 
areas and spots available on public 
soil; fast and rapid charging also 
facilitate battery aging. With slow 
charging, more compliant with 
a typical daily scheduling of the 
driver if overlapping with night 
rest or a daylight physically stable 
work, PHEVs represent a winning 
choice to eliminate exhaust gas 
emissions in urban centres and ci-
ties, where the dispersion of pollu-
tants is problematic and the health 
of citizens is at risk, without sacri-
ficing the benefits associated with 
ICE (Internal Combustion Engi-
nes). As far as BEVs are concerned, 
their charging times, which are 
usually approx. four times longer 
than those of a PHEV charged at 
home, unless supply contracts are 
modified, require more attention, 
but offer the advantage of being 
able to be connected to the grid in 
a V2G configuration.

The spread of electrified vehicles 
with an average distance driving 
range in pure electric mode (8-12 
kWh, indicatively), particularly su-
itable for covering medium-short 

Fig. 2 – Idle time after finishing a trip [h] for all the driving cycles (left) and in an urban driving cycle (right).
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distances, such as those from 
home to work places, or traveling 
in urban and sub-urban environ-
ments, could also benefit from the 
availability of extended facilities, 
such as public car parks equipped 
with recharging points.

Concluding, urban areas have 
a technological solution at dispo-
sal for the next one-two decades, 
suitable to satisfy both demand 
of drivers – according to analysed 
data – and supply of automobiles 
by carmakers. Meanwhile, extra 
urban area require much more am-
bitious and financially brave per-
spectives if BEV – and not a flexible 
PHEV – was deemed to be suppor-
ted at all costs for any environmen-
tal reason, as detailed below.

3. Traffic simulation
to analyse innovative
solutions for charging
electric vehicles

The majority of fully electric vehi-
cles (BEV or FEVs) currently sati-
sfy the electric energy requiremen-
ts for their motion with on-board 
batteries. Extensive literature on 
their limitations focuses on bat-
tery problems, particularly on li-
mitations in size and power, bat-
tery weight, life and recharge time, 
and the lack of a wide network of 
electric charging points. These 
problems are even more relevant 
for freight distribution services, 
where the vehicle masses and daily 
distances are much greater compa-
red with those of passenger cars 
(12-20 times higher). In this case, 
a stationary recharge could requi-
re many charging stations not only 
located at depots, but also distri-
buted in the service area, to pro-
vide more charging opportunities 
during the delivery routes. For this 
reason, the charging-while-driving 
(CWD) system or dynamic wireless 
charging could provide a technolo-

gy to contain the battery sizes and 
recharging infrastructure costs 
without impacting on the vehicle 
autonomy, while investing on the 
“technological infrastructure”.

Figure 3 shows a CWD lane 
scheme, with two charging zo-
nes (CZs) represented. The EVSE 
(Electric Vehicle Supply Equip-
ment) includes inductive coils pla-
ced under the pavement surface, at 
a relative distance, which generate 
a high frequency alternating ma-
gnetic field to which the coil on the 
car couples and power is transfer-
red to charge the battery. A proper 
design procedure should consider 
both the service provider’s need 
to minimize the installation and 
maintenance costs and the users’ 
acceptance of the time required for 
a proper recharge in the CWD lane.

3.1. Traffic and energy 
assessment

A method for analysing the per-
formance of the wireless inducti-
ve charge-while-driving (CWD) 
electric vehicles, from both traffic 
and energy points of view is pre-
sented in Deflorio et al. (2015). 
To accurately quantify the electric 
power required from an energy 
supplier for the proper manage-
ment of the charging system, a 
traffic simulation model is imple-
mented. This model is based on 
a mesoscopic approach, and it is 
applied to a freight distribution 
scenario. Lane changing and po-
sitioning are managed according 
to a cooperative system among 
vehicles and supported by Advan-
ced Driver Assistance Systems 
(ADAS). From the energy point of 

view, the analyses indicate that the 
traffic may have the following ef-
fects on the energy of the system: 
in a low traffic level scenario, the 
maximum power that should be 
supplied for the entire road is si-
mulated at approximately 9 MW; 
and in a high-level traffic scenario 
with lower average speeds, the 
maximum power required by the 
vehicles in the charging lane incre-
ases by more than 50 %.

The implemented dynamic traf-
fic simulator in Deflorio and Ca-
stello (2017) adopts a mesoscopic 
approach by updating traffic and 
energy data only for the simulated 
vehicles at defined nodes along the 
road, generally spaced in hundreds 
of metres. The traffic simulator 
operates according to a cooperative 
driving behaviour among vehicles, 
for both the overtaking manoeu-
vres and the entries management. 
Primary traffic parameters can be 
estimated in the CWD lane, such as 
vehicle count, average speeds, and 
delays, which are time dependent 
and significantly changed along 
the road. The model also allows 
the implementation of a speed 
control strategy to manage tempo-
rary incidents, for example due to 
extraordinary maintenance opera-
tions. This strategy could also be 
applied in the case of high traffic 
volumes to facilitate the entries of 
vehicles from on-ramps. The traffic 
model is able to manage queuing 
conditions and delays caused by 
the strategy, when headways in 
the CWD lane are required to be 
higher than an established value. 
With respect to conventional dy-
namic traffic models, the current 
vehicle energy requirements affect 
the drivers’ behaviour.

Fig. 3 – Scenario layout for CWD in a road with three lanes.
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3.2. Dynamic charging along 
urban arterial roads

A method based on traffic micro-
simulation to support feasibility 
studies on CWD systems for fully 
electric vehicles in urban environ-
ments is presented in Deflorio 
and Castello (2015). The exami-
ned CWD solution is deployed by 
charging zones (CZs), which are 
installed before the stopping lines 
at signalised intersections. The 
opportunity to charge an electric 
vehicle en route is provided for 
almost stationary vehicle condi-
tions, when it may be in queue for 
junction control requirements. The 
analysed scenario refers to a 2 km 
urban arterial with eight signali-
sed intersections, where 10% of 
the traffic is assumed to be electric 
vehicles. CWD performance results 
are reported from the viewpoints 
of both driver and energy provider. 
The estimated stop time for electric 
vehicles at any section can vary and 
is often below 30 s. However, the 
entire stop time for a vehicle along 
the arterial is higher: ~50% of the 
vehicles can charge in a range of 
10-65 s. From the energy opera-
tor’s viewpoint, a support analysis
for the CZ location was performed
by observing the charging oppor-
tunities at various sections. Final-
ly, the total electric power provided 
for the entire system is estimated.

3.3. Simulation for the 
daily energy to dynamic 
charge electric vehicles on 
motorways

An application for motorway scena-
rios of charge while driving (CWD) 
also known as dynamic charging 
systems for fully electric vehicles 
(FEVs) is investigated with three 
lanes, where the right-hand lane 
is reserved for charging at defined 
speeds for FEVs. The input traffic 
flow for the motorway is simulated 
according to an hourly time profile 

along the day. To generalise the si-
mulation for various traffic levels, 
the traffic flow for any time inter-
val is estimated on the base of the 
traffic density, known from avai-
lable data. The FEVs are only a part 
of the whole traffic and their input 
traffic is estimated as a percentage. 
The principal aim of this study is to 
estimate the daily energy provided 
to electric vehicles by the CWD sy-
stem, which can be used, together 
with other data if available, to build 
possible business models and help 
stakeholders configure charging 
services. For this reason, the total 
energy provided is estimated by 
simulation for different scenarios.

3.4. Travel Patterns from 
Floating Car Data in Electric 
Mobility Scenarios

Understanding the potential of 
electric vehicles in current car mo-
bility scenarios is crucial to plan a 
realistic deployment of charging 
stations and vehicle features. In 
the Incit-EV project, daily travelled 
distances are analysed to under-
stand if the observed car usage can 
be satisfied with the expected ran-
ge of electric vehicles (EVs). More-
over, idle times between trips are 
studied for assessing the vehicle 

needs for electric charging stations 
(ECSs) infrastructure to support 
EV travel. The datasets are derived 
by floating car data recorded for 
365 days and contain more than 
30 million trips crossing Turin Me-
tropolitan City. Approx. 70,000 km 
are daily observed for more than 
10,000 vehicles (up to 18,000) in 
each day of 400 different vehicle 
models, to identify daily activi-
ties, considering electric vehicles 
can be preferably recharged for 
long periods overnight. This as-
sumption can be considered a re-
ference scenario, in synergy with 
the battery range, to plan ECSs in 
road networks. Results show that 
97% of daily VKT (vehicle kilome-
tres travelled) is less than 200 km, 
over a year of observation for the 
whole set of vehicles. Cars are also 
classified according to their mar-
ket segment to identify specific 
vehicle usage. Indeed, daily VKT 
values estimated for segment A 
(i.e. mini cars) have an average of 
34 km, whereas for segment E (i.e. 
executive or large cars) the avera-
ge is 75 km. The idle times analysis 
reveals a higher number of shorter 
breaks in the city centre compared 
to peripheral districts, suggesting 
that recharging solutions should 
be adapted to zones according to 
how they are used by vehicles.

Fig. 4 – Gain of energy [kWh/km] at various speeds [km/h] for different lengths of the 
charging device [m].
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4. Car sharing services
impacts on urban
mobility scenarios

Beyond electrification issues that 
have been discussed in the previous 
sections – that, in some cases, can 
be satisfied by placing car-sharing 
before the technological affordabi-
lity of new powertrains – a wider 
change of paradigm in the owner-
ship and use of private vehicles is 
another promising avenue to im-
prove the sustainability and the in-
clusiveness of transport systems. 
The STARS project aimed at un-
derstanding the potential benefits 
of shared vehicle services that are 
steadily expanding in urban areas 
and their impacts in terms of con-
gestion mitigation, environmental 
footprints and social inclusion.

Acting both as project coordi-
nators and technical delivery part-

ners, the DIATI transport research 
group was involved in many rese-
arch activities, starting from an 
inventory of existing car sharing 
systems in Europe. Data collected 
through desktop research were 
used to develop a multidimensio-
nal classification of CS services 
with a bottom-up approach that 
considered service operational 
characteristics, vehicles type, pri-
cing, and subscription fee. Then 
we collaborate in the distribution 
and analysis of a questionnaire 
mainly developed by the Univer-
sity of Gothenburg to understand 
the profiles of both users and 
non-users of car sharing in Euro-
pean cities concerning their travel 
patterns and psychological aspects 
(e.g. attitudes, acceptability of car 
sharing, personal norm). Five di-
stinct mobility styles were iden-
tified and furtherly characterized 
by sociodemographic variables 

and by the motives for making use 
of car sharing (Ramos, Bergstad, 
Chicco, & Diana, 2020).

Another activity led by our 
group consisted in the design and 
distribution (at least in Italian ci-
ties) of a mobility questionnaire 
targeted to car sharing users and 
non-users of different European 
cities (from Germany, Italy and 
Belgium) aimed at evaluating the 
car sharing impacts on personal 
long-term mobility choices (such 
as car ownership) and how the-
se changes are influencing the 
use of different travel modes and 
everyday mobility decisions. In 
this perspective, we evaluated car 
sharing’s potential role in sati-
sfying the current travel demand 
by looking at the substitution 
and complementary patterns that 
may change the travel demand for 
all competing modes (motorized 
individual means, taxis, active 

Fig. 5 – Use frequency of different travel modes – car sharing members and non-members – source: http://stars-h2020.eu/wp-content/
uploads/2020/04/STARS-5.1.pdf.
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means, and public transport). The 
questionnaire consisted of four 
main sections: travel behaviour 
and mobility habits (where the 
use frequency of different travel 
means was investigated), a com-
pact travel diary about the last trip 
performed with any mode (non-u-
sers) and with car sharing (users), 
changes in car ownership, and so-
ciodemographic characterization 
of the respondents.

Descriptive person-level analy-
ses about changes in the use of dif-
ferent transport modes and chan-
ges in car ownership levels after 
car sharing registration showed 
that car sharing users tend to own 
fewer cars, more public transport 
passes and bike-sharing member-
ship than non-users. Consequent-
ly, car sharing users are more 
multimodal (Figure 5). Among 
car sharing users, however, diffe-
rences were found according to the 
variants they are registered for. In 
particular, when modelling the 
car shedding among German car 
sharing users living in inner cities 
areas (where all main car sharing 
variants were available, namely 
roundtrip station-based, one-way 
free floating, and combined), albeit 
all car sharing users reported signi-
ficantly lower levels of car owner-

ship than before registering to the 
service, roundtrip station-based 
users were about 15 times more 
likely to reduce car ownership than 
free-floating unique users.

Besides, in order to predict the 
switch from the current mode 
used to car sharing for a specific 
trip and personal characteristics 
of respondents (the potential tra-
vel demand that can be attracted 
by car sharing as mentioned abo-
ve), trip level analyses were carri-
ed out. Binomial logit models ca-
librated on a previously collected 
dataset (Ceccato, Chicco, & Diana, 
2021; Ceccato & Diana, 2021) 
were applied to the non-users 
data that were collected in Italy 
and different mobility scenarios 
were identified. Related emissions 
of pollutants and greenhouse ga-
ses were quantified and monetized 
through unit costs to understand 
how to maximize car sharing’s po-
sitive environmental impacts.

According to the switch models’ 
explanatory variables, the configu-
ration that determined the lowest 
externalities – the planning scena-
rio – was obtained by changing car 
sharing and private car costs. In 
this way, car sharing should sub-
stitute trips currently performed 
by private cars rather than trips 

performed with more sustainable 
modes (PT and active ones).

Modal switch models’ results 
showed that one-way car sharing 
has the potential to cover up to 
10% of the daily travel demand in 
the planning scenario (Figure 6). 
Although the diverted travel de-
mand was mainly subtracted from 
private cars, the environmental 
benefits were partially offset by 
switches from public transport 
and active modes. Concerning the 
externalities related to the who-
le transport system’s emissions, 
the planning scenario would lead 
to a reduction of 1% in terms of 
social costs. Such benefits can be 
increased up to 3.6% by promoting 
electric car sharing fleets (Figure 
7) (Chicco & Diana, 2021).

5. Supporting local
authorities in sustainable
transport planning

Sustainable transport planning is 
a fundamental requirement for 
cities that want to improve their 
citizens’ mobility and freight si-
gnificantly. Although larger autho-
rities are relatively well equipped 

Fig. 6 – Diverted daily trips and market share in scenarios – source: Data retrieved from (Chicco & Diana, 2021).



20 Dicembre 2021

ENVIRONMENT

to face these challenges, smaller, 
more traditional Local Authori-
ties (LAs) may lack the knowledge 
and capacity to plan and imple-
ment innovative and sustainable 
transport measures. The H2020 
European project SUITS aimed at 
supporting the capacity building 
of small – medium local autho-
rities in developing sustainable 
transport measures. The project 
adopted a socio-technical appro-
ach and focused its first activities 
on understanding how nine Eu-
ropean LAs were addressing the 
challenges associated with develo-
ping sustainable transport measu-
res, the use of real-time mobility 
and more interdepartmental and 
technologically supported ways of 
working (Diana et al., 2018). The 
larger LAs had more time to en-
gage with the project and piloted 
the tools and methods developed, 
thanks to their larger departmen-
ts. Their experiences and practices 
were transferable to the follower 
cities who could learn from the lar-
ger LAs and benefit directly from 
the proven outputs.

Data collection is known to be 
a fundamental step for the ob-
servation of passenger and frei-
ght movements at the city level. 
Furthermore, data analysis is a 
priority in developing proper su-

stainable measures and planning 
and implementing solutions at 
the city level. However, as found 
in the project’s preliminary activi-
ties, an absence of an appropria-
te focus on data collection and 
modelling is observed in most 
of the LAs. Within SUITS, a pi-
lot activity based on the freight 
data gathering in Turin (Italy) 
has been conducted to inform the 
implementation of new measures 
to meet congestion problems and 
the level of know-how needed to 
extract useful data.

The methodology is developed 
to help cities investigating a spe-
cific aspect characterising and in-
fluencing their mobility, namely 
the observation of freight flows 
from the demand side, through 
the exploitation of existing data-
sets such as Global Position Sy-
stem (GPS) vehicle traces. This 
latter information was combined 
with another kind of data deri-
ved from the infrastructure, na-
mely traffic flows characterizing 
the road network. The innovative 
combination of these two kinds of 
data aims at identifying the most 
congested areas, thanks to the cre-
ation of a highly disaggregated Key 
Performance Indicator (KPI) based 
on the time lost in congestion by 
each vehicle in each road segment 

(Pirra & Diana, 2019). This KPI can 
be used to inform a wide range of 
policy actions within the transport 
sector, both from the viewpoint of 
a municipality and from that of an 
individual actor in the transport 
system. For example, the analysis 
provided information about the 
most congested points of the city 
in terms of the total amount of 
time wasted by vehicles in traffic 
(Figure 8).

The assessment of how urban 
deliveries affect various areas in 
the city, mostly those commonly 
affected by congestion, is a fur-
ther challenging point while de-
aling with urban freight policies. 
Starting from the GPS vehicle 
traces dataset, spatial analysis is 
then conducted through a specific 
GIS-based data mining technique 
to find the most significant clu-
sters (groups) of service stops in 
Turin (Diana et al., 2020). Then, 
a specific area in the Limited Traf-
fic Zone in the city centre was se-
lected as the most suitable where 
running a survey designed to col-
lect information on the dynamics 
of freight deliveries and pickups at 
these locations: operators usually 
delivering, where the vehicles are 
parked, exploitation of the avai-
lable unload/load areas, duration 
of stops, the number and dimen-
sion of packs supplied, and the fi-
nal destination of such deliveries. 
This tool can be used to inform a 
range of policy actions at the mu-
nicipality level, mainly on the frei-
ght delivery side.

As highlighted previously, LAs 
are starting to deal more and more 
with managing data collected from 
different stakeholders involved in 
urban freight transport. Another 
challenging point is the evalua-
tion of the city accessibility for 
freight distribution services. Pirra 
et al. (2019) proposes an innova-
tive approach that starts from the 
previous GPS vehicle traces data 
available in Turin and evaluates 
the accessibility to the city. It is ba-

Fig. 7 – External costs of pollutants and GHG emissions in scenarios – source: Data retrie-
ved from (Chicco & Diana, 2021).
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sed on the travel time estimations 
along the most frequently used 
routes that connect relevant areas 
and their average speed through 
a simplified road network model. 
The results obtained confirm the 
value of this kind of data in asses-
sing the accessibility of different 
zones interested in delivery opera-
tions and provide a fruitful moni-
toring function to urban logistics 
operators and LAs while managing 
urban freight flows.

6. Gender-related
contemporary challenges
for smart and inclusive
mobility ecosystems

Nowadays, when dealing with su-
stainable transport systems, it is 
relevant to focus on a buzzword of 
the beginning of the 21st century: 
Smart Mobility (SM). This inno-
vative concept involves four main 
contents: vehicle technology, intel-
ligent transport systems, data, and 
new mobility services (Carboni et 
al., 2021). Smart Mobility is seen 
as a means of delivering key bene-
fits such as containing local pollu-
tion, global emissions, traffic con-
gestion, and noise pollution, while 

increasing safety and improving 
transfer speed. However, substan-
tial gender inequalities are seen in 
current transport provision, with 
SM being a way of opening exci-
ting opportunities for social ine-
quity reduction; an inequity that 
includes also other aspects, as that 
of ageing of the population, with 
possible digital divide, that the SM 
itself brings with it.

The ambition of the H2020 
project TInnGO – Transport Inno-
vation Gender Observatory – is to 
address contemporary challenges, 
such as employment, education, 
and prevalent male-dominated 
Science, Technology, Engineering 
and Maths (STEM) cultures and 
future mobility scenarios in EU 
transport strategies, in a gender 
and diversity sensitive way.

The project operates through 
the development of a pan-Euro-
pean Observatory that leads, co-
ordinates and is fed by 10 Hubs 
across EU providing leadership, 
innovation and critique of SM in-
novations.

Having these concepts in mind, 
the project considers women not 
merely as passive users of SM, but 
also as providers – designers, en-
gineers and innovators. Thus, the 
project activities move on several 
fronts. On one side, a modelling 

approach that embraces multiple 
methods for understanding wo-
men’s mobility needs is adopted. 
The preliminary steps include in-
vestigating the literature on the 
topic and proceeded with focus 
group activities in the Hubs, in-
tending to explore the thoughts 
and feelings related to their travel 
behaviour (Pirra et al., 2021). This 
approach was the basis for identi-
fying the most pertinent aspects 
of gendered mobility experience 
and helped in designing a survey 
proposed in the 10 Hubs. Data col-
lected will help transport planners 
and mobility operators to identi-
fy needs and differences between 
men and women, to measure the 
impact of new services and tran-
sport features on gender-equal 
mobility opportunities.

A pilot data collection activity 
started in September 2020, in-
tending to collect the first wave 
of a limited number of respon-
ses investigating how the COVID 
emergency has affected mobility 
choices (Carboni et al., 2021). Pre-
liminary results reveal that public 
transport is the mode that has 
been most affected by the changes 
in mobility due to the spread of the 
pandemic, probably being percei-
ved unsafe in terms of infection. 
Women, found to be the primary 
users of this transport solution, 
are indeed the ones who report 
the main changes, especially for 
work-related trips. In general, a 
shift to more sustainable modes 
of transport, such as walking and 
biking, is observed.

While dealing with women as 
users, it is worth investigating 
their attitude towards new para-
digms in the transport offer, such 
as sharing vehicles and means, 
being these potential answers of 
SM to environmental sustaina-
bility problems. Shared mobility 
is one of the focus of the Italian 
Hub. Some preliminary Hub acti-
vities were based on the analysis of 
a dataset collecting 2934 respon-

Fig. 8 – Value of the mean indicator computed for all the arcs of the road network, zoom in 
the Turin city centre (Reproduced from Pirra and Diana (2019) under the licence https://
creativecommons.org/licenses/by/4.0/legalcode).
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ses to a survey addressed to both 
car-sharing users and non-users. 
Results revealed that, when wo-
men and men are considered as 
different kinds of users, the main 
characteristics of various clusters 
of respondents using this service 
are rather similar despite the gen-
der (Chicco et al., 2020).

As highlighted previously, the 
project considers women not only 
as SM users but also as providers. 
This would require highlighting 
how a lack of diversity in STEM 
professionals has contributed 
towards a fractured and gen-
der-biased transport ecosystem 
(embracing education, employ-
ment, operation, data collection, 
and innovation) that does not 
allow a gendered Smart Mobi-
lity transport provision. A low 
number of initiatives for encou-
raging and supporting women in 
the transport sector are found in 
TInnGO countries, so the project 
will try to fill this gap by yielding 
new knowledge and proposing in-
novative ways to tackle this topic. 
Moving on to a higher level in the 
provision of innovation, further 
analyses investigate the research 
footprint of female transport re-
searchers, revealing that women 
working in research environmen-
ts are subjected to similar discri-
minatory practices as their sisters 
in industry, indicative of a broader 
malaise in the sector.

7. Final remarks

This paper has presented an ar-
ray of recent researches dealing 
with sustainable and inclusive 
transport systems. Through the 
heterogeneity of disciplinary per-
spectives, research methods and 
outcomes that have been showca-
sed, it is clear that a radical im-
provement of such systems can-
not come from a single approach 
or discipline. Through a diversity 

of backgrounds, research intere-
sts and personal experiences, the 
Transport research group at Poli-
tecnico di Torino, at Dept. DIATI, 
is actively seeking to give contribu-
tions in this sector that are at the 
forefront of international resear-
ch, thanks to a relatively wide por-
tfolio of funded projects mostly at 
the European level.

Bibliography

Caballini, C., Agostino, M., Dalla Chiara 
B, 2021. “Physical mobility and vir-
tual communication in Italy: trends, 
analytical relationships and policies 
for the post COVID-19”, Transport 
Policy, 2021, ISSN 0967-070X, 
https://doi .org/10.1016/j .tran-
pol.2021.06.007

Carboni, A., Costa, M., Kalakou, S., Pir-
ra, M., 2021. Gender, Smart Mobi-
lity and COVID-19. In: Krömker H. 
(eds) HCI in Mobility, Transport, 
and Automotive Systems. HCII 
2021. Lecture Notes in Computer 
Science, vol. 12791. Springer, Cham. 
https://doi.org/10.1007/978-3-030-
78358-7_33

Ceccato, R., Chicco, A., Diana, M., 2021. 
Evaluating car-sharing switching 
rates from traditional transport 
means through logit models and 
Random Forest classifiers. Tran-
sportation Planning and Technology, 
44(2), 160-175. https://doi.org/10.1
080/03081060.2020.1868084

Ceccato, R., Diana, M., 2021. Substi-
tution and complementarity pat-
terns between traditional transport 
means and car sharing: a person 
and trip level analysis. Transporta-
tion, 48(4), 1523-1540 https://doi.
org/10.1007/s11116-018-9901-8

Chicco, A., Diana, M., 2021. Air emis-
sions impacts of modal diversion 
patterns induced by one-way car 
sharing : A case study from the city 
of Turin. Transportation Research 
Part D, 91(January), 102685. https://
doi.org/10.1016/j.trd.2020.102685

Chicco, A., Pirra, M., Carboni, A., 2020. 

Preliminary investigation of women 
car sharing perceptions through a 
machine learning approach. In: HCII 
2020, CCIS 1224, Editors C. Ste-
phanidis and M. Antona, Springer 
Nature, pp. 1-9, DOI: 10.1007/978-
3-030-50726-8_81

Dalla Chiara B, Deflorio, F., Eid, M., 
Analysis of real driving data to 
explore travelling needs in relation 
to hybrid–electric vehicle solutions, 
Transport Policy, vol. 80, Pages 97-
116 (August 2019)

Dalla Chiara, B., Pellicelli, M., Sustainable 
road transport from the energy 
and modern society points of view: 
Perspectives for the automotive in-
dustry and production, Journal of 
Cleaner Production, 133, p. 1283-
1301 (October 2016).

Dalla Chiara, B., Deflorio, F., Pellicelli, 
M., Castello L, Eid, M., Perspectives 
on Electrification for the Auto-
motive Sector: A Critical Review 
of Average Daily Distances by Li-
ght-Duty Vehicles, Required Ran-
ge, and Economic Outcomes, Su-
stainability, 2019, vol.: 11, Number: 
5784; https://www.mdpi.com/2071-
1050/11/20/5784

Deflorio, F.P., Castello, L., Pinna, I., Gu-
glielmi, P., 2015. “Charge while dri-
ving” for electric vehicles: road 
traffic modeling and energy asses-
sment. Journal of Modern Power 
Systems and Clean Energy 3, 277-
288.

Deflorio, F., Castello, L., 2015. Assessing 
the performance of a charge-whi-
le-driving system in urban arterial 
roads: insight from a microsimula-
tion model. IET Intelligent Transport 
Systems 9, 505-514.

Deflorio, F., Castello, L., 2017. Dyna-
mic charging-while-driving systems 
for freight delivery services with 
electric vehicles: Traffic and energy 
modelling. Transportation Research 
Part C: Emerging Technologies 81, 
342-362.

Diana, M., Pirra, M., Woodcock, A., 
2020. Freight distribution in urban 
areas: A method to select the most 
important loading and unloading 
areas and a survey tool to investi-



Dicembre 2021	 23

AMBIENTE

gate related demand patterns, Eu-
ropean Transport Research Review, 
12, 40, DOI: 10.1186/s12544-020-
00430-w

Diana, M., Pirra, M., Woodcock, A., Mar-
tins, S., 2018. Supporting Urban 
Integrated Transport Systems: Tran-
sferable tools for Local Authorities 
(SUITS), Proceedings of Transport 
Research Arena TRA2018, 16-19 
April 2018, Vienna, Austria, DOI: 
10.5281/zenodo.1441138

Pirra, M., Kalakou, S., Carboni, A., Co-
sta, M., Diana, M., Lynce, A.R., 2021. 

A preliminary analysis on gender 
aspect in transport systems and 
mobility services: presentation 
of the survey design, Sustainabi-
lity, 13(5), 2676, DOI: 10.3390/
su13052676

Pirra, M., Diana, M., 2019. Integrating 
mobility data sources to define and 
quantify a vehicle-level congestion 
indicator : an application for the city 
of Turin, European Transport Rese-
arch Review, 11:41, DOI: 10.1186/
s12544-019-0378-0

Pirra, M., Carboni, A., Deflorio, F., 2021. 

Freight delivery services in urban 
areas: Monitoring accessibility from 
vehicle traces and road network 
modelling, Research in Transpor-
tation Business & Management, 
100680, https://doi.org/10.1016/j.
rtbm.2021.100680

Ramos, É.M.S., Bergstad, C.J., Chicco, 
A., Diana, M., 2020. Mobility styles 
and car sharing use in Europe: at-
titudes, behaviours, motives and 
sustainability. European Transport 
Research Review, 12(1). https://doi.
org/10.1186/s12544-020-0402-4

Acknowledgments
The researches here described were partly financed through the following 
European FP7 and H2020 projects: ECOFEV – Efficient COoperative in-
frastructure for Fully Electric Vehicle (grant agreement no 314411); SUITS 
– Supporting Urban Integrated Transport Systems: Transferable tools for
authorities (grant agreement no 690650); STARS – Shared mobility oppor-
Tunities And challenges foR European citieS (grant agreement no 769513);
TInnGO – Transport Innovation Gender Observatory (grant agreement
no 824349); INCIT-EV – Large demonstratIoN of user CentrIc urban and
long-range charging solutions to boosT an engaging deployment of Electric
Vehicles in Europe (grant agreement no 875683); and the industrial project
founded by FCA (now Stellantis) E-VINCE (EU Vehicles for Innovative and
interconnected road transport Compliant with EU aims from Energy, emis-
sions, economics and mobility viewpoints).





Dicembre 2021	 25

AMBIENTE

research, the Department of Envi-
ronment, Land and Infrastructure 
Engineering (DIATI) team of the 
Politecnico di Torino (PoliTO) is 
carrying out different studies with 
an innovative and multidiscipli-
nary approach which will be descri-
bed below.

The geological features of the 
show caves have been investiga-
ted with a special attention on the 
classification of speleothems and 
the study of the internal and ex-
ternal geomorphology of the kar-
stic system. Physical indicators as 
temperature, relative humidity 
and CO₂, have been monitored 
to track the air and water quali-
ty. An internal and external 3D 
survey of the Borgio Verezzi Cave 
has been carried out with inte-
grated GNSS Total Station, Lidar 
and photogrammetry techniques. 
The survey of the path allows to 
estimate the subjacency of the 
cave with respect to the urbanized 
territory. Microplastics (MPs) pol-
lution in cave sediments has been 
monitored too, for the first time. 
MPs pollution in sediments has 
been observed in different natural 
environments (e.g. Ballent et al., 
2016; Blumenröder et al., 2017; 
Mathalon & Hill, 2014; Naji et al., 
2017; Phuong et al., 2018; Qiu et 
al., 2015; Van Cauwenberghe et al., 
2013; Vianello et al., 2013), more-
over, only few researches on lint 
(natural and synthetic fibers from 
clothing) in cave have been done 
(e.g.Chelius et al., 2009; Christ-
man, 2019; Jablonsky et al., 1993) 
and the potential impact of MPs 
in cave has not been studied. Se-
condly, it will be possible to make 
different correlations between 
the presence of MPs and biotic 
and abiotic factors in cave. Final-
ly, a study on the indirect impact 
of tourism on the mineralogical 
and petrographic properties of the 
carbonate rocks have been started, 
with the aim of relating it to the 
corrosion degree.

In the present paper, we repor-

ted first evidences of our studies 
developed in the Bossea Cave, To-
irano Caves, and Borgio Verezzi 
Cave (NW Italy), providing new 
insight on subterranean environ-
ments and on tourist impact in 
these caves.

2. Study area

This study provides a systematic 
monitoring of the Bossea Cave, 
Piedmont, Toirano Caves, Liguria, 
and Borgio Verezzi Cave, Liguria, 
in Italy (Fig. 1).

Fig. 1 – Location of the investigated tourist caves and their monitoring points. A-Bossea 
cave (survey: Sella et al. 2005, modified), B-Toirano Caves (survey: Gruppo Speleologico 
Cycnus, from http://www.openspeleo.org/openspeleo/, modified), C-Borgio Verezzi Cave 
(survey: Gruppo Speleologico Borgio Verezzi, Gruppo Speleologico Imperiese CAI, Società 
Speleologica Italiana, from http://www.openspeleo.org/openspeleo/, modified). The black 
dot indicates the location of the studied show caves (maps used for the plate retrieved 
from: https://d-maps.com/carte.php?num_car=5892&lang=en).
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2.1. Bossea Cave

Bossea Cave (Fig. 1A) is located 
in Frabosa Soprana municipality, 
Piedmont, Italy at 836 m.a.s.l. The 
cave develops in a tectonic contact 
between permotriassic meta-vol-
canics and Dolomie di San Pie-
tro dei Monti formation (Middle 
Triassic), composed by carbonate 
rocks and dolostone (Antonellini 
et al., 2019). It is the first show 
cave of Italy and was opened to the 
public in 1874. In 1948 the tourist 
route was modified and the first 
electric lightning was installed. In 
2020 a new LED lightning system 
was done. It is one of the nicest Ita-
lian tourist caves due to its variety 
of concretions, plenty of water 
and underground lakes. Different 
bear bones (Ursus spelaeus) were 
found in Bossea Cave and a skele-
tal reconstruction can be seen in 
the “Bear saloon”. An underground 
karst laboratory is located inside 
the touristic trait of the cave, ma-
naged by Struttura Operativa (SO) 
Bossea CAI and by the DIATI of 
the PoliTO, working together with 
ARPA Piemonte. A secondary lab 
is located in a non-touristic area 
of the cave. Thanks to these labo-
ratories, hydrogeology, hypogeal 
meteorology, Radon activity and 
subterranean biology are studied 
(Peano & Fisanotti, 1994).

2.2 Toirano Caves

Toirano Caves (Fig. 1B) are loca-
ted in the municipality of Toirano, 
Liguria, Italy. They developed in 
Dolomie di San Pietro dei Monti 
formation and an hypogenic spele-
ogenenis origin has been recently 
supposed in Columbu et al. (2021). 
Toirano Caves are characterised by 
two different caves: Bàsura Cave 
(Grotta della Bàsura, 186 m.a.s.l., 
890 long) and Lower S. Lucia Cave 
(Grotta di Santa Lucia inferiore, 
201 m.a.s.l., 778 long). Bàsura 
Cave was explored in 1950 and 

opened to the public in 1953. S. 
Lucia inf. Cave and new galleries 
of Bàsura Cave were explored in 
1960. In 1967 a 110 m long arti-
ficial tunnel was made to connect 
the two caves. Bàsura Cave preser-
ves hundreds human (14400 years 
old) and animal footprints (Avan-
zini et al., 2018). Recent studies re-
vealed that footprints in this cave 
belonged to 5 different individuals 
(Homo sapiens groups), 2 adults 
and 3 children, from the upper 
Paleolithic (Romano et al., 2019). 
This cave contains also a lot of cave 
bear (Ursus spelaeus) bones and si-
gns of presence (Giacobini & D’Er-
rico, 1985; Rellini et al., 2021), an 
extinct plantigrade from the upper 
Pleistocene (50000-24000 years 
old). Lower Santa Lucia Cave is 
characterised by beautiful spele-
othems such as coralloid and cave 
clouds (Martini, 2008).

2.3. Borgio Verezzi Cave

Borgio Verezzi Cave (Fig. 1C) was 
discovered in 1933 by three chil-
dren but was opened to the pu-
blic only in 1970. It is located in 
the municipality of Borgio Verez-
zi, Liguria, Italy at 32 m.a.s.l. and 
develops in Dolomie di San Pietro 
dei Monti formation. It is rich in 
coloured speleothems and has an 
800 m touristic path. Different pa-
leontological finds datable betwe-
en 500,000 and 750,000 years ago 
were found in different parts of the 
cavity (Breda, 2015 and references 
therein), witnessing the alternation 
between glacial and hot periods.

3. Investigation method

3.1. Environmental 
parameters monitoring

Preliminary surveys were per-
formed to better understand the 
environmental conditions of the 

caves, using portable instruments, 
in order to decide the representa-
tive sample points. The on-site in-
strumentation has been installed 
in different areas of caves, taking 
into account the tourist paths, in 
order to monitor the influence of 
tourism. Different instruments 
have been installed in non-touri-
stic areas too, to measure natural 
cave conditions.

In Bossea Cave environmental 
parameters are monitored by two 
different laboratories. The Giovan-
ni Badino Center for Climatologi-
cal Research, funded by Paleolab – 
PoliTO and the Underground Karst 
Lab of Bossea – SO Bossea C.A.I., 
in collaboration with INRI Turin 
and ARPA Piedmont, monitor air, 
water and rock temperatures (T), 
air circulation, CO₂ air concentra-
tions and atmospheric pressure. 
In the cavity have been installed 
four main stations to monitor air, 
rock and water temperature (Fig. 
1A). The surface station detects air 
temperature, atmospheric pressu-
re, air velocity and rock tempera-
ture near the entrance. Inside the 
cavity, different probes at different 
heights monitor the environmen-
tal conditions of the biggest halls 
characterizing the cave. Other pro-
bes are installed in the depth of the 
cave rocks from few centimeters 
up to 3 m. A detector with two 
probes at different heights detects 
the concentration of CO₂ in the air. 
Almemo multiple-channel sensors 
with temperature probe (accuracy: 
0,01; resolution 0,001 °C) are used 
with a data acquisition interval of 
10 minutes. The hydrogeological 
parameters are measured by the 
Karst Hydrogeology Lab (DIATI 
– PoliTO) which detects the flow
values, electrical conductivity and
water T of the main collector and
of other 10 secondary water stre-
ams. A real-time OTT monitoring
system and data recording every
10 minutes is used for hydrogeo-
logical parameters measurements. 
The electrical conductivity sensors 
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are with double graphite cell and 
have an accuracy of 0.5 % mv, T 
probes have a resolution of 0.1 °C 
and an accuracy of 0. 5°C, water 
level measurement cells are cera-
mic-capacitive with 1 mm resolu-
tion and accuracy 0.05 % fs.

In Toirano Caves (Fig. 1B) and 
Borgio Verezzi Cave (Fig. 1C) from 
January 2021, a Tinytag acquirers 
(accuracy: 0.2 °C; resolution: 0,001 
°C) to detect the air temperatures 
at different height (near the floor 
and the ceiling) have been instal-
led, with data acquisition interval 
of one hour. For the monitoring of 
water levels, electrical conductivi-
ty and water temperature, OTT 
instrumentation has been instal-
led with hourly data acquisition. 
Sensors’ characteristics are the 
same described in the Bossea Cave 
monitoring system. A VAISALA 
system with INDINGO 520 acqui-
rer and GMP 252 probes with an 
accuracy of 40 ppm is used for the 
CO₂ value. The data are captured 
every hour.

3.2. Geomatic surveys

The survey operations are perfor-
med both inside and outside the 
cave, to identify the path with re-
spect to the external area and de-
termine the thickness of the rock 
layer. However, the survey also 
serves to georeference points of 
interest or to detect speleothems 
in greater detail.

In complex surveys involving in-
door and outdoor environments it 
is necessary to integrate different 
measurement techniques but first 
of all materialize a common and 
stable reference system consisting 
of some points of known coordi-
nates to support photogramme-
tric and Lidar measurements. For 
compatibility with technical maps, 
the ETRF2000 national geodetic 
system was used. The external 
Grount Control Points (GCPs) are 
materialized with stable nails and 

60 cm x 60 cm markers, clearly vi-
sible on the frames taken by a dro-
ne. They allow to determine with 
a photogrammetric operation of 
aerial triangulation (AT) the posi-
tion and attitude of each frame for 
absolute orientation. The photo-
grammetric survey was done with 
DJI Phantom 4 RTK UAV. The po-
sition of the external points was 
surveyed with Trimble-Spectra 
Precision SP80 GNSS geodetic 
receivers in RTK mode, with the 
RTCM products transmitted by 
the Network RTK HxGN Smart-
Net (https://hxgnsmartnet.com/
it-it/). Achieving the fixation of 
phase ambiguity allows to obtain 
a precision (standard deviation) 
of the planimetric and altimetric 
coordinates of 1 or 2 cm.

The interior of the cave was sur-
veyed with LiDAR Optec Polaris. It 
allows you to directly georeferen-
ce scans from station points and 
known orientation. The recogni-
tion of the orientation point oc-
curs automatically by the instru-
ment if a specific target is used. 
The operation is strongly condi-
tioned by the lighting conditions, 
often critical in underground en-
vironments. The position of the 
station and orientation points 
was previously determined with a 
polygon, which extends from the 
entrance to the entire extension 
of the cave, with the Leica MS50 
precision total station, oriented on 
the external GNSS points.

3.3. Laboratory analysis

An initial classification of spele-
othems has been made, simulta-
neously detecting the main types 
of alteration in caves (CO₂ corro-
sion, undersaturated water and 
lampenflora). In the first in situ 
campaigns the research of a proper 
method to sample a micro portion 
of speleothems has been carried 
out. After, a microdrilling tech-
nique to sample a representative 

portion has been chosen. The alte-
ration and the characterization of 
speleothems have been analyzed 
in the DIATI Laboratory (PoliTO) 
with XRay Diffractometer Rigaku, 
SEM EDX Fei.

Different cave surveys with UV 
flashlight have been showed the 
presence of different kind of ma-
terials left by visitors, as shoes and 
clothes, with high probability of 
plastics. Hence the need to descri-
be the anthropogenic impact me-
asuring probable MPs pollution. 
MPs pollution in cave sediments 
has been evaluated testing diffe-
rent separation methods in the 
DIATI Laboratory of PoliTO.

4. First evidences and
results

4.1. Environmental 
parameters in Bossea Cave

All data of Bossea Cave are col-
lected from December 2019. In 
2020, different periods of closure 
of the cavity, due to Covid 19 pan-
demic and the installation of the 
new LED lightning system (star-
ted in March 2020), allowed to 
monitor the natural parameters 
of the cave without the modifica-
tions caused by tourists and lights. 
Therefore, the data collected in the 
closing periods of the cave (with no 
visitors and no lights) (Fig. 2) and 
in periods of considerable tourist 
flow as during the Christmas holi-
days of 2019 (Fig. 3) are extremely 
interesting to better understand 
cave environment and tourist im-
pact. Equally interesting are air 
temperatures influenced by lights, 
before (hot lights-incandescent 
lamps) and after LED lightning sy-
stem installation (cold lights). Mo-
reover, there is a considerable dif-
ference in temperature at the same 
site linked to the stratification of 
air: in the sectors close to the flo-
or of the cavity, where the under-
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ground stream flows, temperature 
is over 1°C colder than the ceiling.

Initial assumptions on cave T va-
riations have been done comparing 
hydrogeological monitoring data 
(flow and T variations of collector 
water and secondary inputs) and 
surface air T data: air T in the ca-
vity is influenced by the flow rate 
and T of the water collector, rea-
ching the minimum annual values 
in May, linked to the great flood 

due to the snow fusion and to the 
spring precipitation. The air surfa-
ce T minimum values occurred in 
January-February 2020 and 2021 
both. The maximum thermal value 
found on the surface has monitored 
in August 2020 and it corresponds 
to that inside the cavity. In this pe-
riod the flow rates of the hypogeum 
collector reached the minimum an-
nual values and water temperature 
has its annual maximum.

Only after the concert of 26 
December 2019 there was an ab-
normal increase in air T in the ca-
vity, due to an influx of more than 
a hundred tourists within a few 
hours. Air T returned to normal 
value over the next three hours 
(Fig. 3).

The CO₂ concentrations in the 
cavity resulted quite high with va-
lues from 1200 ppm in November 
2019 to 900 ppm in spring 2020.

Fig. 3 – Air temperature trend in the central part of the Bossea Cave, at different heights, conditioned by tourist presence during Christmas 
concert.

Fig. 2 – Air temperature trend at different heights in Bossea Cave, before and after Covid-19 pandemic. Air temperature is clearly condi-
tioned by lighting system in the period before pandemic.
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4.2. Environmental 
parameters in Toirano Caves

The Toirano Caves have the en-
trances placed at an altitude diffe-
rence of only 15 m. Therefore, this 
inlets altimetric difference favors 
an air circulation, slowed down by 
a series of doors placed at the en-
trances and in the artificial tunnel. 
However, these doors allow the 
passage of air through the crow-
ning spaces between the walls and 
the artificial structures.

The temperature detectors, loca-
ted at different heights and along 
the entire route, highlight the pro-
gressive heating of the air condi-
tioned by the rock cluster T which 
is constant throughout the year. 
In the winter period the warm 
air inside the cavities (constant 
T around 15.6 °C) tends to come 
out from the entrance of Lower 
Santa Lucia Cave, consequently, 
a same volume of cold air enters 
from the Bàsura Cave. The surfa-
ce air T heavily conditions under-
ground circulation: in the winter 
period (especially at night) Lower 
Santa Lucia cave entrance have 
a T around 14.5 °C while Bàsura 
Cave entrance T values drop down 
to 8.6 °C (Fig. 4). The minimum 

surface air T value was reached 
on 14/02/2021 (-0.01 °C) while 
at the entrance of the Bàsura Cave 
there was a value of 4.5 °C and at 
the entrance of Lower Santa Lu-
cia of 14.2 °C. A convective cell is 
present in the first part of Lower 
Santa Lucia Cave, characterized 
by a large tunnel with an evident 
stratification of the air.

The two CO₂ probes present in 
the Bàsura Cave show reduced car-
bon dioxide levels characterized by 
oscillations between 390 ppm and 
500 ppm. These values seem to be 
mainly influenced by the natural 
circulation of incoming air flows, 
since the cavity is closed to the pu-
blic now.

The groundwater circulation in 
the two cavities is very small and 
limited to droplets that usually 
increase only during particularly 
humid periods.

4.3. Environmental 
parameters in Borgio Verezzi 
Cave

On the basis of the new data ac-
quired, the Borgio Verezzi Cave 
seem to be characterized by a 
particular genesis linked to the 

mixing of fresh water above the 
salt water of the saline wedge. 
The cave, located at a distance of 
only 550 m from the coast line, 
is made up of a large collapse hall 
that reaches an altitude of only 5 
m a.s.l. where there are a series of 
freshwater lakes that seem to be-
long to an extended karst aquifer 
above sea salt water. Within three 
months of monitoring, the mul-
tiparametric probe positioned in 
the main reservoir (Gulliver Lake) 
showed a significant change in wa-
ter levels related to precipitation 
and remarkable values of electri-
cal conductivity and water tem-
peratures constancy, emphasi-
zing the presence of an important 
karst aquifer.

This cavity has a significant air 
circulation linked to the presen-
ce of three low entrances (tourist 
entrance, 32 m a.s.l, entrance of 
children, 34 m a.s.l, and paleon-
tological entrance, 36 m a.s.l.). In 
the cold season these entrances 
aspire important volumes of air 
which quickly warm up circulating 
in the cavity (Fig. 5). A fourth en-
trance (British Entry, 36 m a.s.l.) 
acts as a high entrance that seems 
to expel only a small part of the 
incoming air. Evidently there are 

Fig. 4 – Daily air temperature trend outside the Bàsura Cave and at the Bàsura Cave and Lower Santa Lucia Cave entrances.
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other outputs not yet identified to 
balance the total volumes circula-
ting in the cavity.

The CO₂ concentration data 
are significant and characterized 
by clear multi-day fluctuations of 
values between 450 ppm and 650 
ppm highlighting a singular con-
tribution of natural origin (Fig. 6). 
These data well describe the envi-
ronmental situation not affected 
by tourist use, being the cave clo-
sed for the entire monitoring pe-
riod.

4.4. Geomatic surveys in 
Borgio Verezzi Cave

The Borgio Verezzi Cave was sur-
veyed with the instruments and 
methods described in the para-
graph 3.2. The external survey was 
done with a DJI Phantom4 drone 
flight with 396 frames, to obtain 
a transverse and across coverage 
greater than 80 %. The characteri-
stics of the flight and the sensors 
are shown in Table 1.

With the dual frequency GNSS 

receiver on board the drone, the 
position of the projection centers 
of digital camera at the time of 
shooting were determined in RTK 
mode, with an accuracy of 1-2 cm 
(Teppati Losè et al., 2020). It is 
theoretically possible to directly 
orient the photogrammetric block 
with only the coordinates of the 
projection centers but it is always 
better to use some GCPs to impro-
ve the accuracy and reliability of 
the solution (Casella & Franzini, 
2016).

Fig. 5 – Progressive air heating in Borgio Verezzi Cave, from entrance of children (lower entrance) to inner parts of the cavity.

Fig. 6 – CO2 air concentration trend in a touristic and non-touristic part of the Borgio Verezzi Cave.
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5 GCPs were detected, made 
with markers clearly visible on the 
frames and detected with GNSS 
RTK. The operations of alignment 
of the frames and compensation of 
the AT is done with the software 
AGISOFT Metashape. The resi-
duals of the least square adjust-
ment on the projection center of 
the digital camera and 5 GCP are a 
maximum of a couple of cm, con-
sistent with the size of the GSD 
(Tab. 2).

From the orientation of the fra-
mes, estimated from the positions 
of the GCPs and the projection 
centers of camera, it is possible to 
derive cartographic products such 
as DSM with 3 cm resolution (Fig. 
7) and orthophotos with 2 cm re-
solution (Notti et al., 2021). The
DSM refers to ellipsoidal heights:
to obtain the orthometric heights, 
the undulation of the geoid must
be subtracted. It can be estimated
using the ITALGEO model to be
47.43 m, without appreciable dif-
ferences in the area considered.

The internal survey of the cave 
is referreds to a polygon of 18 
points. This is the most delicate 

and important part of the survey, 
where precision is strongly condi-

tioned by the length of the visuals 
between the collimation points. 
On views of only a few meters, 
as in the case of this cave, small 
centering and collimation errors 
on the signal strongly propagate 
the angular measurement error. 
The lack of an external “closing” 
ground control point does not 
allow to compensate for these er-
rors. Figure 7 shows the polygon 
with 95% error ellipses, with an 
amplification factor = 100. The 
measurement of the differences 
in height was made with total sta-
tion from the reciprocal stations. 
The accuracy (standard deviation 
68%) obtained for the dimensions 
is a maximum of 1.3 cm on the last 
point of the polygon.

The polygonal allowed to geore-
ference 15 scans performed with 
Lidar Polaris Optec, on the whole 
tourist route of the cave. The ac-
quisition was made in short range 
mode since the distances generally 

Fig. 7 – Ellipsoidal Digital Elevation Model (DEM resolution = 3 cm) and polygonal inside 
Borgio Verezzi cave with 95% error ellipses (ellipsis amplification factor = 100). Undulation 
of the Geoid = 47.43 m.

Tab. 2 – Camera projection centers and GCP Errors.

X error (cm) Y error (cm) Z error (cm)

Average Camera location error (396 camera 
projection center) 1.2 0.8 1.1

Estimated Gorund Control Point RMS (5 marker) 2.1 1.0 1.6

Tab. 1 – Camera and flight parameter used in Borgio Verezzi Cave survey.

Camera

Sensor size and memory 1”: 20 M pixel

Pixel size = 2.4 µm

Principal distance = 8.8 mm (24 mm FF)

The fly

Relative height average on the ground = 50 m

Average scale of photos = 1:5680

Ground Sample Dimension of 1 pixel (GSD) = 1.4 cm

Number of photos: 246

Ground size of photos 90 m x 60 m

Coverage: along track > 80%, across track 80%

Area
Measured at ground
RPAS

54’800 m2

5 GCP (5 markers)
DJI PH4 (Phantom 4 RTK)
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did not exceed 50 m. The adopted 
resolution is 1 cm on 50m with 
acquisition time of about 10 mi-
nutes per station. The resolution 
of the scans allows not only the 
calculation of the volumes of the 
underground rooms but has suffi-
cient detail for the observation of 
the speleothems. An external 24 
MPx digital camera allows you to 
color the point cloud with higher 
quality than the internal camera 
of the instrument. The processing 
of LiDAR measurements is in pro-
gress.

4.5. Corrosion of speleothems

Evidences of CO₂ corrosion on 
different speleothems in all exa-
mined caves have been found as 
well as the presence of lampenflora 
near tourist paths and lights.

SEM analysis on speleothems 
samples with lampenflora have 
been done to better understand 
the level of corrosion on their 
shallows. Presence on diatoms has 
been detected on the speleothems 
with lampenflora alteration. (Fig. 
8A). Environmental factors in-

fluencing the presence and the 
growth of lampenflora in Bossea 
Cave have been previously inve-
stigated (Piano et al., 2015). First 
sampling in this cave has been 
made to estimate the alteration 
of speleothems by lampenflora in 
different part of tourist path. The 
micro samples will be analyzed 
by SEM, looking for an analytic 
method to quantify the decay and 
correlate it with the presence of 
Diatoms, Cyanobacteria and green 
algae in collaboration with DBios – 
Università di Torino.

Evident CO₂ corrosion damages 
on speleothems are present in the 
Toirano Caves and Borgio Verezzi 
Cave. These phenomena are linked 
to different processes as high CO₂ 
concentrations in the air or the 
presence of undersaturated water. 
These processes can be linked to 
natural origins but also visitors 
and lighting along tourist paths 
can cause significant increasing in 
air T and CO₂ concentration.

4.6. Microplastics pollution

MPs pollution has been observed 
both on sediments and on spele-
othems and in all examined caves. 
Different laboratory tests have been 
performed on cave sediments sam-
ples, in order to identify the correct 
method to separate MPs from cave 
sediments and quantify them (Ba-
lestra & Bellopede, 2021). To assess 
the presence of MPs, UV light has 
been used in situ and in lab simul-
taneously with visual identification 
(Fig. 8B). Advanced microscope 
techniques as Raman and FTIR 
microscopy (which, however, still 
need to be optimized, considering 
the complexity of the sample exa-
mined) have been used to confirm 
MPs presence and typology.

Visual identification and diffe-
rent photographic techniques, in 
association with different software 
have been used to count and mea-
sure MPs in cave sediments. After 

Fig. 8 – Bossea Cave in situ monitoring. A. Lampenflora on speleothem and SEM blow up 
of diatoms and lampenflora corrosion. B. Microplastic fibers analysis on filter, after sediment 
separation, and microscopic blow up under UV light.
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the validation of laboratory tech-
nique, the goal to apply the quan-
tification of MPS in situ by means 
of proper photographic technique 
will be carried out.

5. Discussion and conclusions

The first results of the study rela-
ted to the monitoring of the three 
cavities examined highlighted the 
environmental parameters (air 
temperatures and CO₂ concentra-
tion) variations, related to the air 
and groundwater circulation. Fol-
lowing the closure of the tourist ca-
ves for Covid pandemic, it was pos-
sible to acquire useful information 
on the natural environmental of 
the cave, without tourism influen-
ce (tourists and lights). Usually, 
these data are unfortunately not 
recorded in cave before public ope-
ning; however, they are essential to 
understand the following environ-
mental tourist impact (Calaforra 
et al., 2003; Cigna & Burri, 2000; 
Cigna & Forti, 2013).

Geomatic survey, yet started 
for Borgio Verezzi Cave, allowed 
to estimate the subjacency of the 
cave with the respect to the urba-
nized territory and to obtain a geo-
referenced survey of underground 
cave with a proper resolution.

The identification of altered 
speleothems is essential to link 
the in situ survey with the labora-
tory research. At microscope level 
the assessment of the CO₂ and 
lampenflora corrosion on spele-
othems and MPs pollution in cave 
sediment should be done with the 
aim to give back an indirect index 
of cave conditions and different in-
dexes useful for cave management 
and protection.

The integrated use of environ-
mental parameters monitoring, 
geomatic survey and laboratory 
analysis will define the proper 
methodology to assess the tourism 
impact and the threshold value to 
minimize pollution in caves and the 

speleothems decay, and to preserve 
natural heritage in show caves.
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the costs required for setting up 
the test, usually only a limited set 
of experiments can be realistically 
carried out. Analytical approaches 
have been developed in the lite-
rature, but the complexity of the 
system (mechanical and physical 
properties of the materials, impact 
variables and kinetic effects) does 
not allow good estimations of im-
pact forces and block penetration 
(Lambert et al. 2013).

Numerical modelling has the 
clear advantage of allowing the 
analysis of a wider range of pa-
rameters at reasonable time and 
costs, and can therefore provide 
meaningful preliminary guidance 
and design charts for assessing 
the effects of several design pa-
rameters. However, the simplifi-
cations implicitly included in the 
numerical modelling might lead to 
results that deviate from the reali-
ty, and experimental validation is 
required (Brinkgreve and Engin, 
2013). Due to the number of para-
meters affecting the behaviour of 
the structure in the event of a rock 
impact, the available literature on 
numerical modelling validation is 
still disperse and fragmentary.

This paper discusses the results 

obtained with numerical models 
carried out with the Itasca PFC2D 
(2-dimension Particle flow code), 
version 3.0 (Potyondy, 2015). The 
embankment behaviour under 
impact was simulated and geogrid 
deformation, as well as and soil 
compaction, were observed and 
commented.

Numerical models were calibra-
ted on full-scale test results and 
the outcomes were compared with 
results available in the literature 
and applied to real construction 
site (Figure 1). The validation exer-
cise confirmed the reliability of the 
proposed design tool. The results 
discussed in this paper also repre-
sent a contribution to the debated 
issue of determining the required 
input parameters for reliable desi-
gn and modelling of embankment 
for rockfall protection, as discus-
sed by Agliardi et al. (2009).

2. Background

Many Authors have carried out re-
searches and testing since the early 
90’s: full scale tests have been car-
ried out to understand the beha-

viour of reinforced embankments 
subjected to distributed and point 
forces. These tests highlighted the 
range of variation of the kinetic 
energy released during typical im-
pacts and allowed to interpret the 
behaviour of this type of structu-
re in a qualitative way. After these 
experiences, both analytical and 
numerical approaches have been 
developed, also in the stream of 
Eurocodes requirements.

2.1. Relevant references

Burroughs et al. (1993) studied the 
behaviour of a geosynthetic rein-
forced embankment with vertical 
walls. Blocks of different weight 
(190 ÷ 8170 kg) and pseudo cubi-
cal size were dropped against the 
embankment. After rolling, the 
impact energy values were ranging 
between 8 and 1500 kJ with a velo-
city of about 5.5 ÷ 19.2 m/s. The re-
corded penetration and extrusions 
on the embankment were about 90 
cm and 70 cm on the two opposite 
embankment faces respectively.

Hearn et al. (1995) tested three 
rockfall embankment prototypes 
made of compacted granular soil, 
using non-woven geotextile bags 
wrapped around the walls (which 
were covered with wood panels). 
Tests allowed the assessment of 
the amount of kinetic energy re-
leased by the impact that led to 
the collapse of the structure, and 
therefore of the critical size of im-
pacting blocks. Yoshida (1999) and 
Nomura et al. (2002) studied the 
effect of the impact of different 
blocks against an embankment, 
whose core was made of horizon-
tal layers reinforced with geosyn-
thetic materials, whilst the impact 
side was made of two layers of 
sand bags. The tests were aimed 
to verify the behaviour of soft and 
deformable soil. The penetration 
values were 2.6 ÷ 30 cm, under an 
impact energy ranging from 60 to 
2700 kJ.

Fig. 1 – Example of a huge earth reinforced embankment, extended parallel the moun-
tainside, for road and houses rockfall protection. Viewpoint is downward: in the uphill wall 
geogrids and lateral wire mesh adopted for the construction are still visible. Additional 
protective works against surface runoff have been done by means of local rock fragments 
and wood element for environmental sustainability (credits, structural testing and approval 
by C.Oggeri, Northern Italy).



38 Dicembre 2021

ENVIRONMENT

Plassiard et al. (2008) assessed 
the shear strength on the soil/
reinforcement interface by means 
of a distinct element simulation 
of independent soil layers and 
embedded reinforcing elements. 
Plassiard and Donzé (2010) stu-
died the shape of the embankment 
in order to optimise the structure 
design. Their main conclusion was 
that the geometry is the key fac-
tor in establishing the dissipative 
capacity, whereas the filling ma-
terial properties are less relevant. 
Lambert et al. (2009) investigated 
the role of a surface reinforcement 
with filled geocells in order to ho-
mogenise the overall stress di-
stribution after impact. Lambert 
and Bourrier (2013) proposed a 
comprehensive review of current 
embankment design, in which 
achievements and limitations for 
a proper design were pointed out. 
The impact of a boulder, whose 
typical velocity ranges from 5 to 
30 m/s and for which the mass 
is limited to tens of thousands of 
kilograms, results in a dynamic 
localised stress whose duration 
is generally less than 0.2 s, thus 
generating a strain velocity rate 
in the direction of the impact. Va-
rious mechanisms are involved du-
ring the impact: compressive wave 
propagation in a finite volume, soil 
compaction, friction and crushing 
of granular particles leading to pla-
stic deformation and large displa-
cements of the embankment, etc. 
The related effects vary drastically 
in space and time while depending 
on the embankment size and geo-
metry as well as on the properties 
of adopted materials. For these 
reasons, the analytical models 
that have been developed to date 
fail to give good representation of 
the impact effects on the embank-
ment (Lambert et al. 2013).

Cellular rockfall protection em-
bankments were also proposed, 
with the advantage of adapting the 
properties of the filling material to 
the cell position in the structure. 

Different types of filling materials 
were tested with the aim of optimi-
zing the behaviour of structure un-
der the impact. Numerical model-
ling was also carried out to simulate 
the behaviour of the structure at 
different scales, from material to 
full structure (Lambert et al. 2014).

Recent contributions have 
been given on modelling the ef-
fects of geosynthetic contacts 
with reinforcing mesh (Bertrand 
et al., 2008), investigating the in-
teraction between geogrid and 
ballast using the discrete element 
method (Fellerec et al., 2012), and 
on experimental and numerical 
methods for the study of soil–ge-
osynthetic interaction (Palmeira, 
2009). The load transfer beha-
viour between geogrid elements 
and sand was tested and modelled 
with PFC code providing a detail 
of the mechanism at a microsco-
pic scale (Wang et al., 2014). The 
modelling of geocells using 3D fi-
nite difference software was used 
to investigate the load distribu-
tion and the interface behaviour 
of the reinforcement (Hegde et al., 
2015). Bourrier et al. (2011) inve-
stigated a multiscale approach, for 
studying the dynamic impact on 
embankment. Vieira et al. (2013) 
characterised the soil-geotextile 
interface through direct shear te-
sts. Results from physical model 
studies carried out on reinforced 
soil walls compacted in different 
ways are reported in Ehrlich et 
al. (2012), whilst large-scale pla-
ne-strain compression tests were 
carried out on loose and dense 
sand using four types of geogrids 
as described in Liua et al. (2014). 
Eventually, Villard et al. (2009) 
and by Li et al. (2015) investigated 
earth reinforced structures under 
dynamic loading by comparing 
results from different numerical 
approaches and physical testing.

Cuomo et al. (2019) modelled 
barriers conceived as a multilaye-
red embankment, reinforced by 
geogrids wrapped around the fa-

cing. In this work both static and 
dynamic stress–strain analyses 
have been performed through a 
FEM code (Plaxis v. 8.5) to simu-
late the deformation mechanisms 
and the ultimate limit states. Wi-
thin the obtained results, the di-
splacement of the reinforced layers 
along the geogrids with an accep-
table performance of the whole 
barrier have been emphasized.

Relevant evidences from full 
scale tests were reported in the 
works carried out by the Politec-
nico of Torino research group at 
the Meano test site about two de-
cades ago (extensively cited and in 
origin developed with reinforcing 
systems described in Peila et al. 
2002, Oggeri et al. 2004, Peila et al. 
2007, Ronco et al. 2009 and Ron-
co et al. 2010), where a cableway 
able to drop blocks with a ballistic 
trajectory was set up. Four series of 
tests were carried out, varying the 
embankment reinforcement featu-
res, the mechanical characteristics 
of the fill, and the impact energy.

Lambert and Kister (2018) pu-
blished a useful summary of the 
relationship between the block ki-
netic energy and the displacement 
of the downhill side of the emban-
kment, obtained by collecting avai-
lable data from real size tests.

2.2. Interpretation of 
literature data

While results can be found in 
the published cited works, a brief 
summary of test setup and outco-
mes is presented hereafter, having 
the results from those tests been 
used for the validation of the nu-
merical simulation presented in 
this paper.

Worked case. Step 1): The em-
bankment had the following ge-
ometrical features: height 4.2 m; 
base width 5 m, side inclination 
referring to the horizontal 67°. 
The reinforcement was made of hi-
gh-density polyethylene extruded 
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conditions for the model were re-
presented by a rigid bond for the 
base layer. The Drucker-Prager 
yield criterion was adopted and 
appropriate strength parameters 
were assessed after the prelimi-
nary phases. The impacting block 
was simulated as a rigid element 
with a regular shape (Figure 3, 
left and right). Drucker-Prager is 
a good choice as it if fitting pres-
sure acting problems and it is well 
implemented in the code settings.

Lateral diffusion in a consequen-
ce of the impact and it develops 
also in static. Construction featu-
res drive the shape and the exten-
sion of this parameter, and also 
the local kinematic and reaction: 
homogeneous filling, strata sepa-
ration, type of interface (contact or 
interlocking), scale effect between 
stratum and block, compaction le-
vel of filling (dilatant or contracting 
behavior) are all factors that can 
modify the expected results.

The modelled results compared 
well to the penetration/extrusion 
values along the two embankment 
sides, which were measured during 
full-scale tests. The modelling was 
then developed considering four 
types of embankments with diffe-
rent geometries. The impact kine-
tic energy was also increased until 
collapse of the embankments, re-
presented by the condition of a de-
formed shape of the layers which 
are no longer self-supporting.

Results in terms of block pe-
netration and extrusion distan-

ces for the two opposite walls of 
the embankments, taking into 
account parameters such as the 
impact energy and the ratio of the 
embankment thickness and ele-
vation in correspondence to the 
impact point (sp/h), are shown in 
Figure 4 left. When the ratio sp/h 
ratio was increased, a reduction of 
the critical impact energy was ob-
served for the ultimate state of the 
embankment, see Figure 4 right 
(Oggeri, 2011).

3.2 New D.E.M. modelling 
and calibration

In order to understand the beha-
viour under impact, and the di-
splacement measured uphill and 
downhill, it is useful to have a preci-
se scheme of the design and of the 
materials adopted during the con-
struction. A sector of embankment 

has been built for experimental site 
validation of operative behaviour, 
following requirements and testing 
operated by the Authors. New mo-
delling has been done by means of 
internal computational resources 
(code) provided by C.Oggeri acade-
mic funds, and compared with the 
behavior of an embankment on a 
real construction site followed by 
C.Oggeri for professional expertise 
(Figure 1).

Controls on the soil parameters 
during construction, on the ge-
osynthetic installation and on the 
obtained compaction are of great 
influence because these aspects are 
essential in order to avoid excessi-
ve scattering of expected adsorbed 
energy at impact: e.g., stiffness of 
each soil stratum is measured by 
means of a plate loading test.

Itasca PFC2D is a distinct ele-
ment method, where the elements 
are modelled as spherical particles 

Fig. 4 – Penetration on the uphill wall (left) and bulging on the downhill wall (right) for different values of the impact energy and sp/h ratio. 
Results were obtained from the F.E.M. numerical modelling of impacts with 1.5 and 2 m wide cubic blocks.

Fig. 3 – Left: Embankment model with the Abaqus/Explicit code (Ronco, 2010, unpublished). 
Right: Embankment scheme, with the indication of “h” and “sp” geometric parameters and 
ideal position of block at impact.
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able to move and interact accor-
ding to their physical and mecha-
nical properties, interface proper-
ties and acting force field. These 
spheres can represent the granu-
lar nature of the ground and can 
simulate the deformation of soil as 
a result of a stress variation. Each 
element is described by its intrin-
sic properties (stiffness, density, 
radius, velocity and friction) and 
by contact properties.

The modelled embankment is 
composed of seven layers. Each 
layer is built inside a formwork 
that contains the granular back-
filling compacted during the em-
bankment construction. A layer 
of geosynthetic is then added and 
anchored at both ends. Each layer 
interacts with the neighbour ele-
ments. Layers can absorb the kine-
tic energy of the impacting block 
through two main mechanisms: 
(a) the soil compaction beneath
and around the block impact area,
and (b) the sliding of a layer in re-
spect with the neighbour layers.

The main components of the 
embankment are represented by 
the external formwork (usually a 
stiff steel wire mesh), the granular 
soil, the reinforcement element (a 
geogrid in this case), which is re-
presented as a chain of connected 
elements, and the block, which is 
simulated with solid spheres with 
high connection strength.

The code elaborates the initial 
condition, during which gravity 
(or other field stress state) and 
material properties are applied. 
Appropriate initial conditions can 
be determined by applying exter-
nal forces, removing boundaries 
or elements in certain regions, or 
changing some of the physical and 

mechanical properties of the ele-
ments. The aim of this simulation 
was to study the effects of an im-
pact originating from a block hit-
ting the reinforced embankment. 
An initial speed was applied to the 
block with a defined mass in order 
to obtain the desired impact ener-
gy. The code ran on a cyclic basis, 
by recalculating the position and 
forces of the elements at each ite-
ration, until a convergence state 
was reached. The main output was 
the stress state and the arrange-
ment of the elements, including 
the failure of the overloaded ones, 
at the end of each cycle. Among 
physical and mechanical proper-
ties to be determined, a particu-
lar attention was required for the 
contact properties, i.e. “contact 
bond” properties. These are de-
fined in the code by the normal 
strength n_bond (which is equi-
valent to the real tensile strength 
between the particles) and the 
shear strength s_bond (which is 
equivalent to the dilatancy that 
develops between two sliding par-
ticles). Contact conditions control 
the slipping mechanisms between 
the spheres (preventing or modu-
lating them). The deformation of 
the model is calculated according 
to the parameters assigned to the 
interfaces where the spheres phy-
sically interact, as each singular 
sphere is infinitely stiff (i.e. it can-
not deform).

The main model parameters 
of the constituents are listed in 
Table 1.

The soil used as filling material 
was modelled as cohesionless and 
it is characterised by a friction 
angle of 35°. In order to take into 
account the presence of fine soil 

particles, a suitable contact bond 
was adopted among the soil par-
ticles for achieving convergence 
of a high number of elements wi-
thin an acceptable time. The com-
paction of the soil was simulated 
through a sequence of drops under 
gravity stress field, until the desi-
red porosity (n = 12÷16 %) was 
obtained.

The geogrid was simulated with 
an alignment of spheres, whose 
initial position was defined by a 
code function. In order to account 
for the flexibility of the geogrid 
and the roughness of the soil un-
derneath, the bond between the 
spheres was defined with parallel 
bond contact only. The friction 
coefficient for the soil – geogrid 
interface was assumed equal to 
0.46, according to previous work 
(Ronco et al., 2009). Calibration 
of geogrid was done simply by si-
mulating a pull out test by using 
stress strain curve of the geogrid 
and applying an external force. A 
further reduction factor of 0.65 
applied to the friction coefficient 
was included for the full scale 
model. Reduction factor is linked 
to the physical interface working 
mode: each geotextile has its own 
way to interact with different soils 
and compaction. Palmeira (2009) 
and Wang et al. (2014) have wi-
dely studied this key factor and it 
is reported on available textbooks. 
Value of 0.65 is reasonable for the 
worked model. Eventually, the up-
per end of all the formworks was 
anchored to the relevant geogrid, 
in order to avoid an immediate 
pull-out failure during the impact. 
The anchoring was simulated by a 
contact bond between the adjacent 
spheres of formwork and geogrid 

Tab. 1 – Main parameters used in the model.

Component Unit weight
[kg/m3]

Sphere diameter
[m]

Normal stiffness
[N/m]

Shear stiffness
[N/m]

Normal parallel/contact bond
[N/m]

Shear parallel/contact bond
[N/m]

Soil 2000 0.02;0.04 0.8x105 0.8x105 - -

Wire mesh 3000 0.04 0.3x106 0.3x106 45x103 36x103

Geogrid 1000 0.04 0.3x106 0.3x106 50x103 7.5x103
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respectively, assigning the same 
strength properties as the geogrid.

The impacting block was simula-
ted with a “clump”, i.e. a rigid body 
with deformable boundaries, with 
a velocity vector applied to the 
centre of the block mass (Figure 5).

The impact of a 1.17 m wide cu-
bic block, with a mass of 5000 kg 
was simulated. The block landed 
on the fifth and sixth layers of the 
embankment with a velocity of 
about 31 m/s. When assuming an 
overall stiffness of 0.3x103 N/m, 
the penetration of the block into 
the upstream wall (measured or-
thogonally to the face) was 0.7 m, 
while the maximum bulging off 
the downstream wall was 0.17 m. 
The results obtained by the model 
matched those measured in the ci-
ted full scale tests with a satisfac-
tory precision (Ronco et al., 2010).

3.3. Parametric analysis with 
the calibrated model

After the calibration analysis, 
further impact conditions were 
modelled. Thanks to the fine di-
mension of discrete elements si-
mulated with the model, it was 
possible to observe the behaviour 
of the reinforcing elements and 
soil fill, even in the case of the for-
mation of tension cracks. A close 
agreement with the results obtai-
ned with the previous numerical 
modelling carried out with Aba-
qus code was observed. Table 2 
summarises the obtained results. 

For all cases, energy at impact has 
been verified with fine scanning 
of video frames for velocity de-
tection. The scope of the various 
model types is to recognise se-
parately the effects of each main 
input parameter (mass, velocity, 
shape) on the final behaviour of 
the embankment under impact, 
in terms of wall displacements. 
Parametric modelling has exami-
ned eight different conditions: 
effects of block velocity, effects 
of increased block velocity, effect 
of increased block mass, effect of 
increased velocity and block mass, 
effect of increased velocity, effect 
on unreinforced soil, effect of the 
change of block shape to a sphere, 
effect of the different discretisa-
tion of modelled soil.

4. Discussion

The non-homogeneous behaviour 
of the embankment can be attri-
buted to its layered structure and 

to the stress distribution after the 
impact, which is concentrated on 
a limited surface of the structure.

The kinetic energy is dissipated 
within the layers by the mecha-
nisms of reciprocal layer sliding 
and of soil rearrangement, this 
latter inducing soil plasticisation 
and compaction. Spherical failure 
surfaces are often observed under 
the block on unreinforced emban-
kment, while geogrid levels in a 
reinforced embankment can con-
trol the deformation process.

The relationship between the 
impact kinetic energy and the cal-
culated displacement is shown in 
Figure 6. When the impact is ap-
plied in the same point on the em-
bankment, a linear trend of the di-
splacements vs. energy data points 
can be observed.

It was observed that, keeping 
the impact energy constant, an 
increased weight of the block re-
sulted in higher damage of the em-
bankment. This outcome should be 
considered in the general evalua-
tion of performance capabilities 

Fig. 5 – Impact modelling with PFC2D, for cubic (left) and spherical (right) blocks. Foot prints from models are embedding the block shape.

Tab. 2 – Impact conditions and deformation outputs from D.E.M. modelling.

Block 
shape

Mass
[kg]

Impact kinetic energy
[kJ]

Impact velocity
[m/s]

Uphill penetration
[m]

Downhill sliding
[m]

cubic 8700 1000 15.2 0.42 0.22

cubic 8700 4000 30.3 1.00 0.50

cubic 20000 1000 10.0 0.80 0.40

cubic 20000 3000 20.0 1.15 0.90

cubic 20000 9000 30.0 2.40 1.80

spherical 8700 8000 42.9 2.40 1.00
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of embankments when evaluating 
the “reference block” in the design 
stage. However, this behaviour is 
less important for larger widths of 
the embankment, due to the iner-
tia of the structure.

The increase in impact energy 
resulted in upstream penetra-
tion values slightly higher than 
the corresponding downstream 
sliding movements, due to the 
compaction of the soil beneath 
the block developing on the im-
pact side and not on the opposite 
wall.

When comparing the block 
shapes (spherical or cubic), it can 
be observed that: a) layer sliding 
on the downstream wall was not 
influenced by the shape of the 
block; b) the same kinetic energy 
and impact velocity led to a dee-
per footprint of the block in case 
of spherical shape impact; c) the 
embankment reached the limit 
state condition for lower impact 
energy, since a sphere impact in-
volves a greater volume of soil in 
the collision. This outcome was 
already observed by the Abaqus 
model simulation (Ronco, 2010, 
unpublished).

As far as the adoption of diffe-
rent sphere diameters for model-
ling the soil is concerned, it was 
observed that, with the applied 
refinement, the specific surface 
area of the spheres was increased. 
Consequently, it was necessary to 
reduce the corresponding “ficti-
tious” cohesion of the soil in or-
der to obtain similar deformation 
values, as the structure response 
was stiffer in the refined model. 
This result is in agreement with 
the expected effect of a well graded 
grain size distribution of the soil 
(i.e. porosity reduction and com-
paction increase).

Geogrid deformation was eva-
luated at the interfaces between 
sliding layers as a rupture of the 
anchoring points. As the model 
spherical elements cannot de-
form, the strain is simulated as an 

increase in the space between the 
elements. In this way, it is possi-
ble to consider the stress/strain 
relationship of the geogrid, which 
is fundamental for appreciating 
the performance of the structure. 
Spheres modelling the geogrid, 
even though no longer physically 
in contact, were able to maintain 
their alignment and connections 
until the failure of the structure. 
This condition is represented in 
the model by the creation of sepa-
rate alignments. If several contacts 
fail, a random dispersion of sphe-
res occurs.

5. Conclusions

A numerical model of geogrid 
reinforced structures for rockfall 
protection was set up after a con-
sistent back analysis of both full 
scale tests and new on site eviden-
ces on worked structures. After an 
initial F.E.M. modelling approach 
carried out by the Authors, a new 
code has been adopted to compa-
re and assess the available results 
and in order to apply it at a new 
construction site. Both modelling 

activities allowed for the predi-
ction of the performances of dif-
ferent embankment geometries, 
under different impact conditions 
and with the adoption of different 
reinforcements.

The D.E.M. modelling approach 
described in this paper is based on 
the application of Itasca PFC2D. 
The obtained results compared 
well with the old F.E.M. modelling 
with Abaqus.

The output of the code consi-
sts of graphical diagrams in whi-
ch displacements and damage 
(failures, tension cracks) can be 
highlighted. As these are among 
the most important concerns of 
rockfall protection devices, the 
PFC2D modelling can be consi-
dered satisfactory. Since the em-
bankment is a linear structure, 
the two-dimensional approach is 
relevant. The effects of different 
block mass, kinetic energy, and 
block geometry were assessed 
on a model of reinforced emban-
kment. A model simulating the 
impact on unreinforced embank-
ment was also developed for com-
parison purposes.

The main outcomes from this 
research were the following.

Fig. 6 – Calculated D.E.M. wall displacement of the reinforced embankment.
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a) �The relationship between the
impact kinetic energy and the
calculated displacement fol-
lowed a linear trend.

b) �The mass of the block had an
influence on the displacement
development: a bigger block
showed a higher deformation
on the embankment than a
smaller block with the same ki-
netic energy.

c) �The shape of the block had an
influence on the displacement
development as well. Spherical
blocks caused higher deforma-
tion in the embankment than
cubic blocks with the same ki-
netic energy.

d) �2D model is exhibiting a chal-
lenging displacement because it 
is focusing on planar strain, as
geometrical model of the em-
bankment is claiming for.

e) �The size and the number of the
model elements, i.e. the “ball”
dimension, had an effect on the
stiffness of the structure. Hi-
gher fineness of elements (i.e.
smaller and more graded soil
particles) led to reduced defor-
mation when the fictitious cohe-
sion was kept the same utilised
for coarser model. This effect
reflects the different porosity
and compaction level that can
be reached with better graded
grain distribution.
Possible adaptation of the mo-

del includes a more accurate soil 
simulation by using small spheres 
characterised by different diame-
ters, while the adoption of a three 
dimensional code would be useful 
for the understanding of the local 
behaviour of the geogrids, which 
work as a 3D reinforcing structure, 
and for assessing the geogrid – soil 
interaction more accurately, throu-
gh an analysis of the interlocking 
phenomenon of the soil grains 
inside the mesh. The last step, at 
a practical design level, consists 
of the analytical verification of 
structural details and geometrical 
compatibility.
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(ES) model was introduced in the 
1970s; the quantification of Ecosy-
stem Services, i.e. the benefits that 
an ecosystem (natural or man-ma-
de) provides and which are directly 
or indirectly linked to well-being 
and to the quality of human life, 
appears particularly important (de 
Groot et al., 2012). From a first pe-
dagogical purpose aimed at under-
lining the risks represented by the 
loss of biodiversity, the ES have be-
come a fundamental political and 
economic tool (Gómez-Baggethun 
and Martín-López, 2015). This 
turning point, which took place 
at the beginning of the new mil-
lennium, was marked in particular 
by the Millennium Ecosystem As-
sessment (MA), an international 
research carried out from 2001 
to 2005 in order to identify the 
state of global ecosystems, assess 
the consequences of changes in 
ecosystems on human well-being 
and provide a scientific basis for 
formulation of actions necessary 
for conservation and sustainable 
use (Reid et al., 2005). MA states 
that: “Ecosystem goods (such as 
food) and services (such as waste 
assimilation) represent the bene-
fits human populations derive, 
directly or indirectly, from ecosy-
stem functions. For simplicity, we 
will refer to ecosystem goods and 
services together as ecosystem ser-
vices” (Costanza et al., 1997). The 
MA, together with the literature 
subsequently developed (Brau-
man et al., 2007), has identified 
four categories of services: (i) sup-
ply, i.e. consumer goods that can 
be directly taken from ecosystems 
such as food, raw materials, fre-
sh water, (ii) regulation: linked to 
the regulation of the hydrological 
cycle, climate and hydrogeological 
instability, (iii) cultural, related to 
the intangible benefits offered as 
inspiration for art, music, archi-
tecture and, finally (iv) support, 
necessary for the realization of 
all other services (creation of soil, 
support for reproduction).

In the broad panorama just out-
lined (Montoya-Tangarife et al., 
2017), the present work focuses 
on the urban environment and on 
the Ecosystem Services related to 
land use (land use changes in ur-
ban residential areas) and water 
(the mitigation of damage caused 
by flood events and the contain-
ment of pollutant concentrations 
in surface, sub-surface and ground
water flows). Nowadays urban en-
vironments and ecosystems have 
particular importance due to glo-
bal demographic changes: the per-
centage of the population living 
in urban areas is 55% globally and 
is projected to increase to 68% by 
2050 (W3). This trend of increasing 
urbanization is visible with respect 
to all continents, expect for Ocea-
nia. In particular, in Italy there was 
an increase in its percentage from 
51% to 71% since 1950 to today. 
The urban environment is also pe-
culiar from an environmental point 
of view as, unlike other systems, it 
is a “functionally incomplete ecosy-
stem”, defined by the consump-
tion of ES and by the presence of 
human beings and their activities 
(Reid et al., 2005). By virtue of the 
strong exploitation of the ES, cities 
represent a major source of ecolo-
gical pressures that cause changes 
to the entire earth’s ecosystem 
through resource consumption, 
greenhouse gas emissions and pol-
lution (Hodson and Marvin, 2010). 
According to the IPCC (Intergover-
nmental Panel on Climate Chan-
ge), cities consume 67% to 76% of 
global energy and generate about 
three quarters of global carbon 
emissions (IPCC, 2014).

To achieve the sustainability 
of urban areas, a deeper under-
standing of the relationships with 
ecosystems, although mainly an-
thropogenic in nature, is neces-
sary; in particular a study of ES, 
not derived from the outside but 
obtained from ecosystems within 
the wide context of cities, could be 
instrumental in emphasizing the 

relationship that man has with 
these functions: in this sense, ur-
ban green infrastructures offer a 
possibility of study. Nevertheless, 
in the area of scientific studies, a 
lack of sufficient research in the 
field of urban ecology is reported: 
on a quantitative level, an analysis 
of the literature in 2014 reported 
only 217 publications relating to 
UES (Urban Ecosystem Services), 
mainly carried out in North Ame-
rica, Europe and China (Haase et 
al., 2014). Similarly, Caprioli et al. 
(2020) focused the gap in research 
on urban-type ecosystems compa-
red to others, such as wetlands or 
forests. In light of these conside-
rations, many authors underlined 
the importance of broadening the 
study of cities as ecosystems and as 
a cause of changes to ecosystems 
themselves, in order to guarantee 
urban ecological safety (Hodson 
and Marvin, 2010; Solecki et al., 
2013, McDonnell, 2015; Jennings 
et al., 2017).

In particular, urban parks are 
important repositories of urban 
biodiversity and supplier of UES. 
The latter are certainly secon-
dary to those obtained from glo-
bal ecosystems, but offer various 
educational, moral and practical 
advantages thanks to their local 
nature, and allow to better eva-
luate the direct benefits obtained 
by the community and to impro-
ve cities, integrating ecological 
considerations into their design 
(Bolund and Hunhammar, 1999). 
Furthermore, the type of ES and 
the quantity of their supply are 
strongly influenced by the context 
in which the parks themselves are 
located and by community use, 
especially as regards the cultural 
ES. These can be negatively im-
pacted by a general neglect or dirt 
of the places, and by the culture 
of the population in terms of va-
lues represented by green areas. 
Bolund and Hunhammar (1999) 
highlight how the size of the park 
is an important factor: larger par-
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ks generally offer more regulation 
services while smaller parks offer 
more cultural services.

The aim of this work is to hi-
ghlight the enormous potential of 
a green infrastructure located in 
the suburbs of Turin, “Le Vallere” 
park, justifying numerically (and 
monetarily) the multiple benefits 
that the area silently generates on 
the surrounding city environment, 
through a recently developed tool, 
little used in Europe. At the Italian 
level, few i-Tree applications have 
been implemented and, more ge-
nerally, scientific research in Italy 
has so far devoted little attention 
to the issue of quantifying ecosy-
stem services.

This scientific article is divided 
into several chapters: chapter 2, 
called Methodology, contains a 
presentation of the two i-Tree tools 
(Eco and Hydro) implemented in 
the project, with the related equa-
tions; chapter 3 presents a descrip-
tion of the considered green area 
and of the main input data entered 
into the programs; in chapter 4 the 
main results obtained are reported 
and explained, through tables and 
figures; finally, chapter 5 reports 
the conclusions drawn from the 
work carried out, emphasizing 
the importance of results but also 
the future developments of the 
project; in chapter 6 and 7, thanks 
to the institutions involved in the 
project and the bibliography of the 
article are respectively reported.

2. Methodology

A complete assessment of ecosy-
stem services can be based on 
various tools: interviews with 
inhabitants of the neighborhood, 
on-site inventories of vegetation 
but, above all, the use of specific 
softwares. In the following case 
study, a quantitative analysis of 
the environmental benefits ge-
nerating by “Le Vallere” Park has 

been carried out, through a speci-
fic SE assessment tool for vegeta-
tion. The suite i-Tree is a collection 
of analysis and assessment tools 
designed and developed by the 
United States Forest Service, part 
of United States Department of 
Agriculture (USDA), to quantify 
the ES provided by a green area 
(i.e. street-lined, park, neigh-
borhood, city or whole region). 
The choice fell on this software, 
born in the current century, al-
though there are several tools, 
more popular and born earlier, 
designed to carry out a SE evalua-
tion; the reason is related to the 
specificity of i-Tree on vegetation, 
with an appropriate approach to 
the purpose of this work.

The project is particularly fo-
cused on Eco and Hydro functio-
nality, two flagship tools of i-Tree 
supported by Database and Ca-
nopy respectively. While Hydro, 
based on urban hydrology model, 
allows to simulate the effects of 
changes in tree cover at the urban 
level on local hydrology, Eco pro-
vides information on the urban 
green structure and its environ-
mental effects (Treeconomics and 
Trädkonsult, 2019). Both tools 
base the ES assessment on the 
collection (and often on-site re-
trieval) of different types of data: 
geographic location information, 
topographic data, precipitation 
time series, species information, 
pollution data, hydrological para-
meters and more.

2.1. i-Tree Eco

Table 1 provides a summary of 
the main input data required and 
output that the program is able to 
furnish. Regarding the input data, 
they vary according to the size of 
the studied area: for small areas, a 
“complete inventory” methodolo-
gy is applied, through a precise in-
ventory of tree species and shrubs, 
defining land use and cover. On 

the other hand, the analysis of lar-
ger areas can be carried out throu-
gh a statistical sampling of the 
parameters and characteristics, 
that is called “plot-based sample 
inventory”.

The purpose of i-Tree Eco is to 
analyze and quantify the benefits 
offered by the green area to the 
context in which it is located, in 
terms of CO2 storage and seque-
stration, atmospheric pollutants 
removal, Volatile Organic Com-
pounds (VOC) emissions and 
avoided water runoff. The preci-
sion with which these outputs are 
provided by the program depends, 
in turn, on the quantity and quali-
ty of the input data, many of whi-
ch are not necessarily mandatory 
and which require a site inspection 
for their retrieval. The monetary 
evaluation associated with each 
ecosystem service allows to esti-
mate an overall impact value of 
the area and derives from the 
definition, in the input phase, of 
unitary benefit prices, as shown in 
Table 1. For each category conside-
red (electricity, eating, carbon and 
avoided runoff) an unitary benefit 
price is defined: Eco includes de-
fault values, linked to an average 
condition in US but the user can 
enter their own, relatively to the 
place where such analysis is carri-
ed out.

Eco is based on a mathemati-
cal model, validated by countless 
experiments and with which the 
tool has been programmed: the 
Urban Forest Effects (UFORE) 
model. It allows to monitor urban 
forest structure and to estimate 
its ES, using a random sampling 
technique, with known standard 
deviation, integrating local envi-
ronmental data such as pollutant 
concentration and hourly meteo-
rological data to return estimates 
of the aforementioned outputs. 
The greater the knowledge of the 
forest structure, the greater the 
accuracy of the benefits estimate.

Five modules make it up: (i) 
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UFORE-A: Anatomy of the Urban 
Forest; (ii) UFORE-B: Biogenic Vo-
latile Organic Compound (VOC) 
Emissions; (iii) UFORE-C: Carbon 
Storage and Sequestration; (iv) 
UFORE-D: Dry Deposition of Air 
Pollution; (v) UFORE-E: Energy 
Conservation (Nowak, 2008).

Nowak (1996) states “Accurate 
estimates of tree leaf area and leaf 
biomass in both urban and sur-
rounding natural areas are critical 
in assessing evapotranspiration, 
atmospheric deposition, biogenic 
volatile organic emissions, light 
interception, and other ecosystem 
processes”. On this principle UFO-
RE-A, fundamental model for the 
implementation of a Eco project, is 
based trough the Equations (1) and 
(2). These regression equations 
were produced to calculate total 
leaf area and total leaf dry-weight 
biomass of “open-grown urban 
trees” (Nowak, 1996): Eq. 1 is a 
function of the DBH (Diameter at 
Breast Height) while Eq. 2 varies 
according to the height (H) and wi-
dth (D) of the crown.

ln(Y) = b0 – b1 ∙ DBH + b2 ∙ S� (1)

ln(Y) = �b0 – b1 ∙ H + b2 ∙ D + 
+ b3 ∙ S + b4 ∙ C�

� (2)

where Y is leaf area (m2) or leaf 
dry-weight biomass (g); b0, b1, b2, 

b3, b4 are regression coefficients; 
S is a species-specific shading fac-
tor defined as the percentage of 
light intensity intercepted by the 
canopy of trees; C is the canopy ex-
ternal surface (Gacka-Grzesikiewi-
cz, 1980) calculated as:

	 C = π ∙ D(h + D))/2� (3)

A further important variable for 
the Eco simulations is the leaf area 
index (LAI)

LAI = –ln (I/(I0)/k� (4)

where I is the light intensity un-
der the canopy while I0 is the light 
intensity above it; k is the light 
extinction coefficient (0.52 for co-
nifers, 0.65 for hard woods). The 
ratio between I and I0 represents 
the shading factor. The LAI is a di-
mensionless index that represents 
the leaf area (m2) per surface unit 
(m2) and that is defined on the ba-
sis of Beer-Lambert law (Nowak, 
1996).

The parameter on which UFO-
RE-D is based, fundamental for 
the analysis carried out, is the 
flow of atmospheric pollutants re-
moved (g/m2/s1), (Hirabayashi et 
al., 2011).

F = Vd ∙ C� (5)

where Vd is the deposition rate 
(m/s) and C is the pollutant air 

concentration (g/m3). The depo-
sition rate for CO, NO2, SO2 and 
O3 is calculated as the reciprocal of 
the sum of resistances to pollutant 
transport (s/m), (Baldocchi et al., 
1987).

	 Vd =1/(Ra + Rb + Rc)� (6)

where Ra is the aerodynamics re-
sistance, that is the resistance 
opposed by the air to the passage 
of the pollutant molecules; Rb the 
quasi-laminar layer resistance, or 
the resistance encountered by the 
particles at the air-leaf interface 
surface; Rc is the canopy resistan-
ce, or rather the resistance oppo-
sed by the plant tissues and the 
stomal openings. In Baldocchi et 
al. (1987) an insight into how the-
se three resistance types can be 
calculated is present.

2.2. i-Tree Hydro

As mentioned at the beginning of 
the chapter, i-Tree Hydro is a flag-
ship tool based on urban hydro-
logy model specific for vegetation 
and allows to simulate the effects 
of changes in tree cover at the ur-
ban level on local hydrology. In 
other words, it is a desktop-based 
program aimed at studying the hy-
drogeological impact of different 

Tab. 1 – Summary of i-Tree Eco (a) input and (b) output data.

(a) Input (b) Output

Weather 
station

CO2, NO2, O3, SO2, PM 2.5 concentration [ppm]
PAR [W/m2]
Rainfall [cm/h]
Temperature [°C]

Dry deposition of pollutants per canopy cover unit [g/m2/h]
DBH distribution:

- Leaf area [ac]
- Leaf biomass [ton]

VOC [lb/yr]:
- Monoterpene
- Isoprene

Inventory

Specie
DBH
Land Use/Ground Cover
Tree Height/Height to crown base
Tree crown dimension and condition
Crown light exposure
GPS coordinates

Stored carbon [ton]
Gross sequestered carbon/Equivalent in CO2 [ton/yr]
Potential evapotranspiration, Evaporation, Transpiration, Intercepted rainfall [m3/yr]
Monetary values [€]:

- stored carbon
- gross sequestered carbon
- avoided runoff
- pollutants removal

Benefit 
prices

Electricity [€/kWh]
Eating [€/therm]
Carbon [€/ton]
Avoided runoff [€/m3]
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type of coverage. It is based on a 
hydrological topographically-ba-
sed model, UFORE-Hydro, still in 
development, composed by the di-
vision into Hydro and Hydro+; the 
latter is a new advanced version 
subjected to research. UFORE-Hy-
dro has been developed through 
the OBJTOP (Object-oriented, 
Topographic) structure and it is 
based on algorithms which work 
with interception, storage, infiltra-
tion, evaporation and runoff data, 
modifying them slightly. It is an 
easy-to-use model for researchers, 
urban planners or environmental 
technicians, who are required to 
insert minimal input data (Wang 
et al., 2008). The version used, on 
which all the model updates de-
pend, involves the use of an urban 
scheme of soil-vegetation-atmo-
sphere exchanges represented by 
vertical layers. Furthermore, the 
surface is recognized as perme-
able or impermeable and coverage 
percentage due to the presence of 
albedo is quantified.

The flow model provides, as in-
puts, NED (National Elevation 
Data) as raster with each pixel 
corresponding to an area with 
a user-definable size and NLCD 
(National Land Cover Data). The-
refore, from these two data sets, 
the following information can be 

obtained: Topographic Index (TI) 
from NED and estimates of Imper-
meable Cover (IC) and Tree Crown 
(TC) from NLCD (Yang et al., 2003). 
TI is calculated as the quotient 
between the area by the length of 
the contour and the tangent to the 
slope of the local pixel; IC and TC 
are defined for each block of TI, i.e., 
groups of pixels with the same To-
pographic Index. Other input data 
are: (i) initial groundwater level, 
(ii) chemical composition of soil
and its physical parameters, (iii)
meteorological data, required with
hourly time interval or less and (iv)
potential evapotranspiration.

Then, main output data are: (i) 
amount of precipitation intercep-
ted by the vegetation, (ii) infiltra-
tion, (iii) evapotranspiration, (iv) 
surface runoff and (v) lateral flows 
of the aquifer.

Equation 7 represents the water 
balance taken as model in Hydro, 
whose components are represen-
ted in Figure 1.

PR = �VET + VI + S + PI + PF + IF + 
+ SF + GET� (7)

with mm as unit of measure for all 
terms and where, in particular, PR 
is the precipitation; VET and GET 
are respectively vegetation and soil 
evapotranspiration; VI is vegeta-
tion interception; S is storage in 
soil depressions; PI is infiltration 
on permeable soil; PF, IF and SF 
are respectively permeable, im-
permeable and subsurface runoff.

3. Study Area and Data

The proposed i-Tree tools have 
been applied to an urban park lo-
cated in Moncalieri, in the Metro-
politan City of Turin (Italy N O). 
The city covers a surface of 4753 
hectares and has a population of 

57528 inhabitants (W5). It is lo-
cated at 262 meters above the sea 
level and it has a warm and tem-
perate climate. Moncalieri receives 
annual precipitation of 700-750 
mm spread in 75 days with a mi-
nimum in winter and a maximum 
in spring and autumn. The average 
temperature is 12°C with the war-
mest month in July. According to 
Köppen and Geiger this climate is 
classified as Cfa (Humid subtropi-
cal climate) (W6).

The selected area is “Le Vallere” 
park, an extensive semi-urban gre-
en space located at the confluence 
of two rivers, Po River and Sango-
ne Torrent with an extension of 
130 ha. “Le Vallere” term was gi-
ven by French to the embankmen-
ts built in 1541 during the first 
French occupation of Piedmont. 
In 1960s this area was partially 
saved from the urbanization and 
the overbuilding which led to the 
construction of the main street 
“Corso Trieste” and the residen-
tial neighborhood located west 
of it. Subsequently, “Le Vallere” 
park became Piedmont Region’s 
property and in 1990’s the large 
eighteenth-century farmhouse 
became the headquarters of the 
park management institution, ex 
“Ente di gestione delle aree protet-
te del Po torinese”. On 29th June 
2009, Piedmont Region enacted a 
regional law with which the park 
was protected as Nature Reserve; 
nowadays it is open to the public 
and available with regulation. The 
regional law n.11/2019 establi-
shed that all individual protected 
areas along the Po river in Pied-
mont, in the section from Casal-
grasso to the border with Lombar-
dy, constituted a single protected 
area: the “Piedmontese Po Natural 
Park” (“Parco Naturale del Po Pie-
montese”) (W7).

The designed land use has been 
turned from a merely agricultural 
use to an alternation of intensive 
forage cultivation and clearings 
with groves. The coexistence of Fig. 1 – i-Tree Hydro water balance.
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agricultural landscape and public 
park and the environmental and 
landscape recovery measures of Po 
River’s banks allowed to re-enact 
a section of ecological network 
of Turin metropolitan area, un-
derling its important role as an 
element of biodiversity conserva-
tion and for migratory flows. The 
alternance of agricultural activities 
and public park represents the di-
stinguishing feature between “Le 
Vallere” park and the other green 
areas located in the surrounding 
urban context, increasing the en-
vironmental quality of the city.

The present work has been deve-
loped on a portion of park mana-
ged by “Ente di gestione delle aree 
protette del Po torinese” (now be-
come part of “Ente di gestione del-
le aree protette del Po piemontese) 
which covers a surface of 34 hecta-
res (Fig. 2). Within this area, re-
creational activities are common: 

it includes children playground, 
sport area, picnic areas, two plots 
for dogs, a botanical-phenologi-
cal garden and different paths for 
mountain biking, walking and hor-
se riding. The botanical-phenologi-
cal garden has been created betwe-
en 2000 and 2002, it is named in 
honour of Carlo Allioni and it aims 
to evaluate the impact that ther-
mal anomalies, parasites and air 
and soil pollution have on typical 
species of a continental climate re-
gions (W8). “Le Vallere” park also 
encloses a building managed by 
SMAT S.p.A., the water manage-
ment society of the metropolitan 
city of Turin.

The partnership with the afore-
mentioned institution has allowed 
to get reliable and up-to-date tech-
nical data. A measurement cam-
paign has been conducted in July 
2020 in order to retrieve datasets 
on tree population required by 

Eco and Hydro tools such as arbo-
real species, tree diameters, heal-
th crown condition, land use and 
land cover. The entire study area 
has been subdivided into 192 cir-
cular plots fixed grid distributed; 
the plot size is one twentieth of a 
hectare with a radius of 12.62 m. It 
has been decided to sample a sin-
gle tree for each plot, since mostly 
plants falling within each plot had 
similar dimensional characteristi-
cs; 102 trees have been analyzed.

Concerning meteorological and 
air quality data, we gathered them 
from sources provided by regional 
authorities. In particular, for Eco 
simulation, we had to refer to data 
collected by “Bric della Croce” we-
ather station (ID 160610-99999) 
located in Turin (45°02’N 07°44’E) 
because it was the only station clo-
se to study area with validated da-
tasets from USDA Forest Service. 
Conversely, Hydro simulation has 

Fig. 2 – Geographical framework of case study “Le Vallere” park.
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allowed to customize climate data 
selecting a weather station that 
was representative of the entire 
study area: we referred to “Torino 
Vallere” weather station (ID 249) 
located inside the park itself, run 
by ARPA Piemonte, and to datasets 
surveyed by the “Observatory of 
Carlo Alberto College, Italian Me-
trological Society” in Moncalieri. 
All weather and air quality data im-
plemented in Eco simulation refer 
to 2015, while those used in Hydro 
simulation refer to 2019. Table 2 
shows input data required to carry 
out Eco and Hydro simulations.

4. Results and discussion

4.1. i-Tree Eco

4.1.1. Tree population and 
carbon storage and sequestration

The first output provided by i-Tree 
Eco is a valuation of composition 
and structure of the urban forest 

based on field data. Concerning 
“Le Vallere” park, it assesses a 
number of 487 (±29) trees belon-
ging to 25 different species, cove-
ring about 31% of park’s surface. 
The most common species are (i) 
Tilia x europaea (67), (ii) Salix alba 
(62), (iii) Tilia cordata (43) and (iv) 
Populus nigra (38) which present 
a percentage distribution of tree 
stem diameters in 45.7-61 class 
(50% Tilia x europaea, 66.7% Tilia 
cordata), in 30.5-45.7 class (53.8% 
Salix alba) and in 106.7-121.9 class 
(37.5% Populus nigra).

Based on previous results, i-Tree 
Eco estimates leaf area and leaf 
biomass for each species (see Para-
graph 2.1, Eq. 1 and Eq. 2) and, ac-
cording to those factors, assesses 
the contribution of carbon storage 
and gross carbon sequestration of 
trees by species. Total estimates of 
the first one are 437 metric tons 
with a leaf biomass of 14 kilograms 
and a monetary value of about 40 
thousand euros, while the gross 
carbon sequestration amounts to 
about 13 metric tons compared to 

a leaf area of 21.3 hectares, eco-
nomically equivalent to about 1.2 
thousand euros. The monetary va-
lue refers to benefit prices in Table 
2, according to the Italian context.

The most performing species for 
the ES evaluation is Populus nigra 
due to the unusually large diame-
ter structure and to the fair crown 
health. As expected, Tilia and Salix 
genus also concur positively to the 
process of carbon fixation in plant 
tissues and to the removal of car-
bon dioxide from the atmosphere 
through chlorophyll photosynthe-
sis. Although plants belonging to 
Tilia and Salix genus hold a higher 
number of individuals than Popu-
lus genus (approximately twice), it 
results they have less influence on 
carbon storage and carbon seque-
stration quantification.

4.1.2. Air quality

Another interesting output produ-
ced by i-Tree Eco is the quantifica-
tion of annually atmospheric pol-
lutants removed by tree population 

Tab. 2 – I-Tree Eco and i-Tree Hydro input data for case study “Le Vallere” park.

Eco Hydro

Project configuration Plot – based sample inventory, unstratified sample Non – watershed

n. of plots sampled 192 (one tree for each plot) -

n. of trees sampled 102 -

Weather data Bric della Croce (2015) Torino Vallere, Observatory of Carlo Alberto 
College (2019)

Air quality data Bric della Croce (2015) -

DTM - CTRN 1:10000

Land cover parameters - Grass/herbaceous (57.1%), Impervious ground 
(3.8%), Tree impervious (1.6%), Tree pervious 
(33.9%), Soil/bare ground (3.5%), Water (0%)

DCIA (Directly Connected 
Impervious Area) 

- 10.1%

LAI - 1.74

Annual average flow of project 
area 

- 9.98·10-3 m3/s

National pooled EMCs and 
NURP EMCs

- As default

Benefit prices Energy (0.17 €/kWh), Heating (2.87 €/therm), Carbon (91.92 
€/ton), Avoided runoff (1.902 €/m3)

-
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and the resulting improvement 
in air quality. Ozone (O3), sulfur 
dioxide (SO2) and nitrogen dioxide 
(NO2) removal made by the green 
area turns out to be much larger 
compared to particulate matter 
(PM2.5), as reported in Table 3. It 
also points out the non-linear rela-
tionship between pollutants quan-
tities removed and their monetary 
value. One possible reason for that 
disparity can be the impact that 
each pollutant have on environ-
ment quality and human health, 
taken into account by i-Tree Eco.

In order to correctly quantify 
ES provided by “Le Vallere” park, 
it is necessary to take into account 
the emission of biogenic volatile 
organic compounds (BVOCs) pro-
duced by plants. They significantly 
affect atmospheric chemistry and 
climate, especially monoterpene e 
isoprene emissions that represent 
a possible source of atmospheric 
pollution through the formation 
of O3, CO and other tropospheric 
aerosols. Therefore, it has been 
necessary to consider these com-
pounds in the overall balance of 
pollutants removal provided by 
the study area. What has been 
deduced is that the pollutants re-
moval process strongly depends 
on trees’ intrinsic characteristics, 
their size and vegetative cycle, not 
only on their numerical quantity. 
The economic value assigned to 
air pollution removal is equal to 
95 thousand euros, resulting from 

a pollutants quantity equal to 437 
kilograms per year.

Eco tool provides other hydrolo-
gical outputs (such as evaporation, 
evapotranspiration, flows intercep-
tion by vegetated covers and avoi-
ded runoff) intentionally not exa-
mined as they have been evaluated 
with Hydro tool as it is based on 
more robust hydrological models 
that allow greater precision in ru-
noff calculation and in plant-spe-
cific hydrological processes.

4.2. i-Tree Hydro

Concerning i-Tree Hydro, outputs 
provided by simulation assess the 
effects of changes in urban tree 
cover and impervious surface on 
stream flows and water quality. In 
order to compare different scena-
rios, the current configuration of 
park has been defined as Base case, 
while it has been assumed an incre-
ase in impermeable surface of 25%, 
50% and 75%, respectively as Alter-
native case S1, S2, S3. It has been 
taken 25% of these percentages 
out of “Pervious under tree cover” 
class and the remaining percenta-
ge out of “Herbaceous” class, assu-
ming that the reduction of perme-
able soil involves a decrease in tree 
cover. Percentages of “Impervious 
under tree cover” and “Bare soil” 
have been kept unchanged.

The first output belongs to water 
quantity results: more specifically, 

it has compared the analyzed sce-
narios in total flows generated 
by precipitation fallen in 2019, 
subdivided into (i) base flow, (ii) 
pervious flow and (iii) impervious 
flow. As expected, the comparison 
has shown an important increase 
in impervious runoff component 
related to Alternative cases, espe-
cially in S3 in which it represents 
the 72% of the total flow (Tab 4). 
Quantities related to Base flow 
show a decrease of about 225 m3 
per year each 25% increase in im-
permeable cover.

The second output provided by 
Hydro is related to water quality, 
examined through ten different 
type of pollutants: total suspended 
solids (TSS), biochemical oxygen 
demand (BOD), chemical oxygen 
demand (COD), total phosphorus 
(TP), soluble phosphorus (soluble 
P), total Kjeldahl nitrogen (TKN), 
nitrite and nitrate (NO2, NO3), 
copper (Cu), lead (Pb). As shown 
in Figure 3, the more impermeable 
surface increases, the more runoff 
quality gets worse.

Finally, as i-Tree Hydro is a ve-
getation-specific urban hydrolo-
gy model, it has been possible to 
make a few general observations 
on results from sub-routines such 
as interception by vegetation, sto-
rage on vegetation surfaces and 
throughfall from them (Vegetation 
Hydrology outputs). The simula-
tion has shown a strong correla-
tion between processes that occur 
at tree canopy level, intensity and 
duration of precipitation events 
and vegetative period of arbo-
real individuals. In terms of soil 
hydrology, the program refers to 
quantities that reach the ground 
exceeding the maximum accumu-
lation capacity of the leaf cover: 
some of these volumes seep into 
subsurface zones, others evapora-
te from root zone. The comparison 
conducted between Base case and 
Alternative cases has shown that 
both components decrease as per-
meable cover decreases.

Tab. 3 – Removed pollutants quantity with related monetary benefit (i-Tree Eco).

NO2 O3 PM 2.5 SO2

Removed quantity (kg/year) 89.3 305.6 8.9 32.2

Monetary value (€/year) 2040.6 46747.6 47432.8 268.2

Tab. 4 – Water quantity outputs (i-Tree Hydro).

Total flow
m3/year

Base flow
m3/year

Pervious flow
m3/year

Impervious flow
m3/year

Base case 217763,2 852,5 215357,4 1517,4

S1 233829,3 627,2 197332,3 35833,8

S2 250383,0 401,9 148645,2 101299,9

S3 267187,5 176,7 74845,0 192129,8



54 Dicembre 2021

ENVIRONMENT

The results proposed by Eco and 
Hydro tools highlight the impor-
tance role of the “Le Vallere” park 
as permeable area, underling the 
avoided runoff and the improved 
water quality of surface runoff 
compared to a waterproofed land 
cover with same size.

5. Conclusions

The project is part of the complex 
theme of ES, analyzed through 
an application on an urban green 
area with the aim of investigating 
whether and how the presence of 
the aforementioned area can con-
tribute to make the surrounding 
metropolitan environment more 
resilient and sustainable.

In particular, through the use of 
i-Tree software suite, the ES offe-
red by “Le Vallere” park, the green 
lung of the urban area between the 
municipalities of Moncalieri and 
Turin, were quantified. The metho-
dology used is based on the availa-
bility of data, in part already acces-
sible and in part detected on site, 
while the accuracy of the analysis 
is inextricably linked to the quan-
tity and quality of such data. The 
results proposed by Eco and Hy-
dro tools highlight the role of the 
green infrastructure as permeable 

area, underlying the avoided sur-
face runoff and the improvement 
of water quality compared to an 
impervious area with same size. 
Furthermore, the green area has 
a significant impact on improving 
air quality and carbon storage.

The quantified benefits provide 
a useful tool to guide the future 
planning and planting choices 
of the management institution 
“Ente di gestione delle Aree pro-
tette del Po piemontese”, with 
which a pleasant collaboration 
was held. In this regard, in the 
future it will be crucial to analy-
ze more specifically the role that 
each species could play in deter-
mining each ecosystem service. 
The project is in progress to analy-
ze a further fundamental aspect 
for future urban environmental 
sustainability: the role of climate 
change. A i-Tree project is being 
implemented on “Le Vallere” park, 
in order to take into account the 
effects that future climate chan-
ges (temperature and precipita-
tion) will entail, analyzing two 
possible scenarios: RCP 4.5 and 
RCP 8.5, respectively the scenario 
for which it is planned to imple-
ment mitigation actions and the 
scenario for which it is not plan-
ned to fight climate change. As a 
mitigation action hypothesized 
in this work, a detailed future 

planting plan is being defined, in 
agreement with the park techni-
cians, which can be implemented 
through the “Forecast” function of 
i-Tree Eco. Through such a study, it 
is expected to obtain a valid tool 
for evaluating the evolution of the 
ES system offered by the park and 
on this basis, possibly, proceed 
with some changes.
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In Nosy Mitsio agriculture acti-
vities follow the seasons: rainfalls 
are concentrated between Octo-
ber and April (rainy season) while 
are scarce from May to Septem-
ber (dry season). Each farming 
family usually owns several plots 
of slash-and-burn flat land for 
rice production and for few other 
agricultural crops, such as maize, 
manioc, vegetables, or fruit (e.g., 
coconut). Owing to the unsustai-
nable land-use, almost all of the 
agricultural fields are severely 
eroded. On average, the slash-
and-burn fields are cultivated 
for 3 years and are subsequently 
abandoned because of the soil 
depletion, weed invasion and a 
consequential low crop yield. As 
a direct result, new areas are re-
gularly cleared from the primary 
forest for agricultural use, causing 
significant deforestation (Gay-
des-Combes et al., 2017).

The global temperature rising 
could be also a relevant risk for 
the local agriculture. Recent stu-
dies based on regional and global 
simulation models indicate that 
even moderate increases in tem-
peratures will negatively impact 
on rice and maize cultivations 
(Rosenzweig et al., 2014), which 
are the main cereal crops for Nosy 
Mitsio farmers. The low food se-
curity of Nosy Mitsio farmers due 
to the high exposure to a number 
of different risks, highlight the ur-
gent need of permanent vegetable 
gardens with an efficient water di-
stribution, which make them ope-
rative throughout the entire year.

2.2. Rainfall and weather 
data analysis

Madagascar has a tropical mariti-
me climate that is influenced by 
the proximity to the sea, the alti-
tude and the monsoons. Two main 
seasons are present: a hot season 
(from November to April) with 
heavy rainfalls and high levels of 

humidity, and a cool and dry se-
ason (from May to October). The 
average temperature along the 
coasts is between 23-27 °C, while 
in the internal area is between 16-
19 °C (World Bank Group, 2021). 
In particular, the zone where the 
Nosy Mitsio island is located is 
characterized by a tropical climate 
(Köppen-Geiger classification Am 
– tropical monsoon climate).

Since a weather station is not
located in Nosy Mitsio, rainfalls, 
rainy days and temperature data 
have been collected from different 
web sources (e.g., Cecchini, 2021; 
Merkel, 2020; WWCI, 2020). 
After a careful check of the source 
reliability and the possible presen-
ce of biases, the average monthly 
temperature, the rainfalls and 
rainy days have been calculated 
(Figure 2).

The maximum temperature 
ranges from 31°C in November 
to 29°C in August. The minimum 
temperature goes from 22°C in 
December to 18°C in June and 
July. Due to the sea presence, 
temperatures in Nosy Mitsio are 
generally higher than the average 
temperatures in Madagascar, but 
they show the same trend during 
the year. The monthly rainfall peak 
is in January (480 mm), while the 
minimum (34 mm) is in August. In 
Nosy Mitsio rainfalls follow Ma-

dagascar national trends, but they 
are more intense during the rainy 
season, and more moderate in 
the dry season. The total amount 
of rainfall in a year is about 2000 
mm, even if there is a great variabi-
lity between years: for this reason, 
a conservative and precautionary 
approach has been adopted, con-
sidering a variation of ±20% in the 
rainfall volume.

The frequency of rainy days fol-
lows the rainfall trend. The annual 
rainy days are 128 with 15-20 
rainy days per month during the 
rainy season, and 0-5 rainy days 
per month during the dry season. 
Compared to the mainland of Ma-
dagascar, meteorological events in 
Nosy Mitsio are accentuated.

2.3. Hydrogeological 
characterization

The geological composition of 
Nosy Mitsio (as well as the whole 
Mitsio archipelago) consists of a 
volcanic bedrock. The lithological 
composition is made of acid and 
basic plutonic rocks and mixed se-
dimentary rock with a lateritic co-
verage (Roig, 2012). Ferralsol, also 
known as ferralitic or lateritic soil, 
covers around 10% of Africa and it 
is widespread in Central, Eastern, 
and Southern Africa, besides the 

Fig. 2 – Nosy Mitsio Island: temperature and average monthly rainfall. Köppen-Geiger clas-
sification: Am – tropical monsoon climate.
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north and east coast of Madaga-
scar. Because of weathering, ferral-
sol is a leached soil with a very low 
content of nutrients, as calcium 
and magnesium, and a high con-
tent of aluminium and iron oxides 
(Dewitte et al., 2013). Quartz is the 
only primary mineral present and 
as secondary minerals, there is a 
combination of kaolinite, gibbsite, 
goethite, and hematite. This type 
of soil has a low cation exchange 
capacity and a high anion absorp-
tive capacity. The ferralsol appears 
red and patchy yellow-red, but in 
the upper layer is present a humus 
horizon, thanks to luxuriant vege-
tation, with a percentage of humus 
in the range from 1-1.15 to 8-10. 
This confers a black colour to the 
soil. In general, the structure of the 
middle zone shifts from the hu-
mus to the parent rock (Cheswor-
th, 2008). In this soil fluorine and 
arsenic are commonly found in 
high quantities, which can be tran-
sferred to the water. Ferralsol is a 
good soil for the growth of local 
vegetation, as coconut palms, but 
the soil low pH, which combines 
iron and aluminium oxides, fixes 
the phosphorus fertiliser, and does 
not allow the phosphorus plant 
consumption. The natural vegeta-
tion grows thanks to a self-sustai-
ning nutrient cycle, recognised by 
traditional agricultural practice as 
shifting agriculture. If the cycle 
is modified (e.g. deforestation or 
exportation of agricultural pro-
ducts), the soil loses its fertility 
and can be subjected to degrada-
tion as erosion (European Com-
mission, 2013).

The aquifer is an igneous ex-
trusive rock composed of basalt 
(MacDonald, 2012; British Geo-
logical Survey, 2019). This aquifer 
type is common in the north of 
Madagascar. The basalts compo-
se fractured aquifers, usually un-
confined, and can support very 
large springs. The approximated 
productivity is moderate to high, 
which means productivity is in 

the range of 2-20 l/s. The borehole 
yield depends on the local distri-
bution of fractures, but generally, 
the maximum yield observed is 7 
l/s. Volcanic groundwater is typi-
cally low in mineralisation, but oc-
casionally can be brackish to salty. 
From geological maps of the Briti-
sh Geological Survey (2019), it is 
possible to collect data for the dif-
ferent aquifer types. Nosy Mitsio 
is a little island and very often is 
not represented in the maps. For 
this reason, information about 
the aquifer was given by the near 
Antsiranana area (north of Ma-
dagascar), which has the same 
type of aquifer as Nosy Mitsio. 
The groundwater storage is about 
10-25 m water depth. The estima-
ted depth of the aquifer is 7-25 m
b.g.l., and its saturated thickness
is about 25-100 m (Sethi and Di
Molfetta, 2019).

3. Project evolution
during Covid-19
pandemic

In Nosy Mitsio the H4O interven-
tion started in 2017. Before then, 
the hygienic-sanitary conditions 
were critical: public services were 
absent, and 100% of the popula-
tion was practicing open-defeca-
tion (Nyoni and Nyoni, 2020). 
There was no access to potable 
water and the local population 
used to consume untreated wa-
ter from natural pools and wells. 
Water was often contaminated by 
animal carcasses that stumbled 
trying to reach the water sources. 
Bevaoko and Ampanitsoha, (400 
and 300 inhabitants, respectively) 
were the two villages selected for 
the interventions. From the wa-
ter catchment, the water was con-
veyed to a water tank and, then, 
to several taps dislocated within 
the villages through a pipeline. 
This has allowed safe and potable 

water from the springs to the resi-
dential yards, the schools, and the 
Bevaoko’s hospital. Two schools 
with hygienic services were also 
built in Bevaoko and Ampanit-
soha, and the hospital in Bevaoko 
was upgraded. Water from taps 
was used by the population to 
cook, do housework, and as drin-
king water.

3.1. The “Tany Vao Project”

Tany Vao (“New Land’’ in Ma-
lagasy) is a people-centred and 
cross-sectoral project, which aims 
to improve the living conditions of 
the inhabitants of Ampanitsoha 
and Bevaoko. The lack of basic 
services exposes the Nosy Mitsio 
inhabitants to health-related risks 
such as faecal-oral and respiratory 
diseases mainly due to the absen-
ce of WASH infrastructures and 
the use of indoor open fires. The 
project, which is a two-year conti-
nuation of the Water, Sanitation 
and Hygiene (WASH) programme 
initiated in 2018, entails a holistic 
approach focusing on safe water, 
toilets and good hygiene, food 
and nutrition and clean cooking. 
The project therefore aims to pro-
vide access to clean drinking water, 
improved sanitation facilities and 
improved cookstoves. However, 
in order to improve public-health 
conditions, the project will focus 
on reducing malnutrition by iden-
tifying the criticisms of the local 
diet and using them to shape the 
development of climate-smart 
agricultural practices. Thanks to 
training and awareness-raising 
activities, the project promotes 
community development and em-
powers the population to be self-
sufficient. The direct beneficiaries 
of the project will be 700 out of 
2.500 inhabitants of the island, 
with a strong focus on children 
and women.

The project is carried out by 
H4O in partnership with Kuku-
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la and Associazione ELPIS Nave 
Ospedale. In particular, Kukula 
is responsible for agricultural and 
clean cooking activities, while As-
sociazione ELPIS Nave Ospedale 
undertakes the epidemiological 
study and medical assistance. 
Moreover, academic partners will 
provide technical and scientific 
support to the project (H4O, 2021; 
Kukula, 2021).

Within the project framework, 
the WASH component is the basis 
for the implementation of further 
activities. The water supply system 
will be upgraded by widening the 
catchment basins and by installing 
new taps for drinking water. The 
enhancement of the water supply 
network will allow for a greater 
availability of clean water by redu-
cing the length of the round-trip 
for its collection. Furthermore, a 
new water supply system will be 
built to irrigate the vegetable gar-
dens. The irrigation system will 
maximise water efficiency, redu-
cing water consumption and rela-
ted environmental impacts.

3.2. Expedition in Nosy Mitsio

At the beginning of December 
2020 there was an expedition 
in Nosy Mitsio by a volunteer of 
Kukula. The original reason for the 
expedition was to conduct a cen-
sus of the local population in Beva-
oko and Ampanitsoha, collecting 
data on age, gender, height, and 
weight, in order to establish if the 
population is malnourished and to 
assess some criteria to select the 
future beneficiaries of the vege-
table gardens.

The expedition also represented 
the opportunity to collect more in-
formation about Nosy Mitsio. The 
altitude was recorded following 
the pipeline of the existing water 
supply system (Figure 3), from the 
water catchment (WS01) to the 
village (continuous line).

To supply the gardens with 

water a source was identified 
(WS02). The GPS data were ta-
ken also from WS02 to the villa-
ge (dashed line) and around the 
area where the gardens could be 
settled. Water samples were also 
collected in four strategic points 
in Ampanitsoha where villagers 
are used to collect water: WS01, 
WS02, VMM (a pristine well 
actually not in use) and VMASK (a 
private well used by a local family). 
For each point, two samples (0.5 
l) were collected, and pH, tempe-
rature and Total Dissolved Solids
(TDS) were recorded three times
to obtain a mean value. Soil sam-
ples were also collected taking 0.5
kg of the first 20-30 cm of soil in
four points: two in Ampanitsoha
(Figure 3: AMP01 and AMP02)
and two in Bevaoko.

3.3. Water and soil analysis

Water samples were brought to 
Antananarivo ensuring the cold-
chain and then analysed at the In-
stitute Pasteur de Madagascar: the 
temperature of conductivity was 
analysed with a probe, whereas the 
electrical conductibility and nitrite 
were analysed following the Fren-
ch standard NF EN 27888 and NF 
EN 26777, respectively. Chloride, 
iron, fluorides, calcium, magne-
sium, potassium, and sulphite 

were measured with the method 
of spectroscopy. Hydrogen carbo-
nates were derived through calcu-
lations (Table 1). The parameters 
were compared with well-known 
threshold values. The only values 
that overcome the limits are the 
fluorides at VMM, although for 
monsoon climate (i.e., high pre-
cipitations) the guidelines restri-
ctions are very strict (Ayers and 
Westcot, 1994). In conclusion, 
on the basis of the parameters 
considered, it can be assumed 
that the water analysed does not 
fully comply with drinking water 
standards due to pH and fluoride 
values, whereas for irrigation use 
there are no problems (Bortolini 
et al., 2018). A more complete and 
accurate assessment requires fur-
ther analysis taking into account 
seasonal variability.

Soil samples were brought to 
Italy and analysed at the DIATI 
laboratory (Politecnico di Torino). 
Soil composition was assessed 
through a granulometric analysis 
of dry and wet samples (Table 2). 
For the dry sieve, a mechanical 
shaker has been used for 10 mi-
nutes.

The results of dry and wet sie-
ves are different. If the soil is dry, 
it can be classified as a sandy soil 
with a fine material fraction lower 
than 10%. On the contrary, if the 
soil is wet, the fine fraction, com-

Fig. 3 – Ampanitsoha village: existing water supply pipe (continuous line) and projected 
system (dashed line).
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posed of clay and silt, is over 90%. 
This happens because the soil has 
a high amount of fine fraction, 
which tends to aggregate and 
form particles with a bigger size. 
During the wet sieve, thanks to 
water and the manual mechanical 
action, the biggest particles disag-
gregate in the fine fraction. The 
soil in contact with water shows a 
muddy texture and becomes very 
compact due to the high amount 
of silt and clay. For this reason, it 
is possible to say that water leaks 
into the soil for a short time, until 
the fine fraction absorbs the wa-
ter, and the soil becomes imper-

meable. This behaviour explains 
the great occurrence of mud flow 
during the rainy season.

4. The struggle with Covid
pandemic

The Covid-19 pandemic is the gre-
atest challenge since World War II 
and the major global health, social, 
economic and educational crisis 
of our time. The situation we are 
living in has proven that modern 
society is scarcely prepared for 
sudden negative events. High-in-

come countries are no exception, 
although economic resources are 
larger for coping with sudden and 
unexpected events (Lambert, 
2020). Moreover, the pandemic 
made human beings aware that 
many personal, social and environ-
mental key aspects were overlooked 
or taken for granted. For instance, 
personal basic hygiene practices as 
well as the relationship between 
environment and health and the 
consequences of human actions 
on nature and environment. This 
situation highlights the need of 
reflecting on how the pandemic af-
fects our society through the twel-
ve issues proposed by Shek (2021): 
“economic development versus 
saving lives, consumption versus 
environmental protection, health 
inequality, economic disadvantage, 
family well-being, gender inequali-
ty, impact on holistic well-being, 
digital divide, individual rights ver-
sus collective rights, international 
collaboration versus conflict, pre-
vention of negative well-being, and 
promotion of positive well-being”.

Therefore, the time has come to 
focus on the short and long-term 
effects of Covid-19 on the environ-
ment, health (European Environ-
ment Agency, 2020) and each field 
of work, including international 
cooperation (Brown and Susskind, 
2020). Global uncertainty carried 
by Covid-19 made a large number 
of small-scale international coope-
ration projects in rural areas at risk 
due to poor NGOs’ local structure 
and the difficulties faced by the 
remote project management. Co-
vid-19 preventive measures have 
stopped the displacement from na-
tion to nation for expat staff as well 
as most of the interactions betwe-
en the international stakeholders 
and local beneficiaries. Concerning 
our case-study, despite the Co-
vid-19 pandemic and all the related 
difficulties, the Tany Vao feasibility 
phase has been carried out. It has 
been possible thanks to the close 
collaboration between NGOs’ we-

Tab. 1 – Results of water sample analysis.

WS01 WS02 WMM VMASK

T of conductivity °C 20.50 20.50 20.70 20.50

EC at 25°C μS/cm 307 258 599 676

TDS ppm 180.83 10.38 10.65 10.59

Chloride meq/l 0.584 0.327 0.623 1.416

Iron (Fe) mg/l <0.05 <0.05 <0.05 <0.05

Fluorides (F) mg/l 1.1 1.0 2.5 1.1

Hydrogen carbonates (in HCO3
-) meq/l 2.099 1.400 3.999 3.899

Nitrite mg/l of NO2 0.2 0.4 <0.1 <0.1

Arsenic mg/l <0.01 <0.01 <0.01 <0.01

Calcium mel/l of Ca 1.337 0.938 3.833 4.851

Magnesium meq/l of Mg 0.576 0.004 2.386 0.576

Sulphite mg/l of SO3 11.3 8.2 9.5 5

Potassium (K) mg/l 1.5 3.6 0.2 3.4

pH (mean value) - 8.86 9.21 8.30 8.09

Tab. 2 – Passing percentage for wet (W) and dry (D) sieve of four samples 1 (dimension 
of sieves in mm).

Sieves

0.075 0.106 0.250 0.425 0.85 2.0 4.75

AMP01
Wet 91.80 92.45 95.78 97.46 98.95 99.69 100

Dry 4.37 5.49 12.32 18.75 35.40 61.60 91.25

AMP02
Wet 86.43 89.37 93.01 94.26 96.21 98.45 100

Dry 0.59 1.15 5.68 12.13 27.94 53.02 80.21

BVK01
Wet 91.72 92.72 93.85 94.36 95.70 97.40 100

Dry 1.44 2.13 5.45 9.24 17.45 37.29 73.01

BVK02
Wet 90.25 92.03 94.12 94.95 96.50 97.66 100

Dry 2.40 3.66 9.24 14.58 25.37 51.29 86.45
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stern staff and local inhabitants 
and thanks to the in-depth know-
ledge of local dynamics.

During the feasibility study, the 
fundamental activities carried out 
by the local beneficiaries mainly 
consisted in helping the expat staff 
member (who went on the field for 
his first time) during the data col-
lection (Figure 4).

Local inhabitants helped him to 
identify the natural resources, to 
assess and perform the data col-
lection and to make him aware of 
social dynamics within the village. 
The activities highlighted how lo-
cal inhabitants have an integrated 
in-depth knowledge of the natural 
and social context, which is crucial 
to carry out the project since its 
feasibility study. Moreover, local 
communities have proven the wil-
lingness to participate in the Tany 

Vao project and to make their local 
know-how open source, for the be-
nefit of the entire community and 
the environment.

On the other hand, the interna-
tional staff member brought on the 
field all the tools and instruments 
to technically assess the resour-
ces, the expertise in using them, 
and the capability to process the 
collected data. This phase was also 
the opportunity for the project to 
select the key informants within 
the community and to perform 
training sessions for the local staff. 
These activities will be crucial for 
the locals to be autonomous and 
to carry out future tasks, only sup-
ported from remote.

The success of international coo-
peration projects is often evaluated 
based on the achievements of the 
expected outputs in terms of bu-

ilding facilities or infrastructures, 
while some other projects are focu-
sed on training and awareness-rai-
sing activities to be achieved at 
the end of the project (EuropeAID, 
2004). However, Covid-19 highli-
ghts the need of carrying out the 
projects based on the engagement 
of the direct beneficiaries and local 
staff. The NGO’s expat staff duty 
turns into supporting local staff 
from remote, enabling them to 
carry out most of the project acti-
vities. We call this approach “Smart 
Cooperation”, which consists in 
considering and trying to answer 
the over mentioned twelve issues 
proposed by Shek (2021) at each 
phase of the project. The answers 
often suggest setting a strong col-
laborative network with local pe-
ople and to define the role played 
by each stakeholder, starting from 
the problem identification and the 
feasibility study.

With regards to the Tany Vao 
case study, the Smart Cooperation 
approach is making the project 
more resilient and participative, 
mitigating risks of any kind, as is 
the case of Covid-19 challenge. 
An effective management and the 
local inhabitants’ engagement al-
lowed the project to keep going 
and the Smart Cooperation to 
come true since its feasibility stu-
dy. Indeed, without this approach 
it would have been complicated to 
collect relevant data and informa-
tion for the project move forward. 
Based on the Tany Vao case study, 
the Smart Cooperation approach is 
indispensable to keep the project 
going and it should definitely be 
part of the Project Cycle Manage-
ment for each Cooperation Project.

5. Future vision

The future of Tany Vao, based on 
the activities carried out during 
the feasibility study, will defini-
tely follow the Smart Cooperation 

Fig. 4 – Photos taken on Nosy Mitsio island. From top left: a local man measures the well 
depth; the source WS01 at its natural state; locals engaged in the construction of the water 
catchment at source WS01.
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Approach. In order to put this 
approach in place, the local com-
munities will be provided with 
both the communication devices 
and the specific training activities 
for certain project tasks. Never-
theless, some specific activities 
throughout the whole project will 
require the supervision and the 
presence of technical experts on 
the field to ensure the proper ac-
complishment of each task.

The first aim of this paper is to 
enable the scalability and replica-
bility of the projects such as the 
Tany Vao one. In fact, the goal is 
to understand the main drivers of 
the Smart Cooperation Approach 
success to extend it to other simi-
lar contexts. Nosy Mitsio Island, in 
which the Tany Vao project takes 
place, has certain peculiar characte-
ristics that shaped the tailor-ma-
de design used for the Tany Vao 
project during its course. That being 
said, there are some important fea-
tures in common with many other 
developing countries all over the 
world such as geographical isola-
tion, lack of infrastructures, lack of 
governance, lack of support from 
public authorities and a number of 
other aspects that can be found in 
many other rural and tropical are-
as. Therefore, we can consider the 
teachings learned during this stu-
dy as something applicable in many 
contexts with similar characteristi-
cs in other developing countries.
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riation of renewable energy pro-
duction with the electricity de-
mand are fundamental for energy 
transition. In this view, large-scale 
energy storage can provide means 
for balancing supply and demand, 
increasing energy security, pro-
moting a better management of 
the grid and allowing convergen-
ce towards a low carbon economy. 
To this end, both electrical storage 
technologies – such as recharge-
able batteries and supercapacitors 
(Scalia et al., 2021; Lamberti et al., 
2015) – and chemical storage are 
currently under investigation.

Chemical storage implies tran-
sforming electrical power into 
chemical energy in the form of H2, 
which can then be used as such or 
combined with captured CO2 to 
produce green CH4 (referred to 
as the gas-to-power technology), 
thus it is very versatile. One way to 
ensure large-scale storage of che-
mical energy is to use the storage 
capacity of underground reservo-
irs, since geological formations 
have the potential to store large 
volumes of fluids with minimal 
impact to the environment and 
society (Matos et al., 2019).

Furthermore, strategies for CO2 
capture and permanent storage 
have been developed to compen-
sate for CO2 emissions from bur-
ning fossil fuels and to meet the 
challenge of drastically reducing 
CO2 emissions in the next futu-
re. While long-term CO2 under-
ground storage is often regarded 
as an essential mitigation option 
to reduce greenhouse gases into 
the atmosphere and contrast cli-
mate change, temporary under-
ground storage could be a strategy 
to match the quantity of captured 
CO2 and the quantity of CO2 that 
can be transformed into value-ad-
ded fuels and chemicals.

Based on the above, it is evident 
that underground storage systems 
can play a fundamental role in the 
transition to a decarbonized and 
more sustainable energy future. To 

this end, the Underground Energy 
Systems group of Politecnico di To-
rino has teamed up with the resear-
chers of the Center for Sustainable 
Future Technologies of the Italian 
Institute of Technology (IIT), also 
based in Torino, to work together 
and tackle these new challenges. 
By joining forces, we can comple-
ment expertise on rocks and fluids 
characterization, CO2 capture and 
reduction, hydrogen, materials, 
conversion and safety of offshore 
facilities, numerical modeling and 
underground gas storage to ad-
dress the issues posed by energy 
transition. New laboratory facili-
ties within the Competence Cen-
ter SEASTAR – Sustainable Ener-
gy Applied Sciences, Technology & 
Advanced Research have also been 
established to carry out experi-
mental investigations in support 
of the ongoing research. Research 
on H2 and CO2 underground stora-
ge is under development.

2. Well testing: more than
20 years’ experience in
geo-energy

Pressure transient analysis to cha-
racterize underground formations 
from a production/shut-in sequen-
ce applied to a well began in the 
early 1930’s both within and peri-
pheral to petroleum engineering. 
Over the years, the technological 
improvement of pressure gauges 
and the mathematical develop-
ment of interpretation models 
made these tests an oil industry 
standard methodology for well 
performance and reservoir cha-
racterization for various physical 
reservoir concepts and flow con-
ditions (Gringarten et al., 1979; 
Bourdet et al., 1983; Agarwal, 
1980; Coelho et al., 2005).

Conventional well testing consi-
sts of analyzing the pressure tran-
sient recorded down-hole during 

production of the reservoir fluids 
at either a constant or variable 
rate, and subsequent shut-in 
phase. Typically, during explora-
tion activities there are no infra-
structures to collect the hydrocar-
bons produced during well tests, 
thus it is common practice to flare 
them; this involves emissions of 
unburned hydrocarbons, carbon 
monoxide and nitrogen oxides. 
Over the last twenty years, signi-
ficant evolution in HSE’s policies, 
driven by technological advance-
ments and a societal push toward 
sustainability, allowed alternative 
well testing methods to gain incre-
ased consideration. Alternative te-
chnologies fit into the sustainable 
path in different ways (Verga et al., 
2016): injection tests, suited for 
reservoir characterization without 
surface production and thus eli-
minating greenhouse gases emis-
sions (they can be complemented 
with Wireline Formation Testing 
for reservoir fluid sampling) (Le-
vitan, 2003; Beretta et al., 2007); 
harmonic pulse testing, suited for 
well monitoring in production and 
storage fields without interrup-
tion of ongoing operations (which 
could compromise conventional 
well test interpretation) and for 
well and thermal front monitoring 
in geothermal systems.

2.1. Injection Testing

An injection test consists in 
injecting a fluid (commonly brine, 
diesel or nitrogen) in a reservoir 
zone and monitoring the pressu-
re response during the injection 
period and the subsequent fall-off 
period, in which the well is shut-in 
and the pressure tends to return to 
the initial equilibrium value. If the 
hydrocarbons originally in place 
and the injected fluid are not mi-
scible, the physics of injection te-
sts is characterized by the presence 
and movement of two phases in 
the reservoir. Along with analyti-
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cal solutions (Levitan, 2003; Ra-
makrishnan & Kuchuck, 1993; 
Boughrara et al., 2007; Habte & 
Onur, 2014) and numerical simu-
lation (Verga et al., 2008; Azarki-
sh et al., 2006; Verga et al., 2011), 
an interpretation approach leve-
raging consolidated interpretive 
tools is presented in the technical 
literature (Beretta et al., 2007; Ver-
ga et al., 2012).

Examples of successful injection 
tests were published in the scien-
tific literature: test of a natural-
ly-fractured light-oil carbonate re-
servoir using brine as the injection 
fluid (Beretta et al., 2007); test of 
a light oil reservoir in Algeria whe-
re diesel was injected (Tripaldi et 
al., 2009); and, test of a depleted 
dry gas (i.e., methane) field, which 
could potentially be converted into 
an underground gas storage, whe-
re the injection fluid was nitrogen 
(Azzarone et al., 2011).

2.2. Harmonic Pulse Testing 
(HPT)

HPT is a well testing technique in 
which the injection or production 
rate is varied periodically. The pres-
sure response to the imposed rates, 
both in the pulser wells and in the 
observer well(s), can be analyzed in 
the frequency domain to evaluate 
the reservoir properties. Although 
harmonic testing entails a much 
longer rate sequence than conven-
tional testing to obtain the same 
information (Hollaender et al., 
2002), the main advantage of this 
approach is that it does not requi-
re the interruption of production 
nor the knowledge of the previous 
rate history. In storage scenarios, 
well monitoring is essential to gua-
rantee market delivery targets (gas 
volume and rate) but interrupting 
the production before and during a 
test is often unfeasible for the very 
same reasons.

The concept of harmonic te-
sting was first proposed by Kuo 

(1972) and later developed by 
several authors (Rosa & Horne, 
1997; Hollaender et al., 2002; Ahn 
& Horne, 2010; Fokker & Verga, 
2011; Fokker et al., 2012; Fokker 
et al., 2013; Sun et al., 2015, Sali-
na Borello et al., 2016, Fokker et 
al., 2017, Viberti et al., 2018). In 
Fokker et al. (2018) analytical mo-
dels are presented for HPT inter-
pretation on a graph analogous to 
the log-log diagnostic plot for the 
most common scenarios (I.A.R.F., 
single boundary, partial penetra-
tion, horizontal well, closed reser-
voir).

Real applications of HPT are 
documented in the literature for 
hydrocarbon reservoirs, aquifers, 
storage fields, and geothermal 
systems. Rochon et al. (2008) cha-
racterized single and multilayer 
reservoirs. Fokker et al. (2013) 
characterized heterogeneities of 
a sandstone aquifer (Renner & 
Messar, 2006). Salina Borello et al. 
(2016) assessed the deliverability 
of a gas well in a storage field and 
identified turbulence effects. Well 
deliverability estimation is pro-
vided by Shoaib et al. (2018). Re-
cently, the application of harmo-
nic pulse testing was successfully 
extended to geothermal systems 
(Salina Borello et al., 2019; Fokker 
et al., 2020).

3. Integrated multiscale
static and dynamic
modeling of underground
porous media

The ability to predict the future 
performance of an underground 
system for different development, 
production or storage strategies 
mainly depends on the possibility 
to reliably describe the system – be 
it a reservoir, aquifer or storage – 
by integrating all the available geo-
logical, geophysical, petrophysical, 
testing and production informa-

tion and simulating the fluid dy-
namics taking place within it (Be-
netatos & Viberti, 2010). To this 
end, it is common practice to rely 
on a 3D numerical reservoir mo-
del. The model is first generated to 
accurately reproduce the structu-
ral and petrophysical properties 
of the underground system (static 
modeling) and then implemented 
to describe the evolution of pres-
sure and fluid saturations in space 
and time (dynamic modeling). Due 
to a generally enhanced awareness 
of environmental and safety issues 
the same model is often further 
extended to account for the rock 
mechanical properties and to si-
mulate potential consequences 
of the induced variations of the 
stress conditions. Furthermore, 
dealing with CO2 or H2 storage 
also demand for including relevant 
geochemical phenomena such as 
rock dissolution or salt precipita-
tion, which can alter the rock pe-
trophysical properties.

3.1. Static reservoir modeling

The static model of a reservoir can 
be considered as the final product 
of the structural, stratigraphic, li-
thological and petrophysical mo-
deling activities. A deep integra-
tion among them is necessary in 
order to generate a representative 
static model (Benetatos & Giglio, 
2019).

The construction of a 3D static 
model begins with the dataset cre-
ation and the quality check of all 
the available well log, geophysical 
and geological data including se-
dimentological information. The 
available 2D seismic sections or 
3D high resolution seismic data-
sets are used for the identification 
of the main horizons, geological 
trends and faults if present as well 
as for the extraction of seismically 
derived lithological and petrophy-
sical properties. The structural 
model and the subsequent strati-
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graphic model are of primary im-
portance for the definition of the 
internal reservoir architecture and 
for the continuity and connectivi-
ty of the sedimentary bodies.

The volume of interest (i.e., the 
reservoir) is divided into elements 
called blocks (or cells). Each block 
is assigned values of the local pe-
trophysical properties: fluid satu-
rations and porosity dictate the 
amount of hydrocarbons stored 
in the reservoir, whereas perme-
ability defines the ease with whi-
ch fluids can flow through porous 
media and thus well productivity 
or injectivity. The values of the 
petrophysical parameters usual-
ly derive from well and core data 
(Viberti, 2010; Viberti et al., 2012) 
but their distribution in the mo-
del is controlled by deterministic 
or statistical methods. In the last 
decades, geostatistics has beco-
me a valuable tool in geological 
modeling, offering techniques for 
the integration of multiscale data, 
mapping their uncertainties and 
distributing properties into 3D re-
servoir models.

3.2. Dynamic reservoir 
modeling

The objective of reservoir dynamic 
modeling is to build a 3D nume-
rical model able to simulate the 
dynamic behavior of a given un-
derground system. The main input 
data for dynamic reservoir mode-
ling comes from different sources 
and includes: the static model, 
fluids thermodynamic behavior 
(Pressure-Volume-Temperature or 
PVT data), rock-fluid interaction 
properties, initial pressure and 
temperature conditions, well data, 
production history if any, and fo-
recast targets and constraints. 
Pressure profiles versus depth are 
obtained through well measure-
ments. Laboratory routine analy-
ses on cores provide information 
about horizontal and vertical per-

meabilities; special core analyses 
are performed to obtain capillary 
pressures and relative permea-
bility curves. Fluid samples are 
collected and analyzed in labora-
tories to obtain PVT fluid proper-
ties. Well testing is a common and 
powerful tool to get reliable esti-
mates of well productivity, perme-
ability of the formation, and evi-
dence of possible heterogeneities 
within the test drainage area. The 
grid cells obtained from the static 
model are connected through flow 
equations describing the fluid flow 
under pressure variations.

The basic workflow consists of 
five steps: data acquisition, model 
design, initialization, history ma-
tching and forecast. The design of a 
simulation model is influenced by 
the type of process to be modeled, 
the complexity of the fluid-me-
chanics problem, the objectives 
of the study, the quality of the 
data, and the time and budget 
constraints. Common simulators 
consider only three fluids (black 
oil models), namely oil, water and 
gas, and isothermal conditions, 
with the temperature depending 
on the local geothermal gradient; 
more complex processes require 
to account for all the fluid com-
ponents (compositional models) 
and for the thermal variations of 
the system. The initialization pha-
se consists in assigning the initial 
saturation and pressure distribu-
tions, verifying the thermodyna-
mic and hydrostatic equilibrium, 
and double-checking the hydro-
carbons volumetric evaluations 
performed with the static model. 
In the history matching phase, the 
model is calibrated based on the 
available measured pressure and 
production data, by modifying 
the input parameters through a 
manual or assisted back analysis 
approach. Once the model is pro-
perly calibrated, productivity and 
recovery forecasts are performed 
for different field development 
scenarios.

The static and dynamic mode-
ling approach for underground 
gas storage analysis follows the 
same workflow as a conventional 
reservoir study; however, there are 
issues, which are specifically rele-
vant to gas storage. These include 
varying gas composition, reservoir 
temperature (slight) reduction due 
to repeated injection of “cold” gas, 
enhanced effects of petrophysical 
heterogeneities on the pressure 
response due to the cyclical with-
drawal and injection of gas at high 
rates resulting in rapid and signifi-
cant pressure variations and hyste-
resis of gas-water relative permea-
bilities (Verga, 2018).

The chemical composition of the 
stored gas can go from natural gas 
(typically methane with small per-
centages of heavier hydrocarbon 
components) to CO2, to H2 or any 
mixture of the above. CO2 is very 
distinctive because it exhibits su-
per-critical behavior at reservoir 
conditions. Obviously, composi-
tion variations affect the gas PVT 
behavior and thus the dynamics of 
the system, because pore pressu-
re is intrinsically connected to gas 
compressibility which, in turn, is a 
function of gas composition. Com-
positional models are therefore 
needed to accurately simulate the 
effects induced by gas composition 
variations due to injection.

3.3. Microscale analysis

In recent years, the availability of 
new technologies to characterize 
pore spaces with a high level of de-
tail supported the growing interest 
in pore-scale modeling. For exam-
ple, X-ray micro-CT imaging allow 
reconstruction and visualization 
of a 3D porous medium with a 
resolution sufficient to identify 
grains and pores (Wildenschild & 
Sheppard, 2013). Thanks to this 
technique, a realistic representa-
tion of the reservoir rock can be 
obtained and used as an input for 
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further geometrical and hydro-
dynamic analyses. In addition, 
algorithms able to reproduce 3D 
synthetic porous media with gi-
ven grain size distribution, poro-
sity and anisotropy have become 
increasingly abundant. The output 
is a 3D binary image.

At macroscale, fluid flow is mo-
deled by averaging the microsco-
pic continuity and momentum 
equations over a representative 
elementary volume (REV) and the 
porous medium is parameterized 
mainly by porosity and permea-
bility. The fundamental equation 
of fluid motion in porous media 
is Darcy’s equation. However, at 
microscale, porous media are com-
plex materials characterized by a 
chaotic structure and tortuous flu-
id flow, with pore and grain dimen-
sions varying over a wide range. 
To address the crooked fluid paths 
through the porous structure, the 
concept of tortuosity (geometri-
cal, which is based on distances, 
or hydraulic, which is based on the 
actual flow paths) was introduced. 
Moreover, to account for pore spa-
ce interconnections, the concept 
of effective porosity was introdu-
ced. These microscale properties 
can be estimated through a geo-
metrical investigation of the pore 
space using specific algorithms, 
such as medial axis or path-finding 
algorithms, and by performing 
hydrodynamic simulations at the 
pore-scale (Viberti et al., 2020). 
When fluids saturate the rock po-
res, the interactions between the 
different components depend on 
the physical and chemical proper-
ties of fluids and solid boundaries. 
All displacement phenomena are 
governed by local capillary pres-
sure and by its instabilities. Fluid 
displacement on a pore-by-pore 
basis is composed of a sequence of 
equilibrium steps, where fluids rea-
ch an equilibrium position (energy 
balance) following Young-Laplace 
equation. In water-wet permeable 
media, non-equilibrium capillary 

pressure conditions can cause 
water layers to swell and sponta-
neously fill the pore throats, thus 
disconnecting and trapping the 
non-wetting phase (Roman et al., 
2017): this is called snap-off, and 
is very relevant in many processes 
including CO2 sequestration.

3.3.1. Microfluidics for pore-
scale investigation

Microfluidics has expanded from 
chemical and biological applica-
tions to energy and environmen-
tal fields. Unlike traditional core 
flooding experiments, in which 
transport properties are indirectly 
calculated by measuring the pres-
sure drop across a rock sample, 
microfluidic chips enable direct vi-
sualization of the fluid dynamics 
in synthetic porous media.

A microfluidic chip is a micro-
device whose outer dimensions 
range from hundreds of microns 
to centimeters. The device is usual-
ly constituted of two layers: the 
lower layer hosts the microfluidic 
patterns and the optically tran-
sparent upper one seals the circuit 
and allows for the visualization 
of the fluid flow. For microfluidic 
devices simulating rocks, the mi-
crofluidic patterned core mimics 
the porous network, and the inlet 
and outlet channels connect the 
pore network to the inlet and out-
let ports. The internal features ran-
ge from nanometers to hundreds 
of microns. The devices can be fa-
bricated with a variety of additive 
and subtractive manufacturing 
techniques and all the materials 
of technological relevance can be 
selected: glass, silicon, polymers, 
composites and geomaterials (Ja-
hanbakhsh et al., 2020).

Glass is one of the most com-
monly employed materials, and 
historically one of the first to be 
used, together with silicon. Its 
optical transparency, hardness, 
chemical and thermal stability 
are indeed extremely well suited 

for applications in the geological 
and petroleum engineering field. 
Among the very many types of 
Si/glass microfluidics fabrication 
methods (Park et al., 2004; Ci-
prian et al., 2007; Marasso et al., 
2008; Marasso et al., 2011; Henley 
et al., 2012Ku et al., 2018; Kumar 
Mishra et al., 2019), micro powder 
blasting, relying on physical ero-
sion by an abrasive powder jet ac-
celerated towards the substrate, or 
laser micromachining are techno-
logical options enabling cheap, fast 
and complex three-dimensional 
micro-structuring. Pore network 
structures can also be generated on 
the surface of silicon wafers, using 
essentially the same methods as 
for the generation of pore network 
patterns on glass. Since silicon is 
opaque in the visible spectrum, 
direct optical visualization of fluid 
flow processes inside pore network 
structures is only possible at the 
surface of a silicon wafer bonded 
to a transparent substrate. To this 
purpose, a glass-silicon-glass ar-
chitecture is typically used with 
anodic bonding as the dominant 
technology enabling complex mul-
ti-level microfluidic systems. The 
main advantage of using silicon 
over glass substrates is its ability to 
generate pore network structures 
with very high (sub-nanometer) 
resolution and accuracy.

Transparent polymers are also 
considered valid options for the 
fabrication of microfluidic devices, 
being significantly cheaper than si-
licon or glass (Marasso et al., 2014; 
Tsao, 2016). Photolithography, 3D 
printing and/or molding processes 
are the most common manufactu-
ring techniques (Vitale et al., 2013; 
Vitale et al., 2015; Bertana et al., 
2018). 3D printing is undoubtedly 
the most recent approach for mi-
crofluidics. It allows moving direct-
ly from digital design data to manu-
facturing. Though still limited for 
large volume needs, it is perfectly 
suited for microfluidic systems 
with moderate resolution but high 
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level of complexity, outrunning in 
this sense more conventional ma-
nufacturing techniques. Polymers 
are generally more versatile than 
silicon or glass, available in a wide 
range of compositions and thus 
of physicochemical properties, 
cheaper, allow for surface modifi-
cation, and can easily be bonded. 
However, this also implies that the 
surface tends to undergo undesired 
modifications during processing, 
which requires additional stabili-
zation. Moreover, polymers can 
be blended with nanostructured 
materials to provide composites 
with improved characteristics and 
performance (Quaglio et al., 2011). 
The main drawbacks of polymers 
are their reduced chemical and 
mechanical resistances, that limit 
their application with solvents and 
make them unsuitable to with-
stand high temperatures and high 
differential pressures.

Main applications of microflu-
idics in the oil and gas field are 
related to the investigation of wa-
ter/oil separation (Quaglio et al., 
2019), drainage and imbibition 
processes (Gunda et al., 2011), 
enhanced oil recovery (Gaol et al., 
2020), CO2 underground storage 
(Amarasinghe et al., 2021), car-
bonate reservoirs and dissolution 
processes (Soulaine et al., 2021) 
and PVT measurements (Molla 
and Mostowfi, 2021).

4. Underground storage

4.1. Storage as a discipline

The concept of storing natural 
gas underground in geologic for-
mations arose from the need to 
balance the divergence between a 
constant gas supply and the seaso-
nal and daily variability of gas con-
sumption. The first successful un-
derground storage of natural gas in 
a depleted gas reservoir occurred 
in 1915 in Ontario, Canada. Since 

then, hundreds of facilities have 
been developed. Underground 
gas storage (UGS) may be defined 
as the long-term safe isolation of 
natural gas within geological for-
mations. Thus, two of the most 
important characteristics of an 
underground storage are its ability 
to hold natural gas for future use 
and the rate at which that gas can 
be withdrawn. Depleted gas and oil 
reservoirs, deep saline formations, 
salt caverns and un-minable coal 
beds are the favorable candidates 
for safe geological storage of natu-
ral gas, but several reconditioned 
mines are also in use as gas storage 
facilities.

Historically, depleted gas or 
partially depleted gas reservoirs 
have been the most sizeable and 
commonly used formations for 
natural gas storage. A depleted 
field typically represents the most 
suitable option because of its pro-
ven ability to contain and trap gas 
on a geological timescale. Pressure 
is used to force the gas into and 
out of the porous and permeable 
reservoir while a sealing caprock 
prevents vertical fluid migration. 
However, if the original forma-
tion pressure is exceeded during 
storage operations to increase the 
working gas volume (i.e. delta-
pressure conditions are applied), 
there is a risk that the caprock 
may fail to confine the gas. Thus, 
both the hydraulic sealing capaci-
ty and the mechanical resistance 
of the caprock must be careful-
ly investigated. Geomechanical 
analyses are also needed for eva-
luation of potential subsidence 
and induced (micro)seismicity. A 
significant advantage of depleted 
fields is the level of knowledge al-
ready gained and readily available: 
information about the geological, 
structural, petrophysical characte-
ristics and fluid-flow properties 
are inherited from the exploration 
and production phases. From a 
commercial standpoint, depleted 
reservoirs typically provide very 

good storage efficiency, both in 
terms of movable gas volume and 
injection/withdrawal gas rates. 
Deep saline aquifers represent a 
common alternative for UGS. The 
development and management of 
saline aquifers require that the ori-
ginal formation pressure is excee-
ded to displace the water initially 
saturating the pores of the rock to 
accommodate the gas. Therefore, 
the sealing capacity of the caprock, 
the presence of spill points (depths 
below which the gas may “escape” 
from the geological structure) as 
well as the rock mechanical inte-
grity must be assessed in order to 
prevent gas leakage. Salt caverns 
and excavated rock caverns (such 
as coal and granite) are generally 
developed in regions where reser-
voirs are not available. They are 
typically much smaller in volume 
than either depleted reservoirs or 
aquifers but can provide high deli-
very rates (Benetatos et al., 2013).

The successful development of a 
UGS must include an appropriate 
site selection based on subsurface 
information and subsequent per-
formance analysis, preferably based 
on an integrated geological, geoche-
mical, fluid-dynamic and geome-
chanical approach. To this end, the 
same basic sets of information as a 
typical reservoir study are used: ge-
ophysics, geology, well logging and 
core analysis, well testing and pro-
duction history, rock compressibili-
ty. Furthermore, an adequate moni-
toring program to satisfy technical 
and safety regulations together 
with social and environmental con-
cerns must also be conceived to en-
sure the long-term feasibility of the 
project, especially if delta-pressure 
conditions are applied. However, 
even though the UGS industry has 
borrowed much of its knowledge 
from other industries (primarily oil 
and gas reservoir engineering and 
production), it has also needed to 
develop a technology of its own to 
meet specific challenges and con-
cerns (Verga, 2018).
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4.2. Carbon capture, 
utilization and storage and 
hydrogen storage

Underground storage of carbon 
dioxide and hydrogen is quite si-
milar to the underground storage 
of natural gas. In fact, most of the 
past and ongoing underground 
CO2 and H2 storage projects use 
the experiences of the under-
ground natural gas storage in 
each and every aspect, such as 
site specifications, storage tech-
niques, monitoring and even cost 
life cycle or economic viability. The 
major difference is represented by 
the physiochemical properties of 
CO2 and hydrogen that require 
more attention than natural gas 
especially in terms of leakage, 
monitoring, chemical affinity and 
potential chemical, biological or 
microbial reactions.

Long-term CO2 underground 
storage is regarded as an essential 
mitigation option to reduce gre-
enhouse gases in the atmosphe-
re and contrast climate change. 
CCUS (Carbon Capture, Utiliza-
tion and Storage) encompasses all 
the methods and technologies to 
remove CO2 from the industrial 
flue gas and from the atmosphe-
re, followed by CO2 recycling or 
by safe and permanent storage 
options (IEA, 2020). In this per-
spective, a dualism exists between 
CO2 utilization and storage – as 
if one technology was alternative 
rather than complementary to the 
other. The authors believe that, as 
opposed to permanent geological 
sequestration, temporary under-
ground storage should be part of 
the CCUS process as a strategy 
to efficiently couple CO2 capture 
with CO2 valorization options, i.e. 
the storage acts like a “buffer”. In 
this approach, CO2 storage is fully 
integrated with valorization tech-
nologies leading to a virtuous CO2 
cycle, or the three C’s: Capture, 
Cache and Convert (Bocchini et 
al., 2017). Each industrial segment 

could operate independently and 
optimize its own value chain with 
an expected significant efficiency 
enhancement, largely offsetting 
the cost due to storage. There are 
several technologies for CO2 se-
questration and re-use; some of 
them are already available in the 
market whereas others, at present, 
still need a further step of develop-
ment to become industrially ap-
pealing, an example being the RE-
CODE EU project (recodeh2020.
eu). Furthermore, deploying all of 
them at the same site still requi-
res significant efforts. The capture 
process can be attained either from 
the atmosphere or at the emission 
source, such as power plants, ce-
ment plants or biomass plants 
where a conversion process – i.e. 
combustion – produces carbon 
dioxide-rich flue gases. Among the 
possible separation techniques, 
the amine scrubbing technology 
is very mature and has been in-
dustrially employed for over 50 
years in post-combustion separa-
tion. However, amines have major 
drawbacks: they are toxic/corrosi-
ve and require a large amount of 
energy to be regenerated. Other 
technologies such as the use of io-
nic liquids can solve some critical 
issues (Latini et al,. 2019) as they 
feature negligible vapor pressure, 
non-corrosiveness and low energy 
demand (Davarpanah et al,. 2020). 
Following CO2 capture, the valori-
zation process to obtain chemicals 
and fuels can be exploited both as 
a direct conversion process, or as 
the final step of a value chain. Se-
veral (bio)chemical approaches can 
be designed to obtain the desired 
molecules, and each of them can 
be valueable in specific application 
conditions. The biocatalytic route 
exploits ad-hoc developed micro-
organism strain to obtain the desi-
red products (Vasile et. al., 2021), 
electrochemical valorization (Zeng 
et al., 2018 and 2021; Bejtka et al., 
2019, Zeng et al., 2021) exploi-
ts renewable energy sources to 

power the system (Sacco et al., 
2020), while thermocatalytic 
processes, can take advantage of 
hydrogen from renewables in the 
power to gas approach. In the che-
mical catalytic approaches, the 
challenge is to select and optimize 
processes and materials highly se-
lective, efficient, inexpensive and 
environmentally friendly, able to 
be competitive in the energetic 
transition (Kamkeng et al., 2020). 
At present, CO and formic acid are 
considered to be the most econo-
mically viable molecules in electro 
catalytical processes (Jouny et 
al., 2020), while thermocatalysis 
is more efficiently exploited to 
obtain methane, methanol and 
more complex C2 molecules (e.g. 
ethylene).

Currently, hydrogen is generally 
stored as a gas in very high-pres-
sure vessels, or in liquid form at 
very low temperatures in heavily 
insulated vessels. Such vessels 
are expensive, heavy and inconve-
nient. Geological storage is a possi-
ble option to store large quantities 
of hydrogen and therefore large 
amounts of energy over long ti-
mescales. This is the reason why 
underground H2 storages has been 
given serious consideration. Hy-
drogen can be stored using either 
salt caverns or porous formations 
like saline aquifers or depleted gas 
and oil fields. While hydrogen has 
already been stored successfully 
in salt caverns for industrial use, 
experiences with subsurface po-
rous media hydrogen storage are 
relatively scarce. Although lar-
ge-scale underground storage of 
hydrogen is possible thanks to 
the technology of underground 
storage of natural gas and carbon 
dioxide, additional investigations 
are needed to assess technical fe-
asibility and safety with respect to 
caprock tightness, diffusivity, in-
teractions with the reservoir rocks 
with potential subsequent changes 
of the storage properties, reactions 
with microbial communities and 
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compatibility with materials. All 
these aspects are currently being 
investigated by the PoliTO-IIT 
research team with equipment 
suitable to run experiments even 
at the challenging pressure and 
temperature conditions typical of 
deep underground geological for-
mations.

4.2.1. EoS and phase behavior

Hydrogen and methane are in ga-
seous phase at both reservoir and 
standard conditions due to their 
critical constants and phase dia-
gram. When storing H2 in a de-
pleted reservoir, the description 
of the interaction between fluids 
(H2, hydrocarbons and water) and 
the volumetric behavior of the re-
sulting gas mixture requires the 
adoption of a compositional fluid 
model. The fluid behavior is defi-
ned by an Equation of State (EoS) 
which must be properly selected 
for the range of pressure and tem-
perature conditions of the physical 
system under investigation. The 
two most used EoS implemented 
in compositional reservoir simula-
tors are the cubic equations called 
Soave-Redlich-Kwong, originally 
conceived by Redlich and Kwong in 
1949 and subsequently improved 
by Soave in 1972, and Peng-Robin-
son, in which a further modifica-
tion to the Soave-Redlich-Kwong 
equation was introduced in 1976. 
The GERG-2008 EoS can also ap-
proximate well the thermodyna-
mic properties of natural gases and 
other mixtures for a wide range of 
mixture compositions, pressure 
and temperature.

4.2.2. Diffusion

One of the issues to be addres-
sed for gas storage is the sealing 
capacity of reservoir caprocks to 
prevent upward gas migration. 
In gas reservoirs evidence proves 
that methane diffusion through 
caprocks is negligible even over ge-
ological times. Conversely, H2 and 
CO2 diffusion through reservoir 
caprocks has to be properly eva-
luated as well as diffusion of any 
gas mixture in the case of storage 
in aquifers.

Hydrogen diffusivity mainly ta-
kes place in the water saturating 
the caprock (Hemme & Van Berk, 
2018; Vinsot et al., 2014); the gas 
first dissolves in the water and 
then diffuses through it. Solubility 
and diffusivity of CH4, H2 and CO2 
in pure water are shown in Tab. 1.

Diffusivity coefficient measu-
red at ambient pressure should 
represent an overestimation of 
diffusivity at reservoir pressure 
because theoretical values of free 
molecular diffusivity coefficient 
for most gases show a direct pro-
portionality with temperature 
and an inverse proportionality 
with pressure (Roberts, 1972). 
Inverse correlations between dif-
fusion coefficients and pressure 
were experimentally observed for 
diffusion of He in rocks (Pandey et 
al., 1974.), CH4 in rocks (Schlomer 
et al., 2004), CH4 in coal (Wang et 
al., 2016) and H2 in clay (Boulin 
et al., 2008). Diffusion is higher 
for dry samples because hydrogen 
diffuses directly in the empty pore 
spaces: measurements on dried ar-
gillites samples were close to 10-7 

m2/s while tests on the same ar-
gillite at different water saturation 
values showed diffusion was two 
orders of magnitude lower than 
for dry samples. In water saturated 
clay rocks, measured H2 diffusion 
was found in the range 10-12-10-
10 m2/s (Krooss, 2008; Aertsens, 
2009; Jacops et al., 2012; Vinsot 
et al., 2014; Jacops et al., 2015). 
Water salinity could also have an 
impact on diffusivity. According 
to Panfilov (2016) caprocks sa-
turated with water represent an 
impermeable barrier to hydrogen, 
and numerical simulations with a 
hydrogeochemical modeling ap-
proach confirmed that the loss of 
hydrogen by diffusion through the 
caprock at reservoir conditions is 
negligible (Carden and Paterson 
1979; Krooss, 2008; Hemme et al., 
2018). The diffusion values of H2-
CH4 mixtures measured by the Po-
liTO-IIT research team at standard 
pressure and reservoir temperatu-
re are also in the range 10-10-10-
11 m2/s and seem to confirm the 
sealing capacity of clayey caprocks.

4.2.3. Biochemistry

Biogeochemical analyses need to 
be carried out with the main aim 
of assessing the potential changes 
in the stored gas mixture and in 
petrophysical properties due to 
microbial activities within the re-
servoirs selected for underground 
storage of CO2 or H2. Several stu-
dies have estimated that general-
ly between 103 and 106 microbial 
cells per milliliter of water can be 
found in deep underground for-
mations (Ivanova, 2007; Gniese, 
2014; Itävaara, 2016) and it is well 
known that microbial communi-
ties can deeply affect the activity 
of UGS with respect to: (i) loss of 
stored gas and, as a result, loss of 
energy value; (ii) damage to plant 
and technical equipment due to 
biocorrosion and clogging caused 
by biofilm formation and biomass 
accumulation; (iii) safety risks to 

Tab. 1 – Solubility and diffusivity of CH4, H2 and CO2 in pure water (Engineering toolbox, 
2008; Wise & Houghton, 1966; Tamimi et al., 1994).

Gas Solubility in water (g/kg) Diffusivity in water (m2/s)

@ 20°C, 0,1 MPa @ 60°C, 0,1 MPa @ 20°C, 0,1 MPa @ 60°C, 0,1 MPa

CH4 0.023 0.007 2.4 10-9 6.7 10-9

H2 0.0016 0.0012 5.0 10-9 13.1 10-9

CO2 0.16 0.6 1.67 10-9 4.2 10-9
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operators mainly due to the pro-
duction of hydrogen sulfide, which 
is highly toxic (West, 2011; Gnie-
se, 2014).

The recent development of 
powerful molecular biology tools, 
such as high-throughput Next-Ge-
neration Sequencing (NGS) tech-
nologies, has allowed for a tar-
geted and detailed study of the 
deep microbiota, characterized 
by non-culturable microorgani-
sms that cannot be analyzed by 
standard laboratory techniques. 
Samples of formation fluids and 
sediments can be collected prior to 
injection for a baseline on micro-
bial composition to be compared 
with changes induced by the pre-
sence of insufflated CO2 or H2. In 
both cases, microbiological analy-
sis is useful to identify and moni-
tor the biogeochemical processes, 
which can affect the consumption 
and diffusion of the gas within the 
reservoir during storage. Nume-
rous studies of microbial commu-
nities in the deep biosphere have 
revealed that – based on their 
metabolic pathways – four main 
classes of microorganisms can be 
distinguished: methanogens, sul-
phate reducers, homoacetogenic 
bacteria and iron reducers, with 
the first two posing the greatest 
risks to the storage site (Leung, 
2014; Heinemann, 2021).

In the case of CO2 storage, it is 
extremely unlikely that microorga-
nisms can survive direct exposure 
to supercritical CO2. However, it 
has been proven that, after the 
injection phase, different microbial 
classes can be exposed to the gase-
ous or dissolved phase of CO2 and 
metabolize it to proliferate. The 
direct effect of CO2 is its potential 
role as oxidant compound that can 
be used as an energy source (e.g. 
for methane production), while 
the indirect effect is the reduction 
of the pH level, altering the com-
position of the microbiota and le-
ading to a reduction in the micro-
bial diversity (Gulliver, 2016). ). It 

has been shown by experimental 
evidence that resilient microbial 
populations can have both favou-
rable and unfavourable effects on 
the capacity, integrity and safety 
of a storage site (Gniese, 2014). 
For example, biofilm formation 
can potentially help to “lock in” the 
injected CO2 and prevent its mi-
gration as plume. Conversely, the 
activation of some microbial meta-
bolisms, e.g. methanogenesis, can 
lead to methane production and 
potential leakage (Mu & Moreau, 
2015). Although the effects related 
to microbial activity may be small 
and almost undetectable at the 
beginning of the storage period, 
they can become very difficult to 
control and costly to remediate if 
autocatalytic reactions are trigge-
red (West, 2011).

The studies needed to ensure sa-
fety and efficiency of a H2 storage 
are even more complex than those 
required for CO2 since the expe-
rience and practical applications 
of underground H2 storage are to 
date very limited (Heinemann, 
2021). From a biochemical point 
of view, the insufflation of hydro-
gen can trigger the proliferation of 
all the hydrogenotrophic microor-
ganisms, which belong to the four 
aforementioned metabolic classes. 
It has been proven that the risks 
of H2 loss is higher when more 
terminal electron acceptors for 
microbial metabolic activities, like 
CO2 and sulfate, are available. The-
refore, a detailed mineralogical-pe-
trographic analysis of the reservoir 
and caprock is needed to assess the 
content of sulfate- and carbona-
te-based minerals (e.g. calcite, do-
lomite and siderite) (Flesch, 2018; 
Hemme & Van Berk, 2018).

The PoliTO-IIT research team 
is applying its expertise in micro-
biology and reactor engineering in 
order to: (i) carry out the characte-
rization of microbial profile of the 
microbiota in depleted reservoirs 
of interest for potential conver-
sion into storages, and (ii) study 

the microbial metabolic activities 
by means of a multiphase reactor 
system (installed in the SEASTAR 
facilities) that has been specifical-
ly designed to reproduce reservoir 
conditions (max pressure = 200 
bar and max temperature = 150°C), 
with solid rock samples, microflui-
dic chips, bacteria and flow of gas/
liquid mixtures . The microbiologi-
cal analysis is carried out by means 
of taxonomic and relative abun-
dances determination of deep mi-
crobiota through NGS sequencing 
of the 16S ribosomal subunit, with 
specific targets for both bacteria 
and archaea populations. The stu-
dy is complemented by the use of 
functional genes for the characte-
rization of the metabolic activities 
of methanogenic archaea (mcrA) 
and sulphate-reducing bacteria 
(dsrB) (Ranchou-Peyruse, 2019).

4.2.4. Geochemistry

Geochemistry plays an important 
role in CO2 storage. The reactivity 
of carbonate and silicate mine-
rals is at the heart of porosity and 
pore geometry changes in rocks 
injected with CO2, which ultima-
tely control the evolution of flow 
and transport properties of fluids 
in porous (Noiriel & Daval, 2017). 
Supercritical CO2 at the pressure 
and temperature conditions typi-
cal of subsurface storage is soluble 
to a limited degree in water and 
saline brine but enough to tran-
sform the brine into a carbonic 
acid solution. The acidified brine 
can dissolve silicate minerals in 
the rocks, a form of silicate rock 
“weathering”, the extent of which 
depends on the availability of di-
valent cations contained in silicate 
minerals and the kinetics of mine-
ral dissolution. The second part of 
the weathering cycle, which can 
also occur in underground reser-
voirs, is the recombination of re-
leased divalent cations like Ca, Mg 
and Fe with dissolved CO2 to form 
solid carbonate minerals. Intuiti-
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vely, an increase in permeability is 
likely to occur due to dissolution 
while carbonation should lead to a 
permeability reduction by globally 
decreasing the reservoir porosity. 
However, the evolution of perme-
ability also depends on how the 
pore space is affected by reactions, 
e.g.: non-uniform precipitation
patterns emphasize the permeabi-
lity decrease by increasing the pore 
roughness; crystallization pressu-
re resulting from precipitation of
carbonates or salts could induce
fracturing and the creation of new
flow paths. Thus the prediction of
permeability evolution in reservo-
irs is somewhat challenging due to 
the number of factors that can af-
fect the dynamics of flow path en-
largement or clogging. In addition, 
sample-size limitations restrict
the ability to predict reliable poro-
sity-permeability relationships at
larger scales.

4.3. Geomechanical issues

Pressure changes caused in geo-
logical formations by fluid pro-
duction and/or storage affect the 
rock stress state. If the variations 
of the rock stress state are signi-
ficant, they could jeopardize the 
formation integrity and induce 
microfracturing, faults (re)acti-
vation and ground movements. 
Therefore, current regulations and 
public concerns call for geome-
chanical analyses to assess safety 
conditions in terms of stored gas 
containment, earthquake hazard 
and subsidence magnitude and 
extension. Geomechanical models, 
based on mechanical properties 
derived from lab and in-situ mea-
surements, are strongly connected 
to the static and dynamic models. 
The geomechanical model simu-
lates the stress state variations, 
verifies rock integrity and poten-
tial fault slippage, and calculates 
the rock deformation, which can 
propagate to the surface and indu-

ce ground movements. If ground 
movement surveys are available, a 
back-analysis procedure is carried 
out: the rock mechanical parame-
ters are calibrated until a satisfac-
tory match is achieved between 
simulated and measured deforma-
tions. The Interferometric Synthe-
tic Aperture Radar (InSAr) acqui-
sition technique is widely adopted 
for ground movements surveys 
due to its high accuracy (millime-
ters) on large areas (Berardino et 
al., 2003; Ferretti et al., 2001).

In the case of natural gas stora-
ge, seasonal ground movements 
can be correlated with withdrawal/
injection operations. Gas pressure 
changes in the geological forma-
tions cause variations of effective 
stresses; if these variations are 
significant, they could affect the 
formation integrity and induce mi-
crofracturing, faults (re)activation 
and ground movements. Therefo-
re, avoidance of these issues calls 
for geomechanical analyses to as-
sess safety conditions.

The analysis of ground mo-
vement surveys induced by the 
storage systems located in the Po 
Plain, Italy (depth is in the range 
1-1.5 km), shows a consistent rela-
tion between pressure variations
and corresponding subsidence/
rebound at the surface level (Co-
degone et al., 2016; Coti et al.,
2018; Benetatos et al., 2020). This
UGS-related pressure variations
due to the withdrawal/injection
phases affect the formation cycli-
cally and over relatively short pe-
riods (typically 5-7 months). The
correlation between gas injection/
extraction and upward/downward 
ground movements indicates that 
the formations behave elastically
(Teatini et al., 2011; Ferronato et
al., 2013). When a depleted re-
servoir is converted into a stora-
ge, it is initially refilled with gas;
this phase generates a pressure
increase and thus a decrease of
the effective stresses (unloading).
The subsequent cycles of gas with-

drawal (loading) occur in the ela-
stic field, with a stiffer behaviour 
than in primary production, whe-
re the quasi-monotonic pressure 
decrease occurring over decades 
can induce a consistent time-de-
pendent behaviour of the sandy 
reservoir materials (Musso et al., 
2021). The simulation of the de-
formations induced by gas with-
drawal/injection cycles requires 
an appropriate choice of the rele-
vant parameters by selecting the 
reference range of strains of the 
process from lab tests (Marzano 
et al., 2019, Rocca et al., 2019). 
Furthermore, the transverse iso-
tropy of the clastic formations 
can affect their mechanical re-
sponse during storage cycles, as 
in the case of wellbores (Deangeli 
& Omwanghe, 2018; Parkash & 
Deangeli, 2019; Deangeli et al., 
2021).

4.3.1. Microseismicity 
monitoring

Microseismic monitoring is 
the passive observation of very 
small-scale earthquakes (i.e. ma-
gnitude less than zero) which occur 
in the underground because of ge-
othermal operations or gas storage 
which cause a stress state change. 
During stress redistribution, sud-
den slips can occur along pre-exi-
sting zones of weakness such as 
faults or fracture networks, relea-
sing energy in the form of seismic 
waves which are known as micro-
seismic events. These micro-ear-
thquakes are typically too small to 
be felt on the surface but can be 
detected by borehole seismic sen-
sors with an adequate resolution 
in order to register even very low 
magnitude events at the depths of 
the geological formations involved 
in the injection or withdrawal ope-
rations. The spatial and temporal 
variations in microseismicity can 
be used to monitor changes in the 
stress field and hence potentially 
be used to monitor perturbations 
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in fluid pathways as well as top-se-
al and well-bore integrity.

The design of a microseismic 
network for monitoring purposes 
must be based on a detailed analy-
sis of the local and regional faults 
systems, especially in areas whe-
re infrastructures and/or urban 
settlements are present. Prior to 
installation of the instruments, a 
careful mapping of all the possi-
ble sources of noise is necessary 
as well as a quantitative analysis 
of the noise levels at the selected 
locations.

4.4. Conversion of offshore 
facilities

In the case of an offshore (par-
tially) depleted reservoir to be 
converted into CH4-H2 mixtures 
or CO2 storage facility, this also 
implies the conversion of the pla-
tform originally designed for hy-
drocarbon production. This option 
is particularly attractive because it 
allows minimizing the environ-
mental impact that is typical of 
complete platform decommissio-
ning, in particular for the subsea 
ecosystem that has grown around 
the jacket, and because it offers a 
cost-saving solution for the imple-
mentation of the equipment nee-
ded for underground gas storage.

The accidental release of dan-
gerous (flammable and/or toxic) 
high pressure gases are one of 
the key safety issues for offshore 
platforms. Thus, an efficient CFD 
model has been developed (Car-
pignano et al., 2017; Moscatello 
et al., 2021) to simulate accidents 
with the aim of using the simula-
tion results as a driver for effective 
design choices. The model, called 
SBAM model, is being validated by 
experimental activities, where mo-
del predictions are compared with 
the dispersion of a low concentra-
tion methane release into a scaled 
mock-up of an oil&gas platform 
(scaled 1:10) in the SEASTAR fa-

cilities of the PoliTO-IIT research 
team (Gerboni et al., 2020; Mosca-
tello et al., 2020). The program of 
the research aims at extending the 
application of the model for the si-
mulation of potential accidents in-
volving CH4-H2 mixtures and CO2.

Along with CH4-H2 or CO2 sto-
rage, other complementary con-
version options have been taken 
into account for the production of 
photovoltaic (PV) energy and use 
of this renewable energy for the 
separation and delivery of desali-
nated seawater for civil use, and 
recovery of raw materials such as 
lithium from the resulting brine.
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plant roots. Daily net infiltration 
has been computed according to 
FAO indication (Doorenbos and 
Pruitt, 1977), while ETEt

i has been 
calculated as

ETE EV K Kt
i

t p c t
i� � � , (5)

where Ki
c,t [-] is the crop coeffi-

cient, Kp [-] is the pan coefficient 
and EVt is the evaporation. In par-
ticular the evaporation has been 
calculated through the formula of 
Tombesi-Lauciani (Giannini and 
Bagnoni, 2000):

EV a F Tt m t
um t� � � � � �( ),

. . ,0 9 0 00810

(6)

where a [-] is an environmental 
constant function of the geo-
graphic position and of the period 
of the year, F [-] is the Thorntwaite 
factor, Tm,t [°C] and um,t [%] are the 
mean daily temperature and the 
relative humidity value, respecti-
vely. Equation (6) is valid only for 
Tm,t ≥ 0, while when the tempera-
ture is negative EVt is clearly equal 
to zero. According to Allen et al. 
(1998) Ki

c,t depends on the cul-
tivar and its phenological phase, 
while Kp = 0.8 (Giannini and Ba-
gnoni,2000). After computing the 
water demand for each crop, daily 
water demand from the whole gar-
den can be computed, i.e.

d v Ct t
i i

i
n� ��� 1 (7)

where Ci is the area occupied by 
the i-th crop.

3. Best tank capacities

In order to choose the tank size, 
different aspects should be con-
sidered. In fact, the highest re-
duction of drinking water consu-
mption (environmental criterion) 
would lead to install a very big and 
expensive tank, that could not 
be refunded in a reasonable time 

period by the money saved throu-
gh the reduced consumption of 
drinking water supplied by the 
aqueduct. For this reason, the eco-
nomic viability of a RWH system 
(economic criterion) has to be also 
considered (Kim et al., 2021). The-
se approaches can be stated as two 
design criteria for the tank size, i.e. 
(1) maximum water savings effi-
ciency and (2) maximum economic 
benefit. Through the first criterion 
the highest reduction of water con-
sumption is required, while throu-
gh the second criterion the highest 
money benefit respect the initial
investment within an established
period of time is pursued.

The two criteria give clearly two 
different tank capacities for each 
host system. The analysis is carri-
ed out on the results of the repeti-
tion of the mass balance equation 
shown in section 2 for different 
tank capacities S. In the following 
the elements used for the analysis 
are described.

3.1 Environmental criterion

The efficiency Ws is an index of 
the water savings and it is calcula-
ted as the ratio between the total 
rainwater volume supplied in the 
reference period T and the total 
water demand in the same period 
(Palla et al., 2011) and it shows 
how much drinking water can be 
replaced by the harvested rainwa-
ter. Its mathematical expression is

W Y d V Ds t
T

t t
T

t r� �� �� �1 1 / � (8)

Since the water demand (denomi-
nator) is not influenced by the tank 
capacity and the rainwater volume 
supply (numerator) grows with the 
tank size up to a maximum value, 
the idea is to choose the optimal 
tank looking for which tank size 
makes the numerator close to its 
maximum value: in practical case 
the numerator is not maximized, 
because further increases of the 

tank size, when the tank is large, 
result in negligible water saving 
increments.

3.2 Economic criterion

This criterion is based on an eco-
nomic comparison between the 
irrigation plant based on RWH sy-
stem and the same irrigation plant 
supplied by the aqueduct, taking 
into account the future growth of 
water price and the discount rate 
of the money, rd. The sum of the 
present value of future annual co-
sts is computed for both the aque-
duct-based plant and the RWH-ba-
sed one and then the difference 
between the two results, called Net 
Present Value (NPV) is computed. 
For the RWH-based plant it has to 
be also considered the initial cost 
(Ci). The NPV is computed for the 
whole period of the expected sy-
stem life UL [years].

The building cost Cb of the RWH 
system comprehends the tank pri-
ce as well as pump and installation 
cost (namely, the excavation) and 
it could be expressed as a linear 
function of excavation volume Ve,

Cb = e ∙ Ve + f� (9)

where the two coefficients e and f 
depend on local economic condi-
tion. Instead, the costs distributed 
along the system life comprehend 
the cost of energy consumed by 
the pump and the cost of drin-
king water Cw that has to be bou-
ght from the aqueduct in case of 
rainwater lack (i.e., empty tank). 
The pumping cost can be conside-
red as a fraction (pp) of the initial 
cost Cb (see Section 4), so that it 
becomes dependent on the system 
size, thus

Ci = Cb ∙ (1 + pp)� (10)

The annual cost per unit volume ky 
of water from the aqueduct usually 
depends on the yearly volume of 
consumed water. This study focu-
ses only on the annual volume of 
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drinking water used for irrigation 
purpose My, where y indicates 
a generic year of the system life 
UL. In the case of aqueduct-based 
plant, all the water demand Dy is 
supplied by the waterworks, so My 
= Dy. Thus, present values of the 
annual cost can be expressed, both 
in presence of a RWH system (sub-
script RWH) and in absence of it 
(subscript AQD) as

Cw, RWH, y = My ∙ ky/(1 + rd)y – 1�(11a)

Cw, AQD, y = Dy ∙ ky/(1 + rd)y – 1� (11b)

Defined the above-mentioned 
quantities, the computation of the 
economic return NPV (Net Positive 
Value) is given by

NPV
U
N

C

U
N

C C

L
w AQD yy

N

L
w RWH y iy

N

� � �

� � ��
�
�

�
�
�

�

�

�

�

, ,

, ,

1

1

(12)

where N is the length of the me-
teorological data series, expres-
sed in years. The value of NPV is 
a function of the tank capacity S 
and the best tank size maximizes 
NPV. However, NPV could be po-
sitive, negative or null: if the re-
sult is positive, it means that the 
RWH plant is cheaper than the 
aqueduct-based plant and the va-
lue is the money savings in a pe-
riod equal to UL; instead, if NPV 
is negative, the RWH system is 
more expensive than the aque-
duct-based in the UL period. Final-

ly, if NPV is zero, there is no money 
difference between the two plants. 
Nevertheless, it has to be remem-
bered that all RWH systems always 
produce a water saving, although 
it can be not economically viable.

4. Case study

The case study considers ho-
me-gardens in the town of Ce-
lano (L’Aquila), located on the 
central Apennines at 800 m a.s.l, 
(42°05’03.5’’N, 13°32’51.9’’E). In 
Figure 2 meteorological informa-
tion is given, i.e., monthly average 
temperature and monthly rainfall 
height. The mean annual rainfall is 
about 860 mm.

The meteorological data are re-
ferred to the twenty-nine years 
period 1951-1979. In particular, 
the temperature data are measu-
red in Goriano Sicoli station, while 
rainfall height is measured in San 
Pelino station, both located near 
the study area (Regione Abruzzo, 
2020). Table 1 shows the values of 
parameter a and F (see Section 2) 
for the case study.

Referring to the Figure 1, the 
cultivated area C has been desi-
gned according to a national re-
gulation law (MATTM, 2020) that 
concerns green areas. The regula-
tion law requires that the green 
areas should be constituted by 
native crops. For this reason, two 
green models, widespread in the 

study area, have been adopted. 
The first model (M1) is a vegetable 
garden with five different crops: 
carrots, potatoes, eggplants, to-
matoes and lettuce. Each crop oc-
cupies an area of one fifth of C. The 
second model (M2) is constituted 
by fescue meadow and fruit trees 
(i.e., apple, pear and apricot), ha-
ving a trunk diameter equal to 30 
cm and a foliage diameter equal to 
3 meters. Based on these values, 
the pertinence land area of a tree 
has been determined, that is 20 
m2 of cultivated area and so the 
number of trees contained in each 
host system has been calculated. 
In M2 the meadow occupies the 
whole cultivated area except the 
trunks area, while for trees a sur-
face occupied by roots equal to the 

Fig. 2 – Monthly rainfall height (left) and monthly average temperature (right).

Tab. 1 – Values of the constants a and F in 
the survey area.

Month a [-] F [-]

January 0.68 0.81

February 0.95 0.82

March 1.23 1.02

April 1.33 1.125

May 1.14 1.265

June 1.11 1.285

July 1 1.295

August 0.98 1.2

September 1 1.04

October 1 0.95

November 0.84 0.805

December 0.75 0.765
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projection of the foliage area to the 
ground has been considered.

The values of the crop coeffi-
cients Ki

c,t for each crop present in 
the models and their phenological 
phase (initial, intermediate and fi-
nal) are shown in Table 2. The tem-
poral evolution of each phase (not 
reported) has been defined thanks 
to the support of some farmers of 
the survey area.

After analysing the temporal 
trend of the drinking water price 
in Celano, it was supposed that the 
cost per cubic meter of water ky [€/
m3] will rise by 0.05 € per year in the 
future, starting from the actual cost 
(Tab. 3) defined by the water utility 
of the study area (CAM, 2020).

The cost of the RWH system is 
based on commercial available tan-
ks and it is composed of different 
parts, i.e., (1) tank price, (2) cost 
of excavation, (Regione Abruzzo, 
2020) and (3) price of pump, fil-
ters, pipes and accessories. As a 
consequence, the coefficients of 
equation (9) can be estimated as 
e = 206.37 €/m3 and f = 1462.1 €. 
The energy cost for water pum-
ping has been computed starting 
from standard Italian norms, the 
rainwater volume supply and the 
price of energy (0.25 €/kWh): in 
this way the coefficient of equa-
tion (10) is pp = 0.004 for model 
M1 and pp = 0.01 for model M2.

The expected system life UL is 
35 years and the discounting rate 
rd applied to the future annual co-
sts is posed equal to 3.5% (Euro-
pean Commission, 2008; Matos et 
al., 2015; Campisano et al., 2017b; 
Kim et al., 2021).

5. Results

The analysis considers different 
host systems characterized by 
their H and C values. In Figure 3 
the results of the tank capacities 
analysis are shown for both green 
models, i.e., the vegetable garden, 
M1, and the meadow with trees, 
M2. Graphs are represented as 
function of two variables, harve-
sting area H and cultivated area 
C, while the values of the tank ca-
pacities that leads to the highest 
water savings efficiency are repre-
sented with level curves. In Figure 
4, graphs show the values of tank 
capacities that lead to the highest 
economic return, while in Figure 5 
is reported the amount of the eco-
nomic return. Finally, in Figure 6, 
water savings efficiency has been 
represented as a function of the ra-
tio between H and C, for both best 
tank choice criteria.

Dealing with the results rela-
ted to maximizing the efficiency, 
Figure 3 shows that values of the 
best tank according to environ-
mental criterion can be very large 
(higher than 10 m3), considering 
both their dimensions related to 
the garden size and their real com-

Fig. 3 – Best tank (m3) according to the environmental criterion (highest water savings efficiency Ws): vegetable garden M1 (left) and 
meadow with trees M2 (right).

Tab. 2 – Crop coefficients for each pheno-
logical phase.

Crop Initial Intermediate final

Carrots 0.7 1.05 0.95

Lettuce 0.7 1 0.95

Eggplant 0.6 1.05 0.9

Tomatoes 0.6 1.05 0.8

Potatoes 0.5 1.15 0.75

Fruit tree 0.5 1 0.8

Fescue 
meadow 1.05 1.1 1.1

Tab. 3 – Water tariff in the study area.

Yearly consumption My [m3] ky [€/m3]

0-60 1.97

61-180 2.23

>180 3.12
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mercial availability. Observing the 
results shown in Figure 3, it can be 
also noticed that there is a diffe-
rence between the two models due 
to the lower water demand of the 
vegetable garden than the meadow 
with trees. In Figure 3, two regions 
with different behaviour separated 
approximately by a line of expres-
sion H = C for model 1 and H = 2C 
for model 2 can be detected. In the 
region where H is bigger than C, for 
model M1 (or twice bigger than C 
for model M2) for H that remains 
constant, S grows with C, while 
when C is constant, S slightly de-
crease when H grows; the opposite 
behaviour happens in the other re-
gion. The reason of this behaviour 
can be understood observing Figu-
re 6, where in former region (H/C > 
1 for M1 or H/C > 2 for M2) Ws is 
approximately 1. As a consequence 
all the water demand can be sati-
sfied by stored rainwater, while in 
the other region Ws is lower than 
1, and so there is not enough water 
to satisfy the irrigation demand. 
Thus, in case of system with Ws of 
about 1, the greater is C the bigger 
should be the tank, instead in case 
of Ws significantly less than 1, an 
increase of demand (C) cannot be 

satisfied: this greater demand tends 
to empty the tank, and therefore a 
smaller tank can be sufficient.

Figure 4, instead, shows that best 
tanks obtained with economic crite-
rion are generally small, being lower 
than 10 m3. These tanks are usually 
more available on the market. It is 
shown that where H > C the best ca-
pacity raises with the increasing of 
C, while for H < C the best capacity 
raises when H increase.

In Figure 5 the related NPV in 
35 years due to the choice of the 
best tank according to the econo-
mic criterion is shown. Two re-
gions are present: a region (NPV 
> 0) where the RWH system is
cheaper than the irrigation plant
connected to the aqueduct and a
region (NPV < 0) where the RWH
system is more expensive. The line 
with the value zero represents the
host systems (pair values H and C)
for which the money savings due
to the RWH has reached the initial 
cost of installation, so there is no
economic difference (in 35 years)
between the RWH system and the
aqueduct-based system.

From Figure 5 (left) it is also 
possible to observe that for the 
most combination of H and C 

there is an economic loss, that is 
due to the low water demand and 
low recovered rainwater volume: 
this fact, together with low cost of 
drinking water, gives a small an-
nual economic benefit. For this re-
ason, only larger host systems, with 
great water demand, give a positive 
NPV. Nevertheless, the loss is not 
so high, in fact, considering typi-
cal initial cost for optimal tanks, 
about half of it can be recovered at 
the end of system life. For model 
M2 (Fig. 5 right) instead, there are 
more situations with positive eco-
nomic return, because the water 
demand is higher than M1.

Finally, Figure 6 shows clearly 
that the choice of a tank with the 
economic criterion leads to a smal-
ler water savings efficiency than the 
environmental criterion, although 
some host system can reach remar-
kable water saving values too.

6. Conclusions

In this paper a method for the de-
sign of a RWH system for private 
greenery irrigation is proposed: 
two models of greenery are stu-

Fig. 4 – Best tank capacity (m3) according to the economic criterion (highest Net Present Value in 35 years): vegetable garden M1 (left) 
and meadow with trees M2 (right).
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died, a vegetable garden (M1) and 
a meadow with fruit trees (M2). 
The method is based on a daily hy-
draulic analysis of the water volu-
me stored in the tank, with input 
the historic meteorological data 
and geometric data of the so-cal-
led host system characterized by an 
harvesting area H and a cultivated 
area C. The analysis explores the 
results for a series of possible capa-
cities for the tank, both in terms of 
water savings efficiency and in eco-
nomic terms (Net Present Value). 
The aim is to identify the best tank 
to install in each host system. Re-
sults for the case study show that 

there are two criteria for the choice 
of the tank capacity: the maximum 
water savings efficiency, that leads 
to high costs of installation, and 
the maximum NPV, that leads to 
lower water savings efficiency. The 
study has shown that RWH irriga-
tion plant for some host systems 
can be cheaper (at the end of the 
system life) than aqueduct-based 
plant, if a good choice of the tank 
size is made.

The graphs shown in this work 
can be directly used for the design 
of a RWH irrigation plant also in 
different geographical zones but 
with a similar climatic conditions.

Although the green models con-
sidered are only two among the 
many possible, they can be consi-
dered as reference for the design 
of RWH system for a lot of other 
kinds of home-gardens, even in 
different geographical zones but 
with similar climatic conditions.

Some approximations have been 
done in the work, for example ne-
glecting soil water content dyna-
mic, but they are issues for future 
studies, as well as the use of a more 
detailed crop water requirement 
estimation method, especially de-
aling with cases characterized by 
more detailed meteorological data.

Fig. 5 – NPV (€) in 35 years of the RWH systems designed according to Figure 4: vegetable garden M1 (left) and meadow with trees M2 
(right).

Fig. 6 – Water savings efficiency for environmental design (maximum Ws, dots) and economic design (maximum NPV, squares): vegetable 
garden M1 (left) and meadow with trees M2 (right).
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broader engineering profession. 
The skills of a geological engineer 
are becoming more desirable than 
ever as the technologies involved 
in construction continue to evolve.

The Applied Geology group 
(AGg) of Politecnico di Torino, 
explain the engineering geolo-
gy: in particular deals with the 
defense of the soil, territory and 
civil protection, with attention 
to landslides, hydrogeology, the 
study of underground water cir-
culation, the geological-technical 
survey, geological exploration of 
the subsoil and thematic carto-
graphy, geological and hydrogeo-
logical risk; interpretation of ae-
rial photos and satellite images, 
topographical analysis on digital 
models of the survey, study of cli-
mate changes and their influence 
on erosion, sedimentation and 
pedogenesis processes, the study 
of geothermal systems, the analy-
sis of geological systems related 

to hydrocarbons and minerals. 
Research methods include field 
and laboratory experiments, and 
appropriate numerical modeling 
software is often used.

2. Engineering geology
in Department of
Environment, Land
and Infrastructure
Engineering at
Politecnico di Torino

Large engineering projects were 
constructed all over the world; 
however nowadays in general 
more developed countries ten-
ded to be more sensitive to their 
environmental impacts and en-
gineering geological arguments 
(Oliveira, 2014). In DIATI – De-
partment of Environment, Land 
and Infrastructure Engineering at 

Politecnico di Torino the geology 
is explained through a perspective 
applied to engineering and nume-
rous aspects are developed.

2.1 Hydrogeology, protection 
and planning of groundwater 
resources.

Firstly, the Hydrogeology: in the 
sense of protection, monitoring 
and planning of groundwater re-
sources (Lo Russo, Taddia 2009; 
Vigna et al., 2010), assessment 
of water flows and matter, mana-
gement and protection of groun-
dwater resources (Fig.1). In order 
to contribute to the solution of 
the problems concerning groun-
dwater the conceptual model for 
the groundwater flow system, the 
schematization of the aquifers 
boundaries and the estimation of 
basic hydrogeological parameters 
are among the main issues which 

Fig. 1 – Typical representation of hydrogeological aquifer in Piedmont region (Lo Russo, Taddia 2012).
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should be investigated.
Artificial tracers for to analy-

sed the path of groundwater is a 
technologies that study on the 
hydrogeological use of fluorescent 
markers (fluorescein and tinopal) 
to testing in different hydrogeolo-
gical context the reconstruction of 
the tracer arrival curve.

With regard to the analysis of 
water flow and transport of sub-
stances in the unsaturated zone 
the research focused on the appli-
cation and comparison of methods 
for assessing the average annual 
recharge of the unconfined aqui-
fer by means of chlorides concen-
tration profiles and different water 
balance methods. The research has 
produced original results both in 
relation to geographical areas of 
application (Turin plain) and to 
the operational acquisition and 
processing of field data (Lo Rus-
so et al., 2011). If we transfer in 
mountain areas the hydrogeology 
aspect also concerns the springs 
analysis: monitoring and imple-
mentation of conceptual models 
relating to the operation of nu-
merous springs fed by aquifers in 
carbonate and massive rocks with 
different degree of fracturing, 
karst and type of land fields (Vigna 
2014). In a typical Alpine context, 
aquifers in high-mountain carbo-
nate rock supply springs at the 
foot of mountains (Vigna et al., 
2014). Their main recharge areas 
are at high altitudes. These areas 
are present above the forest-line, 
where soil is very limited, and are 
characterized by signs of Quater-
nary glaciations. They are supplied 
by pluvial and snow precipitation 
(Vigna, Banzato 2015). This type 
of research in particular exami-
ned the geomorphology, caves, 
the fillings and the paleoclimatic 
data of high Alpine karst areas for 
example Bossea Caves. The karst 
degree in these aquifers can be dif-
ferent: some of these aquifers can 
be very karstified (high permeabi-
lity), others can have a very den-

se fractures network (relative low 
permeability) (Fig.2) (Vigna, Ban-
zato 2015; Filippini et al., 2018).

The research also focused on the 
protection of water supply sources 
and on potential interference with 
anthropogenic land uses both for 
wells than for springs. In parti-
cular, a novel method aimed to 
quantify the springs vulnerability 
to pollution (VESPA method) has 
been tested and validated basing 
on monitoring data of water di-
scharge, electrical conductivity and 
temperature (Galleani et al., 2011; 
Banzato et al., 2017). Further deve-
lopments were focused on the use 
of time-series analysis techniques 
to analyze and model recession 
hydrographs of mountain springs 
(Cerino Abdin et al., 2021).

On the other hand, several Al-
pine springs are located in corre-
spondence at massive rocks, their 
location appears strongly influen-
ced by the tectonic discontinuities 
developed in the bedrock and by 
the morphostructures related to 
Deep Seated Gravitational Slope 
Deformations (DSGSDs) (Fig. 3) 
(Gizzi et al., 2019).

Optimizing the present and 
future management strategies of 
mountain groundwater resources 

has become increasingly neces-
sary. The accuracy and frequency 
of the flow rate (Q) measuremen-
ts determine and restrict the pro-
cesses that can be studied using 
spring hydrograph and recession 
curve analysis (Cerino Abdin et 
al., 2021).

Another aspect of research is hy-
drogeological flow in gypsum karst 
areas.

Although largely underexploi-
ted, karst aquifer systems often 
deliver large amounts of high-qua-
lity drinkable water and already 
serve about a quarter of the wor-
ld’s population. Gypsum crops 
out in almost all Italian regions, 
but the most significant evapori-
te karst areas are located in Pied-
mont, Emilia-Romagna, Marche, 
Tuscany, Calabria, and Sicily.

The gypsum aquifers in Pied-
mont region, on the contrary, are 
sandwiched between sediments 
with low to very low permeabili-
ties. The waters flowing in these 
evaporite aquifers derive from 
slow recharge from the upper and 
lower aquitards. These gypsum 
aquifers are, thus, generally cha-
racterized by the presence of an 
extensive saturated zone, along 
a karstic network that is heavily 

Fig. 2 – The karst spring, this particular spring is named “Pis Spring” in Cuneo area near Turin 
and this is a very famous Piedmont spring.
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influenced by the fractures in the 
host rock. In the area of Moncal-
vo and Calliano the surface topo-
graphy is characterized by a series 
of gentle hills mostly carved into 
the post-evaporitic sediments 
(marls and clays) (Fig. 4A). The 
evaporite beds are inclined 10-20° 
and are mostly buried underneath 
the Late Miocene-Pliocene sedi-
ments (Fig. 4B). The underground 
quarries in this gypsum follow the 
overall geometry of these evapo-
rite bodies and intersect different 
aquifer levels. A series of boreholes 
with piezometers, together with 
kilometers of quarry galleries exca-
vated in the gypsum have allowed 

reconstructing the hydrogeologi-
cal structure of this area with great 
accuracy (Vigna et al., 2010; 2017).

2.2 Underground Karst 
Laboratory of Bossea

Understanding flow dynamics 
in karst systems has many implica-
tions on water quality assessment 
and storage estimation. Karst 
aquifers are vulnerable to conta-
mination and it is fundamental 
to assess how contaminants are 
transmitted from the surface to 
the karst springs (Nannoni et al., 
2020).

In this perspective, two under-
ground laboratories have been in-
stalled in the Bossea Cave, aimed 
respectively at the study of karst 
hydrogeology and the study of the 
effects of climate change in the 
subsoil.

Bossea is a show cave attracting 
about 30,000 visitors each year, 
located in the Ligurian Alps of 
Southern Piedmont (Northern 
Italy) within a strongly deformed 
zone comprising metamorphosed 
carbonate rocks (marbles) of Ju-
rassic to Cretaceous age and Per-
mian meta-volcanics. The down-
stream part of the karst system, 
open to tourists, developed mo-
stly by erosion and collapse whe-
reas dissolution speleogenesis is 
secondary and important mainly 
in the inception stage. Bossea is 
an important geosite where, in a 
scenic underground environment, 
unique Quaternary paleontologi-
cal findings are displayed to the 
public and two state-of-the-art 
laboratories record continuou-
sly environmental, hydrologic, 
and hydrochemical parameters 
(Antonellini et al., 2019). This la-
boratory, located inside the cave 
environment, has been equipped 
over the years with increasingly 
sophisticated instruments and 
works in four different scientific 
fields: hydrogeology, meteorology, 
natural radioactivity, and biospele-

Fig. 4 – The gypsum area in Piedmont region [A]: The hilly landscape around Monferrato mostly carved in the Post-evaporitic sediments 
of Messinian age; [B]: The main macrocrystalline gypsum beds exposed at the surface in the open pit quarry at Moncalvo (Modified by 
Vigna et al., 2017).

Fig. 3 – Typical fracture spring in Germanasca Valley near Turin (Gizzi et al., 2019).
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ology. Several tracing experiments 
and the continuous monitoring of 
the dye tracer arrivals in different 
spots have enabled to build an 
increasingly detailed map of the 
different zones that recharge the 
Bossea karst aquifer.

The meteorological monitoring 
comprises air temperature and re-
lative humidity variations, evapo-
ration and condensation, and CO2 
levels. Rainfall and snowmelt are 
also measured above the cave, and 
the response of these infiltration 
events are recorded inside Bossea 
in different sites.

The study of the natural ra-
dioactivity of the underground 
environment is very interesting, 
because the cave is developed at 
the structural contact between 
the underlying Permian volcanic 
rocks and the covering Mesozoic 
carbonates. Radon (222Rn) deri-
ving from the radioactive decay of 
238U diffuses rapidly into the cave 
atmosphere and also into the per-
colating and flowing waters.

The research relates to the dy-
namics of gas exchange between 
rock, water and atmosphere. Diffe-
rent types of instruments and da-
taloggers are tested in the cave for 
the detection of Rn in the water. 
The biospeleological investigations 
have lead to the discovery of over 
100 different species of cave dwel-

ling fauna, making Bossea one of 
the most important biological hot-
spots in Italy.

The Underground Karst Labora-
tory of Bossea (Fig. 5) is one of the 
most important National Labora-
tory in Italy and is managed by the 
Alpine Club of Cuneo (CAI Cuneo) 
and the Central Scientific Commit-
tee of CAI in collaboration with the 
Diati department by Applied Geo-
logy group (AGg) of Politecnico di 
Torino (Vigna et al., 2017).

2.3 Digital photo-
interpretation and 
interaction groundwater and 
slope stability

Another aspect developed by 
AGg is the Interaction with groun-
dwater and slope stability: studies 
relating to the Langhe hilly slopes 
(Bottino et al., 2011; Vigna 2014 ) 
and to Deep Seated Gravitational 
Slope Deformations (DSGSDs) in 
Germanasca Valley (Gizzi et al., 
2019) and Susa Valley. This parti-
cular aspect is continuous moni-
toring throughsprings and draina-
ges. This aspect is very important 
because often the slope stability 
has been influenced by the groun-
dwater flow and shallow aquifer.

As reported in Bottino et al. 
2011, many flooding phenomena 

have occurred in the hilly Langhe 
region (NW Italy), causing damage 
to properties and loss of life. In this 
work has been demonstrated that 
severe water pressure conditions 
can drive slope instability, provi-
ded that the operational strength 
on the slip surface attains the re-
sidual value. Back analysis results 
suggest also that, for a number of 
slopes, the onset of instability re-
quires a further loss of shear stren-
gth, which can be associated with 
decalcification phenomena that 
can result from the particular hy-
drogeochemical conditions of the 
region (Fig. 6).

Another aspect related to the 
slope instability concentrated on 
the development and the applica-
tion of new techniques of digital 
photo-interpretation in hydroge-
ological and engineering geology 
surveys. In particular the Deep 
Seated Gravitational Slope Defor-
mations (DSGSDs) with hydroge-
ology is described in Gizzi et al. 
(2019). The continuous expansion 
of urban areas has caused an incre-
ase interest in finding new potable 
water sources and led to consider 
mountain aquifers as an increasin-
gly more strategic resource.

In this contest, the mountains 
water resources management is a 
topic that has become increasin-
gly important. As mountain aqui-

Fig. 5 – Underground Karst Laboratory of Bossea with sophisticated instruments.
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fers can be particularly vulnerable 
from qualitative and quantitative 
point of view, they need a high de-
gree of protection: it is important 
to understand their recharging sy-
stem, from both geological and hy-
drogeological perspective, in order 
to protect and optimize its present 
and future management.

In the past years, several authors 
in collaboration with Diati AGg 
(Forno et al., 2011; Forno et al., 
2012; Piras et al., 2016) have con-
ducted detailed survey, identifying 
the geological and geomorphologi-
cal characters and resulting in the 
production of a new morphological 
and quaternary geological map of 
the area. A lot of peculiar morpho-

logies connected to DSGSDs (Fig. 
7) phenomena as scarps, depres-
sions, transversal trenches, ridges
elongated parallel to watersheds
has been recognized and described
in Forno et al. (2011).

In addition, some water moun-
tain sources, many of which poten-
tially exploitable for drinking pur-
poses, have been identified along 
the longitudinal trenches mapped 
in the upper sector of Rodoretto 
Valley: by mean exclusive geolo-
gical investigations it was there-
fore possible to demonstrate how 
the pattern of the hydrographic 
network is strongly affected by the 
recognized gravitational features 
(Forno et al., 2012).

2.4 Rock-fall risk analysis and 
mitigation

The research activities of Diati 
AGg have been aimed at the de-
velopment of analytical tools able 
to quantify the risk to road infra-
structure subjected to rock-fall. In 
particular, it has been developed 
and validated an innovative ope-
rating procedure (RO.MA) that, 
starting with an analysis of the 
rock mass conditions, through a 
trajectory computation, and then 
with a risk analysis based on the 
event tree method, can provide a 
quantification of the risk condi-
tion on the road users. This proce-
dure has been tested and applied 
on many field test-sites (Mignelli 
et al., 2014).

2.5 Tunneling and 
groundwater

Fundamental aspect for the 
Applied Geology Group is the in-
teraction between tunnelling and 
groundwater, this is an important 
element to be considered in any 
underground work. This is another 
aspect of the hydrogeological stu-
dies, in fact the research through 
continuous flow monitoring sy-
stems, mineralization of water 
temperature for the evaluation 
of interferences of underground 
works (tunnels) on aquifers cha-

Fig. 7 – Deep Seated Gravitational Slope Deformation (DSGSD) in Rodoretto Valley in Germanasca Valley near Turin.

Fig. 6 – Planar landslide immediately after failure. Typical landslide body displaced by a planar 
sliding mechanism (modified by Bottino et al. 2011).
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racterized by different levels of 
permeability is developed in Diati 
department.

Groundwater can represent a 
major constraint for many tech-
nical decisions related to the tun-
nel construction and, at the same 
time, a fundamental valuable natu-
ral resource to be preserved quan-
titatively and qualitatively during 
and after the tunnel completion. 
The knowledge of the geological 
subsurface system, the hydrogeo-
logical mechanisms of groundwa-
ter infiltration and circulation, the 
degree of the aquifers connection 
with the river network as well as 
the chemical composition of the 
circulating groundwater are some 
of the more important topics that 
should be analysed in the early 
phase of the tunnel design, as it 
happens for the Tenda tunnel and 
Euralpin Lyon Turin tunnel (We-
stern Alps).

In the Tenda tunnel was inter-
cepted a carbonate aquifer that 
feeds a series of important flow 
of groundwater, named Tenda 
Spring. This source was discovered 
during excavation of the railway 
tunnel (1889-1898). In 1990 the 
spring was tapped in the tunnel 
by the Langhe and Alpi Cuneesi 
Aqueduct; this infrastructure is 
very important for the social-eco-
nomic development of a vast area, 
which has few other water resour-
ces suitable for human consump-
tion and which supplies, along 
with some other sources, a popu-
lation of over 100.000 (Banzato 
et al., 2011) (Fig. 8). This source is 
actually monitoring by Diati Ap-
plied Geology group.

The second important project 
that developed by Diati AGg re-
garded the “La Maddalena” explo-
ratory tunnel. “La Maddalena” 
exploratory tunnel, located in 
Chiomonte (Italy Western Alps 
– Susa Valley), is one of the four
exploratory adits, three in Fran-
ce, completed in 2010, and one
in Italy, whose realization is rela-

ted to Turin-Lyon high-speed rail 
project (Fig. 9).

During the tunnel construction 
several monitoring data have 
been recorded in order to assess 
geological parameters important 

for the future Base tunnel reali-
zation. In fact, one of the main 
task in the optimization of the 
final design of a Tunnel has been 
represented by the hydrogeologi-
cal monitoring. This activity has 

Fig. 8 – Hydrogeological monitoring of Tenda tunnel.

Fig. 9 – Realization phase of “La Maddalena” exploratory adit (Lo Russo et al., 2019).
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been aimed to verify the correct-
ness of the project hypothesis 
and specially to evaluate the in-
flow forecast in term of discharge 
rate and distribution, temperatu-
re and chemical facies of groun-
dwater. The hydrogeological mo-
nitoring has proved extremely 
valuable not only in checking the 
reliability of the tunnel design 
forecast but also in underlining 
the importance of the realization 
of exploratory tunnels prior to 
the excavation of a main tunnel. 
Thanks to the hydrogeological 
and temperature monitoring of 
the main water inflow “La Mad-
dalena” exploratory adit can also 
represent in perspective a very 
interesting possibility to exploit 
the related geothermal potential 
(Fig. 10).

2.6 Relationship between 
chemism of water and human 
health

Another important aspect de-
veloped by the AGg at Diati, con-
cerns the in-complexity study of 
the chemism of water in relation 
to human health (Tiwari et al., 
2021).

In particular in Civita et al., 
2001, is analyzed as aluminum was 
determined in surface and groun-
dwater in the Alba city (NW Pied-
mont Region) to provide informa-
tion on natural and anthropogenic 
sources of contamination. Thanks 
to the Water Lab in Diati depart-
ment it was possible to find out as 
aluminum is not an essential ele-
ment for the biological cycle, its 
high concentration in both water 

and soil could have toxic effects 
both on plants and animals.

The presence of aluminum in 
drinkable water is of particular 
interest, because suggest the con-
nection between high levels of this 
metal and Alzheimer’s disease (Ci-
vita et al., 2001). This is a very im-
portant study developed by Diati 
AGg.

2.7 Temperature of the air 
and of the rock in various 
natural cavities

Recently the research of en-
gineering geology has led to the 
analysis of the temperature of the 
air and rock in various natural ca-
vities in the sector of the Ligurian 
and Maritime Alps. In these karst 
cavities there are ice deposits (Fig. 
11) in the phase of evident melting 
due to the increase in surface tem-
peratures (Vigna and Paro 2020).

This research activity is still un-
der investigation.

2.8 Renewable energy: 
geothermal heat pump

Thanks to the international po-
litical response to climate change 
the past five years have been a pe-
riod of unprecedented growth and 
development for renewable energy 
worldwide and according to Sustai-

Fig 10 – Hydrogeological monitoring in “La Maddalena” exploratory tunnel.

Fig. 11 – Ice-deposits in karst cavities.
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nable Development Goals (SDGs) 
adopted by United Nations Mem-
ber States in 2015 there has been 
a further increase in renewable 
energy and geothermal energy in 
particular.

The AGg at Diati began to deal 
with the renewable energy issue 
starting from 2009, focusing the 
studies on geothermal energy and 
its development in Italy (Lo Rus-
so and Taddia, 2009; Taddia et al., 
2018).

Geothermal heat pumps repre-
sent an interesting technology 
expected to contribute signifi-
cantly to the reduction of primary 
energy use for heating and coo-
ling. Additional benefits of this 
technology, which also meets the 
European Union targets, are the 
possibilities of integration with 
discontinuous energy resources, 
in particular wind, combining heat 
and power.

The replacement of conven-
tional heating systems such as 
boilers, with general heat pump 
systems allows the de-localization 
of emissions of micropollutants 
from urban centers to the sites 
in which thermal power stations 
are operating. Furthermore, the 
use of distributed production 
systems based on the use of re-
newable sources reduces also CO2 
emissions (Baccino et al., 2010; 
Lo Russo et al., 2011). Thanks to 
the continuous monitoring of the 
Politecnico di Torino geothermal 
plants, it was possible to develop 
detailed research in renewable 
energy fields in urban contexts.

In fact, this research, some fun-
damental aspects related to the 
development of open-loop heat 
pumps have been explored in a 
typical urban contest (Politecnico 
di Torino in Turin city, NW Italy). 
In particular, appropriate hydroge-
ological investigations and simula-
tion modelling were performed for 
the characterization of the main 
hydrogeological parameters of the 
subsoil at the considered site. The 

results of the work have allowed 
to define several fundamental 
aspects in order to optimize the 
design choices of Groundwater 
Heat Pump (GWHP) systems and 
the importance of geological and 
hydrogeological surveys (Taddia 
G. 2018).

2.9 Energy security and 
transition and Raw materials 
in mining sustainability

According to renewable ener-
gy, recently the engineering ge-
ology developed also the energy 
transition strategies: the research 
focuses on raw materials, their 
identification and economic and 
environmental impact analyses 
related to their primary extraction, 
transformation and transport on a 
global scale. In the energy sector, 
further research focuses on nume-
rical risk modelling and national 
and international energy security, 
with particular regard to the sup-
ply of hydrocarbons (Oil & Gas) 
(Gizzi et al., 2021; Lo Russo et al., 
2020).

In the field of raw materials, re-
search is carried out on the asses-
sment of the potential of deposits 
and the environmental impacts 
associated with mining activities 
at both regional and site-specific 
scale (Lo Russo et al., 2021).

In particular, the impacts on the 
environmental matrices of tradi-
tional extraction programs but 
also of those necessary for the ex-
traction of raw materials necessary 
for the energy transition policies 
towards electric mobility techno-
logies and electricity storage on a 
global scale are analyzed.

3. Conclusion

In conclusion, as we have seen
an increase in the incidences of 
extreme weather events end envi-

ronmental risks, there is a greater 
need for geoscience professionals 
who can assist communities in 
planning mitigation efforts for fu-
ture flooding and landslides. There 
are also many current and future 
development projects being un-
dertaken in landslide prone areas 
and in relationship at renewable 
energies, which requires careful 
consideration and planning by 
expert applied geoscientists. In 
this perspective, the group intends 
to continue the studies of engine-
ering geology with great enthusia-
sm and professionalism.
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