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Editoriale
Cari Lettori e cari Soci
con questo breve editoriale voglio salutarvi come direttore della rivista.
Dopo ormai tanti anni di attività in questo ruolo, ho ritenuto che fosse arrivato il momento 
di “passare la mano” ed il Consiglio Direttivo dell’Associazione ha accolto e condiviso questa 
mia richiesta, nominando Direttore Responsabile il Prof. Paolo Dabove, anche lui come me 
del DIATI del Politecnico di Torino e coinvolto nella gestione della rivista ormai da molti anni, 
quale uno dei vice-direttori. Io continuerò a contribuire alla GEAM come responsabile del 
Comitato Scientifico.
A partire dal 2007, quando ho raccolto il testimone di Vanni Badino, ho cercato di fare del mio 
meglio per mantenere alta la qualità della nostra rivista e credo che si siano raggiunti risultati 
positivi. Il prodotto editoriale che abbiamo costruito ha una sua specifica collocazione, ha 
articoli di grande interesse e alto livello scientifico, ed è anche bello dal punto di vista grafico. 
Non posso, quindi, non ringraziare l’editore Pàtron e in particolare Massimo Tognetti che, con 
dedizione, ha lavorato alla gestione editoriale.
Devo però dire che una rivista non è solo fatta da chi scrive ma anche da chi la legge, per cui 
voglio ringraziare tutti i lettori di cuore.
Quale direttore ci sono stati momenti positivi, per esempio come quando abbiamo finalmente 
ottenuto l’indicizzazione Scopus, ma anche momenti di difficoltà per una scarsità di articoli o 
per le incomprensioni di alcuni colleghi in merito alla qualità ed all’indicizzazione della rivista.
In questi anni il mondo dell’associazionismo culturale ha vissuto e sta vivendo profondi cam-
biamenti, dovuti certamente alla diffusione di Internet, che ha facilitato l’accesso alle informa-
zioni ma anche alla crisi dei “corpi intermedi”: il ruolo di legame che le associazioni hanno 
svolto tra il mondo accademico ed il mondo professionale è stato messo in crisi dalla facilità 
di reperire informazioni. Parallelamente, però, finalmente mi viene da dire, il mondo accade-
mico ha riconosciuto che le università non devono solo fare didattica e ricerca (che sono 
certamente le loro prime due missioni) ma che la così detta “terza missione” (cioè il riversare 
verso il mondo la conoscenza sviluppata) è anch’esso un punto fondamentale e qualificante 
della vita accademica.
Proprio da qui si deve ripartire, con rinnovato slancio per rendere sempre di più la nostra 
Associazione una rete culturale di cui la rivista GEAM e la rivista PANGEA sono due strumenti 
potentissimi.
Oggi stiamo assistendo ad una nuova repentina trasformazione, il COVID ha accelerato la 
trasformazione digitale ed ha mandato in crisi quei momenti di aggregazione e di scambio 
personale che erano i convegni e gli eventi culturali promossi dalle associazioni.
Personalmente credo nel contatto personale e che solo con un dibattito, talora anche aspro, il 
mondo scientifico possa progredire ma, certamente, alla fine di questa crisi si dovrà ripensare 
molti degli strumenti con cui eravamo abituati ad operare.
Proprio per questo credo che il cambio di Direzione venga nel momento giusto con una 
persona giovane e molto più avvezza di me ad operare con questi nuovi strumenti.
Per questo non posso che concludere con un “in bocca al lupo, Paolo!”

Daniele Peila
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Assumere la direzione della rivista Geoingegneria Ambientale e Mineraria, più familiarmente 
detta GEAM, significa raccogliere la sfida di continuarne il processo di miglioramento e di in-
ternazionalizzazione avviato dal mio predecessore, in un tempo dove la pandemia ha cambiato 
radicalmente non solo il modo di vivere l’accademia, ma anche quello di comunicare, sia nello 
scrivere che nel pensare.
La rivista, nata come giornale dell’Associazione ove condividere esperienze e attività scientifi-
che, ora vuole maggiormente aprirsi al panorama internazionale, diventando a tutti gli effetti 
una rivista scientifica di ampio respiro, cosa divenuta possibile grazie alla pubblicazione di arti-
coli sempre più interessanti, oltre che ai lettori/Soci che la hanno sempre sostenuta.
L’intenzione di rendersi ancor più internazionali porta la rivista ad abbandonare la lingua 
italiana, eccezion fatta per un ultimo contributo, a partire dal presente numero. Questa è 
una piccola rivoluzione che si fonda sul rispetto per chi mi ha preceduto alla guida di questa 
rivista interpretando, sin dalla sua fondazione, il bisogno di una sempre maggiore informazione 
di qualità puntando “sulla scommessa di trovare sempre nuovo pubblico”. La lingua inglese 
è perciò essenziale ed indispensabile strumento per aprirsi al mondo scientifico/divulgativo, 
accademico e non: non sarà certo bella come la lingua italiana, ma diventa strumento fonda-
mentale per far fare alla rivista quel salto di qualità già iniziato dal mio predecessore.
Ed è a lui che voglio dire grazie: grazie per i consigli, per il supporto che mi ha saputo dare, per 
la sua costante e continua trasmissione di esperienza, di suggerimenti che non sono state im-
posizioni, ma indicazioni. Grazie anche alla fiducia che lui, così come l’Associazione, ha riposto 
in me, affidandomi un ruolo così prestigioso ma, allo stesso tempo, oneroso. Spero di saperne 
reggere il peso e, nel mio piccolo, di poter dare il mio contributo alla crescita. Per fare ciò, 
potrò continuare ad avvalermi della sua grande esperienza, in qualità di responsabile del Co-
mitato Scientifico, così come baserò il mio lavoro sulla fattiva collaborazione del Dott. Daniele 
Martinelli e della Prof. Vera Rocca, Editor della rivista che sapranno supportarmi (e sopportar-
mi!) sia da un punto di vista gestionale che scientifico, anche alla luce di questi cambiamenti.
La rivista GEAM è cambiata e cambierà ancora. Con la scientificità di tutti gli autori che vor-
ranno contribuire, la dedizione di tutti coloro che, ogni giorno, le danno linfa vitale e profes-
sionale e con il supporto di tutti i lettori. Già, perché sino a ieri era la rivista dell’Associazione 
Geoingegneria Ambientale e Mineraria, patrimonio dei soci ai quali era consentito accedervi 
tramite copia cartacea recapitata a domicilio.
Da oggi diventa patrimonio della collettività, divenendo open-access anche in modalità digitale, 
nell’ottica di una maggiore sostenibilità ambientale e di una maggiore divulgazione scientifica. 
Affinché tale rivista diventi volano di idee e veicolo di discussione sulla base di quella maieutica 
socratica che permette il progredire della scienza, e quindi, della società.

Paolo Dabove
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Le tecnologie basate su processi 
naturali “proteggono e ristorano 
ecosistemi naturali o modificati, 
gestiscono efficacemente e si adat-
tano alle sfide sociali, provocando 
allo stesso tempo effetti positivi 
al benessere umano ed alla biodi-
versità” (IUCN, 2016). Esse sono 
state identificate dalla Commis-
sione Europea (EC, 2015) come 
soluzioni efficienti e sostenibili 
per migliorare la resilienza delle 
aree urbane, contrastare gli effetti 
dei cambiamenti climatici, ridurre 
il consumo di fonti pregiate di ac-
qua e preservare i sistemi naturali. 
In generale, le tecnologie basate 
su processi naturali imitano i pro-
cessi naturali in contesti urbani e 
in varie applicazioni, con minime 
richieste di energia e sostanze chi-
miche e fornendo benefici ecologi-
ci e sociali. Uno degli aspetti critici 
della applicazione di tali tecnologie 
nel contesto urbano è la mancanza 
di spazio, pertanto l’uso delle su-
perfici verticali degli edifici e dei 

tetti per la costruzione di muri 
verdi e tetti verdi può rappresen-
tare un’ottima soluzione (Francis 
& Lorimer, 2011).

Alcuni studi recenti (Boano et 
al., 2020a; Boano et al., 2020b) 
hanno dimostrato l’efficacia dei 
muri verdi rispetto alla depura-
zione di acque grigie (la quota 
di acque reflue domestiche che 
esclude gli scarichi dei WC) e che 
in Europa, Nord America e Asia 
corrisponde a circa 0.1 m3/giorno/
abitante. Le acque grigie, rispetto 
alle acque reflue domestiche, sono 
caratterizzate da concentrazioni di 
inquinanti inferiori (Boutin and 
Eme, 2016), e ben si prestano a 
un trattamento in situ, consenten-
do successivamente il riuso delle 
acque depurate per usi domestici 
non potabili (es. scarico dei WC). 
La letteratura esistente sulla de-
purazione di acque grigie me-
diante muri verdi (Pradhan et al., 
2019; Boano et al., 2020a) riporta 
efficienze depurative variabili se-

condo la configurazione e le con-
dizioni ambientali, corrispondenti 
a rimozioni pari a 7-99% per l’azo-
to totale, 25-99% per la doman-
da biologica di ossigeno (BOD5), 
28-97% per la domanda chimica
di ossigeno (COD) e 32-100% per
l’Escherichia coli. Tra le configura-
zioni esistenti possibili, i muri ver-
di a flusso verticale, costituiti da
pannelli su cui sono montati vasi
contenenti specie vegetali e un
mezzo poroso filtrante, sono stati
particolarmente sperimentati per
il trattamento delle acque grigie.
In particolare, sono stati messi a
confronto mezzi filtranti a base di
sabbia (Masi et al., 2016; Fowdar
et al., 2017), argilla espansa (Svete, 
2012; Masi et al. 2016; Prodanovic 
et al., 2017; Pradhan et al., 2020),
fibra di cocco (Masi et al. 2016;
Prodanovic et al., 2017; Boano et
al., 2020b; Pradhan et al., 2020)
e perlite (Prodanovic et al., 2017;
Boano et al., 2020b; Pradhan et
al., 2020). Per quanto riguarda le
specie vegetali, esse devono esse-
re selezionate tra quelle in grado di 
sopportare elevati volumi di acqua 
e carichi inquinanti relativamente
contenuti, salvaguardando l’este-
tica per favorire l’inserimento dei
muri verdi nel contesto urbano
(Castellar da Cunha et al., 2018;
Pradhan et al., 2019).

Nonostante la presenza in let-
teratura di vari studi riguardan-
ti l’applicazione di muri verdi 
al trattamento di acque grigie, 

DX.DOI.ORG/10.19199/2021.162.1121-9041.05

Studio sperimentale  
della depurazione di acque 
grigie mediante muri verdi

Experimental study of greywater treatment through green walls. Among natu-
re-based solutions (NBSs), green walls represent a key technology in the urban context be-
cause of the low energy demand and of the many ecological and social outcomes. This work 
presents the results of the experimental study at laboratory scale of the treatment of greywa-
ter (e.g. domestic wastewater excluding toilet flushes) through a green wall. It is made of two 
modular panels (1-set up for this study and 2-in use for 15 months), made of twelve pots 
arranged on four columns and three rows, and filled with a mix of coconut and perlite and 
different ornamental plant species. The green wall was fed discontinuously with 96 L/d of syn-
thetic greywater for two months during the winter season. The treatment performances of the 
two panels were very high about total suspended solids (>87%), biological oxygen demand 
(>98%) and chemical oxygen demand (~80%), in agreement with literature. Panel 1 excee-
ded the performances of panel 2 only about total suspended solids (96% vs 87%), probably 
because of a clogging phenomenon. This study proved the efficiency of green walls towards 
greywater treatment in challenging experimental conditions, as winter temperature and high 
hydraulic loading rate.
Keywords: green wall, greywater, reuse, nature-based solution, treatment, filter media.
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Bianca Raffaelli*
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Corresponding author: Fulvio Boano 



6 Aprile 2021

environment

rimangono ancora da esplorare 
aspetti cruciali a supporto dell’im-
plementazione in piena scala di 
questa soluzione tecnologica; in 
particolare, la valutazione delle 
prestazioni a medio e lungo ter-
mine dei muri verdi, la massimiz-
zazione delle prestazioni depura-
tive in presenza di portate elevate 
e concentrazioni di inquinanti 
variabili e la minimizzazione del-
la complessità e delle dimensioni 
della struttura del muro verde. 
Questo lavoro presenta i risulta-
ti dello studio sperimentale del-
le prestazioni di un muro verde, 
composto da pannelli modulari, 
rispetto alla depurazione di ac-
qua grigia artificiale alimentata 
in condizioni di alto carico idrau-
lico e di temperature invernali. Lo 
studio confronta le prestazioni di 
due pannelli, uno appena instal-
lato e un altro in uso da circa 15 
mesi, mediante un’attività di mo-
nitoraggio protratta per 2 mesi 
(gennaio-febbraio 2021) e analiz-
zando le variazioni dei parametri 
fisico-chimici in ingresso e in usci-
ta ai pannelli.

2. Materiali e metodi

2.1. Acqua grigia

Al fine di garantire la replicabili-
tà della ricerca, l’acqua grigia è stata 
preparata adottando una composi-
zione di riferimento (Diaper et al., 
2008), con frequenza settimanale. 
La composizione dell’acqua grigia 
adottata è la stessa utilizzata in 
studi precedenti sulla depurazio-
ne di acqua grigia con muri verdi 
(Fowdar et al., 2017; Prodanovic et 
al., 2017).

2.2. Apparato sperimentale

Il muro verde utilizzato nell’at-
tività di ricerca è costituito da due 
pannelli metallici modulari da 1 m2 

(Fig. 1) montati all’aperto, sui quali 
sono fissati 12 vasi aventi dimen-
sioni 18 × 18 × 22 cm disposti su 
4 colonne e 3 righe, riempiti di un 
mezzo filtrante (miscela di fibra di 
cocco e perlite, materiali comune-
mente utilizzati per la coltivazione 
di piante ornamentali), e conte-
nenti specie vegetali ornamentali 
diverse in ogni riga: Carex morrowii 
(prima riga dall’alto), Hedera helix 
(seconda riga), Lonicera nitida (ter-
za riga). Ciascuna colonna costitu-
isce un sistema a flusso verticale 
indipendente alimentato in modo 
discontinuo. L’acqua grigia, con-
tenuta in un serbatoio da 1.5 m3 
periodicamente miscelato da una 
pompa automatica, viene fornita 
con un sistema automatico di irri-
gazione a goccia a ciascuna colonna 

secondo cicli con periodicità oraria 
(4 L/h erogati per 15 minuti, 45 
minuti di pausa), corrispondenti 
a una portata giornaliera comples-
siva alimentata a ciascun pannello 
di 96 L/giorno, equivalente alla 
portata giornaliera di acqua grigia 
prodotta da 1 abitante. Le precipi-
tazioni giornaliere nel periodo del-
la ricerca (gennaio-febbraio 2021) 
sono state trascurabili rispetto al 
volume giornaliero di acqua grigia 
fornito al sistema. Il muro verde è 
costituito da due pannelli: uno av-
viato appositamente per la ricerca 
(pannello 1) ed uno in uso da circa 
15 mesi (pannello 2). Per ciascun 
pannello sono state analizzate tre 
colonne, da intendersi come repli-
che della medesima configurazio-
ne.

Fig. 1 – Struttura e schema di funzionamento di un pannello modulare.
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2.3. Campionamento e 
procedure analitiche

Le operazioni di raccolta dei 
campioni in uscita da ogni colon-
na e dell’acqua grigia alimentata 
ai pannelli sono state svolte nel 
periodo gennaio-febbraio 2021, 
per un totale di 6 date di campio-
namento e 42 campioni raccolti e 
analizzati. Le analisi dei campioni 
hanno riguardato: temperatura, 
pH, conducibilità elettrica (CE) e 
ossigeno disciolto (OD) mediante 
una sonda portatile WTW Multi 
3320 dotata di appositi sensori; 
solidi sospesi totali (SST) me-
diante filtrazione su membrane 
di cellulosa avente ritenzione 0.45 
?m; domanda chimica di ossigeno 
(COD) mediante kit Nanocolor 
COD 1500 HR, un termoreattore 
VELP COD ECO 16 e un fotometro 
AL450 Multidirect; domanda bio-
logica di ossigeno (BOD5) median-
te un incubatore VELP FOC 215E.

3. Risultati e discussione

La campagna di monitoraggio
si è svolta nel periodo invernale, 
e conseguentemente sono stati 
riscontrati valori di temperatu-
ra relativamente bassi per tutti i 
campioni di acqua analizzati. La 
temperatura media dell’acqua gri-
gia è stata pari 7.6 ± 2.6°C mentre 
i campioni in uscita dai pannelli 
hanno mostrato temperature infe-
riori (6.0 ± 3.2°C e 5.6 ± 2.7°C), in 
quanto il serbatoio dell’acqua gri-
gia è caratterizzato da un’inerzia 
termica maggiore rispetto al muro 
verde. Durante il passaggio attra-
verso il muro verde il pH dell’acqua 
è leggermente aumentato, passan-
do da valori sostanzialmente neu-
tri (7.3 ± 0.2) per l’acqua grigia a 
valori lievemente alcalini (7.8 ± 0.2 
per entrambi i pannelli), indice di 
un processo di progressivo equi-
librio dell’acqua con il terreno dei 
vasi. Per quanto riguarda la con-

ducibilità elettrica, non sono state 
riscontrate differenze significative 
tra i valori dell’acqua grigia (699 
± 10 μS/cm) e quelli in uscita dai 
pannelli (699 ± 12 μS/cm e 707 
± 12 μS/cm, rispettivamente per 
i pannelli 1 e 2), suggerendo l’as-
senza di fenomeni significativi di 
rilascio di sali da parte del mezzo 
filtrante.

Considerando l’andamento dei 
SST (Fig. 2), nel periodo di cam-
pionamento le concentrazioni 
nell’acqua grigia si sono attestate 
su un valore medio pari a 42.4 ± 
21.3 mg/L, e sono state caratteriz-
zate da alcune variazioni (in par-
ticolare nel campionamento del 
03/02/2021), presumibilmente 
legate a processi di sedimentazio-
ne e ri-sospensione all’interno del 
serbatoio. Nonostante le variazio-
ni nelle caratteristiche dell’acqua 
grigia, le concentrazioni di SST in 

uscita da entrambi i pannelli sono 
decisamente ridotte, con valori lie-
vemente inferiori per il pannello 1 
(1.7±2.4 mg/L) rispetto al pannel-
lo 2 (4.2 ± 3.9 mg/L); i valori mag-
giori per il secondo pannello sono 
soprattutto legati a un episodio di 
intasamento – e successivo rilascio 
di solidi – del dreno di un singolo 
vaso verificatosi il 10/02/2021. 
L’analisi delle serie temporali mi-
surate ha fornito valori di efficien-
za di trattamento pari a 96 ± 3% 
(pannello 1) e 87 ± 17% (pannello 
2). Il pannello più recente sembra 
quindi mostrare una maggiore ef-
ficacia nella rimozione dei solidi 
sospesi, sebbene tale differenza sia 
principalmente legata all’episodio 
di intasamento del 10/02/2021 
precedentemente descritto.

Prendendo in esame l’andamen-
to del BOD5 (Fig. 3), ad eccezione 
del 13/01/2021 (il cui valore è sta-

Fig. 2 – Andamento dei solidi sospesi totali (SST) nel periodo di monitoraggio.

Fig. 3 – Andamento della domanda biologica di ossigeno (BOD5) nel periodo di monito-
raggio.
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to sottostimato per un problema 
tecnico ed è stato quindi esclu-
so dall’analisi) la concentrazione 
di BOD5 nell’acqua grigia è stata 
piuttosto stabile (55.7 ± 9.0 mg/L) 
durante tutto il periodo di monito-
raggio. Entrambi i pannelli hanno 
mostrato valori di concentrazione 
finali estremamente bassi, pari a 
0.2 ± 0.2 mg/L e 1.3 ± 2.2 mg/L. 
La capacità di rimozione del BOD5 
è stata molto elevata, con differen-
ze minime tra i valori di efficienza 
di rimozione del primo pannello 
(99.7 ± 0.4%) e del secondo (98.1 
± 3.2%). Questi risultati sono co-
erenti con i valori di efficienza di 
rimozione del BOD5 riportati in 
letteratura, pari a 44-97% (Masi et 
al., 2016; Prodanovic et al., 2017; 
Boano et al., 2020b) e dimostrano 
le ottime prestazioni dei muri ver-
di anche in condizioni invernali.

Per quanto riguarda l’andamen-
to del COD (Fig. 4), l’acqua grigia 
è stata caratterizzata da modeste 
variazioni di concentrazione, che 
si è mantenuta stabile intorno a 
un valore medio di 116.8 ± 18.5 
mg/L. Le concentrazioni in uscita 
dal muro verde si sono attestate su 
valori più bassi e sia per il primo 
(24.3 ± 5.3 mg/L) che per il secon-
do pannello (20.9 ± 1.5 mg/L). Si 
noti tuttavia che per le concentra-
zioni in uscita sono stati talvolta 
riscontrati valori inferiori al limite 
di rilevabilità (< 20 mg/L), e che tali 
valori sono stati cautelativamente 

considerati pari ai 20 mg/L nell’a-
nalisi dei dati; questa scelta ha 
comportato una sovrastima delle 
concentrazioni in uscita dal muro 
verde e una sottostima dell’effi-
cienza del trattamento. Seppure 
con queste cautele, i risultati indi-
cano che entrambi i pannelli sono 
stati in grado di rimuovere effica-
cemente il COD; le differenze tra le 
efficienze di rimozione del primo 
(79 ± 2%) e del secondo pannello 
(82 ± 3%) possono essere conside-
rate trascurabili, e i valori ottenuti 
sono in linea con i valori tipici (46-
95%) riscontrabili in letteratura 
(Gattringer et al., 2016; Jin et al., 
2018; Boano et al., 2020b; Proda-
novic et al., 2020).

4. Conclusioni

Il presente lavoro ha analizzato
l’utilizzo di un muro verde per il 
trattamento di acque grigie in con-
dizioni invernali di temperatura e 
carico idraulico elevato, entrambe 
particolarmente impegnative per 
i processi di trattamento; in par-
ticolare, sono state confrontate le 
prestazioni di due pannelli entrati 
in funzioni in momenti differenti, 
a circa 15 mesi di distanza. I risul-
tati hanno dimostrato le ottime 
potenzialità del muro verde per il 
trattamento delle acque grigie, con 
valori medi di efficienza di rimozio-

ne molto elevati per quanto riguar-
da i solidi sospesi totali (> 87%), il 
BOD5 (> 98%) e il COD (> 87%), 
e modeste fluttuazioni nel tempo.

Il confronto tra i risultati dei due 
pannelli ha indicato una lieve per-
dita di efficienza nella capacità di 
rimozione dei solidi sospesi totali 
per il pannello in funzione da due 
anni (87 ± 17%) rispetto a quello 
nuovo (96 ± 3%), verosimilmente 
dovuta a una maggiore frequenza 
di fenomeni di intasamento. La 
prosecuzione della campagna di 
monitoraggio permetterà di veri-
ficare la persistenza di tali proble-
mi, che potrebbero essere mitigati 
mediante miglioramenti del siste-
ma di drenaggio o con l’utilizzo di 
substrati differenti che portino a 
un minore cessione di materiali 
fini. Per quanto riguarda le so-
stanze organiche, non sono state 
riscontrate differenze significative 
tra i due pannelli per la rimozione 
di BOD5 e COD, confermando l’ele-
vato potenziale dei muri verdi per 
il trattamento delle acque grigie.
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1. Introduction

According to the last survey
conducted in 2016 (Smiraglia and 
Diolaiuti, 2015), 903 glaciers are 
present on the Italian territory, 
mainly along the Alpine arc, except 
for the Calderone Glacier, located 
in Abruzzo, with a total surface 
area of 368 km2. They are cha-
racterized by different sizes, eleva-
tion, slope and exposure, and also 
by different geology and feeding 
methods.

Glaciers are exploited for nu-
merous human activities, both 
indirectly, through water supply, 
reservoir feeding and irrigation, 
and directly, through sports-re-
creational activities and tourism. 
Therefore, glaciers are a resource 
to be conserved and protected.

Italian glaciers began to melt 
due to natural causes in the second 
half of the 19th century, at the end 
of the “Little Ice Age” (Lamb, 1972; 

Mann, 2003; Carturan et al., 2016). 
Over the last century, and in parti-
cular from the 1980s, the melting 
rate has increased significantly, 
mainly due to global warming cau-
sed by the enormous emissions of 
greenhouse gases. Also, the glacier 
darkening (Fugazza et al., 2019), 
caused by the deposit of polluting 
dark particles carried by the atmo-
sphere on the surface of glaciers, 
and the formation of unicellular 
reddish algae Ancylonema norden-
skioeldii (Di Mauro et al., 2020) in-
creased the melting. In fact, both 
these two factors reduce the albe-
do of the frozen surface, increasing 
the absorbed solar radiation and, 
therefore, accelerating its melting.

The quantification of melting 
over time has been described in 
Glaciers Inventories. The first Ita-
lian one, compiled by the Italian 
Glaciological Committee (CGI), 
was published in 1959-1962 (CNR 
and CGI, 1962). Thereafter, the 

World Glacier Inventory (WGI) 
was published in 1989 (Haeber-
li et al., 1989), with full details at 
the dedicated web page hosted by 
the World Glacier Monitoring Ser-
vice. The Italian data entered in 
the WGI derived from aerial pho-
to analysis, but in some cases the 
used images proved to be affected 
by a not negligible snow coverage. 
Anyway, a decrease in glacier area 
was observed between the CGI 
and the WGI inventories (Ajassa 
et al., 1997; Diolaiuti et al., 2012).

In 2016, a new Italian Glacier In-
ventory was published (Smiraglia 
and Diolaiuti, 2016), exploiting hi-
gh-quality and high-resolution or-
thophotos derived by flights betwe-
en 1999 and 2011. Orthophotos 
were characterized by low or absent 
cloud coverage and were acquired 
in late summer, when glaciers 
show minimum snow cover and, 
therefore, their boundaries appe-
ar clearer and are more detectable. 
Few exceptions occur in case of 
debris covered glaciers (Smiraglia 
and Diolaiuti, 2011), making more 
difficult and uncertain to detect 
and map the glacier outlines. Or-
thophotos planimetric resolution 
varies between 0.5 and 1 m, the 
planimetric accuracy stated by the 
manufacturers varies between 1 m 
and 2 m, depending on the perfor-
med flight (Smiraglia and Diolaiu-
ti, 2016). Instead, the planimetric 
accuracy of the oldest data (1958-
1989) was estimated equal to 5 m 
(Ajassa et al., 1997).
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The present research aims to 
contribute to the understanding 
of the dynamics governing glacier 
melting as a function of different 
glacier types and geomorpholo-
gical parameters, analysed in GIS 
environment.

Thirteen glacial systems were 
chosen to represent the different 
features and including the most 
significant and particularly inte-
resting ones (red dots in Fig. 1). 
Automatic image classification 
was applied to the orthophotos of 
such glaciers, so to evaluate their 
spatial variation over time. Mo-
reover, on-site inspections were 
carried out to identify portions 
of the glacier covered by debris, 
hence not identifiable by image 
classification, as well as any pecu-
liarities and boundary conditions. 
Then, the results of image classi-
fication were integrated with the 
data already present in the CGI 
(1959-1962) inventory, in the 
WGI and in the New Italian Gla-
cier Inventory (2016), to highli-
ght the amount of glaciers area 
reductions. Hence, the influence 
of geomorphological parameters 
and boundary conditions were in-
vestigated. In order to assess the 
influence of some parameters, the 
morphological analysis was ex-
tended to 15 additional glaciers 
(orange dots in Fig. 1). Conclu-
sions summarize the results and 
mention criticalities, that can oc-
cur both in the short term in form 
of sudden events, and in the long 
term, as a result of a trend that has 
persisted for many years.

2. Analysis of the
phenomenon in GIS
environment

The workflow in GIS environ-
ment can be divided into two pha-
ses. The first one consisted in the 
automatic classification of the ae-

rial photos for the identification of 
glacier mass boundaries. Possible 
classification errors highlighted 
by on-site inspections were cor-
rected before calculating the gla-
cial surfaces and evaluating their 
temporal evolution. In the second 
phase, the average morphological 
characteristics of each glacier, such 
as elevation, slope and exposure, 
were extracted from the available 
Digital Terrain Models (DTMs) 
and then analysed, together with 
site-specific features, in order to 
highlight correlations between 
each parameter and the melting 
intensity.

Supervised classification of the 
images was performed using the 
Sequential Maximum A Posterio-
ri (SMAP) algorithm (Bouman and 
Shapiro, 1992 and 1994) in the 
Free and Open-Source software 
GRASS GIS. SMAP exploits the 
fact that nearby pixels in an image 
are likely to have the same class. 
The algorithm works by segmen-
ting the image at various scales or 
resolutions and using the coarse 
scale segmentations to guide the 
finer scale segmentations. This 

allows SMAP to produce segmen-
tations with connected regions 
larger than a fixed class, reducing 
the number of classification er-
rors. This is particularly useful in 
the present case, where it is not 
necessary to identify individual 
objects.

The classes are defined by the 
operator thanks to a training map, 
from which the spectral signatu-
res are extracted. A spectral class 
Gaussian mixture distribution 
model improves the segmentation 
performance by modelling each in-
formation class as a probabilistic 
mixture with a variety of subclas-
ses, identified by clustering.

In the present research, no more 
than three or four classes were in-
dicated by the operator in the trai-
ning maps, depending on each site: 
glacier and rocky area are always 
present, sometimes also lakes, ve-
getations or shadows (Figure 2).

Then, the spectral average values 
and the variance and covariance 
matrix relative to the three visi-
ble spectral bands (red, green and 
blue), calculated for each class and 
the relative subclasses, were used 

Fig. 1 – Geographical position of the Italian glaciers (in blue). The 13 ones analysed by 
image classification (red points): 1) Goletta; 2) Grivola; 3) Trajo; 4) Rutor; 5) Planpincieux; 
6) Vofrede; 7) Mont Blanc du Creton; 8) Tzere; 9) Adamello; 10) Presena; 11) Fradusta; 12)
Marmolada; 13) Calderone. The 15 ones analysed from the morphological point of view
(orange points): 1) Clapier; 2) Vallanta; 3) Galambra; 4) Vallonetto; 5) Bard; 6) Carro; 7) Gran 
Tournalin; 8) Camposecco; 9) Trobio; 10) Sissone; 11) Occidentale di Val Viola; 12) Forà; 13)
Corni di Venezia; 14) Occidentale del Sorapis; 15) Occidentale Canin.
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by SMAP algorithm to classify the 
images. If necessary, the results of 
the classification were corrected 
manually, either to insert areas 
covered by debris inside the gla-
cial boundary that were classified 
as rocks, and to exclude areas co-
vered by snow that had fallen into 
the class of glacial masses. Hence, 
the surface extension of the glacial 
apparatuses was computed and 
compared with previous measu-
rements coming from the Glaciers 
Inventories (Smiraglia and Diola-
iuti, 2016; CNR and CGI, 1962; 
Haeberli et al., 1989), to evaluate 
the spatial variation over time (Fig. 
3). Figure 4 shows images demon-
strating the spatial reduction of 
Goletta Glacier, taken as example.

During the second phase of the 
GIS analysis, the average or cha-
racteristic values of different para-
meters and boundary conditions 

influencing the melting process 
were identified for each site by 

analysing technical and thematic 
cartography. From the Digital Ter-

Fig. 2 – Training areas for supervised classification (on the left), related to the Goletta Glacier in 2012: glacier (green), rocky area (dark 
green) and lake (brown). Classified map of the Goletta Glacier (on the right): glacier (dark blue), rocks (light blue) and lake (yellow).

Fig. 3 – Boundaries of the Goletta Glacier in 1999 (green) and in 2012 (red), identified by image classification (on the left). Trend of the 
spatial variation over time (on the right) coming from the Glaciers Inventories (blue) and the present elaboration (red).

Fig. 4 – Goletta Glacier in 1998 (above) and in 2019 (below).
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rain Model (DTM) of each site, the 
slope and aspect maps of glaciers 
were created, from which average 
values were extracted for compa-
rison over time, to study if and 
how the melting rate is related to 
the inclination and exposure of the 
glacier masses. To assess the in-
fluence of geographic location on 
Italian glaciers, 15 glacial appara-
tuses were identified, 8 belonging 
to the western sector and 7 to the 
eastern sector, having comparable 

characteristics in terms of size, 
exposure and average altitude. In 
the following section the influence 
of such parameters is analysed.

3. Results

Glaciers exhibit very different 
area variations (Tab. 1), due to 
their different morphology and 
boundary conditions. Ten of the 

thirteen glacial systems, analysed 
by automatic image classification, 
have undergone areal reductions: 
on average, the relative surface 
loss was 37.1% between 1958 and 
2016.

The glaciers that underwent 
the greatest relative reductions 
between 1954 and the last decade 
were the Fradusta (-93.8%), Tzere 
(-81%), Presena (-68.3%), Vofrede 
(-62.9%) and Calderone (-51.9%) 
Glaciers. Instead, Planpincieux 

Tab. 1 – Percentage variation of the analysed glaciers compared to 1958: values derived by the present work (in bold) and by the Glacier 
Inventories. Surface compared to 1958 [%].

Glacier 1958 1964 1973 1980 1982 1994 1999 2000 2006 2007 2009 2011 2012 2015 2016

Goletta 100 - - 100 - - 79.6 - - - 72.5 - 65.4 - -

Grivola 100 - - 129.2 - - 124.3 - - - 97.9 - 104.6 - -

Trajo 100 - - 111.7 - - 105.5 - - - 100.5 - 101 - -

Rutor 100 - - - - - - 93.9 - - 88.6 - - - -

Planpincieux 100 - - - - - 95.7 - - - 93.9 - 77.4 - -

Vofrede 100 - - 74.2 - - - - 51.6 - 41.3 - - - 37.1

Mont Blanc 100 - - 160 - - - - 80 - 114 - - - 114

Tzere 100 - - - - - 50.6 - 34.6 - - - 25.5 - 19

Adamello 100 - - - - - - - - 74.3 - - - - -

Presena 100 - 95.1 - - 65.9 - - 39 - - - - 31.7 -

Fradusta 100 - 55.4 - - 30.8 - - 15.4 - - 10.8 - 6.2 -

Marmolada 100 95.4 - - 78.2 - - 67.5 55.6 - - 50.2 - - -

Calderone 100 - - 83.3 - - - - - 66.7 - - - 48.1 -

Fig.  5 – Influence of glacier initial area on melting: glaciers with initial area > 1 km2 (continuous line) and with initial area < 1 km2 (broken line).
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and Rutor Glaciers have under-
gone minor surface reductions, 
–22.6% and –11.4%, respectively.
Finally, some apparatuses show
slight positive areal variations,
such as the Trajo (+ 1.0%), Grivola
(+ 4.6%) and Mont Blanc du Cre-
ton (+ 14.0%) Glaciers.

From the dimensional point of 
view, smaller glaciers, with an ini-
tial area lower than 1 km2 (broken 

line in Fig. 5), had on average a hi-
gher percentage areal variation.

A similar behavior was observed 
on glaciers located at mean altitu-
des below 3000 m (broken line in 
Fig. 6). Note that the Fradusta gla-
cier, characterized by initial area 
lower than 1 km2 and a mean al-
titude below 3000 m, underwent 
the greatest areal reduction and it 
is now close to disappear.

The analysis of minimum and 
maximum elevation of each glacier 
highlights that minimum glacier 
elevations increased on average 
from 1958 to the recent years, due 
to increased melting of the lower 
elevations (Fig. 7). On the other 
hand, there is no trend in the ma-
ximum elevations, as they are in-
fluenced by other factors.

Higher melting rates was also 

Tab. 2 – Geographical differences of 15 glaciers belonging to different Alpine sectors.

Glacier Geographical location Average height [m] Exposure 1958 area [km2] 2006 area [km2] Residual area [%]

Clapier Piemonte, Valle Gesso 2775 north 0.3 0.04 13.3

Vallanta Piemonte, Monviso 2925 north-west 0.15 0.06 40

Galambra Piemonte, Val di Susa 2950 north-west 0.5 extinct 0

Vallonetto Piemonte, Val di Susa 3050 north-west 0.14 extinct 0

Bard Piemonte, Val di Susa 3050 north-west 0.41 extinct 0

Carro Piemonte, Valle Orco 2769 north 0.34 0.18 52.9

Gran Tournalin Valle d’Aosta, Valtournanche 3075 north-west 0.12 extinct 0

Camposecco Piemonte, Valle Antrona 2890 north-east 0.3 extinct 0

Trobio Lombardia, Val Seriana 2614 north-west 0.19 0.09 47.4

Sissone Lombardia, Val Marenco 2878 east 0.6 0.54 90

Occ. Di Val Viola Lombardia, Val Viola 2970 north 0.19 0.1 52.6

Forà Lombardia, Val Zebrù 2980 north 0.5 0.45 90

Corni di Venezia Trentino, Val di Bon 2636 north-east 0.32 0.17 53.1

Occ. Del Sorapis Veneto, Dolomiti 2538 north 0.25 0.18 72

Occ. Canin Friuli, Alpi Giulie 2387 north 0.09 0.06 66.7

Fig.  6 – Influence of glacier elevation on melting: glaciers located at altitude > 3000 m (continuous line) and at altitude < 3000 m (broken line).
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observed in those glaciers which 
are geographically located along 
the western Alpine sector (Fig. 1 
and Tab. 2). This could be related 
to the lower snowfall rate during 
the winter season in the western 
sector with respect to the easter 
one. Hence, glaciers in the western 
sector have less supply and less 
protection from solar radiation 
during the summer months.

Furthermore, the highest mel-
ting rate was found in south-facing 
glacial systems, as Tzere and Vofre-

de Glaciers, due to the higher solar 
radiation reaching these surfaces. 
This aspect is particularly relevant 
in the Valle d’Aosta region, where 
many glacial systems exposed to 
the south are present, due to the 
orographic conformation and the 
high altitudes.

In terms of feeding, glaciers can 
be divided into three types (Fig. 8):
-  glaciers that are fed exclusively

by snowfall;
-  glaciers that receive additional

input from adjacent slopes (in

the form of snowmelt dischar-
ge) or from upstream glacier 
mass flow;

-  glaciers that once belonged to
the former type, but now are
separated from the main glacial
mass and no longer receive the-
se additional contributions.
On average, the glacial masses

belonging to the third type have 
the greatest area reductions, while 
those belonging to the second type 
have the lowest area losses because 
summer melting is partially com-

Fig. 7 – Minimum (blue and orange) and maximum (green and red) glaciers elevation [m] in 1958 and 2016, respectively.

Fig. 8 – Examples of glaciers with different feedings systems: the Goletta Glacier (left) is fed exclusively by snowfall because it is located 
on a plateau; Planpincieux Glacier (center) is fed by snow discharges from the adjacent steep slopes; the lower Fradusta Glacier (right) 
was detached from the upper portion that no longer feds it.
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pensated for by additional snow 
contributions (Fig. 9).

Another important parameter 
that influences the melting rate 
is the coverage of glaciers with 
snow or debris. The snow cover 
was analysed on the basis of snow 
measuring stations, and the de-
bris cover by means of on-site in-
spections.

With regard to snow cover, the 
thicker it is, the more protection 
it gives to the underlying glacier 
during summer. The greatest co-
verage was recorded along the ea-
stern Alpine sector and in glaciers 

located at the base of steep slopes, 
from which they received snow 
drifts. Concerning debris cover, a 
double effect was found, depen-
ding on its thickness:
-  in case of a moderately thick de-

bris cover, e.g., Fradusta Glacier
(Figs. 10-11), the underlying
glacier experienced higher melt
rates because the thin debris
layer is unable to protect the
glacier from solar radiation, and 
also causes a reduction in the
albedo factor with a consequent
increase in absorbed radiation;

-  in presence of considerable de-

bris cover, as in Calderone Gla-
cier (Figs. 10-11), the melting 
rate was lower, because the de-
bris protected the underlying 
glacier from solar radiation.
The geological composition of 

the bedrock was also a significant 
parameter in defining the melting 
dynamics. In case of a dark-colou-
red bedrock, e.g., Vofrede Glacier 
(Fig. 12), the glacier experienced 
higher melt rates due to the low 
albedo values of the surrounding 
rock and the consequent higher 
amounts of absorbed radiation, 
causing an increase in tempera-
ture. Instead, the light-coloured 
bedrock produces higher albedo, 
hence lower surface temperatures 
of the surrounding rock and less 
glacier melting, as in Mont Blanc 
du Creton Glacier (Fig. 12).

4. Conclusions

Italian glaciers are undergoing a
significant areal reduction, caused 
not only by a natural trend, but 

Fig. 9 – Influence of feeding differences on areal reduction: glaciers that feed exclusively with snowfall (broken line), glaciers that also 
receive snow discharges from the surrounding slopes (continuous line), fragmented glaciers that were once also fed by discharges from 
the surrounding slopes (dotted line).

Fig. 10 – Debris covering differences: modest debris cover of Fradusta Glacier (dark blue) 
and considerable debris cover of , while Calderone Glacier (light blue).
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also by the global warming and the 
darkening of their surfaces.

Supervised contextual classi-
fication of aerial images showed 
that ten of the thirteen analysed 
glacier systems experienced areal 
reductions, and the relative area 
lost between 1958 and 2007-2016 
was 37.2% on average.

In addition, a GIS analysis of 
the main characteristics of Italian 
glaciers showed a greater tendency 
to melt in glaciers smaller than 1 
km2, located in the Western Alps, 
at low to medium altitudes, facing 
south. Moreover, the lack of fee-
ding from the surrounding slopes 
and from glacial masses located at 
higher altitudes, the lack of snow 
cover or thick debris during the 

summer season and a dark geolo-
gical bedrock increase the pheno-
menon.

The general trend of glacier 
melting is generating several cri-
ticalities on the territory and on 
numerous anthropogenic activi-
ties (born in the past thanks to the 
presence of glacial systems), that 
will become increasingly marked if 
this trend is not halted. Criticality 
can occur both in the short term, 
in the form of sudden events, and 
in the long term, as a result of a 
trend that has persisted for many 
years. They can affect areas close to 
glaciers as well as those far away 
but in the same drainage basin. 
The repercussions on the territory 
in the short term were of greater 

intensity but easier to manage and 
control, also thanks to geomatics 
monitoring techniques. On the 
contrary, the criticalities linked 
to long-term trends are more 
complex to manage and more im-
pacting from a socio-economic and 
environmental point of view.

Short-term criticalities include 
glacial mass detachments, rock 
fall from slopes, in the form of 
rockfall or debris flow, depending 
on the type of material and the 
degree of fracturing of the rock. 
In addition, the formation of epi-
glacial and subglacial lakes is very 
dangerous for the possible rupture 
of their glacial perimeter and the 
generation of a massive flood wave 
towards the valley.

Long-term trends may genera-
te water scarcity in the summer 
months, an increase in solid tran-
sport due to the release of sedi-
ments present in the solid matrix 
of the glacier with the consequent 
silting up of water courses and 
reservoirs (Lindsey and Comiti, 
2019), the progressive disappea-
rance of the summer ski area and 
the reduction of the landscape 
and environmental value. In order 
to avoid these problems, at least in 
part, a better management of wa-
ter resources will be increasingly 

Fig. 11 – Lower portion of Fradusta Glacier (left) covered by a modest debris layer and Calderone Glacier (right) covered by a conside-
rable debris layer.

Fig. 12 – Geological differences in the bedrock: Vofrede Glacier (yellow line) is located on a 
bedrock consisting of dark-coloured paragneiss, Mont Blanc du Creton Glacier (blue line) is 
located on bedrock consisting of light-coloured marbles, dolomitic marbles and dolomites.
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important to maintain the current 
economic and social models even 
when there is less water. To achie-
ve this goal, structural and mana-
gement measures will be needed 
on reservoirs, on the urban water 
network, with the modernisation 
of existing networks, and in agri-
culture, with the use of innovative 
techniques that allow less water to 
be wasted.

Finally, a solution to prevent the 
rapid melting of limited areas of 
glacier of high economic and land-
scape value consists in the use of 
geotextile sheets of white non-wo-
ven material (mainly polypropyle-
ne and polyester) placed over the 
ice surface (Senese et al., 2014). 
This solution allows to increase 
the albedo of the surface, and the-
refore to reduce its surface tempe-
rature and, consequently, the mel-
ting rate of the glacier during the 
summer months. Among the first 
examples of this application, there 
are portions of the Presena Glacier 
in Italy, covered to preserve the ski 
slope below, and portions of the 
Rhone Glacier in Switzerland, to 
safeguard the ice caves present in 
its terminal portion.
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1. Introduction

The current state of provision
of the territory of Ukraine with 
topographic maps of the entire 
scale is characterized as critical 
because the works on the natio-
nal topographic mapping of the 
entire country have not been car-
ried out for a long time (Karpin-
skyi & Lazorenko-Hevel, 2018; 
Karpinskyi and Lazorenko-Hevel, 
2020a, 2020b). Adoption of the 
Law of Ukraine “On National In-
frastructure of Geospatial Data” 
on 13th April 2020 and its imple-
mentation emphasized the urgent 
need and urgency in creating the 
Core Reference datasets, which 
form a unified digital coordina-
te-spatial basis for production, in-

tegration and other activities with 
different thematic geospatial da-
tasets (The NSDI Law of Ukraine, 
13.04.2020).

The research is related to the 
implementation of the Ukrai-
nian-Norwegian project “Maps 
for good land governance” (herei-
nafter – project).

The seamless topographic da-
tabase of the Main State Topo-
graphic Map is being created for 
the first time in Ukraine within 
the framework of the project, the 
input data of which are the upda-
ted digital topographic maps of the 
scale 1:50 000, which will public on 
the Geoportal for providing access 
to the Core Reference datasets of 
the national level of the NSDI of 
Ukraine, metadata and GIS servi-

ces on the Internet. There is one 
of the main peculiarities of the 
created digital topographic maps 
of the scale 1:50 000 that they are 
hybrid because of the updating 
of features with clear contours 
(networks of roads, streets, dri-
veways, blocks and houses, power 
lines (voltage over 35 kV)) is per-
formed with detail and accuracy of 
the scale 1:10 000, and updating 
all other features – with an accu-
racy of 1:50 000. Certain peculia-
rities were defined by authors in 
the process of creation (updating) 
digital topographic maps of the 
scale 1:50 000/1:10 000: automa-
ted creation of new virtual and as-
sociated features, use rules of the 
digital description of topographic 
features and rules of topological 
relations between features of a 
digital topographic map, provi-
ding of automated quality control 
of updated digital topographic 
maps, development the Geoportal 
project monitoring and support 
system for production process 
automation, control of implemen-
tation and simplification of access 
to information exchange between 
project participants.

The purpose of the article is 
to research the peculiarities of 
creation (updating) of digital 
topographic maps of the scale 
1:50 000/1:10 000 which would 
satisfy the requirements for the 
development of the seamless To-
pographic Database of the Main 
State Topographic Map.

DX.DOI.ORG/10.19199/2021.162.1121-9041.019
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2. Results

2.1. The virtual features of 
digital topographic maps

The new requirements to create 
topographic database defined the 
need to create new features that 
do not belong to real-world fea-
tures (Kainz, 1987; Armenakis, 
C. et al., 2002; Jakobsson, 2006;
Mosharaf Hossain, 2008; Lüscher, 
2011; Geoscience Australia, 2012;
García et al., 2013; Olszewski R.
et al., 2013; Kent & Hopfstock,
2018), the so-called virtual, for
updating digital topographic maps 
for example watercourses. Water-
courses are created automatically
products of equidistant – the lines
equidistant from the banks of ri-
vers and waters, which are present
by a segmental-nodal model and
create tree-networks (rivers, in-
flowing streams of the first and
second rank, etc. with possible
contours around the islands) (Fig.
1). The watercourses will be used
during the creation of the seam-
less topographic database for the
construction of a model of an ag-
gregate hydrographic network.

The new feature “Watercourse” 
was added to the data set “Hydro-
graphy and hydraulic structures” 
to ensure the construction of a 
continuous hydrographic network 
in the ArcGIS and Classifier geo-
database. The rules of digital de-
scription of watercourses are given 
below:
-  virtual watercourse lines are cre-

ated using the Production Cen-
terline tool of the ArcGIS 10.5
software during the creation
of polygonal feature of hydro-
graphy;

-  watercourses are vectorized on
polygonal features of hydro-
graphy that have a headwater,
for example, in lakes without a
headwater, the watercourse line
is not displayed;

-  on the main watercourse in a
place of connection the nodal

point is created at connection 
of two linear watercourses;

-  the features are separated by a
virtual line that separates the

outflows of the inflow and the 
main course in the areas of con-
nection of polygonal features of 
the main course and inflows;

-  virtual watercourse lines are not 
carried out through polygonal
features of hydrography which
without a drain etc.
The associated complex features

are created at the stage of upda-
ting digital topographic maps, for 
example, blocks and boundaries of 
the settlements due to the automa-
ted production of equal distances 
(streets) and buffer zones around 
the different type of streets (Fig. 2).

2.2. The Geoportal project 
monitoring and support 
system

The authors and the staff of Sta-
te Enterprise “Research Institute 
of Geodesy and Cartography” were 
developed the Geoportal project 
monitoring and support system 

Fig. 2 – Example of the vector models of blocks and settlement.

Fig. 1 – Example of the vector models of 
watercourses.



Aprile 2021 21

ambiente

for production process automa-
tion, control of implementation 
and simplification access to infor-
mation exchange between project 
participants, which includes the 
following modules: register of the 
map sheets, register of executors 
and cartographers; the subsystem 

of the Executors’ personal cabinet; 
subsystem of cartographic ma-
terial delivery; the subsystem of 
control works delivery terms; onli-
ne maps of performing works/map 
sheets. Figure 3 shows a cartogram 
of the status of works by executors.

The Geoportal contains the fol-

lowing modules:
1.  schematic maps of the project:

mapping map sheets status
(Fig. 3), mapping of categories
of complexity (Fig. 4), mapping
map sheets of distribution by
performers, mapping of work
schedule;

Fig. 3 – The cartogram of the status of works by executors.

Fig. 4 – The cartogram of complexity categories.
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2.  the initial data: reference mo-
dels of digital topographic maps 
of scale 1:50 000, orthopho-
tos PlanetScope, orthophotos
1:10 000, topographic maps
1:50 000. The initial data for the 
project is published on the Geo-
portal, which can be accessed by 
a registered user;

3.  executors’ office (Fig. 5), news
(commissions, results of work);

4.  Executors’ office guide and Geo-
portal user guide;

5.  The Technical Support
6.  FAQ.

2.3. Automated quality 
control

Quality control of the work is 
carried out as a result of testing 
with the use of ArcGIS software 
and consists of the following sta-
ges (Preparatory works, 2019):
1.  completeness check – the pre-

sence or absence of features,
their attributes and relation-
ships;

2.  verification of logical consisten-
cy of data;

3.  the degree of compliance of the
data with the logical rules of

data structure defined by the 
rules of digital description of 
topographic data;

4.  control of compliance of the va-
lues of the attributes of the ran-
ge of permissible values;

5.  assessment of the planned loca-
tion accuracy of the topographic 
features;

6.  establishment of attributive
(thematic) accuracy – accuracy
of quantitative attributes and
correctness of non-quantitative
attributes and classification of
features and their relations;

7.  checking the topology classes;
8.  metadata check and availability.

The peculiarities of using topology 
rules:
1.  Topology rules apply to geospa-

tial features of the same feature
class or to geospatial relation-
ships between features of diffe-
rent classes;

2.  Topology rules take into ac-
count the topographic code of a
geospatial features;

3.  The rules of topological relations 
take into account the attributi-
ve data of geospatial feature
classes, which allows you to add
exceptions to the rules, so the to-

pology is not performed entirely 
for the whole class, but taking 
into account the condition to it.
The 141 rules of topological 

relations between the spatial fe-
atures are formulated in ArcGIS 
to ensure the correctness of the 
creation (updating) of digital to-
pographic maps, editing spatial 
features based on topographic co-
des, attributes of spatial feature 
classes: Must Be Larger Than Clu-
ster Tolerance; Must Not Overlap; 
Must Not Have Gaps etc. The auto-
mated quality control of updated 
digital topographic maps is per-
formed using ArcGIS 10.5 and the 
software package “Validate”, whi-
ch was created using the Python 
programming language to verify 
logical consistency, compliance 
with the rules of topological rela-
tionships between features on the 
map, availability and content of 
metadata, edge matching of adja-
cent map sheets (Lazorenko-Hevel 
et al.,2020).

Besides, the process of estima-
tion the accuracy of the planned 
position of features is automated 
using the Python programming 
language by comparing 20 coordi-
nates of control points which were 

Fig. 5 – The interface of the executor’s office.
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determined by the orthophoto 
with the coordinates of the cor-
responding points of the updated 
digital topographic map and calcu-
lating the root mean square error 
(RMSE) of the feature. The root 
mean square error of the updated 
digital topographic map is calcula-
ted by the formula (1):

M M Mf s= +2 2  (1)

where: Ms is the RMSE of the or-

thophoto of the scale 1: 10 000, 
which is 0.5 mm on the scale of the 
orthophoto (5 m – on the ground); 
Ms is the RMSE of the position of 
the control point of the digital to-
pographic map.

The RMSE of the control points 
of the digital topographic map Ms 
is calculated by the formula (2):

M M Ms x y= +2 2  (2)

where: Mx, My are the RMSEs of 

the position of control points in 
the coordinates X and Y.

The RMSE of the position of 
control points in the coordinates 
X and Y is calculated by the formu-
las (3, 4):

M
nx
i
n

xi=
å D2

(3, 4)

M
ny

i
n

yi=
å D2

where: Δxi and Δyi are the increase 
of coordinates of X and Y.

Figure 6 shows an estimation of 
accuracy for one of the updated di-
gital topographic map M-36-51-B. 
In the same way, 1288 updated 
map sheets were estimated for the 
territory of Ukraine within the 
project.

3. Conclusions

The creation of the seamless to-
pographic database formulates the 
need to increase the intellectual 
level of creation spatial data of to-
pographic features. So, the authors 
offer some peculiarities for the clas-
sical technology of creation (upda-
ting) digital topographic maps: cre-
ation virtual features that do not 
belong to the real world, such as 
watercourses, blocks, boundaries 
of settlements; development of 
the Geoportal project monitoring 
and support system for automa-
tion of the production process and 
exchange of information between 
project participants; implementa-
tion of automated quality control 
of digital topographic maps. Upda-
ted digital topographic maps will 
be used for the formation of the 
Main State Topographic Map as a 
set of interconnected structured 
geospatial data in the topographic 
database and arrangement it on 
the Geoportal for the development 
of NSDI in Ukraine.

N. Xmap Ymap Xortho Yortho ΔXi ΔYi ΔX2i ΔY2i RMSE
1 6359724.668 5593026.534 6359724.759 5593025.959 009 –0.53 001 0.33 0.53
2 6368050.944 5597674.428 6368048.028 5597671.872 –2.92 –2.56 8.50 6.53 3.33
3 6370730.306 5597660.42 6370723.62 5597660.239 –169 –0.11 2.84 003 1.70
… … … … … … … … … …
19 6358439.707 5530346.563 6358440 396 5580346.353 069 –0.20 0.47 004 0.72
20 6369449.545 5539756.171 6369451.761 5539755.556 2.22 –0.61 4.91 0.33 2.30
∑ 14.58 –14.90 61.14 4120 40,21
Root-mean-square error (RMSE)
Mean error

Mx = 1.75 m
My = 1.45 m
Ms = 2.27 m

M = 5.49 m
θ = 4.39 m

Fig. 6 – Estimation of accuracy of the updated digital topographic map M-36-51-B.
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1. Introduction

The world circulating fleet cur-
rently is about one billion and two 
hundred million cars, approxima-
tely there is one car on seven world 
inhabitants.

The Paris Agreement is a legal-
ly binding international treaty on 
climate change. It was adopted 
by 196 Parties at COP 21, on 12 
December 2015 and entered into 
force on 4 November 2016.

Its goal, remarked by United 
Nations, is to limit global warming 
to well below 2 °C, preferably to 
1.5 degrees Celsius, compared to 
pre-industrial levels. To achieve 
this long-term temperature goal, 
countries aim to reach global pea-
king of greenhouse gas emissions 
as soon as possible to achieve a cli-
mate neutral world by mid-century.

The increasing supply of lithium 

battery for automotive sector is gi-
ven by the rising demand of techno-
logies that must lead towards decar-
bonization and eco-sustainability.

Currently methodological chal-
lenges of emerging battery te-
chnologies, involving economic, 
ecologic, and social impacts, start 
to be analyzed and estimated in a 
prospective manner. All material, 
component, and cell developers 
as well as recyclers and other sta-
keholders need to work together in 
an interdisciplinary way, to reach 
shared visions of new battery sy-
stems (Edström et al., 2020). 

Reducing greenhouse effects 
could be achieved by the substi-
tution of Internal Combustion 
Engine (ICE) transportation with 
new generation of Battery Electric 
Vehicles (BEVs) and Hybrid 
Electric Vehicles (HEVs). Never-
theless, the ecological transition 

called “Green Deal’’ by Europe-
ans brings the enormous effort 
of exploiting a wide range of raw 
materials in order to achieve the 
transformation by maintaining 
the same economic standard. The 
huge amount of resources needed 
for the transition risks to danger 
those categories that are easily ne-
glected by wholemeal transforma-
tions such as third country popu-
lations and environment.

Human right and social unba-
lance are easily disregarded and 
local biodiversity affection might 
lead to a complete ecosystem im-
poverishment.

Li-ion batteries strong suits pro-
vides high performance, energy ef-
ficiency to the vehicle during life-
span avoiding emission of carbon 
dioxide and particulate. However, 
the complex and long roadmap of 
raw materials supply, high ener-
gy consumption of battery pro-
duction and low recycling capacity 
of many material involved make 
the future of LIBs very complex.

In particular, the tricky issue is 
made up by analyzing the world 
distribution and amount of raw 
materials necessary for the world 
objective of reducing greenhouse 
gases. In fact, according to the cur-
rent circular economy of LIBs and 
data provided by some agencies, 
the near sharp increase of demand 
of raw materials from primary 
supply will be certain.

World economic and social 
balances will change toward the 
availability of these materials, the 
velocity of the process in order to 
achieve the transformation risks 
in generating many problems as 
not respect of local populations 
and environmental equilibrium.

DX.DOI.ORG/10.19199/2021.162.1121-9041.025

Environmental and geo-
strategic effects of raw 
materials supply supporting 
the energy transition and 
electric mobility: a focus 
on the “lithium triangle” in 
South America
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get the numbers that allow to reduce greenhouse gases over the next 30 years. On the cur-
rent market, the automotive sector mainly make use of lithium-ion batteries (LIBs) as energy 
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Currently there are no raw ma-
terial shortage problems but accor-
ding to the declared objectives of 
the International Energy Agency, 
which takes up the Paris agree-
ment, of replacing at least half of 
the world’s car fleet with electric 
cars, there is a real possibility of 
running out of lithium and cobalt 
by 2050. In support of this the-
sis, the data relating to the low 
recycling percentages of some li-
ion battery elements.

2. Definitions

The value chain of LIBs sector
engages a high number of indu-
stries, starting from the mining in-
dustry to obtain the raw materials.

Specific range of raw materials 
provides relevant characteristics 
of the Li-ion battery such as spe-
cific energy and power, durability 
and safety. The specific energy of 
a lithium-ion battery depends on 
the type of cathode used and con-
stituting anode materials as well 
as their nano and micro-structures 
(Zubi et al., 2018).

The aforementioned features 
makes the Li-ion batteries the 
most competitive on the market 
for the automotive sector. In par-
ticular the most used in this re-
gard are the NMC (LiNiMnCoO2) 
and the NCA (LiNiCoAlO2) types, 
that differ in active cathode com-
pounds (Bobba, Mathieux and 
Blengini, 2019).

The most important elemen-
ts implied for battery cells units 

can be reassumed in seven essen-
tial components: Nickel, Cobalt, 
Manganese, Lithium, Aluminum, 
Graphite and Copper (Mayyas, 
Steward and Mann, 2019).

Lithium is a primary constituent 
in rechargeable LIBs for mobile 
devices and electric vehicles, and 
is used in the cathode and some 
electrolyte materials. Lithium has 
the lowest reduction potential of 
any element, giving it the highest 
possible cell potential. It also is 
the third lightest element and has 
one of the smallest ionic radii of 
any single charged ion. These pro-
perties ensure that lithium will 
continue to play a critical role in 
batteries.

Figure 1 shows the distribu-
tion of most important LIBs raw 
materials by disassembling the 
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Fig. 1 – Li-ion battery cell representation and composition; LIBs cell principal raw materials and their main extracting countries worldwide 
during 2020 according to U.S. Geological Survey (2021).
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battery cell components (Gaines, 
Richa and Spangenberger, 2018) 
and deploying them on the geo-
graphical representation accor-
ding to extraction information 
provided by U.S. Geological Sur-
vey (2021).

During the year 2020, Lithium, 
Cobalt and Graphite were included 
by the European Commission in 
the list of “Critical Raw Material”, 
that is, within the list of chemical 
elements that are essential for the 
functioning and integrity of a wide 
range of industrial ecosystems and 
which, at the same time, have very 
limited reserves and are found in a 
small number of areas in the world 
(Keersemaker, 2020).

The assessment of the “criticali-
ty” of a raw material would depend 
basically on two factors, economic 
importance and supply risks. Cri-
ticality is a concept that changes 
over time according to market con-
ditions, technological evolution 
and internal political factors, chan-
ging the geopolitical framework in 
supplier countries.

It’s important to underline the 
conceptual and methodological 
frame of resource potential exploi-
tation. The economic and technical 
conditions of a given period in a gi-
ven country permit or not the mi-
ning activity of a mineral resource 
that become a reserve, which is an 
exploitable resource (U.S. Bureau 
of Mines and U.S. Geological Sur-
vey, 1980).

Most of resources ore grades are 
currently calculated with sophi-
sticated mathematical models, on 

the basis of established knowle-
dge of the geology of a territory. 
However a raw material reserve 
may also step back to a resource, 
according to the industrial and 
economical trend, for example 
if the mineral demand decreases 
driven by the reduction in sales of 
a product.

According to U.S. Geological 
Survey (2021), lithium reserves 
have progressively risen up du-
ring years due to the increasing 
interest in technological field and 
consequently in market shares 
values.

Furthermore, the importan-
ce resource primary supply for a 
given application is based on the 
recycling capacity, reusage and li-
fe-time, in few words the material 
life cycle.

Among the battery materials, 
technologies for recycling lithium 
are currently available in the EU, 
even though not yet at industrial 
scale. Now a day lithium recovered 
by spent batteries results to bel 
less than 1% (Bobba et al., 2020).

It is also important to under-
stand the longevity of the techno-
logical application, the pros and 
cons of extending the useful life of 
the product by giving it a second 
use (Bobba et al., 2018).

So said, it is relevant to assess 
scenarios based on indexes and 
assumption in order to under-
stand the feasibility of a resource 
exploitation from environmental 
and economic point of view as il-
lustrated by some authors (Rose-
nau-Tornow et al., 2009).

3. Resources and
environment challenges

From 2013 to 2019 the total 
amount of electric vehicle BEV 
(Battery Electric Vehicles) and 
PHEV (Plug-in Hybrid Electric 
Vehicle) increased from 400.000 
units up to 7.200.000 units accor-
ding to statistics of International 
Energy Agency (Glob. EV Outlook, 
2020).

Generally, within 10 years Su-
stainable Development Scenario 
(SDS) aims to reach almost 250 
million EV and in 20 years have 
600 million electric cars in circu-
lation around the world, to be able 
to contain the average warming 
of the planet below two degrees 
established by Paris climate agre-
ement (Glob. EV Outlook, 2018) 
(Global EV Outlook, 2020).

Table 1 shows the rise of de-
mand of some basic raw material 
used in EV LIBs according to In-
ternational Energy Agency (IEA) 
statistics.

IEA calculated approximately 
the increasing supply in order to 
fulfil Sustainable Development 
Scenario or Stated Policies Scena-
rio (STEPS) according to current 
agreements.

New policies and research are 
working hard on the potential im-
provement of materials recycling 
and reuse share, otherwise, with 
the increasing demand, it would 
mean to push strongly on primary 
supply for batteries basics elemen-
ts procurement.

For example, some authors sta-

Tab. 1 – Annual demand projection for active cathode raw material to make batteries for electric vehicles according to IEA (Notes:  
kt = kilotonnes; y = year ; STEPS = Stated Policies Scenario; SDS Sustainable Development Scenario) (‘Global EV Outlook 2020’, 2020).

Lithium Cobalt Manganese Nickel

2019 material demand for EV Li-ion batteries 17 kt/y 19 kt/y 22 kt/y 65 kt/y

2019 material demand for EV Li-ion batteries respect to total annual extraction 20 % 13 % 0,1 % 2 %

2030 material demand for EV Li-ion batteries (STEPS) 190 kt/y 180 kt/y 177 kt/y 925 kt/y

2030 material demand for EV Li-ion batteries respect to extraction of 2019 (STEPS) 221 % 125 % 1 % 35 %

2030 material demand for EV Li-ion batteries (SDS) 370 kt/y 375 kt/y 370 kt/y 1920 kt/y

2030 material demand for EV Li-ion batteries respect to extraction of 2019 (SDS) 430 % 260 % 2 % 74 %
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ted that lithium annually recycled 
is less than 1% (Bobba et al., 2020), 
translating this information into 
primary supply, that would mean 
to extract annually around 365 ki-
lotonnes of lithium by 2030. The 
upward trend to fulfil the objective 
of 2040 of more than twice of EV 
respect 2030 is easily translated 
into almost 900 kt/year extracted 
just for electro-mobility.

Many challenges come to surface 
just watching the aforementioned 
scenarios imposed by supranatio-
nal institution and agencies such 
as: availability of raw materials to 
fulfil the objectives, the environ-
mental burden for resource supply 
and the shifting interest on coun-
tries that own huge storage of LIBs 
basic elements as South America.

3.1. Availabilities of raw 
materials

Based on data collected (U.S. 

Geological Survey, 2021), global 
reserves of raw materials were 
estimated during 2021, including 
the basic materials for the con-
struction of lithium batteries.

The Figure 2 shows the countries 
that possess most of the resources. 
It is noted that there is an unba-
lance toward few countries of the 
globe in Oceania, Africa and South 
America continents, in few words 
toward the southern hemisphere.

With the purpose of estimate 
the depletion risk of a specific re-
source according to its present and 
future exploitation, it is presented 
a new index that it is defined by 
the given formula (1):

ERR
E dt

R tt
t
t

m

� � 2
1  

( )�
 (1)

Where ERR = Extraction Reserve 
Ratio: is a variable index in time 
that help to understand current 
availability of material and the 
warning state about the potential 

extinction of it; E = Extraction: raw 
material extracted from a time t1 
to a time t2; Rm = mean reserve 
estimated: average amount of raw 
material economically exploitable 
assessed during the same interval 
Δt = t2 – t1.

Values of ERR range from 0 to 
1, and can also be expressed in 
percentage ERR(%), when ERR is 
equal to 1 it means that a defined 
temporal windows the reserve has 
been completely consumed.

This index can be facilitated con-
sidering the extraction activity re-
lated to a year time step as shown 
by formula (2):

ERR
E
R2020

2020

2020

=  (2)

In Figure 2 are represented the 
ERR of 2020 year of some raw ma-
terials involved in LIBs.

It’s worth to notice that the Ex-
traction Reserves Ratio is current-
ly very low for every material.
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Fig. 2 – Li-ion battery cell principal raw material reserve percentually calculated during 2020 according to U.S. Geological Survey (2021). 
Below: total reserves estimated during 2020, global extraction in 2020 and ERR(%) index of the same year.



Aprile 2021 29

ambiente

Nevertheless, taking into ac-
count lithium demand scenario, 
recycling and reserve current sta-
te, and longer evaluation timespan 
(Δt = 10, 20 years), lithium ERR(%) 
could easily reach 10% by 2030 
and 45% by 2040.

Research effort may help in 
transforming lithium resources 
into new reserves by improve the 
economic and technological fe-
asibility for this critical material 
exploitation in order to reduce 
ERR(%) time by time.

Figure 3 shows how ERR of LIBs 
principal elements had varied du-
ring last 10 years according to the 
raw material market condition and 
reserve knowledge due to histori-
cal moment.

3.2. Lithium resources

Owing to continuing explora-
tion, identified lithium resour-
ces have increased substantially 
worldwide and the total amount 
reaches 86 million tons. Althou-
gh lithium is well distributed on 
the crust, its resources are coming 
mostly from continental brines, 
geothermal brines, hectorite, oil-
field brines, and pegmatites.

Lithium resources are mainly 
placed in Bolivia, 21 million tons; 
Argentina, 19.3 million tons; Chi-

le, 9.6 million tons; United States 
7.9; Australia, 6.4 million tons; 
China, 5.1 million tons, according 
to USGS data (U.S. Geological Sur-
vey, 2021).

The higher exploitability of re-
sources in South America salt bri-
nes due to less energetic burden-
some, softer soil surface impact 
and lower CO2 emission respect 
to hard rock extraction, move the 
attention on three principle coun-
tries: Chile, Bolivia and Argentina 
(Grosjean et al., 2012).

Here are located most of the con-

tinental brines in the world, where 
lithium rich solution is pumped 
up from groundwater to the plant 
where lithium increase percentage 
step by step through evaporation 
ponds till is ready to be refined into 
lithium carbonate (Liu, Agusdinata 
and Myint, 2019).

Chile and Argentina processed 
most of their mined lithium from 
brine. While Australia led in raw 
lithium production, it did not pro-
cess its lithium ore, instead expor-
ting most of it to China, where it 
underwent beneficiation and refi-
ning into lithium carbonate.

Currently Bolivia is not one of 
the most extracting site in the 
world, nevertheless hydrogeologi-
cal features of this country makes 
it the perfect target for lithium 
gathering. In particular, Salar de 
Uyuni for its characteristics sto-
res huge amounts of lithium, not 
exploited yet.

3.3. Environmental impact of 
lithium extraction activity in 
South America

Worldwide lithium brines are 
mostly concentrated in a small re-
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gion of South America (Grosjean 
et al., 2012) often referred to as 
the “Lithium Triangle” extended 
between the Salar de Uyuni and 
the Salar de Atacama, where about 
60% of the world’s lithium is found 
(U.S. Geological Survey, 2021).

Brines can be described as highly 
saline solutions, were total dissol-
ved solids (mineral salts) show 
much higher values than in sea 
water, usually averaging 170 – 330 
g/L. Brines can either be accessible 
directly from the surface, or deep 
under large saline expanses (salt 
lakes or salars) in very dry regions 
that allow salts to persist. The li-
thium content in mineable brines 
ranges from 0.01 to 0.2% (Vik-
ström, Davidsson and Höök, 2013).

Currently, the brine lithium ex-
tracting plant own by SQM and 
Albemarle in Atacama Desert, 

Northern Chile, is the biggest in 
the world visible in Figure 5 (Bu-
stos-Gallardo, Bridge and Prieto, 
2021).

Atacama Desert presents ex-
tremely arid climate and unique 
topography produce the saline 
groundwater containing 0.15% li-
thium that serves as the major wa-
ter source for lithium extraction. 
The Atacama Desert’s exceptional 
topography and environmental 
features produce a combination of 
physical conditions conductive to 
the formation of brine and its low-
cost exploitation.

Generally, the saline groundwa-
ter containing lithium is pumped 
through a cascade of ponds where 
impurities are precipitated by solar 
evaporation, wind, and chemical 
additives. After that, the concen-
trated brine is transported back to 

the recovery plant in Antofagasta 
for future purification and proces-
sing. The extraction is chemical 
intensive, extremely slow, and de-
livers large volumes of waste. This 
technology is heavily dependent 
on the geological structure of the 
deposits, brine chemical composi-
tion and both climate and weather 
conditions (Flexer, Baspineiro and 
Galli, 2018).

The Atacama Salt Flat is the third 
largest salt flat in the world (around 
3000 km2), providing crucial ecosy-
stem services to local communities 
and diverse flora and fauna spe-
cies. Geographically, the salt flat is 
an intramontane endorheic basin 
(i.e. an alluvium-filled valley within 
mountainous ranges with a closed 
drainage system) bound by high 
mountains to each side. Unlike 
other salt flats, the topography is 

Fig. 5 – Satellite photo of SQM and Albemarle lithium mining plant. There are also visible on the background the national reserves of Los 
Flamengos and of Eduardo Avaroa, https://earth.google.com/web/@-23.47349143,-68.28063101,2312.0573539a,74769.52040311d,35y
,63.09470794h,64.98950307t,0r (accessed April 15, 2021).
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of a high level of roughness and 
seldom covered by shallow water 
due to the rapid evaporation pro-
cess. Biodiversity of the region is 
spread on the territory according 
to some zones and protected are-
as such as Los Flamencos National 
Reserve, permanent lagoons which 
support diverse biodiversity ser-
ving as an important nesting cen-
ter for flamingos and some areas 
mostly covered by barren soil and 
salt crests providing habitats to di-
verse species.

Recently this area of around 
7000 km2 were monitored by sa-
tellite sensing in order to observe 
the effects induced by the mining 
area increasing activity (20 km2 
to 80 km2) on surrounding envi-
ronment. 20 years of monitoring 
with LandSAT satellite images and 
spectroradiometer have brought 
to surface several changes on all 
the area monitored such as:
-  Soil moisture decreasing
-  Land surface temperature incre-

asing
-  Vegetation depletion.

Negative outcomes of ex-
tracting activity identified by the 
aforementioned indexes are reco-
gnized as aquifer running out that 
lead to hydraulic unbalance and 
ecosystem wormed up and impo-
verished (Liu et al., 2019).

In South America, lithium depo-
sits are often located in desert are-
as, so the extraction process would 
create a severe water shortage. Al-
though the water in the plant tends 
to be recovered, the large amount 
needed and the difficult environ-
mental context of the South Ame-
rican salt flats makes the problem 
almost unsolvable (Lithium Natio-
nal Commission, 2010).

4. Geopolitics of LIBs

The issue of energy transition in 
the automotive sector and battery 
production is not only technolo-

gical. The geopolitical aspects are 
relevant if it is considered the rela-
tions between the Europe, United 
States, Russia and China and the 
geographical division of the world, 
high-income countries (benefiting 
from the technology), and low-in-
come countries but depositaries 
of the raw materials needed for 
that technology. This highly con-
centrated, and often disruptive, 
production raises concerns about 
security of supply.

To this must be added the dy-
namism and farsightedness of 
China which, although is already 
rich in deposits of raw materials 
necessary for LIBs production, is 
adopting policies aimed at acquire 
mineral resources of other produ-
cer countries.

4.1. Geopolitics of lithium in 
South America

What makes South West ge-
ostrategic is that most of the re-
serves and resources of lithium 
are located in a very narrow area 
between Chile, Argentina and 
Bolivia. This confirms the assu-
mptions that indicate that the 
southern cone of Latin America 
could take advantage of its su-
premacy in the market, especial-
ly when Bolivia, which currently 
does not yet participate in pro-
duction and its resources are not 
valued as reserves, will also join 
as an exporting country and en-
ter into negotiations with Austra-
lia (world leader in lithium pro-
duction).

Taking into account that each 
salt flat is different in its characte-
ristics and chemical composition, 
the technology applied to obtain 
lithium carbonate is specific for 
every salt flat. In this regard, Bo-
livia is investigating its own ways 
to extract lithium in a profitable 
and efficient way, given that it is 
technically more difficult than in 
neighboring countries due to the 

significant presence of magne-
sium and by the precipitations 
that delay the concentration by 
evaporation (Javier and Equiza 
Fernández, 2019).

Although research on the so-
cio-environmental impacts of li-
thium extraction at local level has 
been very limited (Agusdinata et 
al., 2018), lithium represents the 
element on which the entire ecolo-
gical transition should rest. While 
extractive sector generate same 
positive impacts at the local level 
(e.g. jobs and fiscal resources) the 
problems represented by the si-
gnificant environmental impact 
(eg: ecosystem degradation, land-
scape damage and water scarcity) 
that derive from its extraction re-
present a big-challenge for the real 
sustainability of the energy tran-
sition to the electric not only for 
the local communities but also at 
a global scale.

5. Discussion

The market condition of
LIBs and the new trend toward 
electro-mobility has pushed many 
country to fulfil their own econo-
mic interest by increase the home 
extracting activity and binding 
new agreements with other coun-
tries in order to exploit precious 
resources. For example, China has 
presented a very dynamic behavior 
in this concern, by accumulating 
out of border raw materials throu-
gh trade agreements.

Within “Lithium Triangle” wa-
ter collection for the metal enri-
chment process has outcome into 
hydrogeological unbalance and a 
spread of polluting chemicals.

Atacama Salt Flats consequen-
ces given by extracting brine 
activity is just a warning bell to 
what can induce the tenfold of ex-
traction activity in South America.

Hence, the peninsular continent 
ecosystem may meet a huge hydro-
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environment

geological and climatic modifica-
tion and the high ecological impact 
risk increases with the unproper 
management of water resources 
with the sharp increase of lithium 
demand on the market.

Downscaling LIBs cell on world 
map gave the orientation of where 
are the storages of our globe aimed 
for a precise common tool used 
worldwide by citizens. This ma-
kes us focus attention on the lo-
cal aspects of the extraction areas 
targeted by the technological and 
industrial progress itself.

This zooming criteria has shown 
how LIBs, which are aimed for 
energy transition, can affect the 
local scale environment in term of 
habitat impoverishment and so-
cial challenges.

Furthermore, focusing on just 
the abundance of the resource, 
as shown by ERR index, distracts 
from the issues and environmen-
tal consequence of the extracting 
activity. In fact, although the re-
source and reserve of lithium 
may increase over time due to 
the strengthen in research and 
increasing demand, the intense 
exploitation of the resource di-
sregarding the local environment 
balance lead inevitably to an eco-
logical wreck.

6. Conclusion

If on the one hand, Li-ion bat-
teries represents the element on 
which the entire ecological tran-
sition should rest, on the other 
hand, the expectation could be 
frustrated by the significant envi-
ronmental impact that would de-
rive from its extraction as mining 
activities have been responsible 
for ecosystem degradation and 
landscape damage.

Analyzing several technologies 
is clearly visible that their so-
cial and technological bond with 
exhaustible resources, persistent 

reliance on growth, short-term 
planning horizons, could be cau-
ses of instability, overproduction 
and ultimately collapse. Thus 
lithium-ion batteries seems to 
belong to this category for many 
aspects, nevertheless the usage of 
lithium with less demand expecta-
tion and the proper management 
of resources can be translated to a 
powerful key element in optic of 
energetic transition.

The economically efficient and 
environmentally sustainable re-
covery of lithium by exhausted 
batteries therefore represents an 
indispensable work horizon in 
the scientific, technological and 
industrial fields in order to gua-
rantee an acceptable time dimen-
sion to the ecological transition in 
progress. Both in terms of global 
environmental sustainability and 
in terms of international supply 
security.
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1.Introduction

The extractive industry is a very
strategic sector of the global eco-
nomy. The 2019 global mine pro-
duction (non-fuel minerals) has 
been estimated to an amount of 
more than 60 billions metric tons 
(USGS, 2020). Italy is a state of the 
art Country with regard to mining 
and quarrying technologies, and 
it has been reported to have the 
world’s finest extractable and pro-
cessing plants technologies (Mon-
tani, 2019).

According to the data published 
by the National Institute for Insu-
rance Against Industrial Injuries, 
the number of employees invol-
ved in the mining and quarrying 
sector is about 50,000 units in 
Italy, a data which raises questions 
and concerns about occupational 
health and safety (last procurable 
year 2018, INAIL, 2020). Even 
if fatality is a very limited risk – 
due to a widespread culture which 
continues to regard the wellbeing 
and safety of workers as top prio-

rity – efforts should be made to 
reduce that risk to zero.

One of the industry characte-
ristics is the safety risk which is 
directly linked to operations (Sa-
leh and al., 2011). Unfortunately, 
Mining and Quarrying seems to be 
one of the most dangerous indu-
stries to work in.

As a matter of fact, the main da-
mage suffered by the mining and 
quarrying workers exposed to oc-
cupational and safety risks inclu-
de: death – fracture –amputation 
of an arm, hand, finger, thumb, 
leg, foot or toe – permanent loss of 
sight or reduction of sight – crush 
injuries leading to internal organ 
damage – serious burns (covering 
more than 10% of the body, or im-
pairing the sight, respiratory sy-
stem or other vital organs).

Table 1 shows the Accident 
Frequency Index (AFI is the sta-
tistic parameter that represents 
the number of indemnified inju-
res/1,000 workers/year) for the 
construction, transportation and 
mining and quarrying sectors, 

and includes Permanent Disabili-
ties and Fatalities (ANMIL, 2017). 
The data show that in the case of 
mining and quarrying sector the 
AFI for Permanent Disabilities is 
lower than the corresponding va-
lues of the construction and tran-
sportation sectors, while the AFI 
for Fatalities is the highest.

The AFI values demonstrate 
that even if the surface and under-
ground mineral-extracting indu-
stries constitute an area of activity 
likely to expose workers to parti-
cularly high levels of risk, it is not 
the most hazardous one, despite 
the fact that the consequences of 
accidents are usually very serious.

With the objective to reduce the 
number of casualties to zero, it is 
fundamentally important to assess 
risk (MSHA, 2017). The producti-
ve chain must be analysed, diffe-
rent phases need to be specified, 
risks identified and safety measu-
res applied to reduce such risks, in 
order to obtain a specific product, 
for instance rock blocks, with a 
level of efficiency that allows the 
maximum safety for workers (Joy, 
2004; Ural and Demirkol, 2008).

In this study, the highest safety 
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Tab. 1 – Italian Accident Frequency Index of 
different industrial activities.

Accident frequency index

Industry Permanent 
disability

Fatality

Construction 3.78 0.10

Transportation 2.37 0.08

Mining and quarrying 1.87 0.11
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risks during mining and quarrying 
activities are indicated and statisti-
cs data about work injuries which 
occurred in the past eight years in 
Italy are reported and evaluated. 
Fatal accidents causes occurred in 
the past six years were analysed in 
the division about the quarrying of 
stone, sand and clay in this treati-
se. Furthermore, the risk linked 
to the diamond wire sawing pro-
cess is analysed more in detail and 
the potential cause of the accident 
identified and technical reduction 
solutions are examined.

2. General considerations

Accidents in Dimension Stone
production quarries can be related 
to specific fields and causes (Ersoy 
and Yesilkaya, 2016); the main 
causes of accidents can be subdi-
vided as follow:
·  fall of workers to a level below

the one they are working on;
·  fall of workers in work areas

with pedestrian circulation;
·  hitting moving objects, getting

caught on or between objects;
·  falling off the edge of the exca-

vation due to the work-face col-
lapse, resulting in the crushing
at the foot of the work-face;

·  projection of fragments or par-
ts, misuse of tools;

·  direct or indirect electrical con-
tacts;

·  burns caused by hot machine-
ries or utensils;

·  explosions;
·  thermal stress, exposure to ex-

treme temperatures;
·  noise;
·  vibration;
·  dusts, fumes or vapors.

Other problems could be related
to occupational diseases caused 
by other physical agents, excessi-
ve efforts, physical and/or mental 
fatigue.

Other accidents can be related 
to road traffic in and out of quar-

ries (Careddu and Siotto, 2011). In 
2014, Espírito Santo State (Brazil) 
approved a series of decrees that 
set out rules for the dimension 
stone industry to monitor and 
control mining practices and sa-
fety criteria pertaining to the 
transportation of blocks, but acci-
dents have continued (Macedo et 
al. 2018). University de Vigo and 
Politécnica de Madrid developed 
a software tool named Rock-fall 
risk assessment for quarries – RO-
FRAQ, that will help quarries to 
prevent accidents resulting from 
rocksfall (Alejano et al., 2008).

An increasing number of com-
panies have become more sensi-
tive to issues related to producti-
vity, training, health and safety, 
comfort level of employees and 
reduction of occupational acci-
dents. Corporate responsibility 
towards this kind of issues has be-
come more widespread (Pires and 
Amaral, 2014).

It should be noted that, “geolo-
gical accidents” are likely to exist 
in the rock mass where the quarry 
is opened: although the studies on 
the rock mass may be in-depth, it 
is not possible to know it entirely, 
there will still be uncertainty. In 
this case, individuals could be not 
directly accountable for such acci-
dents because it’s possible that they 
are not caused by human responsi-
bility or fault. On the contrary, the 
responsibility of all accidents whi-
ch occur in stone-processing plants 
is only human.

Ersoy (2015) examined the 
causes of occupational accidents 
under the aspects of the environ-
mental conditions, the machi-
ne-related factors, and the human 
behaviours.

Generally, the applications of 
measures to prevent occupational 
accidents vary depending on the 
legislation implemented in diffe-
rent countries. Worldwide mining 
laws must take into consideration 
health and safety issues (Careddu 
et al., 2019b). The European Union 

has promulgated various directi-
ves, especially on safety and health 
protection of those working in the 
mineral extracting industries (Eu-
ropean Communities, 1992), such 
as the Council Directive 92/91/
EEC of 3 November 1992 concer-
ning the minimum requiremen-
ts for improving the safety and 
health protection of workers in 
the mineral-extracting industries 
through drilling and Council Di-
rective 92/104/ EEC of 3 Decem-
ber 1992 on the minimum requi-
rements for improving the safety 
and health protection of workers 
in surface and underground mine-
ral-extracting industries.

2.1. Italian overview of 
mining and quarrying health 
and safety

European countries have all dif-
ferent mining laws, although each 
one has to follow the EU directives.

Based on the Council directives 
92/91/EEC and 92/104/EEC, in 
1996 Italy adopted the Italian le-
gislative decree number 624 which 
deals with measures aimed at pre-
venting the safety and health of the 
workers involved in the mineral-ex-
traction activities in caves and mi-
nes, as per article 2 of the Royal De-
cree of 29 July 1927, nr. 1443 and 
subsequent amendments.

Other current specific rules 
are too dated: these are the abo-
ve-mentioned Italian Royal Decree 
No. 1443 of 29 July 1927 and the 
Decree issued by the President of 
the Republic of Italy No. 128 of 9 
April 1959.

Nowadays, Italy’s reference di-
rective on health and safety pro-
tection of employees in the wor-
kplace is the Legislative Decree nr. 
81 dated 9 April 2008. This Code 
can be applied to all kinds of acti-
vities and risks, as well as to all 
workers. Unfortunately, it is still 
unclear which regulatory references 
apply to the mining and quarrying 
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safety. At this stage, significant in-
terpretation problems emerge and 
it would be advisable to deepen, im-
prove and unequivocally determine 
the roles, functions and competen-
ce of those who carry out specific 
tasks in the companies.

With regard to the economic 
activity coded B Mining and Quar-
rying, health and safety data is pu-
blished by INAIL (Italy’s National 
Institute for Insurance against 
Accidents at Work) as per last year 
procurable 2019. The data, which 
is classified by the Statistical Clas-
sification of Economic Activities 
in the European Community, has 
been elaborated for this treatise 
and an overview has been summa-
rized hereinafter.

The European classification of 
Economic Activities divides the 
mining and quarrying economic 
activity into five divisions (NACE, 
2008):
-  B.05 Mining of coal and lignite;
-  B.06 Extraction of crude petro-

leum and natural gas;
-  B.07 Mining of metal ores;
-  B.08 Other mining and quarrying;
-  B.09 Mining support service acti-

vities.
Focusing on this classification,

the data were developed and re-
turned in two diagrams; the first 
concerning with the work-related 
injuries per years (Fig. 1) and the 
second with the fatal work-rela-
ted injuries per years (Fig. 2). The 
sub-economic activities are indica-
ted with different colours and all 
data are investigated in a period of 
eight years (2012-2019).

The occupational injuries per type 
of economic activity coded B is cal-
culated at 646, a figure which refers 
to the mean value in the past 8 years 
(2012-2019), of which the average 
of fatalities is identified in 6.

As highlighted in the histograms 
of Fig. 1 and Fig. 2, the most im-
plicated sector is Other Mining and 
Quarrying. This division includes 
extraction from a mine or quarry, 
but also dredging of alluvial depo-

sits, rock crushing and the use of 
salt marshes. The products are used 
most notably in construction (e.g. 
sands, stones etc.), manufacture of 
materials (e.g. clay, gypsum, calcium 
etc.), manufacture of chemicals etc.

The Other Mining and Quar-
rying division is split into B.08.1 
Quarrying of stone, sand and clay 
and 08.9 Mining and quarrying 
n.e.c. The division B.08.01 is fur-
ther separated into Quarrying of
ornamental and building stone, li-
mestone, gypsum, chalk and slate
(coded B.08.11) and Operation of
gravel and sand pits; mining of clays
and kaolin (coded B.08.12).

The B.08.11 class includes:
-  quarrying, rough trimming and

sawing of monumental and bu-
ilding stone such as marble, gra-
nite, sandstone etc.

-  breaking and crushing of orna-
mental and building stone

-  quarrying, crushing and brea-
king of limestone

-  mining of gypsum and anhydrite
-  mining of chalk and uncalcined

dolomite
The B.08.12 class includes:

-  extraction and dredging of
industrial sand, sand for con-
struction and gravel

-  breaking and crushing of gravel
-  quarrying of sand
-  mining of clays, refractory clays

and kaolin
The most affected sub-sector is

the first one B.08.11 with a mean 
value of 222 for work related inju-
ries and 3 for fatalities per year.

Table 2 and Table 3 report an 
Italian data’s overview, about 
B.08.01 division, extracted by the
INAIL BDS (INAIL statistic data-
base, 2020) and explained here,
respectively for Work Related and
Fatal Work-related injuries.

It is interesting to underline that 
the trend of accidents is in sharp 
decline, starting from the first ye-
ars investigated to the last one.

Fig. 2 – Fatal work-related injuries per years.

Fig. 1 – Work-related injuries per years.
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Tab. 2 – Overview of Work Related Injuries data extracted by INAIL 
BDS regarding B.08.01 class.

Work related injuries

Nace 
Classification 2012 2013 2014 2015 2016 2017 2018 2019

B.08.1 15 12 10 19 16 8 7 11

B.08.11 297 274 236 207 198 185 200 181

B.08.12 264 240 209 173 204 186 207 206

Total B.08.1 576 526 455 399 418 379 414 398

Tab. 3 – Overview of Fatal – Work Related Injuries data extracted 
by INAIL BDS regarding B.08.01 class.

Fatal-Work related injuries

Classification 
Nace 2012 2013 2014 2015 2016 2017 2018 2019

B.08.1 1 0 0 1 0 0 0 1

B.08.11 4 4 2 5 5 2 3 0

B.08.12 2 2 1 0 1 2 1 1

Total B.08.1 7 6 3 6 6 4 4 2

Tab. 4 – Fatal accidents causes concerning economic activity coded B.08.1 (Quarrying of stone, sand and clay) in the past six years.

Year Date Workplace accidents

2014 13 March Fall of a person whilst working at a marble quarry. The person was busy with material handling machinery and hit his head in 
the fall.

2014 6 September Death of a foreign truck driver who fell into a depression that was used as a landfill

2014 18 December The employee of a mining company has lost control of his vehicle as he was completing his driving schedule for the day. 
Being unable to move out, he died inside the vehicle.

2015 25 February The employee was unable to move out of the work area and was literally sucked in by a powerful ejector which produces 
gravel out of material that is extracted from the river. 

2015 4 June A person fell from a bed rock into a quarry during activities, after a 50-meter-plunge.

2015 29 August Quarryman died after falling from above while detaching a block from a bank. The person died after a 12-meter-plunge. 

2015 14 September Death of a quarryman following a fall in which he suffered several injuries six days earlier. The quarryman fell from a truck 
dock which was loading material.

2015 23 November Quarryman died after hitting his head on a diamond bead chain whilst sawing in a marble quarry.

2015 11 December The worker in charge of the marble stocking area was apparently crushed against a number of marble slabs during loading.

2016 5 February A young employee has lost his life after being flattened and crushed by a heavy slab of marble which collapsed from a 
moving forklift.

2016 11 April Two quarrymen died after being hit and dragged down into a marble landslide of over 2000 tons of marble which collapsed 
for 30 meters.

2016 9 May Worker is hit by a slab whilst he was loading a number of marble slabs on the lift truck with his team. He was crushed by 
some of the slabs and died.

2016 10 August The quarry manager was hit on his abdomen by a marble slab which unhooked during unloading.

2016 28 November A quarryman was flattened by a heavy slab (about 2 tons) which detached from a block during the production phase. The 
person had just finished sawing and was in the process of removing the scaffolding around the slab.

2017 23 February A person died after being crushed by a block of granite of 50 tons during sawing.

2017 06 March A person employed as electrician was found unconscious on the ground, with a deep wound on his head, inside the 
warehouse where marble is processed. 

2017 06 June A young employee died instantly after being crushed by a marble slab.

2017 04 July An early report described the fall of a person from a 6-meter-height as he was carrying out the maintenance of a conveyer 
belt. He worked in a sand mine.

2018 22 January A person slipped into an 11-meter-deep quarry.

2018 04 March A person slipped into a quarry and was subsequently hit by a boulder. The injury resulted in a lethal internal bleeding.

2018 11 May An employee was crushed under a wheel loader in a marble quarry.

2018 09 October An employee died as he was working inside a quarry. The cause of the accident has not yet been established.

2019 03 March A person was overwhelmed by a heap of sand and dirt whilst working in the quarry. The quarryman was at the drive of a 
excavator. The cause of the accident has yet to be identified.

2019 20 July A man was crushed between two corves which had been loaded with stones. The corves were running via a rack railway. 
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An excursus of the Italian outli-
ned occupational fatalities along 
with accident causes occurred in 
the past six years is listed in Tab. 4 
(ANMIL, 2020a and 2020b), kee-
ping in mind that the main causes 
of fatal accidents in the extractive 
industry can be reassumed in six 
major classifications: cutting wire 
rupture, traffic accident, machi-
nery or men fall from bench crest, 
rock fall, electric shock due to worn 
out cables and blasting induced 
damage (Yarahmadi et al., 2014).

3. Diamond wire sawing:
health and safety
considerations

The diamond wire saw is one 
of the most important technolo-
gies adopted in dimension stone 
quarries. Due to the spread of this 
technology, the rate of potential 
accidents in quarries which utilise 
such technology has increased.

Ersoy (2013) found that, in the 
block excavation works, the main 
risks tied with the use of diamond 
wire are “placement the diamond 
wire through the holes”, “wring 
and add the diamond wire”, “di-
splacement, fill and overturning 
the block”, “transport, installa-
tions and dismantling the water 
and electricity equipment”, “the 
cutting process of diamond wire 
machine” and “drilling operation”.

Beside the risks associated with 
the system power units (whether 
Diesel or electric), the hazard part 
of the technology is blamed to the 
diamond wire moving in a closed 
loop, with a tangential speed that 
can easily reach 40 m/s in com-
mon applications in marble quar-
ries (22-28 m/s in granite quarries 
(Cai et al., 2007)), and subject to a 
traction that depends on the type 
of rock to be cut (normally in mar-
ble is about 1.5kN, Careddu and 
Mulas, 2003). The sudden rupture 

of the wire causes a whiplash and 
the projections of the free dia-
mond beads both in the same pla-
ne of the cutting area (Castelli and 
Cai, 1989). Yarahmadi et al. (2014) 
observed that diamond wire rup-
ture is one of the three greatest 
risk sources in Iranian dimension 
stone quarries.

The risk of such an event can be 
diminished by reducing hazard le-
vels and/or any possible damage. 
In the first case, the chance of wire 
rupture should be decreased, for 
instance by improving the rope 
quality, by limiting the rope opera-
tive stress conditions, by control-
ling the effectiveness of junctions. 
In the second case, the damage 
caused should be minimized, for 
instance by protecting the wire 
with a belt with the purpose of mi-
tigating the whiplash effect, with 
the use of a plastic coated diamond 
wire to secure the beads to the rope 
and avoid their projection.

The safety of the diamond wire 
can vary during its service life; in 
fact, the length of the tool may 
change throughout its service-life. 
During the quarrying works, ac-
cidents happen, e.g. entrapment, 
thread breakage at the junction, 
etc. Every time something unu-
sual happens, the operator must 

stop sawing and re-join the wire, 
resulting in the loss of at least two 
beads. In addition, it may be neces-
sary to saw small areas (of about 4 
m2), which means that the opera-
tor needs to cut the DW in two and 
use only one half. Subsequently, 
the two halves could be re-jointed 
to reproduce a longer DW (Cared-
du et al., 2018).

The dangers relating to the use 
of diamond wire are widely-k-
nown, whether in the quarry or 
in the stoneyard, aside from acci-
dental and careless moves of the 
operator (which in any case are 
common to all machines), they are 
associated essentially with cable 
breakage (Cai, 1998).

4. Result and discussion

As previously pointed out, the
potential hazards during the quar-
rying works make them unique in 
the field of industrial safety and 
health. Safety risks can be control-
led by applying a proper policy. In 
this perspective, the role of human 
behavioural factors on safety is de-
cisive. Competence and observan-
ce of safety measures are equally 
important to prevent and minimi-

Fig. 3 – Block sawing by diamond wire in an ornamental basalt quarry.
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ze quarrying and mining acciden-
ts. A feasible solution to improve 
working conditions along with 
the implementation of adequate 
safety and preventive measures, 
seems to be leading towards the 
creation of a management sy-
stem which can be certified (e.g.: 
BS-OHSAS 18001; ISO 14001). 
Moreover, it becomes necessary 
to identify an unambiguous regu-
lation to prevent serious legal ca-
ses, such as the ones occurring in 
those Italian regional authorities 
where the administrative bodies 
in charge of the territory come up 
with different risk mitigation solu-
tions. This kind of attitude results 
in unequal economic outcomes, 
with subsequent aggravations for 
companies which have to comply 
with more restrictive provisions.

In fact, a key aspect of a com-
pany’s reputation (public or priva-
te), both as an employer and with 
the local community, is the health 
and safety of its staff. Assessments 
of hazards should be made so that 
high risk activities can be recogni-
sed and mitigated during all pro-
duction line. Although problems 
at the exploration stage are less 
severe than during quarrying and 
stone-processing, serious accident 
could be occur. First aid training 
should also be provided.

Surely, the behaviour of the dia-
mond wire machine operator is 
another key aspect: it should be 
underlined that in the production 
chain “wire manufacturer – machi-
ne manufacturer – user of both”, 
the first is always liable for all the 
problems occurring during the 
sawing operations: this is wrong! 
A closer and honest cooperation 
between the involved parts is ab-
solutely necessary; such coopera-
tion will largely contribute to fin-
ding a solution of many problems 
that still undermine the importan-
ce of this new primary sawing te-
chnique (Careddu and Cai, 2014).

Moreover, all contractors and 
workers of external companies 

and satellite industries should 
behave in a similar way to com-
pany staff and safety record should 
be a significant factor in choosing 
contractors. Finally, some authors 
(Moon and Whateley, 2006) de-
monstrated that one of the major 
sources of serious accidents is road 
transport, especially in remote are-
as. For this reason, staff should be 
provided with training in driving 
on poor road surfaces.

5. Conclusion

Occupational health and safety
is becoming a social responsibility. 
Corporate, local institutions and 
civic society need to be made awa-
re of safety and safety culture must 
be created. It would be advisable to 
think about a new perspective of 
risk assessment, where risks can 
be identified and analysed from 
the very beginning so that safety 
measures can be applied to prevent 
or mitigate injuries. This could be 
achieved by providing a further 
Code of Best Practice and Recom-
mendations. Further actions must 
be taken to prevent additional oc-
cupational injuries and fatalities.

The fluctuating accident trend, 
relating to fatal cases in the ei-
ght-year period, in any case in-
duces to maintain a high level of 
attention to safety, and even if the 
rate of accidents has decreased in 
recent years, it would be desirable 
to lower the trend to zero.

It is necessary to guarantee the 
minimum requirements designed 
to reach a superior standard of 
safety and health for surface and 
underground mineral-extracting 
industries in order to safeguard the 
safety and health of employees.

Moreover, it is necessary to sup-
port Italy’s leading technology and 
know-how with regard to the safety 
of the mining and quarrying indu-
stry as a top priority, and create 
the right environment to deal with 

occupational health and safety is-
sues or concerns.

As explained in the Council Di-
rective 92/104/EEC, the improve-
ment of workers’ safety, hygiene 
and health at work is an objective 
which should not be subordinated 
to purely economic considerations.
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1. Introduction

The storage of materials in so-
lid, liquid or gaseous phase into 
natural underground formations, 
such as aquifers, depleted hydro-
carbon reservoirs, salt caverns, 
mines, has been widely adopted 
all over the world targeting diffe-
rent society needs: from the waste 
(radioactive and nonradioactive) 
sequestration to the cyclical and 
seasonal injection and production 
of natural gas for suppling daily 
and seasonal energy demand (Coti 
et al., 2018; Benetatos et al., 2020). 
Furthermore, the gas storage or se-
questration in natural formations 
is supposed to play a crucial role 
in the energy transition process as 
well as in mitigating the anthro-
pogenic emissions of greenhou-
ses (Benetatos et al., 2019). Great 
attention has been focus on the 

geological sequestration of CO2 as 
well as on the large-scale storage 
of energy from renewable or green 
source (Wollenwebet et al. 2010, 
Bocchini et al., 2017). Porous se-
dimentary formations hosting hy-
drocarbon reservoirs or aquifers 
represent the best candidates due 
to their high storage capacity, their 
elevate numbers and distribution 
worldwide and, regarding the de-
pleted hydrocarbon reservoirs, due 
to all the available facilities and the 
high “confidence” with the system 
acquired although the reservoir 
production life (Verga, 2018).

One of the major concern for 
the gas sequestration/storage fe-
asibility is the assessment of the 
sealing efficiency of the low-per-
meable sequences (denominated 
caprock) overlying potential stora-
ge formations (Wollenwebet et al., 
2010). These fine-grained pelitic 

rocks (i.e.: clay, claystone, shale, 
mudstone, siltstone) act like flow 
barriers avoiding gas migration 
from the reservoir to the adjacent 
upper formations. It is not trivial 
to remind that the accumulation of 
hydrocarbon reserves is guarantee 
by the presence of the caprocks: 
acting like a trap, they hinder the 
vertical migration of hydrocarbons 
due to buoyancy forces (Hantschel 
and Kauerauf, 2009).

The main phenomena poten-
tially compromising the caprock 
sealing efficiency are: the induced 
mechanical fractures, the molecu-
lar diffusion through the water-sa-
turated pore space of the seal for-
mation and the slow Darcy flow 
of a free gas phase through the 
formation (Li et al., 2005). The last 
is the focus of the present paper. 
The Darcy flow is induced if the ca-
pillary pressure increment due to 
gas injection in the reservoir over-
comes the caprock sealing capaci-
ty, which standardly is express in 
term of threshold pressure and/or 
residual pressure difference. Both 
parameters are capillary pressure 
and they are estimated via dedica-
ted laboratory analyses. Further-
more, because the sealing efficien-
cy of pelitic formations impacts 
directly on the volume and loca-
tion of hydrocarbon accumulation, 
defining potential exploration 
targets, (Egermann et al., 2006), 
these parameters as well as their 
experimental determination have 
been widely investigated by the 
oil and gas industry at least from 
the fifteens of the last century. An 
extensive panorama is available in 
the technical literature (Wyllie and 
Rose, 1950; Thomas et al., 1968; 
Schowalter, 1979; Hildenbrand et 
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The sealing efficiency of cap 
rocks – laboratory tests and 
an empirical correlation

One of the major concern for the gas sequestration/storage feasibility in natural underground 
formations is the assessment of the sealing efficiency of the low-permeable sequences over-
lying potential storage formations. The sealing efficiency is quantified via the threshold pressure 
and/or residual pressure difference parameters; the experimental laboratory procedures for 
their evaluation have been widely investigate by the oil and gas industry at least from the 
fifteens of the last century. In order to evaluate the effect of adopted lab procedures, the pre-
sent paper collects, categorizes and analyzes experimental data from the technical literature, 
investigating representative lithologies, via N2 brine fluid system, in reservoir thermodynamic 
condition. The analyses show an satisfactory coherence and consistency of data for a range 
of permeability of [102-105] nDarcy, independently from the adopted lab procedures. Data 
scattering for higher or lower permeability values seems to be more case sensitive rather than 
attributed to the adopted procedure or the investigated lithology. Furthermore, the empirical 
correlation by Thomas et al. (1968) was verified on the bases of the collected data. Even if the 
equation was derived only from standard test measurements on a limited number of litholo-
gies, it turns out to be a reliable predictive approach for the identification, at least, of the order 
of magnitude of the threshold pressure (or the residual pressure difference) if only absolute 
permeability values are availlable.
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al., 2002; Li et al., 2005; Egermann 
et al., 2006; Ito et al., 2011). Never-
theless, a clear and straightforward 
analysis of it is not a trivial task, 
starting from the coherence and 
the definition of the adopted ter-
minologies and nomenclature, 
until the developed lab test proce-
dures, with drawbacks and advan-
tages. The present paper collects, 
categorizes and analyzes experi-
mental threshold pressure and/or 
residual pressure data availlable in 
the technical literature. The perfor-
med analyses focus on the effects 
of differ experimental procedures 
on the sealing efficiency results. 
Furthermore, the reliability of the 
threshold pressure prediction via 
an empirical correlation defined by 
previous research was evaluated.

2. Theoretical
background: capillary
pressure, drainage and
imbibition processes

The capillary pressure, Pc, is the 
pressure difference between two 
immiscible phases. It is defined as 
the difference between the pressu-
re of the non-wetting fluid (usually 
the hydrocarbon) and the pressure 
of wetting fluid (usually the brine) 
in the pore throats of a porous me-
dia. The capillary pressure, Pc, in a 
pore throat of equivalent radius, 

r, is expressed by the Washburn 
equation (Washburn, 1921):

P
cos
rC  2 

 (1)

where σ is the interfacial tension 
(IFT) between the non-wetting 
phase and wetting phase and θ is 
the contact angle of the pore surfa-
ce. The capillary pressure is a fun-
ction of: the structure of the pore 
system, the wettability of the solid 
with respect to the fluid, the cha-
racteristic of the immiscible fluids 
and the thermodynamic condition 
of the system (through the depen-
dence of σ and θ on pressure and 
temperature).

Concerning the drainage/re-im-
bibition phenomena (Fig. 1), if the 
gas pressure apply to a pelitic for-
mation 100% sutured by brine is 
sufficiently high to induce an entry 
pressure, Pc, entry, overcoming the 
sealing capacity of the formation, 
the non-wetting gas phase will 
start to enter in the pore throats 
displacing the wetting brine phase. 
The drainage process starts. At this 
stage, the gas flow is concentrated 
in a small portion of the largest in-
terconnected pores because they 
provide the least resistance to ca-
pillary forces. If the initial gas pres-
sure is enough high or if its incre-
ment continues further, additional 
fluid flow pathway will evolve in 
the porous medium with increa-
sing divergent and the flow regime 
will change form capillary domi-

nated to viscous dominated (Hil-
denbrand et al., 2002). At this new 
stage the breakthrough pressure,  
Pc, breakthrough or threshold pressure, 
Pc, threshold, is reach. Quoting form 
Hildenbrand et al. (2002): “This 
term refers to the excess pressure 
in the non-wetting phase at whi-
ch the wetting phase is displaced 
to an extent that the percolation 
threshold is exceeded and conti-
nuous flow-paths of non-wetting 
phase form across the pore sy-
stem”. In the last stage, after the 
gas breakthrough is occurred and 
the gas excess pressure is redu-
ced, a spontaneous re-imbibition 
process occurs: the brine (wetting 
phase) displaces back the gas star-
ting from the smallest pores. The 
imbibition process is characterized 
by a constant and continuous de-
crease of the gas saturation, until a 
minimum (but not null) value is re-
ach. It corresponds to the non-in-
terconnected gas volume trapped 
by the capillary force. Consequent-
ly, a pressure difference persists 
between the gas phases below and 
above the seal plug, the so called 
minimum displacement pressure 
Pd, or residual pressure difference, 
Pc, residual (Hildebrand et al., 2002).

During drainage and imbibition 
processes, both immiscible fluids 
are able to flow across the porous 
medium: two relative permeabili-
ty curves (Fig. 2) can be adopted 
to describe the flow of each pha-
se according to its saturation and 

Fig. 1 – Drainage and re-imbibition processes in a fine-grain porous medium (modified by Hildenbrand et al., 2002).
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the wettability of the system. The 
relative permeability is defined as 
the ration between effective and 
absolute permeability. The absolu-
te permeability is a property of the 
porous medium and is a measure 
of the capacity of the medium to 
transmit fluids; the effective per-
meability is the conductivity of 
each phase at a specific saturation 
(Ahmed, 1946). In particular, if 
the gas is the non-wetting phase 
and the brine is the wetting phase 
initially fully saturating the porous 
media, during the drainage pro-
cess the relative permeability of 
gas is zero until the critical gas sa-
turation, Sgc, is reach. It is the mi-
nimum value of gas saturation at 
which the phase becomes movable. 
Increasing the gas saturation, its 
relative permeability increases 
as well until a maximum value is 
reach at the end of the drainage 
process. The following imbibition 
process results in a continuous 
reduction of the gas permeability 
because of the successive loss of 
interconnected flow-paths, which 
ultimately is shut off and the re-
lative permeability of gas drops to 
zero. At the end of the imbibition 
phenomena, a residual gas satura-
tion, Sgr, exists in the porous me-
dia. If a successive drainage pro-

cess is induced in the same porous 
media, the residual gas saturation 
is already present and the gas flow 
will be benefit consequently.

3. Laboratory tests for
the evaluation of the
caprock sealing efficiency

In the last 60-70 years diffe-
rent laboratory procedures have 
been developed and fully descri-
bed in the technical literature for 
the quantification of the sealing 
efficiency of a caprock. The sim-
plest approach consists in deri-
ving the in-situ threshold pressure 
form mercury porosimetry curve 
but the obtained results are quite 
always supported by the values 
obtained from the “standard or 
step-by-step approach” and/or the 
“residual capillary pressure appro-
ach” (according to Egermann et al. 
(2006) nomenclature). They are 
the most accredited and adopted 
procedures and they are based on 
the key idea of a drainage or drai-
nage and re-imbibition test, re-
spectively, developed at in-situ con-
fining stress and temperature. As 
a common first step, a seal plug is 

fully saturated by brine and a sin-
gle-phase fluid flow test is develo-
ped in steady state regime in order 
to evaluate the absolute permeabi-
lity via the application of Darcy’s 
law. According to the standard 
approach (Thomas et al., 1968, Li 
et al. 2005, AL-Bazali et al., 2005, 
among the others), a drainage test 
is successively developed: the bri-
ne in the seal plug is displaced by 
a non-wetting gas phase imposing 
a step-by-step increase of the inlet 
gas pressure. Each pressure step 
must be sufficient small not to 
overcome the expected threshold 
pressure and it is kept constant 
until the measured outlet brine 
flow is null. When the breakthrou-
gh pressure is reach, a continuous 
brine flow is monitored at the out-
let face followed by an abrupt gas/
liquid flow rate increment. Figure 3 
exemplifies a standard test appro-
ach and interpretation according 
Li et al. (2005) paper. The standard 
approach is widely adopted for its 
accuracy and its robustness, ne-
vertheless lab tests could become 
unacceptably time consuming: the 
rage of permeability of the seal plu-
gs is in the order of mDarcy (10-15 
m2) to nDarcy (10-21 m2) or even 
less. Furthermore, also a high accu-
racy in measuring very small flow 
rate is required. To mitigate these 
drawbacks, some variations of the 
test procedure was developed. As 
an example, Rudd et al. (1973) 
proposed a continuous injection 
of the non-wetting gas phase at a 
very small rate but the results se-
ems to significantly overestimate 
the real threshold pressure values 
(Egermann et al., 2006).

To overcome the limitation of 
the standard procedure related 
essentially to the experimen-
tal duration, Hildenbrand et al. 
(2002) proposed a test approach 
for the measurement of the resi-
dual capillary pressure at the end 
of a drainage and re-imbibition 
experiment. In summary, the ini-
tial inlet gas pressure applied at a 

  Fig. 2 – Example 
of relative per-
meability curves 
for a gas-water 
system (Ahmed, 
1946).
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brine saturated plug is higher than 
the expected threshold pressure; a 
drainage process is induced; the 
evolution of the pressure is moni-
tored in the two closed upstream 
and downstream chambers, to-
gether with the temperature and 
the fluid volume. At the end of the 
successive and spontaneous re-im-
bibition process, a residual pressu-
re difference persists between the 
two chambers due to capillary for-
ces, the so-called minimum displa-
cement pressure, Pd, or residual 
pressure difference, Pc, residual. The 
gas effective permeability curve 
can be computed via Darcy flow 
for compressible media (Ahmed, 

1946). Figure 4 schematizes the 
two versions of the Hildenbrand 
et al. (2002) approach (a) together 
with experimental results (b) from 
Hildenbrand et al. (2004).

The standard procedure and the 
residual capillary pressure proce-
dure quantify the sealing efficiency 
of the formation via two different 
parameters, which, at least, might 
coincide. Quoting Hildenbrand et 
al. (2002):”The residual pressure 
differences recorded at the end of 
the capillary-controlled, sponta-
neous re-imbibition process are 
interpreted to represent a good 
approximation of the threshold or 
breakthrough pressure from the 

drainage process. If re-imbibition 
is impeded, the residual imbibition 
pressure differences will be lower 
than the corresponding drainage 
threshold pressures. Comparison 
of our experimental results with 
literature data from drainage expe-
riments suggest that this is likely 
for samples with permeabilities in 
excess of 100 nDarcy (10-19 m2). 
Generally, imbibition data will 
result in conservative estimates 
(underestimation) of the capillary 
sealing efficiency”.

Despite the experimental pro-
cedures, also the adopted fluid sy-
stem plays a crucial role in the eva-
luation of the sealing capacity of a 
formation via lab tests. Even if the 
real phenomenon involves a sea-
ling formation saturated by brine 
and a reservoir formation satura-
ted by a gas mixture (usually hydro-
carbon with substantially amount 
of nitrogen, sulfur, oxygen…), the 
lab experiments are usually per-
formed with a nitrogen-brine fluid 
system, for sake of laboratory sim-
plicity. Subsequently the results of 
N2-brine system are converted to 
the hydrocarbon-brine system ac-
cording to the following equation 
derived from the definition of ca-
pillary pressure:

P gas brine
P N brine

c

c

gas gas

N N

( )
( )

cos

cos




2 2 2

 
 

 (2)

Fig. 5 – Residual capillary pressure procedure (a) and results of a lab test (b) (Hildenbrand et al., 2002 and (Hildenbrand et al., 2004).

  Fig. 3 – Results of 
a standard step-
by-step approa-
ch by Li et al 
(2005)
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A reliable determination of the 
interfacial tension and the contact 
angle values is not a trivial task be-
cause of their dependency on the 
fluid system, on the characteristics 
of the porous medium (such as the 
wettability) and on the reservoir 
thermodynamic condition. Never-
theless, the correction via the equa-
tion (2) is widely adopted in the re-
search papers, and the interfacial 
tension and contact angle values 
from literature is usually adopted 
in absence of direct lab evaluation. 
Finally, in particular and documen-
ted cases, the adoption of the in-si-
tu fluid system for lab experimen-
ts is strongly recommended: for 
example, experimental evidences 
(Li et al., 2005) have demonstra-
ted that the interaction between 
CO2 and the porous medium can 
alter its petrophysical properties, 
such as permeability, with conse-
quent effects on the threshold or 
displacement pressure values. The 
research is still ongoing.

4. Data analysis and
discussion

Several previous studies, experi-
mentally investigating the sealing 
efficiency of sedimentary rocks, 
were collected and analyzed. They 
were categorized on the basis 
of the experimental procedures 
(Table 1): the standard or step-by-
step approach for the evaluation 
of the breakthrough pressure,  
Pc, breakthrough, or threshold pressu-
re, Pc, threshold, and the residual ca-
pillary pressure approach for the 
minimum displacement pressure 
Pd, or residual pressure difference,  

Pc, residual. All the analyzed experi-
ments were conducted at in-situ 
pressure and temperature condi-
tions and adopting a N2-brine fluid 
system.

The capillary pressure measu-
res as a function of the absolute 
permeability were compared to 
appreciate the effect of the two dif-
ferent laboratory procedures, also 
taking into account the lithology. 
Furthermore, the dataset was use 
to confirm the reliability and the 
robustness of the empiric formula 
proposed by Thomas et al. (1968) 
for predicting the threshold pres-
sure as a function of the solely ab-
solute permeability:

P
KTH 







7 37

1 0 43

.
.

 (3)

where PTH is the threshold pres-
sure (psi) and K is the absolute 
permeability (mD). The formula 
was derived based on the results 
obtained by the standard approach 
experiment conducted adopting 
N2-brine fluid system on 5 sand-
stone plugs, 2 limestone plugs and 
1 dolomite plug. The investigated 
range of the absolute permeabili-
ty was [40 – 1.78 105] nD, and the 
range of the measured threshold 
pressure was [0.06 – 5.17] MPa.

Figure 5 shows the comparison 
between all the collected lab resul-
ts conducted with the two different 
approaches on the same plugs. The 
analyzed lithologies are: chalk, car-
bonate and sandstone (Egermann 
et al., 2006); mudstone (Ito et al., 
2011). The consistency between 
the results and between the expe-
rimental data and the Thomas’ 
equation is satisfactory: no clear 
effect of lithology can be appre-

ciated. The discrepancy due to the 
experimental approaches seems to 
increase with increasing permeabi-
lity; furthermore, also the misma-
tch between experimental data 
and the equation is maximum for 
the highest permeability values, 
which exceed the permeability ran-
ge investigated by Thomas.

Figures 6 and 7 show the empi-
rical equation together with all the 
collected data, categorized accor-
ding to experimental procedures 
and to the source (Fig. 6) and to the 
lithologies (Fig. 7). The following 
consideration can be derived:
1.  within its permeability range of

definition, the empirical correla-
tion is consists with the labora-
tory data from both procedures
(i.e. breakthrough or threshold
pressure values and the mini-
mum displacement pressure or
residual pressure difference va-
lues). The discrepancy increases
for permeability lower then 101-
102 nD and higher than 106 nD.

2.  The discrepancy between the
experimental results and betwe-
en the experimental data and
the Thomas’ equation seems to
be more case sensitive rather
than attributed to the lab proce-
dure or the investigated litholo-
gy. As discussed in the previous
paragraphs, the lab results are
influenced by the thermody-
namic conditions (different for
each test and not always speci-
fied), which affect the interfacial 
tension and the contact angle.
Furthermore, as pointed out by
the numerous revised papers,
one of the crucial aspect is an
accurate and reliable measure-
ment of the flow rate and the
pressure variation, both very

Tab.1 – Sources of the dataset and classification according to the experimental procedures.

Standard approach Residual capillary pressure approach Standard + Residual capillary pressure approaches

Thomas et al., 1968 Wyllie and Rose, 1950 Egermann et al., 2006

Schowalter, 1979 Hildenbrand et al., 2002 Ito et al., 2011

Li et al., 2005
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Fig. 6 – Comparison between the results from the standard and from the residual procedures; Thomas et al. (1968) empirical equation.

Fig. 5 – Comparison between the results from the standard and from the residual procedures performed on the same plug; Thomas et al. 
(1968) empirical equation.
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small due to the tightness natu-
re of the investigated materials.

3.  Considering the lithological ef-
fects, the experimental results
on the clay (evaluated only via
the residual approach) and the
anhydrite (evaluated only via
the standard approach) are the
most disperse. Each lithology is
investigated only by a single pu-
blication so no further compara-
tive analyses are possible. Even
so, it can be pointed out that all
the results from Hildenbrant
et al. (2002) underestimate the
general trend, no matter about
the investigated lithology (clay
or mudstone).

5. Conclusion

The most accredited and widely
adopted experimental procedures 
for the evaluation of the formation 
sealing efficiency are the standard 

or step-by-step approach and the 
residual capillary pressure appro-
ach. They evaluate two differ pa-
rameters, which, at least, might 
coincide: the breakthrough or the 
threshold pressure, the first, and 
the minimum displacement pres-
sure or the residual pressure diffe-
rence the latter. Both parameters 
are capillary pressure. In order to 
evaluate the effect of adopted lab 
procedures, the present paper 
collects, categorizes and analyzes 
experimental data from the tech-
nical literature, obtained perfor-
ming standard or residual tests 
(or both) on different lithologies, 
in reservoir thermodynamic con-
dition, via N2-brine fluid system. 
The results show an acceptable 
coherency between data from the 
two procedures within a range of 
permeability of [102-105] nD. The 
highlighted discrepancies seem to 
be more case sensitive rather than 
attributed to the adopted proce-
dure or the investigated lithology: 

crucial aspects, which required 
more investigation, could be rela-
ted to the effects of the thermo-
dynamic conditions and of the 
accuracy and the precision of the 
measures. Furthermore, the com-
parison between the experimental 
data and the empirical correlation 
defined by Thomas et al. (1968) 
shows a satisfactory agreement, 
for the permeability range in whi-
ch the equation was defined. Even 
if the equation was derived only 
from standard test measurements 
on a limited number of lithologies, 
it turns out to be a reliable predicti-
ve approach for the identification, 
at least, of the order of magnitude 
of the threshold pressure (or the 
residual pressure difference).
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