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A B S T R A C T

Mining is one of the biggest industries in terms of product generation and revenue earned, and is deemed as the 
lifeline for countries around the world. However, in current times, it is ridden with several problems right from 
environmental threats to the slow turnover and throughput rate of production it offers. As a result, the demand of 
digitization and advancement of the mining process emerges so as to improve efficiency. With so many tech-
nological breakthroughs, there exists a need to realize what technologies are best suited for the development of a 
more sustainable mining industry. This study aims to recognize the enabling technologies for digitization of the 
mining processes using a three-step novel methodology. The findings indicate that sustainability is the most 
important criterion while big data analytics, machine learning, autonomous vehicles and artificial intelligence 
are most important technologies that enables digitization of the mining processes for sustainable mining.

1. Introduction

Historically, mining has played a significant role in enabling any 
country to embark on the path of prosperity due to the advantages it 
offers such as – enabling discovery of new resources, facilitating easy 
accessibility to minerals embedded deep in the earth’s surface, which 
enables infrastructure development and being a huge source of job op-
portunities for people around the world (Duvall, 2019). The financial 
benefits that mining brings is immense for those who are involved in this 
industry right from companies, stakeholders to even the workers who 
are very much involved in the actual process as it opens up new op-
portunities for earning income and paves new ways for economic 
development. In spite of the benefits that mining offers, the disadvan-
tages that it is associated with often outweighs the benefits. One of the 
biggest issues that mining faces in today’s time are 2 things in general – 
how it harms the environment and how outdated the current mining 
practices have become (Borley, 2022).

It has become crucial for companies around the world to strive for 
making mining more advanced and sustainable. Over the past couple of 
decades several efforts have been made in this direction such as – scrap 
mining, recycling, green mining, land-site reclamation, usage of eco- 

friendly equipment, 3D modeling, using GPS technology, cease and 
closure of illegal mining etc. With the urge for sustainable mining 
techniques continues to grow, the need of developing new methodolo-
gies and processes continue to rise. One of the aspects that has gained 
traction in recent times is the growing induction of modern technologies 
and disciplines within the existent mining processes (Lucero, 2023). This 
shift is nowadays termed as the process of digitization of mining pro-
cesses and has been widely implemented over the last decade to make 
mining more sustainable and advanced. Technologies such as Artificial 
Intelligence (AI), Machine Learning (ML), Robotics, Blockchain, Big 
Data Analytics, Cloud Computing, Cybersecurity etc. have seen a steady 
rise in terms of their application within the mining industry (Duvall, 
2019). Right from mineral detection to land reclamation, such tech-
nologies have not only made the current mining processes much more 
smarter and easier to implement but has also resulted in the invention of 
new methodologies and processes as well, paving the way for many 
other similar technologies to be used and introduced for the same pur-
pose (Cashman, 2022).

Today many companies around the world have implemented tech-
nologies to simplify their mining practice. For Example – Vale, a Brazil 
based metal mining corporation and the largest producer iron ore and 
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nickel, engages in the use of IoT based measures for their mining pro-
cesses such as instrumentation, vibrational monitoring, conveyor belt 
and rollers operations etc. It uses autonomous trucks and drones for 
transportation and monitoring operations, and has approved the use of 
special analysers for online iron ore measurement (Kumar, 2023a; 
Kumar, 2023b). Fortescue (formerly Fortescue Metals) an Australia 
based mining and green energy company and 4th largest iron ore pro-
ducer in the world, uses autonomous haulage systems and has deployed 
over 200 autonomous trucks at its hubs, whilst integrating their existing 
equipment with their autonomous fleet, and intends to use the data 
collected from such vehicles for optimising their workflows for main-
tenance, road design etc. (Gleeson, 2019). Rio Tinto, a British-Australian 
mining company and the second largest metals and mining corporation 
in the world, has also been pretty active when it comes to integration of 
technology in the mining practices, as it employs the use of autonomous 
trucks, drills and trains for minimizing human error. It operates Auto-
Haul - the world’s first autonomous long distance railway system for 
iron ore transportation (Sahota, 2023). It also uses IoT to engage in 
predictive maintenance by establishing an analytics excellence centre in 
Pune, India wherein data gets captured via sensors and gets assessed for 
predicting and preventing engine breakdowns and faults (Kumar, 
2023a; Kumar, 2023b). The BHP group (formerly known as Broken Hill 
Proprietary company), a Australia based metals mining company and 
the largest metals and mining corporation in the world by market cap, 
has established a maintenance Centre of Excellence that uses ML to 
provide insights on the data collected, which allows them to engage in 
predictive maintenance of their equipment and better supply chain 
management. It also intends to use ML for other tasks such as geological 
data interpretation and uses analytics to make their supply chain more 
robust. Apart from this, it also deploys autonomous trucks and drills 
across its mining sites, employs the use of technology to enable workers 
to collect data remotely, uses IoT driven sensors for its machinery and 
protection of workers and utilises cloud services in combination with 
mixed reality headsets for assisting electricians on-site with their work 
(Kumar, 2023a; Kumar, 2023b).

With so many technologies now surrounding the mining industry, 
the potential for an extensive modernisation and digitization of the 
mining process is imminent. However, this also brings in a bout of dif-
ficulties, as it leaves companies strained with the choices they have with 
them when it comes to innovative development of mining processes. 
Firstly even though companies are surrounded by such a vast amount of 
options and opportunities of modernising their mining methods, they 
are often limited by the amount of experience they tend to have with 
such technologies. Usually companies involved in the mining industry 
tend to lack knowledge and expertise related to modern technologies 
like AI, Cybersecurity etc. due to the lack of exposure they have. Sec-
ondly there exists a lack of definition of factors for ensuring develop-
ment of innovative and modern mining processes, which tends to 
confuse companies and leaves them unsure of what they need to choose. 
Lastly, there is a severe lack of definition for certain technologies as their 
real life use case scenarios doesn’t exist for understanding their efficacy 
in application, industry relevant opinions and inputs, user based expe-
rience etc (Lucero, 2023).

In order to improve how mining as an industry fares in terms of ef-
ficiency, performance and sustainability, it is crucial to realize ideal 
processes that aid towards the same. While digitization of mining pro-
cesses has emerged as a highly effective solution, studies reveal that 
there is a significant gap in terms of hypothesizing and application of 
digitization related methods, owing to factors like lack of industrial level 
experience with modern tech, resistance towards adoption of new pro-
cesses and fearing the changes that this might bring. Hence, recognizing 
the current gaps and caveats that exist in digitization and innovative 
development of mining process. This work emphasizes and ascertains 
the technologies and factors ideal for innovative development of sus-
tainable and advanced mining processes, which has been achieved 
through answering the following research questions (RQs) – 

RQ1: What technologies, processes and principles emerge to be ideal 
for digitization and innovative development of sustainable mining 
processes?

For this question, we decided to engage in an extensive literature 
review using the Preferred Reporting Items for Systematic Meta Ana-
lyses (PRISMA) method (Page et al., 2020) to compile relevant material 
needed and consult industry specific experts for their opinion for 
recognizing factors and technologies ideal for digitization and innova-
tive development of sustainable mining processes by incorporating the 
Pythagorean Fuzzy Delphi method (PF-Delphi) (Sindhwani et al., 2023). 

RQ2: Which of the factors recognized emerge to be of significance 
when it comes to digitization and development of mining from a 
sustainable perspective?

For answering this question, wwe decided to engage in the use of a 
novel 2-step methodology that would allow us to establish a ranked list 
of technologies and factors ideal for developing digitised sustainable 
mining processes. In the first stage, we ranked the factors by weightage 
through implementing Pythagorean Fuzzy Analytical Hierarchal Process 
(PF-AHP) (Lahane and Kant, 2021). We then ranked the technologies 
using the Pythagorean Fuzzy Combined Compromise Solution (PF-Co-
CoSo) method (Peng et al., 2019).

In this study we intend to identify what technologies and deter-
ministic factors are crucial for sustainable digitization of mining pro-
cesses and rank them by their importance via consulting experts across 
different domains for their opinions. Post introducing the nature and 
intent in the 1st section, the 2nd Section discusses the technologies and 
factors deemed suitable for sustainable digitization of the mining pro-
cesses and their subsequent validation. The 3rd section discusses the 
methodology implemented in detail and the ranking of parameters 
defined. The 4th section discusses the results obtained via the ranking 
and what they indicate. The 5th section highlights the implications of 
this study. The study is concluded with the 6th Section which sheds light 
upon the conclusions inferred.

2. Literature review

This section discusses the technologies and factors deemed suitable 
for mining digitization. and their subsequent validation and sheds light 
on the research gaps.

2.1. Appropriate article selection

To answers the questions formulated for this study, it is important to 
determine what factors influence digitization of mining processes, by 
understanding what affects the development in the mining industry, 
what has been accomplished so far and what is the future scope. This 
would be analyzed through reviewing relevant pieces of literature ma-
terial. However, with the sheer abundance of research surrounding us, it 
is crucial to select the right literature for further review, which is why it 
is essential to adopt a method or process that can aid in selection. In this 
study we used the PRISMA methodology for collecting relevant litera-
ture. PRISMA is a process used for selecting relevant studies and acts a 
reporting guide for the same (Page et al., 2020). It comprises of 4 steps - 
paper identification, screening, inclusion/exclusion factors and paper 
selection based on outcome relevancy. The reason why we have used the 
PRISMA guidelines in this study to select the literature is because of the 
strength of this technique in being systematic and convenient. The 
following sub-sections highlight the complete process that was under-
taken. Fig. 1 illustrates in detail the PRISMA process undertaken for this 
study.

2.1.1. Identifying relevant literature
The first step in this methodology is the identification of appropriate 
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literature through screening of several databases and libraries. In this 
phase, we mainly screened through 2 databases – Scopus and IEEE 
Xplore along with other sources as they were easily accessible and 
hosted the material that was relevant to the study in comparison to other 
databases like Web of Science etc. (Chadegani et al., 2013). For identi-
fying the initial literature, we resorted to use of keywords relevant to our 
field of study such as ’Sustainable Mining’ OR ’Ecosystem Management’ 
OR ’Technologies’ OR ‘Criteria’ OR ’Digitization’ in combination with 
several terms related to technologies such as ’Blockchain’, ’AI’, ’ML’, 
’IoT’, Big Data Analytics’, ’Robots’, ’Autonomous Vehicles’, ’Cloud 
Computing’, ’Cybersecurity’, ’Profitability’, ’Govt. Policy’, etc. We 
opted to use such keywords that bore a substantial significance and 
relevance to the topic of our research. Such an approach enabled us to 
find around 3028 papers from both databases and other sources.

2.1.2. Screening of papers for uniqueness
After identifying the initial set of papers, we embarked on the second 

phase which was to select papers that were unique to our research and 
offered material that could be easily related to our goals. In this phase, 
one of our biggest factors was to select literature which is unique and 
relevant. To search such type of literature, we ran a search query string 
which could ensure that such papers can be identified. We ran the 
following string in the Scopus database - TITLE (’mining’) OR TITLE 
(’mining AND industry’) OR TITLE (’sustainable AND mining’) OR 
TITLE (’enabler’) OR TITLE (’criteria’) OR TITLE (’sustainability’) OR 
TITLE (’profitability’) OR TITLE(’government AND policies’) OR TITLE 
(’government AND support’) AND TITLE (’digitization’) OR TITLE 
(’blockchain’) OR TITLE (’ai’) OR TITLE (’iot’) OR TITLE (’ml’) OR 
TITLE (’cybersecurity’) OR TITLE (’cloud AND computing’) OR TITLE 
(’robots’) OR TITLE (’autonomous AND vehicles’) OR TITLE (’data AND 
analytics’) AND (LIMIT-TO (OA,"all")). This phase of screening enabled 
us to further remove 2169 papers, leaving us with 859 papers that were 

deemed to be unique in nature.

2.1.3. Selection of literature based on inclusion and exclusion factors
Post screening literature based on its uniqueness quotient, we 

engaged in the third phase, which was to select literature using 
customized inclusion and exclusion criteria. For this phase, we came up 
with our own inclusion factors to segregate and identify useful literature 
for indulging in further analysis. We selected papers from various sub-
jects such as ’Engineering’, ‘Sustainability’, ‘Environment Sciences’, 
‘Sustainable Development’, ‘Risk Management’, ‘Information Manage-
ment’, ‘Energy Utilization’ and the document type was ’Article’. The 
papers were from sources such as ’Journal’, ’Conference Paper’ and 
‘Book Chapter’ and were of the language type ’English’. Additionally, 
we also included papers that belonged to the timeframe we chose for the 
literature review i.e., from 2015 until December 2023. The reason as to 
why we went with such elaborate time period was due to several rea-
sons. Firstly, digitization in mining industry has seen its emergence in 
this time period, as there has been a rise observed with the demand of 
improving mining practices using technology. Secondly, the need for 
innovative development of mining processes from the viewpoint of 
sustainability has emerged to become the need of the hour within this 
time period itself. Thirdly, the period of 2015–2023 has witnessed the 
most amount of integration between mining processes and technologies 
as companies have been observed to challenge their capabilities and 
embark onto new endeavours. Fourthly, this time period has seen the 
emergence of several new technologies considered to be beneficial 
across a myriad of sectors such as AI, ML, Data Analytics, Cloud Solu-
tions, etc., Lastly, by limiting our research within this specific time 
period, we are able to ensure that we can get the maximum grasp on the 
developments made in this field and what is being planned for the 
future. To effectively engage in this screening process, we ran the 
following string in the Scopus Database - TITLE (’mining’) OR TITLE 

Fig. 1. Flowchart of the PRISMA process undertaken.
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(’mining AND industry’) OR TITLE (’sustainable AND mining’) OR 
TITLE (’enabler’) OR TITLE (’criteria’) OR TITLE (’sustainability’) OR 
TITLE (’profitability’) OR TITLE (’government AND policies’) OR TITLE 
(’government AND support’) AND TITLE (’digitization’) OR TITLE 
(’blockchain’) OR TITLE (’ai’) OR TITLE (’iot’) OR TITLE (’ml’) OR 
TITLE (’cybersecurity’) OR TITLE (’cloud AND computing’) OR TITLE 
(’robots’) OR TITLE (’autonomous AND vehicles’) OR TITLE (’data AND 
analytics’). AND PUBYEAR >2015 AND PUBYEAR <2023 AND (LIMIT- 
TO (SRCTYPE, "p") OR LIMIT-TO (SRCTYPE, "k") OR LIMIT-TO 
(SRCTYPE, "j")) AND (LIMIT-TO (OA, "all")) AND (LIMIT-TO (PUB-
STAGE, "final")) AND (LIMIT-TO (SUBJAREA, "ENGI") OR LIMIT-TO 
(SUBJAREA, "ENVI")) AND (LIMIT-TO (DOCTYPE, "ar") OR LIMIT-TO 
(DOCTYPE, "cp") OR LIMIT-TO (DOCTYPE, "ch")) AND (LIMIT-TO 
(LANGUAGE, "English")) AND (LIMIT-TO (EXACTKEYWORD, "Sustain-
able Development") OR LIMIT-TO (EXACTKEYWORD, "Decision Mak-
ing") OR LIMIT-TO (EXACTKEYWORD, "Miners") OR LIMIT-TO 
(EXACTKEYWORD, "Social Sustainability") OR LIMIT-TO (EXACTKEY-
WORD, "Climate Change") OR LIMIT-TO (EXACTKEYWORD, "Energy 
Utilization") OR LIMIT-TO (EXACTKEYWORD, "Environmental Sus-
tainability") OR LIMIT-TO (EXACTKEYWORD, "Information Manage-
ment") OR LIMIT-TO (EXACTKEYWORD, "Case Study") OR LIMIT-TO 
(EXACTKEYWORD, "Case-studies") OR LIMIT-TO (EXACTKEYWORD, 
"Governance Approach") OR LIMIT-TO (EXACTKEYWORD, "Industry 
4.0") OR LIMIT-TO (EXACTKEYWORD, "Risk Assessment") OR LIMIT-TO 
(EXACTKEYWORD, "Performance") OR LIMIT-TO (EXACTKEYWORD, 
"Optimization") OR LIMIT-TO (EXACTKEYWORD, "Automation") OR 
LIMIT-TO (EXACTKEYWORD, "Supply Chain Management") OR LIMIT- 
TO (EXACTKEYWORD, "Robotics") OR LIMIT-TO (EXACTKEYWORD, 
"Life Cycle") OR LIMIT-TO (EXACTKEYWORD, "Learning Systems") OR 
LIMIT-TO (EXACTKEYWORD, "Urban Transportation") OR LIMIT-TO 
(EXACTKEYWORD, "Forecasting") OR LIMIT-TO (EXACTKEYWORD, 
"Data Visualization") OR LIMIT-TO (EXACTKEYWORD, "Wireless Sensor 
Networks") OR LIMIT-TO (EXACTKEYWORD, "Production Process") OR 
LIMIT-TO (EXACTKEYWORD, "Neural Networks") OR LIMIT-TO 
(EXACTKEYWORD, "Industrial Development") OR LIMIT-TO (EXACT-
KEYWORD, "Energy Conservation") OR LIMIT-TO (EXACTKEYWORD, 
"Ecosystems") OR LIMIT-TO (EXACTKEYWORD, "Sensors") OR LIMIT- 
TO (EXACTKEYWORD, "Security") OR LIMIT-TO (EXACTKEYWORD, 
"Safety") OR LIMIT-TO (EXACTKEYWORD, "Risk Management") OR 
LIMIT-TO (EXACTKEYWORD, "Risk Analysis") OR LIMIT-TO (EXACT-
KEYWORD, "Recycling") OR LIMIT-TO (EXACTKEYWORD, "Environ-
mental Protection") OR LIMIT-TO (EXACTKEYWORD, "Ethics")). This 

phase of screening allowed us to remove 724 papers that did not meet 
the eligibility criteria, leaving us with 135 papers that projected infor-
mation needed for this study.

2.1.4. Selection of papers based on outcome relevance
After filtering the literature through the custom inclusion-exclusion 

criteria, we initiated the final step of including those papers whose 
outcome was relevant to our study. In this phase we scanned through 
papers that hosted results that could be deemed useful to our study, 
which allowed to remove 80 papers because they did not project any 
outcome relevant to our study. This left us with 55 papers as references 
for elucidating the technologies and factors for digitization and inno-
vative development of the mining. Fig. 2 showcases the year wise dis-
tribution of the literature considered for review.

2.2. Identifying factors which enable digitization and innovative 
development for sustainable mining

In order to engage in digitization for sustainable mining, it is crucial 
that the incorporated technologies are able to generate maximum results 
in actual practice. To accomplish the same, it is important to define 
factors that can enable effective integration of the technologies in the 
mining industry. For this we recognized three factors that emerge ideal 
for sustainable digitization in mining.

2.2.1. Sustainability
Sustainability is a major factor when it comes to digitization, as 

mining generates different types of pollution and waste, which threatens 
the local ecosystem (Zhou, 2023). Hence when integrating technologies 
into the mining industry, not only do they simplify the mining process 
but they also minimize the impact on the environment. It can be ach-
ieved in several ways such as reduction of waste, recycling of materials, 
prevention of pollution, and exposure of hazardous substances etc. (Asr 
et al., 2019).

2.2.2. Profitability
Profitability is a key factor for digitizing the mining industry as with 

digitization the main goal is not only to make the process more efficient 
and sustainable but also ensure that such solutions are able to generate 
substantial amounts of revenue (Bikubanya and Radley, 2022). Hence, it 
is crucial to develop solutions that can generate profit to pave the way 
for future investments and development opportunities. It can be 

Fig. 2. Year wise distribution of final literature collected for review.
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achieved through measures like raw material re-use, strong engagement 
practices, developing holistic approach and broadening scope of devel-
opment (Hirdinis, 2019).

2.2.3. Government Support
Government Support is a key criterion for digitization, as mining 

generates sizeable profits, acts as a reliable stream of revenue and pro-
vides job opportunities to the locals (Burton et al., 2023). Hence sup-
porting digitization of mining is beneficial for the governments, who see 
an opportunity in this regard which makes their support as a key factor 
for digitization. It can support the endeavors by providing subsidies, 
market shares, and grants, setting environmental regulations etc. 
(Emetumah and Okoye, 2018).

2.3. Recognizing enabling technologies that pave the way for digitization 
and development for sustainable mining

When we attempt to improve mining through digitization, it is 
important to know what technologies are ideal for the same to simplify 
the process of digitization. In this section we discuss such technologies 
followed by a detailed description of them via a table (Table 1).

2.4. Research gaps

Despite the fact that mining as an industry has seen an exponential 
growth when it comes to adoption of technologies, at the same time it 
also faces a variety of issues in terms of its application. While digitiza-
tion of mining processes is a much-needed endeavor, its applications so 
far has witnessed many difficulties in terms of its implementation. 
Following are some of the issues that the current phase of technology 
adoption faces when comes to engaging in sustainable mining. 

1. Operational Constraints – Mining is quite expensive as it incurs an 
extensive amount of money in terms of facilitation and management. 
Hence, some of the biggest factors that need to be kept in mind are 
the environment that the technology needs to operate in, the degree 
of work it is anticipated to facilitate, the amount of capital it needs 
for operation, continuous maintenance etc. (Innovapptive, 2023). 
Integration of technology for sustainable mining is embroiled with 
challenges, such as inability to operate in certain environment, the 
unprecedented issues it can face, lack of support and resources or 
smooth operation, the dearth of opportunities for problem resolu-
tion, high amount of budget needed for its implementation and 
safekeep (Stewart, 2023). As a result, mining companies often find it 
difficult to integrate technologies within their mining processes due 
to the insurmountable number of issues they face owing to the lack of 
experience they could have with the solutions they intend to 
implement (Sirait, 2023).

2. Lack of exposure and association with modern technology – Com-
panies that are involved in the mining industry are quite tradition-
alistic in their approach, as they prefer the continuous use of 
traditional mining practices owing to the high degree of familiarity 
they have with such measures (Duvall, 2019). As a result, companies 
have found it difficult to digitize their mining processes owing to 
their lack of exposure to the modern technologies (Insig, 2022). This 
often deters them from investing their infrastructure due to the lack 
of opportunities to test out such technologies in real time, their 
inability to predict factors such as the result, the risk associated etc., 
severe lack of skilled workforce needed to implement such measures 
and the intensive number of regulations that are needed to be 
adhered to for sustainable production, environmental protection and 
habitat conservation. (Abhary, 2023).

3. Methodology adopted

Awering the fter ansfirst RQ formulated by recognizing the 

Table 1 
Key technologies for digitization and innovate development for sustainable 
mining.

Technologies Use-Case References

Integration of Blockchain 
Technology for 
Traceability and 
Authenticity of 
Sustainable Mining 
Processes (E1)

i. It enables companies to 
engage in responsible 
sourcing of materials 
from the mine sites as it 
allows for better tracking 
for pollution causing 
factors and allows real- 
time collection and anal-
ysis of carbon offset from 
the minerals for decision 
making.

ii. It allows for easy 
traceability of the 
minerals right from their 
excavation to their final 
production stage, 
establishing 
accountability and 
transparent records of the 
materials collected, the 
working condition, the 
workers profile etc.

iii. It allows for easy 
authentication of data by 
enabling companies to 
verify the data sent in 
from the service machines 
originating at the mining 
sites using methods like 
digital watermarks, 
encrypted keys etc. for 
easy data association and 
identification.

Mugurusi and 
Ahishakiye, 2022
Calvão and Archer, 
2021
Chadly et al. (2023)
Evsutin and 
Meshcheryakov 
(2020)
Ahmed and 
MacCarthy, 2023

Adoption of Artificial 
Intelligence (AI) based 
techniques for 
Digitization and 
Optimization of 
Sustainable Mining 
Processes (E2)

i. It enables companies to 
easily determine the 
concentration of ore 
within a mineral so as to 
detect the quality of the 
mineral and to procure 
the highest grade and 
amount of material 
possible post mineral 
cleaning.

ii. It allows companies to 
engage in easy 
maintenance and 
monitoring of machines 
and other equipment at 
the mining site as it 
enables them to easily 
determine any problems 
or issues early on with the 
equipment, ensuring 
maximum operational 
efficiency.

iii. It enables companies to 
engage in simulation and 
mapping of potential 
routes for tasks like 
mineral transportation, 
hauling from the mining 
sites which allows 
companies to get a fair 
idea of the prospective 
routes which are ideal for 
mineral collection and 
operation optimization.

iv. It enables organizations 
to engage in on-site 
anomaly detection, min-
eral identification and 
classification which al-
lows them to easily detect 

Bendaouia et al. 
(2023)
Dayo-Olupona et al. 
(2023). 
Torres (2022)
Ghorbani et al. 
(2022)
Long et al. (2022)
Nwaila et al. (2022)
Ghorbani et al., 
(2022),

(continued on next page)
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Table 1 (continued )

Technologies Use-Case References

the kind of ores and de-
posits they are obtaining 
from the sites.

Usage of Machine 
Learning (ML) 
processes for 
Predictive Sustainable 
Mining (E3)

i. It enables companies to 
optimize mining 
operations such as 
drilling and blasting by 
overcoming the 
limitations such processes 
face like landscape 
centric uncertainties, 
safety hazards along with 
environmental and 
financial limitations. 
Apart from this it also 
enables companies to 
collect information such 
as rock fragmentation and 
mineral structural 
recognition.

ii. It enables companies to 
engage in the effective 
visualization of the 
prospective mining sites 
by enabling them to 
engage in processes 
which can help them in 
predicting the different 
aspects of the mining sites 
like predictive mapping 
of minerals and ore 
prospective mapping. 
This enables them to 
analyze the data collected 
from the mining site and 
other surrounding areas 
to develop a better 
understanding of the 
prospects offered at the 
mining site and the 
quality of minerals 
detected.

iii. ML processes can help on- 
site workers to easily 
predict the landscape 
condition by deploying 
algorithms for predicting 
the extent of land recla-
mation in the mining site, 
planning achievable long- 
term mining schedules 
and risk level prediction 
of the mining sites.

Munagala et al., 
(2023), 
Fernández et al., 
2023
Josso et al. (2023)
Zheng et al. (2023)
Levinson and 
Dimitrakoupoulos 
(2023), 
Zheng et al. (2023)

Integration of Robotic 
Process Automation for 
Innovation of Mining 
Processes (E4)

i. It allows companies to 
engage in development of 
intelligent mining 
equipment for purposes 
such as extraction of 
minerals from areas like 
small-scale mineral de-
posits and others wherein 
it is not financially viable 
to mine minerals.

ii. They can also be utilized 
for path mapping in 
mining networks as it 
enables prediction of 
useable routes for 
excavation, enabling 
them to collect minerals 
from areas which is 
difficult for humans to 
reach.

iii. Robots can be also 
deployed for engaging in 
rescue operations as they 

Lopes et al. (2020)
Boloz and Bialy 2020 
Solar et al. (2016)
Reddy A et al. (2015)
Fryanov et al. (2017)

Table 1 (continued )

Technologies Use-Case References

can be used for tasks such 
as accident location 
detection, first aid 
treatment of the 
survivors, generating 
alerts for medical team 
and detecting severity of 
accident.

Adoption of Cloud 
Computing techniques 
for Maintenance and 
Safety for Sustainable 
Mining (E5)

i. Allows companies to 
engage in geospatial data 
processing of the mining 
sites, enabling them to 
map out the possible 
areas of mineral deposits, 
forecast mineral 
resources and engage in 
assessment of mineral 
resources.

ii. Cloud Computing can be 
used for engaging in 
predictive maintenance 
and monitoring of mining 
equipment, enabling 
companies to improve 
operational efficiency, 
maintain robustness, 
measure the overall 
effectiveness of the 
equipment, monitor and 
alert issues arising with 
the tools, facilitate real- 
time repair and offer cus-
tomization of equipment 
to suit mining and pro-
cessing needs.

iii. It enables companies to 
engage in safety 
monitoring of the mining 
sites using cloud enabled 
platforms for analysis of 
seismic waveforms and 
deploying early warning 
for potential mishaps. It 
allows companies to 
engage in safety training 
via simulation of accident 
scenarios so as to train 
workers and enable them 
to adapt to the situations.

Yang et al., 2016 
Kruczek et al. (2019)
Zhang et al. (2020)
Li et al. (2020)
Bi et al. (2022)

Integration of 
Cybersecurity 
Measures for Secure 
Sustainable Mining 
Processes (E6)

i. It allows safeguarding of 
mining equipment like 
hauling vehicles and 
ensure that they are able 
to operate safely by 
tackling factors that may 
act as a hindrance such as 
prevention of data loss 
and IP loss etc.

ii. It enables companies to 
engage in protection of 
the mineral data gathered 
from the mining site by 
ensuring that the data 
gathered is secured from 
malware attacks, 
phishing and data 
stealing.

iii. It also empowers 
companies to engage in 
effective risk 
management as it enables 
them to identify factors 
such as possible risks, 
their probability of 
occurrence and the 

Gaber et al. (2021)
Skenderas and Politi 
(2023)
Litvinenko (2019)
Tyuleneva (2020)
Nawa and Nwaila, 
2023

(continued on next page)
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parameters and elucidating their importance, we proceed to the phase of 
developing the answer for the second RQ theorized. For this, we rank the 
technologies and factors identified for their relative importance for 
digitization of sustainable mining processes using a three-step method-
ology comprising of PF-Delphi for validation of technologies, PF-AHP for 
ranking factors and PF-CoCoSo for ranking the technologies. Fig. 3
displays the complete process followed for this study –

3.1. Data collection

To validate and rank the technologies and factors finalized we 
developed a survey questionnaire which enlisted details related to the 
enabling technologies and criteria, offered suitable grading scales for 
assessing the technologies which enabled respondents to express their 
views easily (Sindhwani et al., 2023). In this methodology, we contacted 
experts across different domains and asked them to express their honest 
opinions and inputs about such technologies within the survey. In this 
study out of 9 total experts consulted, we were able to connect with 6 

Table 1 (continued )

Technologies Use-Case References

severity of impact they 
could have.

Adoption of Internet of 
Things (IoT) for Robust 
Development of 
Sustainable Mining 
Processes (E7)

i. It enables companies to 
engage in identification 
of different mining 
aspects such as mineral 
and ore recognition, 
landscape recognition 
using Radio Frequency 
Identification (RFID) 
technology. It also allows 
for seamless capturing of 
data with the help of 
Wireless Sensor Networks 
(WSN) technology as it 
result it better rate of data 
collection in comparison 
to cabled systems.

ii. It empowers companies to 
engage in predictive 
maintenance of 
equipment, real time 
monitoring of sites, safety 
assessments, disaster 
prediction, site 
surveillance using 
sensors, wireless 
technologies, 
automation, GPS and 
other technologies so as 
to maintain operation 
efficiency, safety of 
workers, prevent 
accidents and disasters

iii. From a sustainability 
perspective, IoT allows 
companies to engage in 
analysis and monitoring 
of different aspects such 
as mining environment 
monitoring, pollution 
monitoring, transport 
management, water 
monitoring, mineral 
supply monitoring etc. to 
ensure that no 
irreversible damage is 
done to the mining site 
and its surrounding areas 
and to reduce the 
environmental impact of 
mining.

More et al. (2020)
Salam (2020)
Jha et al. (2021). 
Song et al., (2023), 
Park et al., (2021), 
Jo and Khan (2018)

Integration of 
Autonomous Vehicles 
for Automation of 
Sustainable Mining 
Process (E8)

i. It enables companies to 
engage in the location 
assessment of the mining 
sites when used with 
technologies like Light 
Detection and Ranging 
(LiDAR) sensors for 
landscape estimation and 
mapping of driveway and 
ore tunnels so as to ensure 
easy navigation of the 
vehicles and easy area 
prediction

ii. Autonomous vehicles can 
be also used by 
organizations to 
automate different kinds 
of tasks at a mining site 
such as – Production 
drilling, atmosphere 
monitoring, area-specific 
problem detection, con-
dition simulation and 
prediction. This enables 

Kim and Choi (2021)
Ge et al. (2022)
Androulakis et al. 
(2020)
Chehri and Fortier 
(2020)
Voronov et al. (2020)

Table 1 (continued )

Technologies Use-Case References

them to achieve automa-
tion of complex tasks, 
maintain operational ef-
ficiency and reduce 
human intervention.

iii. It can also enable 
companies to engage in 
the use of self-dependent 
and intelligent vehicles 
like mineral excavators 
and mineral shuttle cars 
for quicker extraction and 
collection of minerals 
from the mining site and 
to facilitate its related 
tasks like vehicle upkeep, 
fleet management, mate-
rial loading and trans-
portation management.

Integration of Big Data 
Analytics for Resilient 
Sustainable Mining 
(E9)

i. It enables companies to 
engage in development of 
resilient supply chains 
and allows them to 
engage in effective 
planning, resource 
management, resource 
conservation etc.

ii. It enables organization to 
engage in the process of 
pollution risk assessment 
by allowing them to 
analyze data related to 
minerals extracted.

iii. It allows companies to 
engage in easy 
identification of 
anomalies within 
complex minerals by 
enabling them to assess 
geoscience data using big 
data analytics in 
combination with mining 
geochemistry, engage in 
predictive maintenance 
of mining equipment, as it 
allows them to analyze 
the data collected from 
the equipment deployed 
so as to gain a better 
understanding about its 
condition, overall 
performance and work 
efficiency.

Bag et al. (2022)
Cheng et al. (2022)
Abedini et al. (2023)
Li et al., (2022), 
Sarker et al. (2022)
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experts located in India, the country relevant to our study from different 
sector domains and collected their opinions, as they possessed the 
relevant knowledge and expertise that we desire in this study for vali-
dation and ranking. The details of the experts consulted are shown in the 
following table (Table 2).

3.2. Validation of technologies using the Pythagorean Fuzzy Delphi 
technique

For validating the technologies based on their suitability in real-life 
scenarios, we utilized the Pythagorean Fuzzy Delphi method (PF-Del-
phi). PF-Delphi is a research methodology which involves validation of 

Fig. 3. Flowchart depicting the workflow followed for this study.

Table 2 
Experts consulted for this study.

S 
No.

Domain Qualification Years of 
Experience

Hierarchy 
Level

Job Responsibilities

1 Blockchain 
Technology

Graduation 8 Executive 
Manager

Mainly responsible for realizing potential of Blockchain across a multitude of sectors and 
spearheading the implementation of the same.

2 Design Post- 
Graduation

12 Project 
Manager

Accountable for harnessing the potential of sustainable design principles across mining sectors.

3 Mining Graduation 14 Project 
Manager

Mainly responsible for solution development, stakeholder mapping, assessment along with 
engagement within the mining domain.

4 Management Post- 
Graduation

8 Senior 
Manager

Accountable for estimation, identification and realizing the potential of sustainable 
management practices in the projects being undertaken.

5 Pre-Sales Graduation 2.8 Specialist Mainly responsible for customer engagement, services and delivery of solutions within the 
enterprise domain

6 Supply Chain Post- 
Graduation

12 Project 
Manager

Accountable for capacity planning for cloud-based supply chain along with solution 
development and stakeholder mapping, assessment along with engagement within the supply 
chain domain.
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parameters considered for a study on the basis of analysis of scale-based 
ratings offered by the experts. This involves usage of scales specifically 
designed for categorization of factors solely based on their weightage 
associated with each grade on the scale. Unlike the Delphi method, this 
methodology uses Pythagorean Fuzzy Numbers (PFNs) for analysis, 
which improves the credibility of inputs offered and maintains the 
consistency of information, both of which enable PF-Delphi to easily 
outweigh Delphi (Alharbi and Khalifa, 2021). In comparison to Rough 
Set theory, PF-Delphi tends to fare better as the parameters used for 
validation of the technologies are known to some degree, which makes 
its application more viable (Yao, 1998). When it comes to Kendall score 
coefficient, PF-Delphi boasts a score of 0.758, which is the ideal score 
needed to achieve a consensus on agreement between 2 or more experts 
(Tee et al., 2022). After collecting expert opinions, we initiated the 
process of an extensive analysis of the opinions offered for the tech-
nologies using the PFNs and other factors related to this method. Thus, 
we were able to reach an effective conclusion as we selected the tech-
nologies which emerged to be ideal for digitization in sustainable min-
ing, the following table (Table 3) showcases the selected technologies 
using the PF-Delphi method.

Post analysis, we discovered that all the technologies were chosen for 
consideration owing to the positive inputs provided by the experts, 
when measured against a threshold value of 0.6 considered for selection 
post achieving a consensus of measurement between all the experts.

3.3. Ranking factors based on their relative importance using the 
pythagorean fuzzy AHP technique

The PF-AHP technique is used to evaluate factors related to a piece of 
data. It uses fuzzy logic and Pythagorean Fuzzy Numbers (PFNs), for 
assessment based on relative importance, making it ideal for cases 
related to Multi-Criteria Decision-Making (MCDM) process. PF-AHP, 
unlike AHP, relies on the use of fuzzy sets which enables it to elimi-
nate redundant and unnecessary data during evaluation, thus devel-
oping concrete conclusions, making this method a preferred choice 
(Lahane and Kant, 2021). When compared to processes of Analytic 
Network Process (ANP) and TOPSIS (Technique for Order Preference by 
Similarity to Ideal Solution), it tends to have significant advantages as 
PF-AHP emerges as a far better option due to its ability to measure and 
rank factors based on the individual weightage that signifies how much 
its aids to the cause whilst independent of external solutions, as TOPSIS 
ranks criterion based on the relativity to the ideal solution (Lima Junior 
et al., 2014), PF-AHP also considers the factors independently, whereas 
ANP ranks criterion based on their dependency on the technologies 
(García and Guitart, 2022). To rank the criteria, we analyzed the inputs 
offered by experts by converting them into PFNs and computed our re-
sults. After deducing the insights offered, we were able to rank the cri-
terion based on their relative importance. Table 4 showcases the relative 
weightage of the criterion to other factors and Table 5 showcases the 
ranking of factors that was observed post analysis (Sindhwani et al., 
2023).

As we can see in Table 5, the factors were ranked as follows – the 
factorsC1 (Sustainability) emerges as the top most ranked criterion. as it 
boasts the maximum weightage (0.744179). This is then followed by the 
factors C2 (Profitability) with weightage (0.138562), with criterion C3 
finishing last with weightage (0.117259).

3.4. Ranking technologies by assessing their relative importance using 
pythagorean fuzzy CoCoSo technique

PF-CoCoSo is a technique that assess the factors based on their 
relative importance to each other and to other factors. Like PF-AHP, it is 
ideal for solving cases involving the use of MCDM based processes. 
Unlike CoCoSo method, PF-CoCoSo tends to use a combination of 
mathematical models, PFNs and fuzzy sets for deriving effective insights 
and concrete conclusions making it an optimum choice for researchers 
(Peng et al., 2019). PF-CoCoSo is also preferable when compared to 
VIKOR and Additive Radio Assessment (ARAS), as it evaluates the 
technologies on their weightage measuring in importance and efficacy 
in achieving a solution. VIKOR ranks technologies based on how well 
they mimic the ideal solution and ARAS ranks technologies based on the 
alternatives it offers (Bołoz and Biały, 2020; Zhang et al., 2023; 
Zavadskas and Turskis, 2010).

To rank the technologies identified using PF-CoCoSo, we analyzed 
the inputs offered by converting them into PFNs and computed our re-
sults based on the insights it offered. After deducing the insights offered 
by the experts’ opinions, we were able to rank the technologies based on 
their relative importance which are showcased in Table 6 (Sindhwani 
et al., 2023).

In Table 6, technologies E9 (Big Data Analytics) and E3 (Machine 
Learning) emerge as the top most ranked technologies in terms of rela-
tive importance as they boast the highest Ki weightage (7.529836 each). 
Enabler E8 (Autonomous Vehicles) comes next in 3rd place as it scores 
the second highest Ki weightage (6.082041). Finally we have enabler E2 
(Artificial Intelligence). at 4th place as it scores the 3rd highest Ki 
weightage (3.730804).

4. Results and discussion

Post the evaluation of all the factors and technologies using the 
methodologies, we were able to identify one criterion and four tech-
nologies that emerged ideal for digitization of sustainable mining 
practices, based on the weightage of the relative importance they 
demonstrated. In our study, we discovered that sustainability emerged 
as the top most criterion amongst all the other factors when it comes to 
digitization of mining processes. Also, technologies like Big Data Ana-
lytics, Machine Learning, Autonomous Vehicles and Artificial Intelli-
gence emerged as the top technologies for enabling digitization of 
mining processes.

Of all the criteria considered, sustainability is of most importance for 
digitization of mining. As conservation of habitats becomes important, 
ensuring that no damage is inflicted on them during mining is crucial, 
which makes development of sustainable mining processes as the ideal 
solution. Hence, reducing the waste generated, recycling materials, 
reducing pollution, developing ecological literacy and corporate social 
responsibility, engaging in land restorations etc. are crucial for effective 
digitization and development of mining processes (Asr et al., 2019).

Amongst all the four technologies identified, big data analytics 
emerges as one of top 2 technologies for enabling digitization of mining 
processes. Integration of big data analysis is crucial for development of 
resilient sustainable mining practices (Bag et al., 2022). This is because 
it helps in development of resilient supply chains and propagates 
effective planning, resource management and conservation (Abedini 
et al., 2023). It also enables companies to engage in pollution risk 
assessment by analyzing data related to minerals extracted, identify 
areas of high-risk pollution, detect anomalies within complex minerals 
and engage in predictive maintenance of mining equipment (Li et al., 

Table 3 
Pythagorean fuzzy weights and de-fuzzified values.

Enabler Pf-Weights Hesitancy De-fuzzified 
Value

Selected (S)/Rejected 
(R)

 μ ν π  
E1 0.95 0.2 0.0575 0.929597 S
E2 0.95 0.2 0.0575 0.929597 S
E3 0.95 0.2 0.0575 0.929597 S
E4 0.95 0.2 0.0575 0.929597 S
E5 0.95 0.2 0.0575 0.929597 S
E6 0.85 0.35 0.155 0.787988 S
E7 0.95 0.2 0.0575 0.929597 S
E8 0.95 0.2 0.0575 0.929597 S
E9 0.95 0.2 0.0575 0.929597 S
   Threshold Value 0.6
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2022).
The top ranked technology for digitization in mining is machine 

learning. Use of machine learning techniques has been observed to 
significantly contribute towards digitization for sustainable mining 
(Josso et al., 2023). It helps companies to optimize mining operations 
like drilling and blasting and overcome their limitations, collect 
different types of data related to minerals, visualize prospective areas for 
mining and engage in predictive mapping of minerals (Zheng et al., 
2023). It also helps on-site workers to predict landscape conditions, 
engage in land reclamation, enable companies to plan achievable min-
ing schedules and engage in risk level prediction (Levinson and Dimi-
trakoupoulos, 2023).

The third most important technology for mining digitization are 
autonomous vehicles. Adoption of autonomous vehicles has provided 
several benefits in terms of development of sustainable mining practices 
(Kim and Choi, 2021). It enables companies to engage in location 
assessment of the mining sites for landscape estimation, automate 
different kinds of tasks such as production drilling, atmosphere moni-
toring etc (Ge et al., 2022). It also reduces human dependency for 
dangerous tasks via integration of self-dependent and intelligent vehi-
cles like excavators and shuttle cars, and easily manage tasks related to 
its maintenance like vehicle upkeep fleet management and material 
loading management (Chehri and Fortier, 2020).

The fourth most important enabler when it comes to digitization of 
mining, is artificial intelligence in mining processes. Use of AI in mining 
provides several benefits like allowing companies to determine the 
concentration of ore in a mineral for quality detection, easily maintain 
and monitor machines (Torres, 2022), determine problems early on with 
the equipment, simulate and map potential routes for transportation 
(Rahmani et al., 2023), engage in on-site anomaly detection, mineral 
identification and classification (Ghorbani et al., 2022a,b).

As we have seen with the results yielded, technologies like ML, Big 
Data Analytics, Autonomous Vehicles and AI play a significant role in 

enabling digitization of mining process, as they contribute heavily to-
wards making mining more sustainable and seamless. In this study, we 
initially emphasized over the fact as to how mining in its current stage is 
ridden with a multitude of issues, right from operational constraints, 
financial limitations, lack of exposure to modern technology and skilled 
workforce etc. By discussing the possible technologies, their potential 
applications and ranking, we present the prospective mining organiza-
tions with insights into how certain technologies have evolved to be 
ideal for addressing different issues. This is achieved by offering possible 
solutions for resolving several issues such as - streamlining the equip-
ment maintenance process using AI (Dayo-Olupona et al., 2023), 
detecting prospective spots with high mineral ore concentration using 
ML (Zheng et al., 2023), using pollution risk assessment using big data 
analytics (Cheng et al., 2022), automating complex tasks using auton-
omous vehicles among several others (Voronov et al., 2020). Not only 
that, it also provides an insight into how these technologies also help in 
future-proofing the mining industry as they emerge effective for devel-
opment of other solutions as well.

5. Study implications

This section discusses the implications the technologies considered 
ideal for digitization of mining would have on the mining industry from 
a theoretical, practical and other.

5.1. Theoretical implications

From a theoretical perspective, the results are found to be in favor of 
the technologies observed ideal for sustainable digitization of mining 
process (Dilge, 2022). When compared to Natural Resource Based View 
model (Andersén, 2021), all of the technologies have instances of ap-
plications that encourage sustainable mining digitization. For example – 
Big Data Analytics helps miners to engage in pollution risk assessment 
via analyzing data for the presence of dangerous pollutants in the freshly 
extracted metals. This enables mining companies to predict and pinpoint 
possible regions of high-risk pollution within a mining site, which allows 
them to curb the risk of pollution and environmental damage (Cheng 
et al., 2022). ML allows mining companies to engage in visualization of 
probable prospects for land reclamation through predicting landscape 
condition for exploring the possible opportunities for land reclamation, 
which is ideal as it presents the opportunity to rejuvenate the land, 
thereby minimizing environment damage (Fernández et al., 2023). 
Autonomous Vehicles provide miners a chance to utilize self-dependent 
and intelligent vehicles for excavation of minerals and other tasks, 
which makes mining more sustainable as it enables us to minimize the 
damage and effort spent towards extracting minerals, making it safer 
(Voronov et al., 2020). AI allows miners to easily determine ore con-
centration in a mineral, making it easier to excavate better quality 
minerals, and makes the process more sustainable by reducing human 
effort, reducing energy consumed and minimizing mineral wastage 
(Bendaouia et al., 2023).

In comparison to Task-Technology Fit model (Marikyan and Papa-
giannidis, 2023), the technologies are seen as the ideal choices for 
solving mining problems. For Example – miners find it difficult to obtain 
high quality minerals, as they run into issues due to presence of impu-
rities. In such cases, Big Data Analytics emerges to be useful as it can be 
used to easily detect and analyze anomalies in a mineral, so as to remove 

Table 4 
Pair wise comparison matrix.

Factors C1 C2 C3

μ(L) μ(U) ν(L) ν(U) μ(L) μ(U) ν(L) ν(U) μ(L) μ(U) ν(L) ν(U)

C1 0.1965 0.1965 0.1965 0.1965 0.55 0.65 0.35 0.45 0.8 0.9 0.1 0.2
C2 0.35 0.45 0.55 0.65 0.1965 0.1965 0.1965 0.1965 0.45 0.55 0.45 0.55
C3 0.1 0.2 0.8 0.9 0.45 0.55 0.45 0.55 0.1965 0.1965 0.1965 0.1965

Table 5 
Normalized criteria weight of matrix.

Criteria W

C1 0.744179
C2 0.138562
C3 0.117259

Table 6 
Ranking of technologies based of ’ki’ values*.

ENABLER kia kib kic ki RANK

E1 0.058406 4.252899 0.339571 1.988849 8
E2 0.113122 7.90781 0.657688 3.730804 4
E3 0.172 17.11773 1 7.529836 1
E4 0.110549 7.594349 0.642724 3.596662 5
E5 0.042459 2 0.246857 1.038835 9
E6 0.100408 6.190916 0.583769 3.00497 7
E7 0.106126 7.05855 0.617011 3.367068 6
E8 0.124929 14.13533 0.72633 6.082041 3
E9 0.172 17.11773 1 7.529836 1

Note: *Kia- Arithmetic mean of WSM and WPM, Kib- Relative score of WSM and 
WPM, Kic- Balanced compromise of WSM and WPM, Ki- Final assessment value.
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them and ensure yield of high-quality material (Abedini et al., 2023). ML 
also emerges as useful when issues are presented while extracting 
minerals due to prohibitions like – landscape complexities, environ-
mental constraints etc. In such cases, ML allows miners to optimize 
drilling and blasting operations by analyzing the constraints present on 
site, making it ideal for resolving such problems (Munagala et al., 2023). 
Autonomous Vehicles emerge to be effective when issues such as navi-
gating through colonies for excavation emerge, due to climate-induced 
landscape changes, making it difficult to predict what path should be 
considered to reach the same. Autonomous Vehicles allow miners to do 
the location assessment of the mining site using LiDAR sensors to map 
the vehicle driveways, ensure easy navigation of mining vehicles and 
prediction of ideal mining routes (Kim and Choi, 2021). AI is also 
deemed suitable for mining as it is effective in solving issues related to 
the upkeep of mining equipment, as they enable miners to engage in 
regular maintenance of equipment and early problem detection in ma-
chines, thereby ensuring maximum operational efficiency (Nwaila et al., 
2022).

5.2. Practical implications

From a practical perspective, it was realized that adopting policies 
that empowered integration of technologies and sustainable practices in 
the mining industry enabled companies to revolutionize the way they 
engage in mining. (Alonso, 2022). When we consider the technologies 
that came out as ideal for digitization of mining post analysis, we realize 
that they emerge as practical choices for ensuring fool-proof application 
of digitization of mining processes as indicated through several studies 
and when measured against the Technology Acceptance Model (Burgess 
and Worthington, 2021). For example – Big Data Analysis has a positive 
acceptance in the mining sector due to its efficiency for developing 
resilient supply chains, for effective planning, resource management and 
conservation, making mining more robust (Bag et al., 2022). ML has a 
positive perception in the mining industry due to its efficiency in map-
ping the prospective mining areas via prediction of possible points of 
mineral deposits, making mineral extraction easier (Zheng et al., 2023). 
Autonomous Vehicles has had a positive acceptance for mining as it 
allows for developing automations for different mining tasks such as 
atmosphere monitoring, problem detection, condition simulation and 
prediction, thereby maintaining human intervention and dependency 
(Ge et al., 2022). AI has also developed a positive perception in the 
mining sector due to the benefits it presents when it comes to mineral 
identification and classification, as it enables them to easily detect and 
differentiate between minerals obtained from different sites and possible 
areas of deposits (Long et al., 2022).

When we analyze the parameters considered, we realize that the 
technologies deemed ideal for digitization of mining processes stay true 
to the concepts associated with the Theory of Diffusion of Innovations 
(Dearing and Cox, 2018). When we consider the discussion of how the 
concept of using these technologies for digitization of mining evolved, it 
is usually seen that sustainability plays a huge role towards the same 
(Asr et al., 2019). Through the literature reviews undertaken, it was 
observed that sustainability emerged as a focal point for all the top 
technologies considered ideal for mining digitization. In big data ana-
lytics, sustainability is a major point when it comes to its rise in popu-
larity amongst the miners as it enables them to plan long-term schedules, 
optimize their work and predict risks beforehand so as to maintain 
human safety, reduce wastage of resources and reduce the time and 
effort spent (Sarker et al., 2022). In case of ML, sustainability plays a 
major role in the growth for its acceptance in mining as it allows for easy 
collection of key data of minerals like rock fragmentation, mineral 
structural recognition etc. which would help in minimizing mineral 
wastage by enabling them to predict the quality of material they would 
find during excavation (Josso et al., 2023). Autonomous Vehicles has 
also seen a steady rise in terms of acceptance within the mining industry 
thanks to sustainability, as it allows miners to routinely maintain mining 

equipment and automate complex tasks, which reduces the amount of 
resource needed and energy consumption (Androulakis et al., 2020). AI 
has also seen unprecedented rate of popularity amongst the miners due 
to sustainability, as it enables them to easily predict ideal routes for 
mineral excavation, making it easier to quickly excavate minerals, and 
makes the process more sustainable by reducing human effort and 
minimizing land wastage (Ghorbani et al., 2022a,b).

5.3. Managerial and policy implications

From a managerial perspective, when the results are contrasted 
against theories such as Institutional Theory (David et al., 2019) and 
Classical Management Theory (O’Leary, 2023), encouraging adoption of 
technologies at a management level enables companies to easily inte-
grate such technologies at an internal level. It enables them to develop 
prior understanding of the technologies suitable to their needs, under-
stand their applications, test the use cases, sensitize and train workers to 
adapt and develop new processes. Adopting sustainable practices at a 
management level enables companies to help its workers develop 
ecological literacy, instill a sense of societal and environment consid-
eration and develop corporate social responsibility. (Oizom, 2023).

From a policy perspective, when the results are observed against 
theories such as Stakeholder Theory (McAbee, 2022) and Theory of 
Reasoned Action (Nickerson, 2023) engaging in digitization of mining 
enables one to increase the time period of sustenance for the processes 
adopted by enabling companies to reduce wastage, recycle unwanted 
materials, reduce pollution, increase material yield, and protect 
workers’ lives. Adopting technologies such as AI, Big Data Analytics, ML 
and Autonomous Vehicles enables companies to increase operational 
efficiency, reduce costs, improve resource management, enhance per-
formance and operations; and optimize mining practices (Soofastaei, 
2023).

6. Conclusion, limitations and future scope

Mining as a practice has evolved in terms of both significance and 
relevance over the last many decades, as it emerges to be a job source for 
millions around the world and opens up a plethora of opportunities for 
many to collect and use crucial resources. However, it is maligned with 
the negative effects it leaves upon the environment, as it continues to 
threaten the local habitat endangers the flora, fauna and the people 
thriving in them. It also suffers from the impending threat of becoming 
obsolete as the mining processes themselves continue to become old, 
unwanted and outdated quickly, which endangers the workflow, the 
infrastructure and the people involved in the mining industry. As a 
result, making mining more sustainable and technologically advanced 
emerges to be the need to tackle such crises. Taking advantage of the 
prospective it presents, the study contribute towards the cause by 
identifying the best technologies and factors for digitization and inno-
vative development of the mining sector.

In this study, we recognized nine technologies and three factors ideal 
for digitization of sustainable mining processes, by assessing the degree 
of usefulness and acceptance each technology and factors displayed and 
were subsequently evaluated in accordance to the technology accep-
tance model. This study emphasized on the importance of integrating 
them within the mining industry by highlighting their advantages, needs 
and illustrating potential use case scenarios and applications. This study 
also developed a rank-based list of technologies and factors suited best 
for digitization in mining, and highlighted the most important criterion 
and technologies that should be considered by integrating a three-step 
methodology and considering expert opinions from different domains.

However, despite the proposed solution, it is undeniable that there 
might exists the probability of insufficiency within the results presented, 
as it is directly dependent on the number of experts consulted, the 
subjectivity of opinions and the domains explored. Hence we intend to 
cover more ground related to this field by integrating more 
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methodologies such as sensitivity analysis for measuring the degree of 
fitness of the factors and m-TISM model for deriving more intricate 
factors. Despite the limitations that this study might possess, we cannot 
deny the importance that its findings would have on the mining in-
dustry. We envision it to act as a stepping stone towards the journey of 
digitization of mining process, as it presents the researchers, academi-
cians and companies with options on what technologies would best suit 
them for improving their mining workflows based on their needs and 
goals to be achieved.
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mass structural recognition from drill monitoring technology in underground mining 
using discontinuity index and Machine Learning Techniques. Int. J. Min. Sci. 
Technol. 33 (5), 555–571. https://doi.org/10.1016/j.ijmst.2023.02.004.

Fryanov, V.N., Pavlova, L.D., Temlyantsev, M.V., 2017. Theoretical approaches to 
creation of robotic coal mines based on the synthesis of Simulation Technologies. 
IOP Conf. Ser. Earth Environ. Sci. 84, 012001. https://doi.org/10.1088/1755-1315/ 
84/1/012001.

Gaber, T., El Jazouli, Y., Eldesouky, E., Ali, A., 2021. Autonomous haulage systems in the 
mining industry: cybersecurity, communication and safety issues and challenges. 
Electronics 10 (11), 1357. https://doi.org/10.3390/electronics10111357.

García, D.J., Guitart, V.E., 2022. Comparative analysis between AHP and ANP in 
prioritization of Ecosystem Services - a case study in a rice field area raised in the 
Guadalquivir Marshes (Spain). Ecol. Inf. 70, 101739. https://doi.org/10.1016/j. 
ecoinf.2022.101739.

Ge, S., Wang, F.-Y., Yang, J., Ding, Z., Wang, X., Li, Y., Teng, S., Liu, Z., Ai, Y., Chen, L., 
2022. Making standards for smart mining operations: intelligent vehicles for 
autonomous mining transportation. IEEE Trans. Intelli. Vehi. 7 (3), 413–416. 
https://doi.org/10.1109/tiv.2022.3197820.

Ghorbani, Y., Nwaila, G.T., Zhang, S.E., Bourdeau, J.E., Cánovas, M., Arzua, J., 
Nikadat, N., 2022a. Moving towards deep underground mineral resources: drivers, 
challenges and potential solutions. Resour. Pol. 80, 103222. https://doi.org/ 
10.1016/j.resourpol.2022.103222.

Ghorbani, Y., Zhang, S.E., Nwaila, G.T., Bourdeau, J.E., Safari, M., Hadi Hoseinie, S., 
Nwaila, P., Ruuska, J., 2022b. Dry Laboratories – mapping the required 
instrumentation and infrastructure for online monitoring, analysis, and 
characterization in the mineral industry. Miner. Eng. 191, 107971. https://doi.org/ 
10.1016/j.mineng.2022.107971.

Gleeson, D., 2019. Fortescue on the lookout for more automation and Ai Opportunities. 
Int. Min. https://im-mining.com/2019/02/20/fortescue-lookout-automation-ai-o 
pportunities/.

C. Chatterjee et al.                                                                                                                                                                                                                              Resources Policy 100 (2025) 105450 

12 



Hirdinis, M., 2019. Capital structure and firm size on firm value moderated by 
profitability. Intern. J. Econ. Bus. Admin. VII (Issue 1), 174–191. https://doi.org/ 
10.35808/ijeba/204.

Innovapptive, 2023. Overcoming Equipment Maintenance Challenges in Mining 
Industry. Innovapptive Inc. https://www.innovapptive.com/blog/overcoming-eq 
uipment-maintenance-challenges-in-mining-industry.

Insig, T., 2022. Five challenges for implementing technology into mining. Insig Technol. 
https://www.insigtech.com.au/post/five-challenges-for-implementing-technology- 
into-mining.

Jha, A., Verburg, A., Tukkaraja, P., 2021. Internet of things–based command center to 
improve emergency response in underground mines. Safety and Health at Work 13 
(1), 40–50. https://doi.org/10.1016/j.shaw.2021.10.003.

Jo, B., Khan, R., 2018. An internet of things system for underground mine air quality 
pollutant prediction based on Azure Machine Learning. Sensors 18 (4), 930. https:// 
doi.org/10.3390/s18040930.

Josso, P., Hall, A., Williams, C., Le Bas, T., Lusty, P., Murton, B., 2023. Application of 
random-forest machine learning algorithm for mineral predictive mapping of fe-mn 
crusts in the World Ocean. Ore Geol. Rev. 162, 105671. https://doi.org/10.1016/j. 
oregeorev.2023.105671.

Kim, H., Choi, Y., 2021. Location estimation of autonomous driving robot and 3D tunnel 
mapping in underground mines using pattern matched lidar sequential images. Int. 
J. Min. Sci. Technol. 31 (5), 779–788. https://doi.org/10.1016/j.ijmst.2021.07.007.

Kruczek, P., Gomolla, N., Hebda-Sobkowicz, J., Michalak, A., Śliwiński, P., Wodecki, J., 
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METODAS (ARAS) DAUGIAKRITERINIAMS UŽDAVINIAMS Spręsti. Technol. Econ. 
Dev. Econ. 16 (2), 159–172. https://doi.org/10.3846/tede.2010.10.

Zhang, B., Hu, S., Li, M., 2023. Comparative study of multiple machine learning 
algorithms for risk level prediction in goaf. Heliyon 9, e19092. https://doi.org/ 
10.2139/ssrn.4383477.

Zhang, Z., Liao, H., Al-Barakati, A., Zavadskas, E.K., Antuchevičienė, J., 2020. Supplier 
selection for housing development by an integrated method with interval rough 
boundaries. Int. J. Strat. Property Manag. 24 (4), 269–284. https://doi.org/10.3846/ 
ijspm.2020.12434.

Zheng, C., Yuan, F., Luo, X., Li, X., Liu, P., Wen, M., Chen, Z., Albanese, S., 2023. Mineral 
prospectivity mapping based on support vector machine and random forest 
algorithm – a case study from Ashele copper–zinc deposit, Xinjiang, NW China. Ore 
Geol. Rev. 159, 105567. https://doi.org/10.1016/j.oregeorev.2023.105567.

Zhou, L., 2023. Towards sustainability in mineral resources. Ore Geol. Rev. 160, 105600. 
https://doi.org/10.1016/j.oregeorev.2023.105600.

C. Chatterjee et al.                                                                                                                                                                                                                              Resources Policy 100 (2025) 105450 

13 



Chinmayee Chatterjee pursued her undergraduate studies in the discipline of information 
technology from Amity School of Engineering and Technology, Amity University, Uttar 
Pradesh, India. She has made contributions to research through articles listed in confer-
ences and journals. She is inclined towards research and is interested to pursue the fields of 
Data Analytics, Machine Learning and Artificial Intelligence. She possess the intent of 
developing an in-depth understanding of these disciplines and is always eager to learn new 
things related to them.

Dr. Rahul Sindhwani is currently serving as an Assistant Professor at the Indian Institute of 
Management, Sambalpur, Odisha, India. With over 10 years of experience in teaching and 
research, he has established himself as a well-respected authority in his field. Dr. Sindh-
wani has made significant contributions to the academic community through his research 
work, which has been published in prestigious journals ABDC-A category such as the and 
Technological Forecasting and Social Change, IEEE Transactions on Engineering Man-
agement, Journal of Cleaner Production, Journal of Enterprise Information Management 
among others. Furthermore, he serves as a guest editor for the Journal of Global Re-
sponsibility. His expertise lies in the areas of Decision science, Quantitative Techniques, 
Sustainability, Operations Management, Supply Chain Management, Operations Research. 
He possesses an in-depth understanding of these fields and has contributed to the devel-
opment of new framework and concepts that have helped organizations improve their 
operational efficiencies and competitiveness.

Dr. Sachin Kumar Mangla is working in the field of Green and Sustainable Supply Chain 
and Operations; Industry 4.0; Circular Economy; Decision Making and Simulation. He is 
committed to do and promote high quality research. He has published/presented several 
papers in repute international/national journals (Journal of Business Research; Interna-
tional Journal of Production Economics; International Journal of Production Research; 
Computers and Operations Research; Production Planning and Control; Business Strategy 
and the Environment; Annals of Operations Research; Transportation Research Part-D; 

Transportation Research Part-E; Renewable and Sustainable Energy Reviews; Resource 
Conservation and Recycling; Information System Frontier; Journal of Cleaner Production; 
Management Decision; Industrial Data and Management System) and conferences (POMS, 
SOMS, IIIE, CILT – LRN, MCDM, GLOGIFT). He has an h-index 55, i10-index 96, Google 
Scholar Citations of more than 8000. He is involved in several editorial positions and 
editing couple of Special issues as a Guest Editor in top tier journals. Currently, he is 
working as an Associate Editor at Journal of Cleaner Production, International Journal of 
Logistics Management, Sustainable Production and Consumption, and IMA Journal of 
Management Mathematics journals. He is also involved in several research projects on 
various issues and applications of Circular economy, Industry 4.0 and Sustainability. 
Among them, he also contributed to the knowledge based decision model in “Enhancing 
and implementing knowledge based ICT solutions within high risk and uncertain condi-
tions for agriculture production systems (RUC-APS)”, European Commission RISE scheme, 
€1.3M. Recently, he has also received a grant as a PI from British Council – Newton Fund 
Research Environment Links Turkey/UK – Circular and Industry 4.0 driven solutions for 
reducing food waste in supply chains. He is also working in several projects on Food Waste 
and Circular Economy and Industry 4.0 issues, sponsored by Govt of India (ICSSR) and 
state Govt. agencies (USERC).

Dr. Nitasha Hasteer is Head of the Information Technology Department and Dy. Director 
(Academics) at Amity School of Engineering & Technology, Amity University, India. She 
has 23 years of teaching, research, and administrative experience in academics and in-
dustry and is a Ph.D. in Computer Science and Engineering. Her interest areas are machine 
learning, cloud computing, crowdsourced software development, software project man-
agement, and process modeling through multi-criteria decision-making techniques. She 
has published more than 70 papers in various journals and international conferences in 
these areas and has guided many postgraduate students in their dissertations. She has been 
on the editorial board of many international conferences and journals.

C. Chatterjee et al.                                                                                                                                                                                                                              Resources Policy 100 (2025) 105450 

14 


