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Abstract: One of the most promising technologies that is driving digitalization in several industries is
Digital Twin (DT). DT refers to the digital replica or model of any physical object (physical twin). What
differentiates DT from simulation and other digital or CAD models is the automatic bidirectional
exchange of data between digital and physical twins in real-time. The benefits of implementing DT in
any sector include reduced operational costs and time, increased productivity, better decision making,
improved predictive/preventive maintenance, etc. As a result, its implementation is expected to grow
exponentially in the coming decades as, with the advent of Industry 4.0, products and systems have
become more intelligent, relaying on collection and storing incremental amounts of data. Connecting
that data effectively to DTs can open up many new opportunities and this paper explores different
industrial sectors where the implementation of DT is taking advantage of these opportunities and
how these opportunities are taking the industry forward. The paper covers the applications of DT in
13 different industries including the manufacturing, agriculture, education, construction, medicine,
and retail, along with the industrial use case in these industries.

Keywords: Digital Twin; Industry 4.0; Smart Manufacturing; system optimization; predictive maintenance

1. Introduction

The term ‘Digital Twin’ (DT) has gained popularity recently in academic as well as
industrial circles, even though it was conceptualized decades ago. In 2002, Michael Grieves,
who introduced the concept of DT, defined it as “A set of virtual information constructs that
fully describes a potential or actual physical manufactured product from the micro atomic level to
the macro geometrical level. At its optimum, any information that could be obtained from inspecting
a physically manufactured product can be obtained from its Digital Twin” [1]. When defined as
such, a Digital Twin is comprised of three components (Figure 1):

(i) Physical twin: A real-world entity (living/non-living) such as part/product, machine,
process, organization, or human, etc.

(ii) Digital twin: The digital representation of the physical twin with the capability to
mimic/mirror its physical counterpart in real time.

(iii) Linking mechanism: The bidirectional flow of data between the two which operates
automatically in real-time.

Though DT has been defined by academia and industry in several different ways,
one thing that they all agree on is its benefits. It reduces operational costs and time,
increases the productivity of the existing system, helps in the decision-making process,
improves maintenance schedules and activities, provides remote access, makes a safer
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working/operational environment, and promotes sustainability [2]. Owing to the varied
advantages and applications of DTs, their adoption in different sectors has accelerated
in recent years. As reported by Grand View Research, the global market of DT was
estimated at USD 5.04 billion in 2020 and is expected to reach USD 86.09 billion by 2028,
with a compound annual growth rate of 42.7% from 2021 to 2028 [3]. One of the reasons
the demand for DTs has accelerated is the recent outbreak of the pandemic, COVID-
19 [4,5]. Lockdowns due to the pandemic resulted in supply chain breakage, a shortage of
workforce, and remote or non-contact working environment [6], due to which digitization
and the advancement of processes with minimum human contact have gained much
more importance [4]. According to the Gartner survey, 31% of the companies are using
DT for the remote monitoring of assets to reduce the frequency of in-person monitoring,
such as hospital patients and mining operations to increase the safety of employees and
customers [7].
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DT technology has found its applications in different industries going through digital
transformation. Martin and Nadja [8], in their study on DT applications, identified ten
major industrial sectors where DT has been applied. These industries are (i) Aerospace,
(ii) Manufacturing, (iii) Healthcare, (iv) Energy, (v) Automotive, (vi) Petroleum, (vii) Public
sector, (viii) Mining, (ix) Marine, and (x) Agricultural. They also pointed out that DT
in these industries has been used for three main purposes i.e., simulation, monitoring,
and control. However, the applications of DT are not just limited to these three purposes
only. DT now is used for design, validation, customization, optimization, prediction, and
maintenance. According to Juniper Research, the industry which will be leading in DT
deployment by 2021 is manufacturing (34%), followed by energy (18%) [9].

This paper provides a summary of the current applications of DT in different industries.
To get a better understanding of DT, our previous review paper [2] can be referred to, which
talks about the definitions of DT across the literature, its characteristics, types, advantages,
and challenges. The DT applications that have been reported in the literature regularly
are in the field of manufacturing, cyber-physical systems, or in the context of Industry 4.0
in general [10–23]. There are exceptions, but these review papers either cover only one
industry [24–34] or only a few industries [4,35–38]. C. Semeraro et al., in their review of
115 papers on DT, found that the most explored DT application contexts are: healthcare,
maritime and shipping, manufacturing, city management, and aerospace [39]. How the DT
technology is being used in these five aforementioned sectors is discussed in this paper.
The paper also extends the discussion of DT applications in the real world to sectors such as
education, construction, and retail, areas not considered by Martin and Nadja [8] (Figure 2).



Appl. Sci. 2022, 12, 5727 3 of 28

The aim of the paper is to identify and understand the potential of DT in any sector and
the purpose of implementing it for the right application, which can prove to beneficial to
any researcher, business, or sector before investing in the technology to unleash the true
potential of the technology.
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The number of studies in each sector discussed in the paper is varied, but all of them
are increasing year by year. Table 1 shows the number of publications related to DT in a
particular sector in Scopus, Science Direct, and Google Scholar (last checked May 2022).
The increase in DT-related publications is quite recent, i.e., 2016 onwards, but since then the
growth has been exponential [2]. The manufacturing industry is leading the chart with the
most number of studies, followed by Energy, Construction, and Education, even though
the applications of DT in the field of education has been relatively newer. The Aerospace
sector, which is the pioneering industry in terms of DT technology, has not that many
publications as compared to other sectors. The implementation of DT in sectors such as
retail and agricultural is fairly new as compared to others, thus resulting in a low number
of publications.

Table 1. Number of Digital Twin-related publications in each industry based on different platforms.

Industry
No. of Publications

Scopus Science Direct Google Scholar

Aerospace and Aeronautics 168 980 2360
Manufacturing 1823 3295 25,300

Healthcare and Medicine 188 819 4810
Power Generation/Energy 780 2863 17,300

Automotive 177 939 7910
Oil and Gas 434 1463 9780
Smart City 236 462 4090

Mining 191 1001 9700
Maritime and Shipping 59 360 2330

Agricultural 63 495 3900
Education 223 939 14,900

Construction 748 1825 17,700
Retail 21 286 2830
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2. Aerospace and Aeronautics

Aerospace/aeronautics fields were the pioneer areas where DT was explored first by
NASA and by the U.S. Air Force [40–43]. The main applications of DTs in this industry
include optimizing the performance and reliability of the space vehicle/aircraft, predicting
and resolving maintenance issues, and making the missions safer for the crew. The main
application of DT in this industry started with the intention to optimize the performance
and reliability of the space vehicle/aircraft. According to the 2010 technological roadmap
by NASA [44], the four applications of DT for them were:

(i) Simulating the flight before the launch of the actual vehicle to maximize the
mission success.

(ii) Continuously mirroring the actual flight and updating the conditions such as actual
load, temperature, and other environmental factors to predict future scenarios.

(iii) Diagnosing damage caused to the vehicle.
(iv) Providing a platform to study the effects of modified parameters that were not consid-

ered during the design phase.

Any damage detected by DT could be resolved by activating in situ repairs or recom-
mending appropriate changes to the mission, resulting in a longer lifespan and a higher
success rate of the mission [45]. By reducing the uncertainty of prognosis and maintenance
intervals, DT improves the planning and reliability of future missions [46]. Besides securing
the spacecraft and the mission, DT was also used to ensure the safety of the crew members
operating in the remote and uncharted territories by testing various possible recovery
scenarios in case of emergency [44].

Aside from performance and reliability, one of the benefits of using DT is that it
can be used for predicting errors, which makes the maintenance of the spacecraft or
aircraft easier and cheaper than the traditional scheduled maintenance. The U.S. Air Force
Research Laboratory (AFRL) in 2020 announced that they would be creating a DT of one
of their supersonic bombers, B-1B, for predictive maintenance, which will be done by 3D
scanning each and every part of the aircraft down to the nuts and bolts [47,48]. Through the
scanning process, any structural faults or damages will be discovered which will help in
creating a medical record of it. Then data from the aircraft will predict areas that are more
likely to have structural issues. Over the aircraft’s life cycle, layers of maintenance data,
test/inspection results, and analysis tools will be superimposed with the digital model.
AFRL has previously signed a contract with Northrop Grumman worth USD 20 million
for the development of a DT to forecast the problems with the airframe of different kinds
of Air Force aircrafts so that preventive maintenance can be performed [49]. Their experts
are trying to improve predictive maintenance for the aircraft by improving flight load
data, developing more realistic structural analysis models, and quantifying and reducing
modeling uncertainty. An aircraft’s life is highly dependent on the load it carries; the life of
an aircraft can improve up to 200% with the reduction of just 20% weight [50]. With the
help of DT technology, the load spectrum of an aircraft can be recorded and processed for
determining its useful life.

A DT for fan-blade reconditioning has been proposed by J. Oyekan et al. [51] which
incorporates the use of cameras and vision-based algorithms, along with a robotic arm
for grinding the fan blade of the aircraft engine to the required specification in order to
improve aerospace maintenance, repair, and overhaul services. S. Liu et al. [52] proposed a
DT for the machining processes of an aircraft’s rudder which can mimic physical machining
processes from three aspects: geometry, behavior, and context. NASA has even developed
the DT of the rocket engine to predict real flight conditions and their impacts better on the
engine start-up [53].

DT is the enabling aerospace sector to develop new products faster and cheaper while
improving the production line quality and reducing the aircraft maintenance time [54]. The
new player in the aerospace industry, SpaceX, is also leveraging the DT technology for prod-
uct designing and testing to address the problems and achieve the required performance
before they even build the products, which enables them to develop cheaper rockets [21,55].
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The adoption of a DT in the aviation/aerospace industry is highly beneficial, though it can
be a slow process due to the regulations and data collection mechanisms from the aircraft,
which makes it expensive, as well as having certification concerns for onboard equipment
and software [25].

3. Manufacturing

Although the development of DT started from the Aerospace industry, the industry
which is exploring the technology the most is the manufacturing industry. DTs have
been described as the key enablers of Industry 4.0 and Smart Manufacturing [56,57]. Any
manufactured product goes through four main phases throughout its life cycle: design,
manufacture, operation, and disposal (Figure 3). Smart manufacturers can leverage DTs in
all four phases of the product [15,58].
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During the design phase, DT allows the designers to verify their product design vir-
tually, which enables them to test different iterations of the product and choose the best
one [56]. Using the real-time data from the products of previous generations, designers get
an insight into the features that are working best for the consumers and those which need
improvements [21]. This makes the whole process of improving the design easier and faster.
An example of this is the car manufacturer Maserati which used DT for optimizing car
body aerodynamics using wind tunnel tests virtually, which are elaborate and expensive
otherwise [59]. They also optimized the acoustics of the car inside by using the data from a
dummy equipped with microphones in the prototype car. Fei Tao et al. [60], taking a bicycle
as an example, have proposed a DT-driven product design framework that can be useful
for manufacturers to develop DT to aid the product design process. Unlike traditional
bike designing methods which are based on the designers’ knowledge and experience,
the DT of a bicycle constantly collects the data from the physical space, which could be
compared, analyzed, and used for designing or redesigning next-generation bicycles. With
customer reviews and usage habits, designers can get a better understanding of customer
requirements which can be translated into better and improved features. Capturing cus-
tomer preferences via a DT lets businesses know about the market trends which can be
integrated with the customer usage data to see the effects on product performance. This
allows businesses to take design-decisions and incorporate them in an informed way, thus
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making the process of integrating the customer feedback into the product to deliver cus-
tomized products easier [61,62]. Moreover, a DT can help designers in the selection of
the material for their products. F. Xiang et al. [63] proposed a DT-driven method for the
optimal selection of green material and applied it to laptop shells. From designing to waste
management, different manufacturing phases were simulated for different materials and,
based on their physical properties, cost, and environmental impact, materials were scored
to optimize the selection process of materials.

Turning raw materials into a finished product is the next step in manufacturing. A
DT can be a useful tool at this stage in resource management, production planning, and
process control [64]. A DT can help in (i) production planning and control by planning and
executing the orders automatically and improving decision support by means of a detailed
diagnosis, (ii) maintenance by evaluating and analyzing machine conditions, identifying
any changes in the production system and its effects, and taking anticipatory maintenance,
and (iii) layout planning by evaluating the production system continuously [11,65]. By
predicting failure, the DT cuts down the downtime as it allows to either schedule mainte-
nance or take preventive measures. K. Vijayakumar [66] et al., in their research, proposed a
method to implement DT for a manufacturing plant, which resulted in a significant time
reduction in monitoring the machine states, forklift location, asset location, and constraint
management process.

After the sale of the product, when it is in operation, manufacturers can receive
the real-time product operation state via its DT and can develop a maintenance strategy
accordingly. According to Fei Tao et al. [64], a DT can provide nine types of product
services which includes the service of (i) real-time state monitoring, (ii) energy consumption
analysis and forecast, (iii) user management and behavior analysis, (iv) user operation
guides, (v) intelligent optimization and updates, (vi) product failure analysis and prediction,
(vii) product maintenance strategy, (viii) product virtual maintenance, and (ix) product
virtual operation.

The final phase of the product, i.e., disposal, is often neglected. Thus, the information
which could improve the next generation product/system is often lost when the product is
retired [67]. Xi Vincent Wang and Lihui Wang [68] have proposed a novel DT-based system
for the recovery of waste electrical and electronic equipment to support the manufacturing
and remanufacturing operations throughout the product’s life cycle, from design to recovery.
The product information models developed by them, from design to remanufacturing,
were based on international standards.

In addition to improving the manufacturing process through different phases of a
product, a DT also offers benefits to the field of additive manufacturing (AM) [69,70].
Creating a DT of a 3D printing machine can help us in achieving a product with desired
properties by eliminating the need to do several iterations of trial and error tests which
will, in turn, shorten the time between design and production, thus making the whole
AM process time- and cost-effective [71]. The proposed model of DT for the 3D printing
machine by T. Mukherjee and T. DebRoy [71] consists of a mechanistic model, a sensing and
control model, a statistical model, big data, and machine learning. A. Gaikwad et al. [72]
used simulation, in situ sensing, and machine learning to create a DT of the AM process
which could detect defects in AM parts during the process. Their DT model combined real-
time data from in situ sensors with the physics-based model, along with a machine learning
framework to predict flaws with higher statistical fidelity as compared to theoretical model-
derived predictions or in situ sensor data alone. DT can also help in making the whole
manufacturing process more sustainable and intelligent by making the whole process
more autonomous and self-optimized, along with a network of manufacturing equipment,
systems, and services that support each other [17,73].

One of the most developed directions in manufacturing, especially in the scope of In-
dustry 4.0 is the robotization and automatization of the production lines [74]. DT is playing
a crucial role in this integration as industrial robots are being programmed with mainly
three methods, which are closely related to the twinning of the manufacturing equipment.
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Those three methods are: (i) Offline, a dedicated virtual environment (usually each robot
brand have their own) for programming each aspect of the robotic cell for later deployment
through the network to the physical robot; (ii) Online, which is being adapted by means of
sensor information, usually being twinned in the dedicated virtual environment (e.g., Robot
Operation System (ROS)), and is able to directly affect the pre-programmed path and rou-
tine of the robotic systems; (iii) Manual, which is robot programming by the usage of a flex
pendant, but with the introduction of Virtual Reality (VR) and Augmented Reality (AR)
interfaces, it also uses a twin for manipulation near the virtual robot remotely [75]. As it
is seen, combinations of those methods exploit the virtual twin of the robotic cell and are
widely used across the various industrial sectors. Moreover, DT is used as a validation tool
for human–robot collaboration (HRC) safety standards, to evaluate the safety level of the
system first, for example, using VR human avatars, before experiments with real operators
in the actual system [76].

DTs in the manufacturing industry are beneficial to future products even before
the actual product exists. It helps in designing, testing, process optimization, predictive
maintenance, product services, and proper disposal. By detecting early design flaws,
DT-based Smart Manufacturing systems can reduce the time and cost of physical commis-
sioning/reconfiguration [77]. In addition, DT helps in a better visualization, which helps
in better learning and decision making, as well as in collaboration by giving access to a
broader set of professionals to work together. In this way, DTs yield a better understanding
of equipment/machinery and processes by all, which leads to better-designed products,
and more efficient, time- and resource-saving processes, while also making sure that there
is a strong and fluid connection between the various phases of manufacturing [78].

4. Healthcare and Medicine

Healthcare is one of the largest industries in the world and its integration in everyday
living is ubiquitous. The DT technology in the healthcare system looks at the hospitals,
operational strategies, capacities, staffing, and care models to optimize the care, cost, and
performance of the healthcare industry, as well as help in informed and strategic decision
making [79]. Besides facilities and infrastructure improvements, it also has applications in
mimicking patients’ behavior, and thus providing them a customized cure and care.

Siemens has developed a DT for the radiology department for a hospital in Dublin, Ire-
land [80], which was facing challenges with delivering efficient patient care and experience
due to rising patient demand, escalating clinical complexity, ageing infrastructure, a lack of
space, as well as a longer waiting time, interruptions, and delays. Siemens, along with the
hospital, redesigned the layout of the department and tested new operational scenarios by
building a 3D computer model of the radiology department and its operations and then
applying process optimization using ‘Workflow Simulation’. To get a better insight into the
department, they conducted a weeklong on-site assessment, which included workshops,
interviews of stakeholders, and process observation. Within a few weeks of the implemen-
tation of the DT, a significant improvement was seen, resulting in shorter waiting times, a
faster patient turnaround, better equipment utilization, and lower staffing costs [81].

In recent years there has been a shift within the industry from ‘one size fits all’ treat-
ments/medicines towards the ‘tailor-made’ treatments, as the same disease can develop
and affect different people differently based on their socioeconomic and geographic back-
ground, genetic make-up, pharmacogenomics, biological gender, age group, family medical
history, and lifestyle choices; this is also referred to as personalized/precision medicine. DT
technology fits right in the area of precision medicine as the DT outcomes depend entirely
on the data fed to it (Figure 4). For personalized treatments, a DT can be conceived for
the whole human body, or for just one body system (digestive system, respiratory system,
etc.), for a single body organ (liver, heart, etc.), for finer body component levels (cellular,
subcellular, or molecular levels), for a specific disease or disorder, or for other relevant
organisms (e.g., a virus, interacting with one DT of a human body/organ) [82]. Despite
this, unlike other industries, it is hard to establish a connection between humans and their
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DT because humans cannot be embedded with sensors. However, once the DT of humans
is developed, it will be able to suggest the right treatment for the patient based on its
data [83].
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Even though human DT seem like a futuristic dream, digital models of organs and
body parts have been developed. The Hewlett Packard Enterprise (HPE) launched the
‘Blue Brain Project’ to reconstruct and simulate a digital model of brains in order to under-
stand the complexities and brain disorders at different levels [84]. Philips has developed
‘HeartModel’, which combines the data from the patient and a generic model of the heart to
create a personalized 3D model of the heart for the early detection and prediction of cardio-
vascular diseases [85]. They have also developed a software suite called HeartNavigator,
designed to assist with pre-surgery plans and tool selection by merging the Computerized
tomography (CT) scan images with heart model and X-ray data. Another company, which
is working on developing a DT of the human heart, is Siemens. They have been successful
in simulating the physiological processes of a heart using magnetic resonance (MR) images
and electrocardiograms (ECG) measurements which were used by cardiologists at the
University of Heidelberg to predict the results of the treatment options to select the one
with the most chances of success [86]. SIMULIA Living Heart by Dassault Systems is also
another example of a high-fidelity model of the human heart which turns a 2D scan of the
heart into a 3D model [87].

It is not just the big companies working to develop DTs of organs, researchers exploring
the field such as R. Velazquez et al. [88] introduced a DT architecture for detecting Ischemic
Heart Diseases (IHD) by collecting the patients’ data from internal and external sensors,
medical records, and social networks, and helping them accordingly; they called it the
‘Cardio Twin’. They were successful in implementing it by training their model using ECG
data and testing its accuracy with pre-prepared datasets.

The FDA (U.S. Food and Drug Administration) authorities are also considering DTs as
a potential tool for clinical trials to accelerate medical innovations along with the regulatory
approvals [89]. They collected data from a number of historical Alzheimer’s disease
clinical trials and used it to train a machine learning model to generate a DT to predict
disease progression, and found out that the DTs were statistically indistinguishable from
the actual control arm subjects [90]. DT technology is emerging as an exciting tool in the
healthcare industry that looks promising for the future. On the one hand, DTs of healthcare
infrastructures, such as hospitals, operations, and staff, can optimize patient care, cost,
and performance, and on the other, DTs of patients can be a step towards personalized
treatment and medicines. Both types of applications of DTs in the healthcare industry will
enhance the patients’ experience and success of the treatments. However, there are some
concerns over certification and regulatory issues, as well as security and privacy when it
comes to the implementation of the technology, especially in healthcare [91].
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5. Power Generation/Energy

Companies involved in the generation and/or sale of energy from either non-renewable
resources, such as oil, gas, and nuclear, or renewable resources, such as wind, solar, and
hydro, come under the energy sector [92]. The DT technology in the energy sector is being
used from wind farms to nuclear plants. General Electronics (GE) has been successful in
creating the DT of an entire wind farm. The DT of a wind turbine increases its energy
production, optimizes the strategies for its maintenance, as well as improves its reliability
by collecting real-time data such as weather, service, and performance reports, among
others. GE provides comprehensive hardware and software solutions to its customers for
creating, enhancing, and optimizing their wind farm using their cloud-based software DT
platform called Predix [93]. Similarly, DNV GL, a company delivering testing, certification
and advisory services to the power and renewable industry, developed a DT analytics tool
called WindGEMINI for wind turbines which helps to improve the performance of the wind
farm by providing predictive maintenance. Two such cases of predictive maintenance are
(1) detection of a crack on the blade of the turbine in 2019, which prevented the loss of USD
5000 [94], and (2) in 2017, a defective component in the gearbox affecting 6% in performance
was detected, saving GBP 6000 [95]. Apart from this, it also provides an evaluation of
energy production in the long term which includes analysis of the power curve, component
failures, and the remaining life. Using WindGEMINI, it was found out that even a small
reduction of 2% in the power curve performance can save USD 80,000 over the lifetime of a
turbine [96]. Furthermore, the DT of wind turbines can be used in designing and testing
them, as well as finding the best position/location to maximize energy generation by taking
factors into account such as wind speed, waves, temperature, etc. [97].

The predictive and interrogative features of DTs are being exploited for the next
generation of power grids. Siemens developed DTs for the planning, operation, and
maintenance of the Finnish power grid by creating a single digital grid. Its advantages,
besides improved safety and reliability, include: (i) resource-saving by transforming most
of the manual work into the automated one for simulations, (ii) the efficient and improved
use of data, (iii) the easier use of data for new applications, and (iv) the improved decision
making using big data [98]. M. Zhou et al. [99] implemented and tested their DT on a large-
scale grid network model exported from the Chinese national grid energy management
system for real-time monitoring. They were successful in tracking the operation state of
the power grid with only a sub-second delay. Following Finland, Norway is planning to
utilize a DT for optimizing the operations of the power network with the new complexities
brought by intermittent renewables and distributed energy resources [100]. The DT will
allow operators to predict grid conditions, balance grids, and prevent blackouts.

DT technology, when applied to nuclear power plants (NPP), can improve the al-
gorithms for controlling and testing the plant, the diagnosis of plant equipment such as
pumps, motor, valves, etc., and the parameter tuning of automatic regulators [101]. France
has announced a four-year project led by Électricité de France (EDF) to develop DTs for
the country’s nuclear reactors [102]. EDF operates a fleet of 56 power reactors in France,
which is why, instead of creating a DT of a generic rector, EDF focuses on integrating data
specific to each plant facility, which includes design data, operating records, and real-time
measurements. One of the main applications of these DTs will be training new operators
and engineering students. Unlike the real world, the DTs of these nuclear plants will
make it possible to fully immerse in a functioning reactor virtually and access all kinds
of information on the behavior of its components. A multidisciplinary team, consisting
of the faculty from the University of Michigan, senior scientists from the Idaho National
Laboratory and Argonne National Laboratory, and industry partners from Kairos Power
and Curtiss-Wright, are also working on developing DTs for nuclear reactors [103]. Their
focus is to use these DTs for predictive maintenance by using machine learning algorithms
so that some expenses in constructing new nuclear plants could be saved, unexpected
outages could be avoided, and maintenance could be optimized. DTs of NPPs are not
limited to maintenance and training. By collecting, storing, and managing the data, the DT
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can be effectively used at all stages of the life-cycle of the NPP units, so that no valuable
information is lost after the decommissioning of the plant, and the same information can
be used to design the next generation of plants [104].

As the demand for renewable energy sources increases, so does the demand for their
DTs which can be used for their optimal design, maintenance, and performance, as well as
for energy distribution. According to Siemens, the implementation of DT is a prerequisite
if we want to save the planet from the detrimental effects of climate change [105]. The DT
can play a crucial role in optimizing the production and distribution of electricity, as well
as in the maintenance of the assets which are involved in the generation of energy.

6. Automotive

As in other industries, predictive maintenance is one of the applications of a DT in the
automotive industry. Rajesh P.K et al. [106] show the role of DT in predictive maintenance,
taking the brake pad as an example. They collected and compared the real-time data
from a brake pad and the data from the simulated DT of the brake pad. The similarity
in the data from both sources suggests that the predictive maintenance of brake pads
is possible using their model and collecting the real-time data for a longer period of
time. The automotive industry is also exploiting DT technology in order to provide more
personalized/customized services to its customers by capturing and analyzing behavioral
and operational data of the vehicle [107]. By doing so, car manufacturers can build a car that
fits the needs of their customers by keeping track of the features depending on their usage.
Tata Consultancy Services (TCS) believes that, besides doing monitoring and predictive
maintenance for vehicle services and parts, a DT can boost vehicle sales as well [108]. A DT
can provide a 360◦ view of the vehicle, integrating customer’s preferences which, when
combined with AR, can alleviate the whole sales experience by making it more immersive
and interactive.

Tesla Motors is developing a DT for every car it manufactures. By using the data
from individual vehicles, the company makes sure that every one of its cars is performing
as intended. With the data, Tesla also updates the software for each car individually
and then uploads it to fix several maintenance issues, such as compensating a rattling
door by adjusting hydraulics [109,110]. Another automobile company that is using DTs
is Volkswagen. Unlike Tesla, Volkswagen used DTs to integrate a new robot workstation
in one of their manufacturing plants. They created a highly detailed 3D model of their
plant which included robot arms, sensor logic, and safety components, and then simulated
processes and procedures before adding the production line. The DT saved them about
three weeks of time and 40 square meters of production space [111]. Maserati also used
a DT to add two new assembly lines into an existing facility. They saw how the changes
in the car design affect production using a DT and then adapted the production processes
accordingly [59].

A DT has even found its way into competitive sports such as Formula 1 (F1) racing.
The team of Mercedes-AMG Petronas Motorsport has developed a Digital Twin to analyze
their car performance after every race. A total of 150 sensors in the car collect data of
temperature, pressure, acceleration, forces, shaft speed, etc., every 0.001 s, to which virtual
sensing is added, thereby having five billion data sets to be processed by the end of a
two-hour race [112]. With the help of a DT, race engineers study the data to build a car
that can perform better, as well as having increased reliability and safety. All the data from
the race help the team in developing strategies for future races. Moreover, the F1 drivers
now use the simulations to prepare for the real races, test new design features, and gain a
deeper understanding of the vehicle’s behavior [113].

Another area in the automotive sector where DTs are finding their applications is
the autonomous vehicles sector. Each autonomous vehicle is validated for the safety and
movement algorithms aspects in the commercial or open-source digital environments.
As most of the vehicles are unique in their development and manufacturing process,
manufacturers are working on twinning every single aspect of the vehicles, such as electric
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propulsion drives, which is common for different brands and types of machines. Connected
with a physical drive test bench, the simulated vehicle can drive around the virtual world
based on the physical data and transfer back the behavior of the machine, which makes the
physical drive behave as it should if it was installed in the car [114,115].

All the applications of DTs described in manufacturing can be applied to this industry
from design to disposal. Thus, DTs in the automotive industry can be beneficial for
manufacturers in their manufacturing process, as well as the car dealers in selling them, by
providing a more interactive and immersive customer experience. Not only that, but it can
also give the opportunity to the customer to customize their vehicles as per their desire.
DTs are bringing value to every user, and it does not matter if it is a normal driver or a
competitive one.

7. Oil and Gas

The oil and gas sector generates about USD 3.3 trillion annually in revenue, making it
one of the largest sectors in the world in terms of dollar value [116]. The emergence of DT
technology in the oil and gas industry has brought tremendous value to this industry by
being an effective tool in, (i) reducing and a better understanding of risks, (ii) creating and
managing executable work schedules, and (iii) identifying any changes in the process and
responding accordingly [117]. Additionally, DT can be a critical resource for oil companies
when it comes to extracting offshore resources [118]. Due to all these benefits of DT,
Accenturem, in one of their surveys from 2017, found that out of 200 refineries, 66% of them
were planning to increase their investments in digital transformation in the coming years,
and 57% already had invested more than the previous year [119].

BP (British Petroleum) [120], one of the largest oil and gas companies in the world, has
been using DTs for several of their plants in the North Sea called APEX. APEX helps them
in safely optimizing the production, remote surveillance, predictive maintenance, saving
time in optimizing, and testing. The most notable benefit contributed by DTs for BP was a
boost in oil and gas production by 30,000 additional barrels per day globally [120].

Another oil and gas company to embrace the DT technology is Royal Dutch Shell. By
collecting more than 10 million operational data per minute, they use it for maintenance,
improvement in productivity and safety, and reduction in emissions by anticipating the con-
ditions to optimize asset performance and managing them autonomously [121]. They also
developed an improved fatigue model for their assets using the DT concept by combining
the data from sensors with a structural finite element model in order to accurately predict
the life of assets so that they can optimize the inspection planning and safety cases around
it [122]. Other companies, namely Eni [123] and Equinor [124], are also exploiting the
technology for maximizing productivity while keeping the costs and risks at a minimum.

Siemens [125] also studied the benefits of deploying DTs in the oil and gas industry
and found out that the project cycle was shortened by four–eighteen weeks in total: four
weeks in stabilizing the operation and eight weeks in the engineering phase. Moreover, the
capital expenditure and operation expenditure were also reduced by USD 4–7 million and
USD 60–100 million, respectively. It was also suggested that creating a DT as a part of the
project rather than retrofitting it to the existing plant is more economical.

Since the oil and gas industry relies on heavy and sophisticated plants as well as
machinery located in remote areas under extreme environmental conditions, a DT makes
it safer to monitor and control the activities/processes, thus reducing the risks involved.
Moreover, by predicting the downtime, the DT improves the overall process, which directly
translates into savings both in terms of time and money.

8. Smart City

A smart city is the one that utilizes information and communication technology to
efficiently run it, by sensing, analyzing, and integrating the key information of core systems
and thus making intelligent decisions to the needs of the city, which include livelihood,
environment, public safety, city services, industrial/commercial activities, etc., [126]. In
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smart cities, DTs have found their application in urban planning also, to improve the quality
of life of people. One such example is Carson City in Nevada, USA. Carson City Public
Works Department developed a DT for the management of their water supply, which
resulted in supplying water to 50,000 citizens of the city efficiently and a 15% reduction in
operational hours [127]. Using a DT for planning and decision making can lead to cities
that are more economically, environmentally, and socially sustainable.

In 2018, the National Research Foundation (NRF) of Singapore created a ‘Virtual
Singapore’, combining 3D maps, city models, and a data platform with fine details including
texture, building materials, geometry, and components of facilities, etc. NRF believes that
Virtual Singapore will be beneficial not only to the government, but also to its citizens,
business owners, and other research communities by acting as a testbed for new ideas
and by providing information that will help in the decision-making process, as well as in
resource planning and management. It can also be used to improve the accessibility of a
specific area and simulate emergency situations [128].

Another city adding to this list is Amaravati, India. The DT of the city is being
designed for a population of 3.5 million people costing USD 6.5 billion. The project is going
to cover an area of 217 km2, which includes 134 km of the metro network, 316 km of main
roads, over 100 hospitals and schools, 40 colleges, 3 universities, and 3 state government
buildings [129]. According to Cityzenith, the company responsible for developing the DT
of the city, Amaravati will be one of the top three digitally advanced cities in the world on
completion. Having cities on digital platforms will allow their stakeholders to monitor the
construction progress in real-time, the environment and overall wellness of the city, mobility
and traffic, the microclimate and climate change, etc. Moreover, it will serve as a portal to
all citizens for all government information, notifications, forms, and applications [130]. A
similar project has been launched by the government of Victoria, Australia, to create a DT of
a 480 hectares area called Fishermens Bend near Melbourne, Australia. The project will have
real-time data visualization of public transport and building occupancy, tools for planning
analysis and analytics, traffic flow predictions, power and water usage forecasts, etc., [131].

The DT of a smart city can be used for disaster management or emergency re-
sponse plans [132,133]. The DT of the Docklands area in Dublin, Ireland, developed
by G. White et al. [134], was fed with the rainfall amount and river levels data to predict
when flooding could occur, which could be used to alert the citizens of possible floods. In
smart cities where flooding has been identified as a problem, historical data of the city can
be used for creating a longer-term flood prevention mechanism, planning city skyline, or for
large-scale projects such as introducing water storage areas or diverting rivers accordingly.

A DT can change the way we look at our cities and living spaces. It can help authorities
in resource allocation, urban planning, and sustainable development. It can also give urban
designers as well as architects, engineers, constructors, property owners, and citizens
an opportunity to study and analyze the city’s infrastructure in different scenarios and
assess any future risks, thus improving the overall performance of a city, its infrastructure,
processes, and services [135]. With the participation of every stakeholder of the city, from
citizens to the government cities via the DT, cities can become more democratic as everyone
can have an opinion and say on what is lacking in their communities and how can their
environment and city services can be improved [136].

9. Mining

The mining sector, which is dedicated to locating and extracting metal and mineral
reserves from the earth’s surface, is considered one of the oldest established industries [137].
Just as for the oil and gas industry, a DT is a perfect tool for process/operation optimiza-
tion on mining sites. Ernst and Young has identified a DT as one of the key enabling
technologies in the mining industry as it is going through digitalization [138]. In their
report, they presented four areas where DTs contribute to mining: (i) Mining Operations:
predictive maintenance improves asset reliability and cuts down unplanned downtime,
(ii) Processing: optimizing plant set points improve the efficiency of processes and the
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quality of the product, and reduces bottlenecking, (iii) Transport: predicting and optimizing
the transport network improves transportation reliability, and (iv) End-to-End: simulating
and analyzing different scenarios across the value chain determines optimal plans and
schedules. Moreover, DTs help miners in testing new processes or machinery before using
the real one on the site and also trains new miners [139], especially for emergency situations,
by educating them about the correct procedure and training them remotely in a risk-free
and stress-free environment [140].

PETRA DataScience [141], a provider of digital mine-to-mill software for value chain
optimization, created the world’s first DT for the optimization of the mine value chain.
Their machine learning DT uses two years of historical data to simulate ‘mine planning,
blasting, metallurgy, and process control options.’ The Ban Houayxai Gold–Silver Mine
in Laos used the DT, which, using the data on the types of rock, optimized the crushing
efficiency during drilling and blasting, thus increasing the recovery rate of the metal from
the mine [142].

Anglo American plc [143], a multinational mining company, is using the DT in their
mining sites in Chile and Brazil to reduce the fuel consumption of their trucks, thus
optimizing the mining fleet. By tracking the performance of the haulage fleet, they can
analyze the data which is used for improving equipment efficiency, condition monitoring,
and predictive maintenance. They are also planning to implement DT for their pipelines,
smelters, and refineries to make the process more effective and efficient. Rio Tinto [144],
the world’s second-largest metals and mining corporation, also uses DT in the Gudai-
Darri (Koodaideri) mine. Using a DT, they are safely testing new ways to improve their
productivity without damaging any parts or halting any process within the plant.

DT technology has the potential of adding new value to the mining industry, from
increasing efficiency to providing a safer environment, which explains why mining corpo-
rations are investing in DT technology. The International Data Corporation (IDC), a global
provider of market intelligence and advisory services, has predicted that 70% of the mining
companies will be investing in DT technology in the next two years [145]. In addition, DT
has caught national interest for the ‘revitalization of domestic resource development’ [146].

10. Maritime and Shipping

Anything or any activity related to the ocean, sea, ships, navigation of ships from
one destination to another, seafarers, etc., is represented by the maritime industry which
also includes the transportation of passengers and freight on both inland and international
waters [147,148]. Globally, around 80% of trade by volume and 70% by value is carried by
sea, according to the United Nations (UN) [149], making it the most important means of
transport for goods. Similar to the aviation industry, the main application of DT in this
industry focuses on increasing the reliability of the assets, improving maintenance, and
reducing operational costs.

Military Sealift Command, the leading organization for providing military transport
ships to the United States Navy and Department of Defense, with the help of GE, is building
a DT for their cargo ammunition vessels [150]. The data collected from marine equipment,
such as variable frequency drives, propulsion motors, diesel engines, and generators, are
used to check the real-time performance of the vessel against the calculated one, and any
performance deviations which indicate potential failure in the engines or other critical
infrastructure are reported and resolved before it ever happens, thus improving their assets’
and missions’ availability, efficiency, operations, and readiness. The DT also makes remote
monitoring and diagnostics possible [150].

In 2019, DNV GL, the creator of the aforementioned WindGEMINI, which is also the
world’s leading classification society and a recognized advisor for the maritime industry,
implemented DT technology on one of the world’s largest crane vessels. The vessel de-
mands constant inspections due to its large lifting capability of 14,000 tons, which puts
the vessel under high stress. The DT makes reporting, assessing problems, maintenance
planning, and predictive analysis easier, which results in huge cost savings [151]. DNV GL
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believes that DT can bring significant benefits to everyone involved in the maritime indus-
try, including ship owners, equipment manufacturers, authorities, universities, maritime
academies, and consultancy services [152].

The DT technology is not restricted to just vessels/ships, but it is finding its way to
ports as well. The Port of Rotterdam [153] has sensors throughout its docks that gather real-
time data of the environment around and water conditions, which includes air temperature,
wind speed, humidity, turbidity, water salinity, flow, levels, tides, and currents. The port
even has ‘Digital Dolphins’, smart quay walls, and sensor-equipped buoys. In addition,
they have a physical container, Container 42, fitted with a sensor, which uses AI to optimize
the time for the vessel to sail and several cargos to carry. They are planning to become the
first digital port by 2030.

11. Agriculture

Enterprises in the agriculture sector are involved in harvesting and producing agricul-
tural commodities such as crops, livestock, poultry, fish, as well as fertilizers, packaged
foods, and agricultural machinery, etc. [154]. Due to the growing human population, the
agriculture industry is under the extreme burden of increasing its production to meet the
nourishment demands of this record number of human beings. According to the Food and
Agriculture Organization of the UN, the global population in just 30 years, i.e., in 2050, will
reach 9.8 billion, which will create a demand for food, feed, and biofuel 50% higher than it
was in 2012 [155]. To achieve this productivity goal, humans will need access to every tool
available. Developing a DT for smart farming can enable sustainable development and
increase food security for the global population [33]. Although DT technology is still in the
early phases of development in the agriculture industry [34], potential applications in this
field have been identified.

Verdouw and Kruize [156], in the Asian–Australasian Conference on Precision Agri-
culture, presented potential applications of DTs in different fields within agriculture, such
as animal husbandry, apiculture, crop storage, agriculture equipment/machinery, etc. The
DT applications explored by them include:

• Remote monitoring of livestock for the detection and analysis of their health including
heat and estrus cycles as wells as the animals’ movement tracking.

• Identification of pests or diseases in plants.
• Management and optimization of production plants and replenishment routes by

monitoring the stocks of the silos.
• Evaluation of cost-effectiveness of crop management treatments along with tracking

machinery in real time.
• Detection and identification of flies in olive farms to use pesticides effectively.
• Monitoring bee colonies for diseases/infections and managing honey storage.

J. Monteiro et al. [157] presented a reference model for the implementation of a DT
in vertical farming by enriching the physical system by sensors collecting data on tem-
perature, humidity, luminosity, and the relative CO2 concentration, which is stored on
the cloud. Using intelligent data analysis, the system will be able to suggest methods to
plan vertical farms and increase production. A similar framework comprising of modeling
and analysis, simulation, big data, and visualization for livestock farms was presented by
S.K Jo et al. [158]. Besides managing livestock and farms, the DT can promote sustainability.
Agriculture uses 11% of the world’s land and 70% of fresh water; it is also responsible for
80% of deforestation [155]. DT technology can help by tracking any changes in carbon
emission, biodiversity, pollination, and water catchment services, and their causes which
will require the research and development of correct sensors, models, and interfaces for
these specific purposes [159]. Matthew J. Smith [160] shows concern over the negligence
of the real-world systems due to developments of DTs, which can lead to less empathic
and intellectually and emotionally distant farmers. The author suggests that farmers and
agricultural organizations should make sure to pay attention to the aspects that are not a
part of the digital model while taking advantage of the technology to grow.
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12. Education

Education is an interesting area where DT has started finding its applications, espe-
cially in technical courses where the systems are complex and hands-on training on these
systems is an integral part. A DT is a great tool for communication in education as it repre-
sents multiple domains and visualizes the performance of systems and sub-systems, which
results in a better understanding of systems, thus simplifying and accelerating knowledge
exchange in a range of technological disciplines [152,161]. DT technology can improve
learning and motivate students for studying [162]. The benefits of using DT for learning
include [163]:

• Authentic learning experiences which promote effective knowledge construction, skill
mastery, learning transfer, and self-efficacy.

• Learning about the physical twin behavior in the real world under different
operational conditions.

• Getting immediate feedback on system behavior leading to issue identification and
problem-solving.

• Inquiry-based learning during system development and testing.
• Each student can work on an individual DT which is unlike the case where students

had to share limited resources.
• DT is a great tool for distant learning students, for whom accessing a physical twin is

not possible.
• DT ensures the safety of both students and equipment.

The traditional engineering courses provide their students with specialized knowledge
which can be applied to a particular industry which was apt for the traditional industrial
structure where departments and divisions work in isolation from each other. As more
industries are taking the route of digitalization, the silos between different departments
requiring specialists are diminishing, and the need for cross-disciplinary expertise is rising.
To address this problem, S. Nikolaev et al. [164] introduced a module in the Skolkovo
Institute of Science and Technology, Moscow, Russia, for master’s students focused on
developing a DT for designing, prototyping, and testing complex systems, which was an
unmanned aerial vehicle in their case. Similarly, the University of Southern California
has also proposed a pedagogical DT testbed for engineering students, which can enhance
their learning experience by giving them an opportunity to explore the complexities and
behavior of the physical systems by interacting with their DTs [163]. As the demand for
DTs in several industries will accelerate, so will the demand for competent engineers and
technicians. In the future, we can expect more courses to be introduced in colleges and
universities focused on DTs.

13. Construction

The construction industry is not only a very laborious and time-intensive industry,
but also an information-intensive industry. From conceptual planning to decommissioning,
throughout the project lifecycle of construction project a lot of data is generated [165].
Thus, each step or phase of the project lifecycle requires proper communication and in-
formation flow among different stakeholders involved, such as the architects, engineers,
contractors, facility manager, and construction workers, which can be achieved using
DTs [166]. Just as for the manufacturing sector, DTs in the construction sector can also be
used in different lifecycle phases of construction projects: the designing and engineering
phase, construction phase, operation and maintenance phase, and demolition and recovery
phase [31]. Table 2 lists out all the actual and potential applications of DTs in all phases of
any construction project.
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Table 2. Actual and potential applications of DTs in different phases of construction [31,165].

Phase DT Applications

Designing and Engineering

• Helps in building information modeling.
• Reduces overall design process.
• Minimizes the possibility of incurring additional costs during rework.
• Helps in problem-solving by allowing data to be added, modified, and

verified against real-life scenarios.
• Allows collected data to be used by designers for future projects.
• Improves decision-making regarding feasibility of project, material selection,

energy analysis and management, procurement, supplier selection,
sustainability issues, etc.

Construction

• Assesses the structural system integrity.
• Ensures building does not fail when forces are applied to it.
• Promotes modular construction activities.
• Prepares as-built drawings when the design drawings are not available.
• Assists in managing resources, materials, schedule, quality, sequence, etc.

Operation and Maintenance

• Monitors the condition of building assets continuously.
• Optimizes maintenance and services in the building
• Aids predictive maintenance and ensures well-informed decision making.
• Monitors logistics processes
• Simulates building energy consumption.

Demolition and Recovery

• Helps in problem solving by using data from the predecessor for the next
generation buildings having similar characteristics.

• Conserves and preserves heritage assets virtually that need demolition.
• Identifies potential hazards, technical solutions, possible actions to be

undertaken regarding the conservation of their assets.

One of the biggest advantages of using DTs in the construction sector is in building
information modeling (BIM) which is a system that generates and manages information on
a construction project across its lifecycle. BIM is still mostly used for resource efficiency
enhancement and knowledge exchange during the design and construction phase for
facilitating the tasks of building stakeholders and avoiding costly design mistakes, which
are easier to achieve using DTs [167]. Moreover, DTs promote incorporating sustainability
right from the designing phase. Using a DT, the carbon footprint and energy consumption
of any building can be estimated upfront, which can be taken into account while designing
and building it. S. Kaewunruen and N. Xu conducted a modeling simulation of King’s
Cross station in London using its DT, and found that the insulation of cavity walls with a
fire barrier is the cheapest option for the fire prevention design for the building, which also
incurs the lowest carbon emission rate among all options [168].

From the planning to the operating phase, a DT can be a valuable tool in the con-
struction industry. This industry is very dynamic, and the requirement for spaces keeps
changing from the original concepts and usage of the building. With a DT it becomes easier
to keep track of all the changes and see the effect of these changes. The application of a DT
has the potential to transform the construction industry. Therefore, the industry must be
opened to change and embrace the opportunities that come with it. Adopting DTs is the
only way the construction industry may keep pace with other industries [31].

14. Retail

The retail sector includes all the stores and shops that sell the products or goods to the
consumer/customer directly. The success of any retail business depends on its customer
base; attracting new customers is not enough, and maintaining/sustaining the existing
ones by providing the best customer support is equally important. DT technology in the
retail sector offers great potential in terms of consumer experience and marketing [35]. By
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creating a DT of the customer, retail shops will be able to provide a unique and tailored
customer experience based on customers’ patterns of interest [169]. Customer satisfaction
can be enhanced further by providing them with relevancy-based suggestions based on
their DT without irritating them with multiple recommendations [170]. DT technology
enables retailers to turn their products into a dynamic platform that continuously acquires
data regarding customers’ needs and buying behavior in order to provide them with better
products and services [171]. Combining the data from a customer’s DT with machine
learning to understand the customer’s behavior will be beneficial for the customers as well
as the retailers [172].

Another advantage that the retail industry can take from DT technology is in its
logistics and supply chain. DT can be used to track and trace the products within the supply
chain in order to have more efficient and reliable inventory planning, aggregate planning,
and demand forecasting [173]. A French supermarket chain, Intermarché, created a DT of
their brick-and-mortar store user data from IoT-enabled shelves and sales systems to get
stocks details in real time and test the efficacy of different store layouts before implementing
them [174]. Due to disruptions in the supply chain by the COVID-19 pandemic, 82% of
retailers are changing the way it is managed and thus adopting DTs as a tool to address
it [175]. DTs provide real-time monitoring, which can enable retailers to implement new
non-linear supply chain fulfilment models which are more efficient. Moreover, in the cases
of emergency or disruptions, such as the COVID-19 pandemic, DTs can be used to simulate
different what-if scenarios in the digital world before making any decisions in the real
world. The pioneering companies in developing a DT of their supply chains are BMW and
3M [176,177].

The implementation of DTs in retail is relatively new, as compared to other sectors,
but the benefits are plenty, mainly in stores and supply chains. According to Boston
Consulting Group, an American management consulting firm, DT has helped retailers in
Capex reductions by 10%, sustainable inventory reductions by 5%, and improved EBITDA
(earnings before interest, taxes, depreciation, and amortization) by 1–3% [178]. Owing to
these benefits, we can expect the adoption of DTs in retail more in the coming years.

15. Conclusions

DT technology presents an opportunity to integrate the physical world and virtual
world, which can be utilized in addressing the challenges faced by different industries
from aeronautics to maritime and from manufacturing to retail. There has been objective
progress since the inception of DT technology (Figure 5), however, practical applications
and implementations of the technology in the industry remain uncharted territory. Indus-
tries such as manufacturing, which pioneer DTs, are leveraging the technology the most
by offering improved products by collecting, analyzing, and interpreting data from the
DT and retrofitting it to products in the market. The applications of DTs for any product
can be realized through its lifecycle, from design to disposal, be it in the manufacturing
or in the construction. The benefits of DTs, such as remote monitoring and maintenance,
have been realized by industries, especially after the COVID-19 pandemic outbreak in 2020.
Companies such as GE have saved USD 1.5 B using the real-time monitoring capabilities
of DTs, resulting in lower operation and maintenance costs [179]. Table 3 summarizes the
applications and advantages of DTs in each sector. It concisely shows the commonality and
contrasting application of DTs in different sectors, along with the benefits it brings to the
respective sectors.

In broader terms, the applications in different sectors can be summarized as (Figure 6):

• Optimization
• Decision making
• Remote access
• Training and documentation
• Designing/planning
• Real-time monitoring
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The diverse applications of DTs make them a helpful tool, irrespective of the industry
it is being used in. This paper identified 13 industries that are leveraging the technology
and reported real-world industrial cases of DT applications that are driving the respective
industry forward. Even though the technology has so many advantages, it comes with many
challenges too, such as it being a novel technology, its cost and time for implementation, a
lack of standards and regulations, and security concerns. These challenges associated with
DT technology along with its future have already been discussed in detail in a previous
paper [2]. Even though the actual implementation of the DT in these industries is unrealized,
speculation of its potential spurs sways with freedom in the imagination of futurists and
technologists driving it forward. Therefore, identifying and understanding the potential
of DTs in any sector and implementing them for the right application is important as it
offers numerous advantages, from simulation and prediction capabilities to record keeping
and troubleshooting.
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Table 3. Applications and advantages of DTs in different sectors/industries.

Sector DT Application Advantages

Aerospace and Aeronautics

• Optimizing performance and reliability of the
spacecraft/aircraft

• Predicting and resolving maintenance issues
• Continuous mirroring of the actual flight to

predict future scenarios
• Designing and testing of product
• Simulating and optimizing product and

production systems

• Safer missions
• Maximizes the mission success.
• Cheaper spacecrafts
• Lower operational and

maintenance costs

Manufacturing

• Designing and testing of product
• Material selection
• Customizing the products
• Optimizing production planning and control
• Layout/Floor planning
• Predicting maintenance issues and

developing a maintenance strategy
• Real-time monitoring of production

and service
• Remote troubleshooting of equipment
• Analyzing and forecasting

energy consumption
• Analyzing user behavior
• Recovering the waste
• Validation tool for HRC safety standards
• Collaboration tool

• Better-designed products
• Fewer design iterations
• Faster and cheaper production
• Increases reliability of equipment

and production lines
• Reduces downtime
• Improves decision support
• Lower maintenance costs
• Less wastage

Healthcare

• Optimizing the care, cost, and performance of
hospitals, operations, staff

• Informed and strategic decision making
• Personalized cure and care
• Detecting and diagnosing disease

• Efficient patient care
• Improves success of the treatments
• Shorter waiting times
• Faster patient turnaround
• Better equipment utilization
• Lower staffing costs

Energy

• Finding the best position/location for
maximum energy generation

• Providing predictive maintenance
• Optimizing the strategies for its maintenance
• Designing and testing
• Training new operators and

engineering students
• Optimizing distribution of electricity

• Increases energy production
• Improves assets’ safety

and reliability
• Prevents blackouts
• Resource-saving
• Improves decision making

Automotive

• Predictive and remote maintenance
• Optimizing production
• Floor planning
• Providing personalized/customized vehicles

and services
• Proving immersive and interactive

customer experience
• Developing strategies for car races
• Training professional racers

• Boost vehicle sales
• Increased reliability and safety
• Improves performance of racing

car and racer

Oil and Gas

• Tool for understanding and reducing risks
• Creating and managing executable

work schedules
• Identifying any changes in the process and

responding accordingly
• Optimizing the production and

asset performance
• Remote surveillance
• Predictive maintenance
• Optimize the inspection planning and safety

cases around it

• Lower capital and
operation expenditure

• Reduces time in optimizing
and testing

• Boosts production
• Improves safety
• Reduces emissions
• Prevents downtime
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Table 3. Cont.

Sector DT Application Advantages

Smart City

• Resource planning and management
• Testbed for new ideas
• Help in the decision-making process
• Real-time monitoring of construction

progress, mobility and traffic, environment,
and overall wellness of the city

• Planning emergency response for
disaster management

• Studying and analyzing city’s infrastructure
and assessing any future risks

• Platform to facilitate comments and
suggestions by every stakeholder

• Improves the accessibility of
specific areas

• Promotes stakeholders’
participation in decision making

• Improves city services
• Fosters sustainable development

Mining

• Process/operation optimization
• Predictive maintenance of assets
• Predicting and optimizing transport network
• Simulating and analyzing different scenarios

across value chain
• Trains new miners, especially for

emergency situations

• Improves asset and
transportation reliability

• Cuts down unplanned downtime
• Improves processes’ efficiency and

product quality
• Risk-free and

stress-free environment

Maritime

• Predictive maintenance of vessel
• Remote monitoring and diagnostics
• Maintenance planning
• Optimize the time for the vessel to sail and

number cargos to carry
• Tool for digitalization of ports, quay

walls, buoys

• Improves availability, and
efficiency assets and missions

• Increases reliability assets
• Improves maintenance
• Reduces operational costs

Agriculture

• Remote monitoring of livestock
• Identifying pests or diseases
• Managing and optimizing production plants
• Monitoring the stocks of the silos
• Evaluating cost-effectiveness of crop

management treatments
• Planning for vertical farms

• Promotes sustainable development
• Increases production and thus

food security
• Better decision making

Education

• Tool for communication for visualizing
working of systems and sub-systems

• Teaching physical twin behavior in the real
world under different operational conditions.

• Issue identification and problem-solving by
immediate feedback on system behavior

• Inquiry-based learning during system
development and testing

• Sharing unlimited resources
amongst students

• Tool for distant learning students

• Better understanding of systems
• Simplifies and accelerates

knowledge exchange
• Ensures safety of students

and equipment
• Opportunity to explore the

complexities and behavior of the
physical systems

Construction

• Helps in BIM
• Problem-solving against real-life scenarios.
• Tool for future projects.
• Decision-making regarding feasibility of

project, material selection, energy analysis
and management, procurement, supplier
selection, sustainability issues, etc.

• Monitoring and assessing condition and
integrity of building continuously

• Optimizing maintenance and services in
the building

• Monitors logistics processes
• Conserving heritage assets virtually that

need demolition
• Resource efficiency enhancement and

knowledge exchange

• Reduces overall design process
and associated cost

• Promotes modular
construction activities

• Avoids costly design mistakes
• Promotes incorporating sustainability
• Easier to keep track of all the

changes and its effect
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Table 3. Cont.

Sector DT Application Advantages

Retail

• Providing tailored customer experience
and suggestions

• Optimizing logistics and supply chain
• Inventory and aggregate planning
• Demand forecasting
• Real-time monitoring to implement new

non-linear supply chain fulfilment models
• Store layout planning
• Decision making in the cases of emergency or

disruptions such as COVID-19

• Better products and services
• Improves sales
• Sustainable inventory reductions
• Decreased operational cost
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4. Erol, T.; Mendi, A.F.; Doğan, D. Digital Transformation Revolution with Digital Twin Technology. In Proceedings of the 2020 4th
International Symposium on Multidisciplinary Studies and Innovative Technologies (ISMSIT), Istanbul, Turkey, 22–24 October
2020; pp. 1–7. [CrossRef]

5. Digital Twin Market by Technology, Type (Product, Process, and System), Application (predictive maintenance, and others),
Industry (Aerospace & Defense, Automotive & Transportation, Healthcare, and others), and Geography—Global Forecast to 2026.
2020, p. 177. Available online: https://www.researchandmarkets.com/reports/5146336/digital-twin-market-by-technology-
type-product (accessed on 20 December 2021).

6. Shen, W.; Yang, C.; Gao, L. Address business crisis caused by COVID-19 with collaborative intelligent manufacturing technologies.
IET Collab. Intell. Manuf. 2020, 2, 96–99. [CrossRef]

7. Gartner Survey Reveals 47% of Organizations Will Increase Investments in IoT Despite the Impact of COVID-19. 2020.
Available online: https://www.gartner.com/en/newsroom/press-releases/2020-10-29-gartner-survey-reveals-47-percent-of-
organizations-will-increase-investments-in-iot-despite-the-impact-of-covid-19-#:~{}:text=By%202023%2C%20One%2DThird%
20of,survey*%20from%20Gartner%2C%20Inc (accessed on 20 December 2021).

8. Enders, M.R.; Hoßbach, N. Dimensions of Digital Twin Applications-A Literature Review. In Proceedings of the Americas
Conference on Information Systems, Cancun, Mexico, 15–17 August 2019.

9. D’mello, A. Spend on Digital Twins to Reach $12.7bn by 2021, as Solutions Offer IoT Investment RoI. 2020. Available on-
line: https://www.iot-now.com/2020/06/02/103204-spend-on-digital-twins-to-reach-12-7bn-by-2021-as-solutions-offer-iot-
investment-roi/ (accessed on 20 December 2021).

10. Negri, E.; Fumagalli, L.; Macchi, M. A Review of the Roles of Digital Twin in CPS-based Production Systems. Procedia Manuf.
2017, 11, 939–948. [CrossRef]

11. Kritzinger, W.; Karner, M.; Traar, G.; Henjes, J.; Sihn, W. Digital Twin in Manufacturing: A categorical literature review and
classification. IFAC-PapersOnLine 2018, 51, 1016–1022. [CrossRef]

12. Tao, F.; Zhang, H.; Liu, A.; Nee, A.Y. Digital Twin in Industry: State-of-the-art. IEEE Trans. Ind. Inform. 2018, 15, 2405–2415.
[CrossRef]

13. Barricelli, B.R.; Casiraghi, E.; Fogli, D. A Survey on Digital Twin: Definitions, characteristics, applications, and design implications.
IEEE Access 2019, 7, 167653–167671. [CrossRef]

https://www.researchgate.net/publication/307509727_Origins_of_the_Digital_Twin_Concept
https://www.researchgate.net/publication/307509727_Origins_of_the_Digital_Twin_Concept
http://doi.org/10.13140/RG.2.2.26367.61609
http://doi.org/10.3390/asi4020036
https://www.grandviewresearch.com/industry-analysis/digital-twin-market
https://www.grandviewresearch.com/industry-analysis/digital-twin-market
http://doi.org/10.1109/ISMSIT50672.2020.9254288
https://www.researchandmarkets.com/reports/5146336/digital-twin-market-by-technology-type-product
https://www.researchandmarkets.com/reports/5146336/digital-twin-market-by-technology-type-product
http://doi.org/10.1049/iet-cim.2020.0041
https://www.gartner.com/en/newsroom/press-releases/2020-10-29-gartner-survey-reveals-47-percent-of-organizations-will-increase-investments-in-iot-despite-the-impact-of-covid-19-#:~{}:text=By%202023%2C%20One%2DThird%20of,survey*%20from%20Gartner%2C%20Inc
https://www.gartner.com/en/newsroom/press-releases/2020-10-29-gartner-survey-reveals-47-percent-of-organizations-will-increase-investments-in-iot-despite-the-impact-of-covid-19-#:~{}:text=By%202023%2C%20One%2DThird%20of,survey*%20from%20Gartner%2C%20Inc
https://www.gartner.com/en/newsroom/press-releases/2020-10-29-gartner-survey-reveals-47-percent-of-organizations-will-increase-investments-in-iot-despite-the-impact-of-covid-19-#:~{}:text=By%202023%2C%20One%2DThird%20of,survey*%20from%20Gartner%2C%20Inc
https://www.iot-now.com/2020/06/02/103204-spend-on-digital-twins-to-reach-12-7bn-by-2021-as-solutions-offer-iot-investment-roi/
https://www.iot-now.com/2020/06/02/103204-spend-on-digital-twins-to-reach-12-7bn-by-2021-as-solutions-offer-iot-investment-roi/
http://doi.org/10.1016/j.promfg.2017.07.198
http://doi.org/10.1016/j.ifacol.2018.08.474
http://doi.org/10.1109/TII.2018.2873186
http://doi.org/10.1109/ACCESS.2019.2953499


Appl. Sci. 2022, 12, 5727 22 of 28

14. Cimino, C.; Negri, E.; Fumagalli, L. Review of Digital Twin Applications in Manufacturing. Comput. Ind. 2019, 113, 103130.
[CrossRef]

15. Liu, M.; Fang, S.; Dong, H.; Xu, C. Review of Digital Twin about Concepts, Technologies, and Industrial Applications. J. Manuf.
Syst. 2021, 58, 346–361. [CrossRef]

16. Lu, Y.; Liu, C.; Kevin, I.; Wang, K.; Huang, H.; Xu, X. Digital Twin-driven Smart Manufacturing: Connotation, reference model,
applications and research issues. Robot. Comput.-Integr. Manuf. 2020, 61, 101837. [CrossRef]

17. He, B.; Bai, K.-J. Digital Twin-based Sustainable Intelligent Manufacturing: A review. Adv. Manuf. 2021, 9, 1–21. [CrossRef]
18. Magomadov, V. The Digital Twin Technology and its Role in Manufacturing. IOP Conf. Ser. Mater. Sci. Eng. 2020, 862, 032080.

[CrossRef]
19. Melesse, T.Y.; Pasquale, V.D.; Riemma, S. Digital Twin Models in Industrial Operations: A systematic literature review. Procedia

Manuf. 2020, 42, 267–272. [CrossRef]
20. Zhang, H.; Ma, L.; Sun, J.; Lin, H.; Thürer, M. Digital Twin in Services and Industrial Product Service Systems:: Review and

analysis. Procedia CIRP 2019, 83, 57–60. [CrossRef]
21. Lo, C.K.; Chen, C.H.; Zhong, R.Y. A Review of Digital Twin in Product Design and Development. Adv. Eng. Inform. 2021,

48, 101297. [CrossRef]
22. Wu, Q.; Mao, Y.; Chen, J.; Wang, C. Application Research of Digital Twin-driven Ship Intelligent Manufacturing System: Pipe

machining production line. J. Mar. Sci. Eng. 2021, 9, 338. [CrossRef]
23. Holler, M.; Uebernickel, F.; Brenner, W. Digital twin concepts in manufacturing industries-a literature review and avenues

for further research. In Proceedings of the 18th International Conference on Industrial Engineering (IJIE), Seoul, Korea,
10–12 October 2016; pp. 1–9.

24. Shahat, E.; Hyun, C.T.; Yeom, C. City Digital Twin Potentials: A review and research agenda. Sustainability 2021, 13, 3386.
[CrossRef]

25. Aydemir, H.; Zengin, U.; Durak, U. The Digital Twin Paradigm for Aircraft Review and Outlook. In Proceedings of the AIAA
Scitech 2020 Forum, Orlando, FL, USA, 6–10 January 2020. [CrossRef]

26. Yin, Z.H.; Wang, L. Application and Development Prospect of Digital Twin Technology in Aerospace. IFAC-PapersOnLine 2020, 53,
732–737. [CrossRef]

27. Meyer, H.; Zimdahl, J.; Kamtsiuris, A.; Meissner, R.; Raddatz, F.; Haufe, S.; Bäßler, M. Development of a Digital Twin for Aviation
Research. In Proceedings of the German Aerospace Congress 2020, online, 1–3 September 2020.

28. Fang, F.; Xiaoning, Z.; Dongyang, L.; Qinghua, W. Digital Twin Technology for Smart Power Generation and its Application
Modes. Power Gener. Technol. 2020, 41, 462–470. [CrossRef]

29. Xie, R.; Chen, M.; Liu, W.; Jian, H.; Shi, Y. Digital Twin Technologies for Turbomachinery in a Life Cycle Perspective: A review.
Sustainability 2021, 13, 2495. [CrossRef]

30. Huang, J.; Zhao, L.; Wei, F.; Cao, B. The Application of Digital Twin on Power Industry. IOP Conf. Ser. Earth Environ. Sci. 2021,
647, 012015. [CrossRef]

31. Opoku, D.-G.J.; Perera, S.; Osei-Kyei, R.; Rashidi, M. Digital Twin Application in the Construction Industry: A literature review. J.
Build. Eng. 2021, 40, 102726. [CrossRef]

32. Wanasinghe, T.R.; Wroblewski, L.; Petersen, B.K.; Gosine, R.G.; James, L.A.; De Silva, O.; Mann, G.K.; Warrian, P.J. Digital Twin
for the Oil and Gas Industry: Overview, research trends, opportunities, and challenges. IEEE Access 2020, 8, 104175–104197.
[CrossRef]

33. Sreedevi, T.; Kumar, M.S. Digital Twin in Smart Farming: A categorical literature review and exploring possibilities in hydropon-
ics. In Proceedings of the 2020 Advanced Computing and Communication Technologies for High Performance Applications
(ACCTHPA), Cochin, India, 2–4 July 2020; pp. 120–124.

34. Pylianidis, C.; Osinga, S.; Athanasiadis, I.N. Introducing Digital Twins to Agriculture. Comput. Electron. Agric. 2021, 184, 105942.
[CrossRef]

35. Pires, F.; Cachada, A.; Barbosa, J.; Moreira, A.P.; Leitão, P. Digital twin in Industry 4.0: Technologies, applications and challenges. In
Proceedings of the 2019 IEEE 17th International Conference on Industrial Informatics (INDIN), Helsinki, Finland, 22–25 July 2019;
pp. 721–726.

36. Fuller, A.; Fan, Z.; Day, C.; Barlow, C. Digital Twin: Enabling technologies, challenges and open research. IEEE Access 2020, 8,
108952–108971. [CrossRef]

37. Hu, W.; Zhang, T.; Deng, X.; Liu, Z.; Tan, J. Digital Twin: A state-of-the-art review of its enabling technologies, applications and
challenges. J. Intell. Manuf. Spec. Equip. 2021, 2, 1–34. [CrossRef]

38. Phanden, R.K.; Sharma, P.; Dubey, A. A Review on Simulation in Digital Twin for Aerospace, Manufacturing and Robotics. Mater.
Today Proc. 2021, 38, 174–178. [CrossRef]

39. Semeraro, C.; Lezoche, M.; Panetto, H.; Dassisti, M. Digital Twin Paradigm: A systematic literature review. Comput. Ind. 2021,
130, 103469. [CrossRef]

40. Shafto, M.; Conroy, M.; Doyle, R.; Glaessgen, E.; Kemp, C.; LeMoigne, J.; Wang, L. Modeling, Simulation, Information Technology
& Processing Roadmap. Natl. Aeronaut. Space Adm. 2012, 32, 1–38.

http://doi.org/10.1016/j.compind.2019.103130
http://doi.org/10.1016/j.jmsy.2020.06.017
http://doi.org/10.1016/j.rcim.2019.101837
http://doi.org/10.1007/s40436-020-00302-5
http://doi.org/10.1088/1757-899X/862/3/032080
http://doi.org/10.1016/j.promfg.2020.02.084
http://doi.org/10.1016/j.procir.2019.02.131
http://doi.org/10.1016/j.aei.2021.101297
http://doi.org/10.3390/jmse9030338
http://doi.org/10.3390/su13063386
http://doi.org/10.2514/6.2020-0553
http://doi.org/10.1016/j.ifacol.2021.04.165
http://doi.org/10.12096/j.2096-4528.pgt.20075
http://doi.org/10.3390/su13052495
http://doi.org/10.1088/1755-1315/647/1/012015
http://doi.org/10.1016/j.jobe.2021.102726
http://doi.org/10.1109/ACCESS.2020.2998723
http://doi.org/10.1016/j.compag.2020.105942
http://doi.org/10.1109/ACCESS.2020.2998358
http://doi.org/10.1108/JIMSE-12-2020-010
http://doi.org/10.1016/j.matpr.2020.06.446
http://doi.org/10.1016/j.compind.2021.103469


Appl. Sci. 2022, 12, 5727 23 of 28

41. Tuegel, E. The Airframe Digital Twin: Some challenges to realization. In Proceedings of the 53rd AIAA/ASME/ASCE/AHS/ASC
Structures, Structural Dynamics and Materials Conference 20th AIAA/ASME/AHS Adaptive Structures Conference 14th AIAA,
Honolulu, HI, USA, 23–26 April 2012; p. 1812.

42. Tuegel, E.J.; Ingraffea, A.R.; Eason, T.G.; Spottswood, S.M. Reengineering Aircraft Structural Life Prediction using a Digital Twin.
Int. J. Aerosp. Eng. 2011, 2011, 154798. [CrossRef]

43. Gockel, B.T.; Tudor, A.H.; Brandyberry, M.D.; Penmetsa, R.C.; Tuegel, E.J. Challenges with Structural Life Forecasting using
Realistic Mission Profiles. In Proceedings of the 53rd AIAA/ASME/ASCE/AHS/ASC Structures, Structural Dynamics and
Materials Conference, Honolulu, HI, USA, 22–26 April 2012. [CrossRef]

44. Shafto, M.; Conroy, M.; Doyle, R.; Glaessgen, E.; Kemp, C.; LeMoigne, J.; Wang, L. Draft Modeling, Simulation, Information
Technology & Processing Roadmap. Technol. Area 2010, 11. Available online: https://www.nasa.gov/pdf/501321main_TA11-
MSITP-DRAFT-Nov2010-A1.pdf (accessed on 20 December 2021).

45. Glaessgen, E.; Stargel, D. The Digital Twin paradigm for future NASA and US Air Force vehicles. In Proceedings of the 53rd
AIAA/ASME/ASCE/AHS/ASC Structures, Structural Dynamics and Materials Conference 20th AIAA/ASME/AHS Adaptive
Structures Conference 14th AIAA, Honolulu, HI, USA, 23–26 April 2012; p. 1818.

46. Ye, Y.; Yang, Q.; Yang, F.; Huo, Y.; Meng, S. Digital Twin for the Structural Health Management of Reusable Spacecraft: A case
study. Eng. Fract. Mech. 2020, 234, 107076. [CrossRef]

47. Mayer, D. Air Force Partners to Create B-1B “Digital Twin”. Available online: https://www.wpafb.af.mil/News/Article-Display/
Article/2163089/air-force-partners-to-create-b-1b-digital-twin/ (accessed on 20 December 2021).

48. Trevithick, J. Air Force Sends Full B-1B Airframe from Boneyard to Kansas to Create its “Digital Twin”. Available on-
line: https://www.thedrive.com/the-war-zone/33151/air-force-sends-full-b-1b-airframe-from-boneyard-to-kansas-to-create-
its-digital-twin (accessed on 20 December 2021).

49. Northrop Grumman Predictive-maintenance Models to Head-Off Air Force Airframe Cracks. Available online: https://www.
militaryaerospace.com/test/article/16715709/northrop-grumman-predictivemaintenance-models-to-headoff-air-force-
airframe-cracks (accessed on 20 December 2021).

50. Domone, J. Digital Twin for Life Predictions in Civil Aerospace. 2018. Available online: https://www.snclavalin.com/~{}/media/
Files/S/SNC-Lavalin/download-centre/en/whitepaper/digital%20twin%20white-paper-v6.pdf (accessed on 20 December 2021).

51. Oyekan, J.; Farnsworth, M.; Hutabarat, W.; Miller, D.; Tiwari, A. Applying a 6 DoF Robotic Arm and Digital Twin to Automate
Fan-Blade Reconditioning for Aerospace Maintenance, Repair, and Overhaul. Sensors 2020, 20, 4637. [CrossRef]

52. Liu, S.; Bao, J.; Lu, Y.; Li, J.; Lu, S.; Sun, X. Digital Twin Modeling Method Based on Biomimicry for Machining Aerospace
Components. J. Manuf. Syst. 2021, 58, 180–195. [CrossRef]

53. Jimenez Mena, D.; Pluchart, S.; Mouvand, S.; Broca, O. Rocket Engine Digital Twin—Modeling and Simulation Benefits. In
Proceedings of the AIAA Propulsion and Energy 2019 Forum, Indianapolis, IN, USA, 19–22 August 2019. [CrossRef]

54. Careless, J. Digital Twinning: The Latest on Virtual Models. AerospaceTechReview. 2021. Available online: https://www.
aerospacetechreview.com/digital-twinning-the-latest-on-virtual-models/#:~{}:text=Companies%20using%20digital%20
twins%20are,maintain%20aircraft%2C%20according%20to%20Siemens (accessed on 20 December 2021).

55. Boger, T. How Digital Twin Technology Is Increasing Competition, Innovation. 2017. Available online: https://blogs.sw.
siemens.com/thought-leadership/2017/08/11/how-digital-twin-technology-is-increasing-competition-innovation/ (accessed
on 20 December 2021).

56. Qi, Q.; Tao, F. Digital Twin and Big Data Towards Smart Manufacturing and Industry 4.0: 360 degree comparison. IEEE Access
2018, 6, 3585–3593. [CrossRef]

57. Shao, G.; Helu, M. Framework for a Digital Twin in Manufacturing: Scope and requirements. Manuf. Lett. 2020, 24, 105–107.
[CrossRef]

58. Boschert, S.; Rosen, R. Digital Twin-The Simulation Aspect. In Mechatronic Futures: Challenges and Solutions for Mechatronic Systems
and Their Designers; Hehenberger, P., Bradley, D., Eds.; Springer International Publishing: Cham, Switzerland, 2016; pp. 59–74.
[CrossRef]

59. Getting to Market Quickly. Siemens. Available online: https://new.siemens.com/global/en/company/stories/industry/getting-
to-market-quickly.html (accessed on 20 December 2021).

60. Tao, F.; Sui, F.; Liu, A.; Qi, Q.; Zhang, M.; Song, B.; Guo, Z.; Lu, S.C.-Y.; Nee, A. Digital Twin-driven Product Design Framework.
Int. J. Prod. Res. 2019, 57, 3935–3953. [CrossRef]

61. Kube, G. How to Use Digital Twins to Disrupt Manufacturing. 2018. Available online: https://blog.else-corp.com/2018/04/
how-to-use-digital-twins-to-disrupt-manufacturing-digitalistmag/ (accessed on 20 December 2021).

62. Liu, Q.; Zhang, H.; Leng, J.; Chen, X. Digital Twin-driven Rapid Individualised Designing of Automated Flow-Shop Manufactur-
ing System. Int. J. Prod. Res. 2019, 57, 3903–3919. [CrossRef]

63. Xiang, F.; Zhang, Z.; Zuo, Y.; Tao, F. Digital Twin Driven Green Material Optimal-Selection Towards Sustainable Manufacturing.
Procedia Cirp 2019, 81, 1290–1294. [CrossRef]

64. Tao, F.; Cheng, J.; Qi, Q.; Zhang, M.; Zhang, H.; Sui, F. Digital Twin-driven Product Design, Manufacturing and Service with Big
Data. Int. J. Adv. Manuf. Technol. 2018, 94, 3563–3576. [CrossRef]

65. Rosen, R.; Von Wichert, G.; Lo, G.; Bettenhausen, K.D. About the Importance of Autonomy and Digital Twins for the Future of
Manufacturing. IFAC-PapersOnLine 2015, 48, 567–572. [CrossRef]

http://doi.org/10.1155/2011/154798
http://doi.org/10.2514/6.2012-1813
https://www.nasa.gov/pdf/501321main_TA11-MSITP-DRAFT-Nov2010-A1.pdf
https://www.nasa.gov/pdf/501321main_TA11-MSITP-DRAFT-Nov2010-A1.pdf
http://doi.org/10.1016/j.engfracmech.2020.107076
https://www.wpafb.af.mil/News/Article-Display/Article/2163089/air-force-partners-to-create-b-1b-digital-twin/
https://www.wpafb.af.mil/News/Article-Display/Article/2163089/air-force-partners-to-create-b-1b-digital-twin/
https://www.thedrive.com/the-war-zone/33151/air-force-sends-full-b-1b-airframe-from-boneyard-to-kansas-to-create-its-digital-twin
https://www.thedrive.com/the-war-zone/33151/air-force-sends-full-b-1b-airframe-from-boneyard-to-kansas-to-create-its-digital-twin
https://www.militaryaerospace.com/test/article/16715709/northrop-grumman-predictivemaintenance-models-to-headoff-air-force-airframe-cracks
https://www.militaryaerospace.com/test/article/16715709/northrop-grumman-predictivemaintenance-models-to-headoff-air-force-airframe-cracks
https://www.militaryaerospace.com/test/article/16715709/northrop-grumman-predictivemaintenance-models-to-headoff-air-force-airframe-cracks
https://www.snclavalin.com/~{}/media/Files/S/SNC-Lavalin/download-centre/en/whitepaper/digital%20twin%20white-paper-v6.pdf
https://www.snclavalin.com/~{}/media/Files/S/SNC-Lavalin/download-centre/en/whitepaper/digital%20twin%20white-paper-v6.pdf
http://doi.org/10.3390/s20164637
http://doi.org/10.1016/j.jmsy.2020.04.014
http://doi.org/10.2514/6.2019-4114
https://www.aerospacetechreview.com/digital-twinning-the-latest-on-virtual-models/#:~{}:text=Companies%20using%20digital%20twins%20are,maintain%20aircraft%2C%20according%20to%20Siemens
https://www.aerospacetechreview.com/digital-twinning-the-latest-on-virtual-models/#:~{}:text=Companies%20using%20digital%20twins%20are,maintain%20aircraft%2C%20according%20to%20Siemens
https://www.aerospacetechreview.com/digital-twinning-the-latest-on-virtual-models/#:~{}:text=Companies%20using%20digital%20twins%20are,maintain%20aircraft%2C%20according%20to%20Siemens
https://blogs.sw.siemens.com/thought-leadership/2017/08/11/how-digital-twin-technology-is-increasing-competition-innovation/
https://blogs.sw.siemens.com/thought-leadership/2017/08/11/how-digital-twin-technology-is-increasing-competition-innovation/
http://doi.org/10.1109/ACCESS.2018.2793265
http://doi.org/10.1016/j.mfglet.2020.04.004
http://doi.org/10.1007/978-3-312156-1_5
https://new.siemens.com/global/en/company/stories/industry/getting-to-market-quickly.html
https://new.siemens.com/global/en/company/stories/industry/getting-to-market-quickly.html
http://doi.org/10.1080/00207543.2018.1443229
https://blog.else-corp.com/2018/04/how-to-use-digital-twins-to-disrupt-manufacturing-digitalistmag/
https://blog.else-corp.com/2018/04/how-to-use-digital-twins-to-disrupt-manufacturing-digitalistmag/
http://doi.org/10.1080/00207543.2018.1471243
http://doi.org/10.1016/j.procir.2019.04.015
http://doi.org/10.1007/s00170-017-0233-1
http://doi.org/10.1016/j.ifacol.2015.06.141


Appl. Sci. 2022, 12, 5727 24 of 28

66. Vijayakumar, K.; Dhanasekaran, C.; Pugazhenthi, R.; Sivaganesan, S. Digital Twin for Factory System Simulation. Int. J. Recent
Technol. Eng. 2019, 8, 63–68.

67. Grieves, M.; Vickers, J. Digital Twin: Mitigating unpredictable, undesirable emergent behavior in complex systems. In Transdisci-
plinary Perspectives on Complex Systems; Springer: Berlin/Heidelberg, Germany, 2017; pp. 85–113. [CrossRef]

68. Wang, X.V.; Wang, L. Digital Twin-based WEEE Recycling, Recovery and Remanufacturing in the Background of Industry 4.0. Int.
J. Prod. Res. 2019, 57, 3892–3902. [CrossRef]

69. Liu, C.; Le Roux, L.; Körner, C.; Tabaste, O.; Lacan, F.; Bigot, S. Digital Twin-enabled Collaborative Data Management for Metal
Additive Manufacturing Systems. J. Manuf. Syst. 2020, 62, 857–874. [CrossRef]

70. Cai, Y.; Wang, Y.; Burnett, M. Using Augmented Reality to Build Digital Twin for Reconfigurable Additive Manufacturing System.
J. Manuf. Syst. 2020, 56, 598–604. [CrossRef]

71. Mukherjee, T.; DebRoy, T. A Digital Twin for Rapid Qualification of 3D Printed Metallic Components. Appl. Mater. Today 2019, 14,
59–65. [CrossRef]

72. Gaikwad, A.; Yavari, R.; Montazeri, M.; Cole, K.; Bian, L.; Rao, P. Toward the Digital Twin of Additive Manufacturing: Integrating
thermal simulations, sensing, and analytics to detect process faults. IISE Trans. 2020, 52, 1204–1217. [CrossRef]

73. Zhou, G.; Zhang, C.; Li, Z.; Ding, K.; Wang, C. Knowledge-driven Digital Twin Manufacturing Cell Towards Intelligent
Manufacturing. Int. J. Prod. Res. 2020, 58, 1034–1051. [CrossRef]

74. Kuts, V.; Cherezova, N.; Sarkans, M.; Otto, T. Digital Twin: Industrial robot kinematic model integration to the virtual reality
environment. J. Mach. Eng. 2020, 20, 53–64. [CrossRef]

75. Guerra-Zubiaga, D.; Kuts, V.; Mahmood, K.; Bondar, A.; Nasajpour-Esfahani, N.; Otto, T. An approach to develop a Digital Twin
for industry 4.0 systems: Manufacturing automation case studies. Int. J. Comput. Integr. Manuf. 2021, 34, 933–949. [CrossRef]

76. Malik, A.A.; Brem, A. Digital twins for collaborative robots: A case study in human-robot interaction. Robot. Comput. -Integr.
Manuf. 2021, 68, 102092. [CrossRef]

77. Leng, J.; Wang, D.; Shen, W.; Li, X.; Liu, Q.; Chen, X. Digital twins-based Smart Manufacturing system design in Industry 4.0: A
review. J. Manuf. Syst. 2021, 60, 119–137. [CrossRef]

78. Kitain, L. Digital Twin—The New Age of Manufacturing. 2018. Available online: https://medium.datadriveninvestor.com/
digital-twin-the-new-age-of-manufacturing-d964eeba3313 (accessed on 20 December 2021).

79. Miskinis, C. Improving Healthcare Using Medical Digital Twin Technology. Challenge Advisory. 2018. Available online:
https://www.challenge.org/insights/digital-twin-in-healthcare/ (accessed on 20 December 2021).

80. Scharff, S. From Digital Twin to Improved Patient Experience. Available online: https://www.siemens-healthineers.com/en-ie/
news/mso-digital-twin-mater.html (accessed on 20 December 2021).

81. Digital Workflow Optimization. 2018. Available online: https://cdn0.scrvt.com/39b415fb07de4d9656c7b516d8e2d907/180000000
5658034/ef09ed15699a/From_Digital_Twin_to_Improved_Patient_Experience_Case_Study_1800000005658034.pdf (accessed on
20 December 2021).

82. Kamel Boulos, M.N.; Zhang, P. Digital Twins: From personalised medicine to precision public health. J. Pers. Med. 2021, 11, 745.
[CrossRef]

83. Björnsson, B.; Borrebaeck, C.; Elander, N.; Gasslander, T.; Gawel, D.R.; Gustafsson, M.; Jörnsten, R.; Lee, E.J.; Li, X.; Lilja, S. Digital
Twins to Personalize Medicine. Genome Med. 2020, 12, 4. [CrossRef] [PubMed]

84. HPE Helps EPFL Blue Brain Project Unlock the Secrets of the Brain. 2018. Available online: https://www.hpe.com/us/
en/newsroom/press-release/2018/07/hpe-helps-epfl-blue-brain-project-unlock-the-secrets-of-the-brain.html (accessed on
20 December 2021).

85. Houten, H.v. How a Virtual Heart Could Save Your Real One. 2018. Available online: https://www.philips.com/a-w/
about/news/archive/blogs/innovation-matters/20181112-how-a-virtual-heart-could-save-your-real-one.html (accessed on 20
December 2021).

86. Exploring the Possibilities Offered by Digital Twins in Medical Technology. 2018. Available online: https://corporate.webassets.
siemens-healthineers.com/1800000005899262/fcb74e87168b/Exploring-the-possibilities-offered-by-digital-twins-in-medical-
technology_1800000005899262.pdf (accessed on 20 December 2021).

87. The Living Heart Project: A Translational Research Initiative to Revolutionize Cardiovascular Science through Realistic Simulation.
Available online: https://www.3ds.com/products-services/simulia/solutions/life-sciences/the-living-heart-project/ (accessed
on 20 December 2021).

88. Martinez-Velazquez, R.; Gamez, R.; El Saddik, A. Cardio Twin: A Digital Twin of the human heart running on the edge. In
Proceedings of the 2019 IEEE International Symposium on Medical Measurements and Applications (MeMeA), Istanbul, Turkey,
26–28 June 2019; pp. 1–6.

89. Farkas, M. Promoting Effective Drug Development Programs: Opportunities and Priorities for FDA’s Office of New Drugs.
Available online: https://www.fda.gov/media/136577/download (accessed on 20 December 2021).

90. Fisher, C.K.; Smith, A.M.; Walsh, J.R. Machine learning for comprehensive forecasting of Alzheimer’s Disease progression. Sci.
Rep. 2019, 9, 13622. [CrossRef] [PubMed]

91. Jimenez, J.I.; Jahankhani, H.; Kendzierskyj, S. Health Care in the Cyberspace: Medical Cyber-Physical System and Digital Twin
Challenges. In Digital Twin Technologies and Smart Cities; Farsi, M., Daneshkhah, A., Hosseinian-Far, A., Jahankhani, H., Eds.;
Springer International Publishing: Cham, Switzerland, 2020; pp. 79–92. [CrossRef]

http://doi.org/10.1007/978-3-319-38756-7_4
http://doi.org/10.1080/00207543.2018.1497819
http://doi.org/10.1016/j.jmsy.2020.05.010
http://doi.org/10.1016/j.jmsy.2020.04.005
http://doi.org/10.1016/j.apmt.2018.11.003
http://doi.org/10.1080/24725854.2019.1701753
http://doi.org/10.1080/00207543.2019.1607978
http://doi.org/10.36897/jme/120182
http://doi.org/10.1080/0951192X.2021.1946857
http://doi.org/10.1016/j.rcim.2020.102092
http://doi.org/10.1016/j.jmsy.2021.05.011
https://medium.datadriveninvestor.com/digital-twin-the-new-age-of-manufacturing-d964eeba3313
https://medium.datadriveninvestor.com/digital-twin-the-new-age-of-manufacturing-d964eeba3313
https://www.challenge.org/insights/digital-twin-in-healthcare/
https://www.siemens-healthineers.com/en-ie/news/mso-digital-twin-mater.html
https://www.siemens-healthineers.com/en-ie/news/mso-digital-twin-mater.html
https://cdn0.scrvt.com/39b415fb07de4d9656c7b516d8e2d907/1800000005658034/ef09ed15699a/From_Digital_Twin_to_Improved_Patient_Experience_Case_Study_1800000005658034.pdf
https://cdn0.scrvt.com/39b415fb07de4d9656c7b516d8e2d907/1800000005658034/ef09ed15699a/From_Digital_Twin_to_Improved_Patient_Experience_Case_Study_1800000005658034.pdf
http://doi.org/10.3390/jpm11080745
http://doi.org/10.1186/s13073-019-0701-3
http://www.ncbi.nlm.nih.gov/pubmed/31892363
https://www.hpe.com/us/en/newsroom/press-release/2018/07/hpe-helps-epfl-blue-brain-project-unlock-the-secrets-of-the-brain.html
https://www.hpe.com/us/en/newsroom/press-release/2018/07/hpe-helps-epfl-blue-brain-project-unlock-the-secrets-of-the-brain.html
https://www.philips.com/a-w/about/news/archive/blogs/innovation-matters/20181112-how-a-virtual-heart-could-save-your-real-one.html
https://www.philips.com/a-w/about/news/archive/blogs/innovation-matters/20181112-how-a-virtual-heart-could-save-your-real-one.html
https://corporate.webassets.siemens-healthineers.com/1800000005899262/fcb74e87168b/Exploring-the-possibilities-offered-by-digital-twins-in-medical-technology_1800000005899262.pdf
https://corporate.webassets.siemens-healthineers.com/1800000005899262/fcb74e87168b/Exploring-the-possibilities-offered-by-digital-twins-in-medical-technology_1800000005899262.pdf
https://corporate.webassets.siemens-healthineers.com/1800000005899262/fcb74e87168b/Exploring-the-possibilities-offered-by-digital-twins-in-medical-technology_1800000005899262.pdf
https://www.3ds.com/products-services/simulia/solutions/life-sciences/the-living-heart-project/
https://www.fda.gov/media/136577/download
http://doi.org/10.1038/s41598-019-49656-2
http://www.ncbi.nlm.nih.gov/pubmed/31541187
http://doi.org/10.1007/978-3-030-18732-3_6


Appl. Sci. 2022, 12, 5727 25 of 28

92. Chen, J. Energy Sector. Available online: https://www.investopedia.com/terms/e/energy_sector.asp (accessed on 20 December 2021).
93. Energy, G.R. Digital Wind Farm: The Next Evolution of Wind Energy. May 2016. Available online: https://www.ge.com/

renewableenergy/sites/default/files/2020-01/digital-wind-farm-solutions-gea31821b-r2.pdf (accessed on 20 December 2021).
94. Detected Blade Crack: Detected by Our Structural Integrity Module. Available online: https://www.dnvgl.com/cases/detected-

blade-crack-168035 (accessed on 20 December 2021).
95. Gearbox Issue: Identified by Our Drivetrain Integrity Monitor. Available online: https://www.dnvgl.com/cases/gearbox-issue-

168073 (accessed on 20 December 2021).
96. Heath, M. Digital Twin Detects Incorrect Control System Setting in Wind Turbine Using Remote Monitoring. Available

online: https://www.dnv.com/cases/digital-twin-detects-incorrect-control-system-setting-in-wind-turbine-using-remote-
monitoring-174453 (accessed on 20 December 2021).

97. Rassolkin, A.; Orosz, T.; Demidova, G.L.; Kuts, V.; Rjabtšikov, V.; Vaimann, T.; Kallaste, A. Implementation of Digital Twins for
electrical energy conversion systems in selected case studies. Proc. Est. Acad. Sci. 2021, 70, 19–39. [CrossRef]

98. Siemens. For a Digital Twin of the Grid: Siemens Solution Enables a Single Digital Grid Model of the Finnish Power System. 2017.
Available online: https://assets.new.siemens.com/siemens/assets/api/uuid:09c20834-4ed4-49d8-923d-ebcc541cab37/inno2
017-digitaltwin-e.pdf (accessed on 20 December 2021).

99. Zhou, M.; Yan, J.; Feng, D. Digital twin framework and its application to power grid online analysis. CSEE J. Power Energy Syst.
2019, 5, 391–398. [CrossRef]

100. Jones, J.S. Norway’s Tensio to Trial Power Grid Digital Twin. 2021. Available online: https://www.smart-energy.com/
digitalisation/norways-tensio-to-trial-power-grid-digital-twin/ (accessed on 20 December 2021).

101. Volodin, V.; Tolokonskii, A. Concept of Instrumentation of Digital Twins of Nuclear Power Plants Units as Observers for Digital
NPP I&C System. In Proceedings of the Journal of Physics: Conference Series, Bratislava, Slovakia, 26–29 August 2019; p. 012083.

102. International, N.E. Why France Is Developing Digital Twins for the Country’s Nuclear Reactors. Available online: https:
//www.nsenergybusiness.com/news/nuclear-reactors-digital-twins/# (accessed on 20 December 2021).

103. Apte, P. Digital Twins of Nuclear Power Plants. 2021. Available online: https://www.asme.org/topics-resources/content/digital-
twins-of-nuclear-power-plants (accessed on 20 December 2021).

104. Arzhaev, A.; Arzhaev, A.; Makhanev, V.; Antonov, M.; Emelianov, A.; Kalyutik, A.; Karyakin, Y.; Kurakin, M.; Lyashenko, D.;
Arzhaev, K. NPP Unit Life Management based on Digital Twin Application. In Proceedings of the E3S Web of Conferences,
Irkutsk, Russia, 7–11 September 2020; p. 03006.

105. Ferguson, S. The Virtual Nuclear Reactor. 2020. Available online: https://www.plm.automation.siemens.com/media/global/en/
Siemens%20SW%20The%20Virtual%20Nuclear%20Reactor%20White%20Paper_tcm27-88625.pdf (accessed on 20 December 2021).

106. Rajesh, P.; Manikandan, N.; Ramshankar, C.; Vishwanathan, T.; Sathishkumar, C. Digital Twin of an Automotive Brake Pad for
Predictive Maintenance. Procedia Comput. Sci. 2019, 165, 18–24. [CrossRef]

107. Watts, B. Digital Twins in the Automotive Industry. Challenge Advisory. 2018. Available online: https://www.challenge.org/
knowledgeitems/digital-twins-in-the-automotive-industry/ (accessed on 20 December 2021).

108. Sharma, M.; George, J.P. Digital Twin in the Automotive Industry: Driving Physical-Digital Convergence. Tata Consultancy
Services White Paper. 2018. Available online: https://www.tcs.com/content/dam/tcs/pdf/Industries/manufacturing/abstract/
industry-4-0-and-digital-twin.pdf (accessed on 20 December 2021).

109. Coors-Blankenship, J. Taking Digital Twins for a Test Drive with Tesla, Apple. Available online: https://www.industryweek.
com/technology-and-iiot/article/21130033/how-digital-twins-are-raising-the-stakes-on-product-development (accessed on
20 December 2021).

110. Modern Manufacturing’s Triple Play: Digital Twins, Analytics and the Internet of Things. Available online: https://expectexceptional.
economist.com/digital-twins-analytics-internet-of-things.html (accessed on 20 December 2021).

111. Industry 4.0: ŠKODA AUTO Vrchlabí Plant Has Made Use of ‘Digital Twin’. 2020. Available online: https://www.volkswagenag.
com/en/news/2020/07/Digital_twin.html# (accessed on 20 December 2021).

112. Manen, P.V. Digital Twins in F1 and the Built Environment. Available online: https://www.ice.org.uk/news-and-insight/the-
civil-engineer/july-2019/digital-twins-in-f1-built-environment (accessed on 20 December 2021).

113. Digital Twins in F1™ Racing Throw Down Big Gains for Mercedes-AMG Petronas Motorsport. Available online: https://
www.tibco.com/resources/success-story/digital-twins-f1-racing-throw-down-big-gains-mercedes-amg-petronas (accessed
on 20 December 2021).

114. Rassõlkin, A.; Rjabtšikov, V.; Vaimann, T.; Kallaste, A.; Kuts, V.; Partyshev, A. Digital Twin of an Electrical Motor Based on
Empirical Performance Model. In Proceedings of the 2020 XI International Conference on Electrical Power Drive Systems
(ICEPDS), Saint Petersburg, Russia, 4–7 October 2020; pp. 1–4.

115. Rassõlkin, A.; Rjabtšikov, V.; Vaimann, T.; Kallaste, A.; Kuts, V.; Demidova, G.L. Digital Twin Data Handling for Propulsion Drive
System of Autonomous Electric Vehicle: Case Study. In Proceedings of the 2020 IEEE 61th International Scientific Conference on
Power and Electrical Engineering of Riga Technical University (RTUCON), Rita, Latvia, 5–7 November 2020; pp. 1–5.

116. Mcclay, R. How the Oil and Gas Industry Works. Available online: https://www.investopedia.com/investing/oil-gas-industry-
overview/#drilling-and-service-companies (accessed on 20 December 2021).

https://www.investopedia.com/terms/e/energy_sector.asp
https://www.ge.com/renewableenergy/sites/default/files/2020-01/digital-wind-farm-solutions-gea31821b-r2.pdf
https://www.ge.com/renewableenergy/sites/default/files/2020-01/digital-wind-farm-solutions-gea31821b-r2.pdf
https://www.dnvgl.com/cases/detected-blade-crack-168035
https://www.dnvgl.com/cases/detected-blade-crack-168035
https://www.dnvgl.com/cases/gearbox-issue-168073
https://www.dnvgl.com/cases/gearbox-issue-168073
https://www.dnv.com/cases/digital-twin-detects-incorrect-control-system-setting-in-wind-turbine-using-remote-monitoring-174453
https://www.dnv.com/cases/digital-twin-detects-incorrect-control-system-setting-in-wind-turbine-using-remote-monitoring-174453
http://doi.org/10.3176/proc.2021.1.03
https://assets.new.siemens.com/siemens/assets/api/uuid:09c20834-4ed4-49d8-923d-ebcc541cab37/inno2017-digitaltwin-e.pdf
https://assets.new.siemens.com/siemens/assets/api/uuid:09c20834-4ed4-49d8-923d-ebcc541cab37/inno2017-digitaltwin-e.pdf
http://doi.org/10.17775/CSEEJPES.2018.01460
https://www.smart-energy.com/digitalisation/norways-tensio-to-trial-power-grid-digital-twin/
https://www.smart-energy.com/digitalisation/norways-tensio-to-trial-power-grid-digital-twin/
https://www.nsenergybusiness.com/news/nuclear-reactors-digital-twins/#
https://www.nsenergybusiness.com/news/nuclear-reactors-digital-twins/#
https://www.asme.org/topics-resources/content/digital-twins-of-nuclear-power-plants
https://www.asme.org/topics-resources/content/digital-twins-of-nuclear-power-plants
https://www.plm.automation.siemens.com/media/global/en/Siemens%20SW%20The%20Virtual%20Nuclear%20Reactor%20White%20Paper_tcm27-88625.pdf
https://www.plm.automation.siemens.com/media/global/en/Siemens%20SW%20The%20Virtual%20Nuclear%20Reactor%20White%20Paper_tcm27-88625.pdf
http://doi.org/10.1016/j.procs.2020.01.061
https://www.challenge.org/knowledgeitems/digital-twins-in-the-automotive-industry/
https://www.challenge.org/knowledgeitems/digital-twins-in-the-automotive-industry/
https://www.tcs.com/content/dam/tcs/pdf/Industries/manufacturing/abstract/industry-4-0-and-digital-twin.pdf
https://www.tcs.com/content/dam/tcs/pdf/Industries/manufacturing/abstract/industry-4-0-and-digital-twin.pdf
https://www.industryweek.com/technology-and-iiot/article/21130033/how-digital-twins-are-raising-the-stakes-on-product-development
https://www.industryweek.com/technology-and-iiot/article/21130033/how-digital-twins-are-raising-the-stakes-on-product-development
https://expectexceptional.economist.com/digital-twins-analytics-internet-of-things.html
https://expectexceptional.economist.com/digital-twins-analytics-internet-of-things.html
https://www.volkswagenag.com/en/news/2020/07/Digital_twin.html#
https://www.volkswagenag.com/en/news/2020/07/Digital_twin.html#
https://www.ice.org.uk/news-and-insight/the-civil-engineer/july-2019/digital-twins-in-f1-built-environment
https://www.ice.org.uk/news-and-insight/the-civil-engineer/july-2019/digital-twins-in-f1-built-environment
https://www.tibco.com/resources/success-story/digital-twins-f1-racing-throw-down-big-gains-mercedes-amg-petronas
https://www.tibco.com/resources/success-story/digital-twins-f1-racing-throw-down-big-gains-mercedes-amg-petronas
https://www.investopedia.com/investing/oil-gas-industry-overview/#drilling-and-service-companies
https://www.investopedia.com/investing/oil-gas-industry-overview/#drilling-and-service-companies


Appl. Sci. 2022, 12, 5727 26 of 28

117. Menard, S. 3 Ways Digital Twins Are Going to Help Improve Oil and Gas Maintenance and Operations. 2017. Available
online: https://www.linkedin.com/pulse/3-ways-digital-twins-going-help-improve-oil-gas-sophie-menard/ (accessed on
20 December 2021).

118. Brewer, T.; Knight, D.; Noiray, G.; Naik, H. Digital Twin Technology in the Field Reclaims Offshore Resources. In Proceedings of
the Offshore Technology Conference, Houston, TX, USA, 6–9 May 2019.

119. Refiners Set to Increase Spending on Digital Technologies to Drive Down Operational Costs, though Digital Not a Top Investment
Priority, According to Research from Accenture. 2017. Available online: https://newsroom.accenture.com/news/refiners-set-
to-increase-spending-on-digital-technologies-to-drive-down-operational-costs-though-digital-not-a-top-investment-priority-
according-to-research-from-accenture.htm (accessed on 20 December 2021).

120. Twin Win for Oil and Gas Production. BP Magazine. 2018. Available online: https://www.bp.com/en/global/corporate/news-
and-insights/reimagining-energy/apex-digital-system.html (accessed on 20 December 2021).

121. Industry 4.0. Available online: https://www.shell.com/energy-and-innovation/digitalisation/digitalisation-in-action/industry.
html (accessed on 20 December 2021).

122. Knezevic, D.; Fakas, E.; Riber, H.J. Predictive Digital Twins for Structural Integrity Management and Asset Life Extension–JIP
concept and results. In Proceedings of the SPE Offshore Europe Conference and Exhibition, Aberdeen, UK, 7–10 September 2019.

123. Cann, G. AI Making a Smart Industry Even Smarter. 2019. Available online: https://www.eni.com/en-IT/digital-transformation/
ai-smart-industry.html (accessed on 20 December 2021).

124. With a Little Help from my Digital Twin. Available online: https://www.equinor.com/en/magazine/echo-equinors-digital-
twin.html (accessed on 20 December 2021).

125. LaGrange, E. Developing a Digital Twin: The roadmap for oil and gas optimization. In Proceedings of the SPE Offshore Europe
Conference and Exhibition, Aberdeen, UK, 7–10 September 2019.

126. Su, K.; Li, J.; Fu, H. Smart city and the applications. In Proceedings of the 2011 International Conference on Electronics,
Communications and Control (ICECC), Ningbo, China, 9–11 September 2011; pp. 1028–1031.

127. Persson, A. The Digital Twin—Unsung Hero in F1 and in the Smart City. 2020. Available online: https://sensative.com/the-
digital-twin-unsung-hero-in-f1-and-in-the-smart-city/ (accessed on 20 December 2021).

128. Foundation, N.R. Virtual Singapore. Available online: https://www.nrf.gov.sg/programmes/virtual-singapore (accessed on
20 December 2021).

129. Amaravati Smart City. Available online: https://cityzenith.com/customers/amaravati-smart-city (accessed on 20 December 2021).
130. Digital Twin Created for New Indian Smart City. 2018. Available online: https://www.smartcitiesworld.net/news/news/digital-

twin-created-for-new-indian-smart-city-3674 (accessed on 20 December 2021).
131. Fishermans Bend Digital Twin. 2020. Available online: https://www.delwp.vic.gov.au/maps/digital-twin (accessed on

20 December 2021).
132. Fan, C.; Zhang, C.; Yahja, A.; Mostafavi, A. Disaster City Digital Twin: A vision for integrating artificial and human intelligence

for disaster management. Int. J. Inf. Manag. 2021, 56, 102049. [CrossRef]
133. Ford, D.N.; Wolf, C.M. Smart Cities with Digital Twin Systems for Disaster Management. J. Manag. Eng. 2020, 36, 04020027.

[CrossRef]
134. White, G.; Zink, A.; Codecá, L.; Clarke, S. A Digital Twin Smart City for Citizen Feedback. Cities 2021, 110, 103064. [CrossRef]
135. Hämäläinen, M. Smart City Development with Digital Twin Technology. In Proceedings of the 33rd Bled eConference-Enabling

Technology for a Sustainable Society, Online, 28–29 June 2020.
136. Fuldauer, E. Smarter Cities are Born with Digital Twins. 2019. Available online: https://tomorrow.city/a/smarter-cities-are-born-

with-digital-twins#:~{}:text=In%20the%20realm%20of%20smart,movement%20of%20people%20and%20vehicles (accessed on 20
December 2021).

137. Team, T.I. What Is the Metals and Mining Sector? Available online: https://www.investopedia.com/ask/answers/040615/what-
metals-and-mining-sector.asp (accessed on 20 December 2021).

138. Ernst. Young. Future of Work: The Economic Implications of Technology and Digital Mining. 2019, p. 59. Available
online: https://www.minerals.org.au/sites/default/files/The%20Future%20of%20Work%20-%20The%20economic%20
implications%20of%20technology%20and%20digital%20mining%20-%20EY%20Report%20-%20February%202019.pdf (accessed
on 20 December 2021).

139. Miskinis, C. How Ore Mining Will Be Improved Using Digital Twin Simulations. 2018. Available online: https://www.challenge.
org/insights/digital-twin-in-mining/ (accessed on 20 December 2021).

140. Kaarlela, T.; Pieskä, S.; Pitkäaho, T. Digital Twin and Virtual Reality for Safety Training. In Proceedings of the 2020 11th
IEEE International Conference on Cognitive Infocommunications (CogInfoCom), Mariehamn, Finland, 23–25 September 2020;
pp. 000115–000120.

141. World’s First Digital Twin for Mine Value Chain Optimisation. PETRA DataScience. 2018. Available online: http://www.
petradatascience.com/casestudy/worlds-first-digital-twin-for-mine-value-chain-optimisation/ (accessed on 20 December 2021).

142. Carpenter, J.; Cowie, S.; Stewart, P.; Jones, E.; Offer, A. Machine Learning at a Gold-Silver Mine: A case study from the
Ban Houayxai Gold-Silver Operation. In Proceedings of the Complex Orebodies Conference 2018, Brisbane, Australia,
19–21 November 2018; pp. 82–85.

https://www.linkedin.com/pulse/3-ways-digital-twins-going-help-improve-oil-gas-sophie-menard/
https://newsroom.accenture.com/news/refiners-set-to-increase-spending-on-digital-technologies-to-drive-down-operational-costs-though-digital-not-a-top-investment-priority-according-to-research-from-accenture.htm
https://newsroom.accenture.com/news/refiners-set-to-increase-spending-on-digital-technologies-to-drive-down-operational-costs-though-digital-not-a-top-investment-priority-according-to-research-from-accenture.htm
https://newsroom.accenture.com/news/refiners-set-to-increase-spending-on-digital-technologies-to-drive-down-operational-costs-though-digital-not-a-top-investment-priority-according-to-research-from-accenture.htm
https://www.bp.com/en/global/corporate/news-and-insights/reimagining-energy/apex-digital-system.html
https://www.bp.com/en/global/corporate/news-and-insights/reimagining-energy/apex-digital-system.html
https://www.shell.com/energy-and-innovation/digitalisation/digitalisation-in-action/industry.html
https://www.shell.com/energy-and-innovation/digitalisation/digitalisation-in-action/industry.html
https://www.eni.com/en-IT/digital-transformation/ai-smart-industry.html
https://www.eni.com/en-IT/digital-transformation/ai-smart-industry.html
https://www.equinor.com/en/magazine/echo-equinors-digital-twin.html
https://www.equinor.com/en/magazine/echo-equinors-digital-twin.html
https://sensative.com/the-digital-twin-unsung-hero-in-f1-and-in-the-smart-city/
https://sensative.com/the-digital-twin-unsung-hero-in-f1-and-in-the-smart-city/
https://www.nrf.gov.sg/programmes/virtual-singapore
https://cityzenith.com/customers/amaravati-smart-city
https://www.smartcitiesworld.net/news/news/digital-twin-created-for-new-indian-smart-city-3674
https://www.smartcitiesworld.net/news/news/digital-twin-created-for-new-indian-smart-city-3674
https://www.delwp.vic.gov.au/maps/digital-twin
http://doi.org/10.1016/j.ijinfomgt.2019.102049
http://doi.org/10.1061/(ASCE)ME.1943-5479.0000779
http://doi.org/10.1016/j.cities.2020.103064
https://tomorrow.city/a/smarter-cities-are-born-with-digital-twins#:~{}:text=In%20the%20realm%20of%20smart,movement%20of%20people%20and%20vehicles
https://tomorrow.city/a/smarter-cities-are-born-with-digital-twins#:~{}:text=In%20the%20realm%20of%20smart,movement%20of%20people%20and%20vehicles
https://www.investopedia.com/ask/answers/040615/what-metals-and-mining-sector.asp
https://www.investopedia.com/ask/answers/040615/what-metals-and-mining-sector.asp
https://www.minerals.org.au/sites/default/files/The%20Future%20of%20Work%20-%20The%20economic%20implications%20of%20technology%20and%20digital%20mining%20-%20EY%20Report%20-%20February%202019.pdf
https://www.minerals.org.au/sites/default/files/The%20Future%20of%20Work%20-%20The%20economic%20implications%20of%20technology%20and%20digital%20mining%20-%20EY%20Report%20-%20February%202019.pdf
https://www.challenge.org/insights/digital-twin-in-mining/
https://www.challenge.org/insights/digital-twin-in-mining/
http://www.petradatascience.com/casestudy/worlds-first-digital-twin-for-mine-value-chain-optimisation/
http://www.petradatascience.com/casestudy/worlds-first-digital-twin-for-mine-value-chain-optimisation/


Appl. Sci. 2022, 12, 5727 27 of 28

143. Collins, B. Anglo using ‘Digital Twins’, Robotics to Boost Mining: Q&A. Bloomberg New Energy Finance. 2018. Available online:
https://about.bnef.com/blog/anglo-using-digital-twins-robotics-boost-mining-qa/ (accessed on 20 December 2021).

144. What in the World Do Mining and Rocket Science have in Common? Available online: https://www.riotinto.com/news/stories/
mining-rocket-science-common (accessed on 20 December 2021).

145. Ditton, E.; Holmes, C.; Burian, J. IDC FutureScape: Worldwide Mining 2020 Predictions. 2019. Available online: https://www.idc.
com/getdoc.jsp?containerId=US44328319 (accessed on 20 December 2021).

146. Lee, S. Applications and Prospects of Digital Twin Technology in Mineral and Energy Resource Engineering. J. Korean Soc. Miner.
Energy Resour. Eng. 2019, 56, 427–434. [CrossRef]

147. Davis, B. What Is the Meaning of Maritime Industry? Available online: https://www.mvorganizing.org/what-is-the-meaning-
of-maritime-industry/ (accessed on 20 December 2021).

148. Maritime Industry Sector Guide. Available online: https://www.ctp.org.uk/assets/x/53125 (accessed on 20 December 2021).
149. Review of Maritime Transport 2018; United Nation: New York, NY, USA, 2018.
150. GE Aviation. GE signs Digital Contract with Military Sealift Command to Improve Mission Readiness. 2018. Available online:

https://www.geaviation.com/press-release/digital-solutions/ge-signs-digital-contract-military-sealift-command-improve-
mission (accessed on 20 December 2021).

151. Buøen, R.G.S. DNV GL Supplies ShipManager Hull Software to Realize Saipem 7000′s Digital Twin. 2019. Available online:
https://www.dnv.com/news/dnv-supplies-shipmanager-hull-software-to-realize-saipem-7000-s-digital-twin-154798 (accessed
on 20 December 2021).

152. Maritime, D.G. Digital Twin Report for DMA: Digital Twins for Blue Denmark. 2018, p. 25. Available online: https://www.iims.
org.uk/wp-content/uploads/2018/04/Digital-Twin-report-for-DMA.pdf (accessed on 20 December 2021).

153. Boyles, R. How the Port of Rotterdam is using IBM Digital Twin Technology to Transform itself from the Biggest to the Smartest. 2019.
Available online: https://www.ibm.com/blogs/internet-of-things/iot-digital-twin-rotterdam/ (accessed on 20 December 2021).

154. Reiff, N. Top Agriculture Stocks for Q4 2021. Available online: https://www.investopedia.com/top-agriculture-stocks-5078974
(accessed on 20 December 2021).

155. The State of Food and Agriculture 2017: Leveraging Food Systems for Inclusive Rural Transformation. 2017. Available online:
https://www.fao.org/3/i7658e/i7658e.pdf (accessed on 20 December 2021).

156. Verdouw, C.; Kruize, J. Digital Twins in Farm Management: Illustrations from the FIWARE accelerators Smartagrifood and
Fractals. In Proceedings of the 7th Asian-Australasian Conference on Precision Agriculture Digital, Hamilton, New Zealand,
16–19 October 2017; pp. 1–5.

157. Monteiro, J.; Barata, J.; Veloso, M.; Veloso, L.; Nunes, J. Towards Sustainable Digital Twins for Vertical Farming. In Pro-
ceedings of the 2018 Thirteenth International Conference on Digital Information Management (ICDIM), Berlin, Germany,
24–26 September 2018; pp. 234–239.

158. Jo, S.-K.; Park, D.-H.; Park, H.; Kim, S.-H. Smart Livestock Farms using Digital Twin: Feasibility study. In Proceedings of
the 2018 International Conference on Information and Communication Technology Convergence (ICTC), Jeju Island, Korea,
17–19 October 2018; pp. 1461–1463.

159. Smith, M. 10 Things about Digital Twins in Agriculture. 2020. Available online: https://www.agrimetrics.co.uk/news/10-things-
about-digital-twins-in-agriculture (accessed on 20 December 2021).

160. Smith, M.J. Getting Value from Artificial Intelligence in Agriculture. Anim. Prod. Sci. 2020, 60, 46–54. [CrossRef]
161. David, J.; Lobov, A.; Lanz, M. Learning Experiences Involving Digital Twins. In Proceedings of the IECON 2018-44th Annual

Conference of the IEEE Industrial Electronics Society, Washington, DC, USA, 20–23 October 2018; pp. 3681–3686.
162. Liljaniemi, A.; Paavilainen, H. Using Digital Twin Technology in Engineering Education–Course concept to explore benefits and

barriers. Open Eng. 2020, 10, 377–385. [CrossRef]
163. Madni, A.M. Exploiting Digital Twin Technology to Teach Engineering Fundamentals and Afford Real-World Learning Opportunities;

American Society for Engineering Education-ASEE: Atlanta, GA, USA, 2019. [CrossRef]
164. Nikolaev, S.; Gusev, M.; Padalitsa, D.; Mozhenkov, E.; Mishin, S.; Uzhinsky, I. Implementation of “Digital Twin” Concept

for Modern Project-Based Engineering Education. In Proceedings of the IFIP International Conference on Product Lifecycle
Management, Turin, Italy, 2–4 July 2018; pp. 193–203.

165. El Jazzar, M.; Piskernik, M.; Nassereddine, H. Digital twin in Construction: An empirical analysis. In Proceedings of the EG-ICE
2020 Proceedings: Workshop on Intelligent Computing in Engineering, Berlin, Germany, 1–4 July 2020; pp. 501–510.

166. Ruh, D.P.B. Digital Twins: Taking Modular Construction to the Next Level. 2019, pp. 40–43. Available online: https://www.
mckinsey.com/~{}/media/mckinsey/business%20functions/operations/our%20insights/voices%20on%20infrastructure%20
scaling%20modular%20construction/gii-voices-sept-2019.pdf (accessed on 20 December 2021).

167. Khajavi, S.H.; Motlagh, N.H.; Jaribion, A.; Werner, L.C.; Holmström, J. Digital Twin: Vision, benefits, boundaries, and creation for
buildings. IEEE Access 2019, 7, 147406–147419. [CrossRef]

168. Kaewunruen, S.; Xu, N. Digital Twin for Sustainability Evaluation of Railway Station Buildings. Front. Built Environ. 2018, 4, 77.
[CrossRef]

169. Miskinis, C. What Is the Potential of Digital Twin Technology in Retai. Challenge Advisory. 2018. Available online: https://www.
challenge.org/insights/digital-twins-in-retail/ (accessed on 20 December 2021).

170. Vijayakumar, D. Chapter Eleven—Digital twin in consumer choice modeling. Adv. Comput. 2020, 117, 265–284. [CrossRef]

https://about.bnef.com/blog/anglo-using-digital-twins-robotics-boost-mining-qa/
https://www.riotinto.com/news/stories/mining-rocket-science-common
https://www.riotinto.com/news/stories/mining-rocket-science-common
https://www.idc.com/getdoc.jsp?containerId=US44328319
https://www.idc.com/getdoc.jsp?containerId=US44328319
http://doi.org/10.32390/ksmer.2019.56.5.427
https://www.mvorganizing.org/what-is-the-meaning-of-maritime-industry/
https://www.mvorganizing.org/what-is-the-meaning-of-maritime-industry/
https://www.ctp.org.uk/assets/x/53125
https://www.geaviation.com/press-release/digital-solutions/ge-signs-digital-contract-military-sealift-command-improve-mission
https://www.geaviation.com/press-release/digital-solutions/ge-signs-digital-contract-military-sealift-command-improve-mission
https://www.dnv.com/news/dnv-supplies-shipmanager-hull-software-to-realize-saipem-7000-s-digital-twin-154798
https://www.iims.org.uk/wp-content/uploads/2018/04/Digital-Twin-report-for-DMA.pdf
https://www.iims.org.uk/wp-content/uploads/2018/04/Digital-Twin-report-for-DMA.pdf
https://www.ibm.com/blogs/internet-of-things/iot-digital-twin-rotterdam/
https://www.investopedia.com/top-agriculture-stocks-5078974
https://www.fao.org/3/i7658e/i7658e.pdf
https://www.agrimetrics.co.uk/news/10-things-about-digital-twins-in-agriculture
https://www.agrimetrics.co.uk/news/10-things-about-digital-twins-in-agriculture
http://doi.org/10.1071/AN18522
http://doi.org/10.1515/eng-2020-0040
http://doi.org/10.18260/1-2--32800
https://www.mckinsey.com/~{}/media/mckinsey/business%20functions/operations/our%20insights/voices%20on%20infrastructure%20scaling%20modular%20construction/gii-voices-sept-2019.pdf
https://www.mckinsey.com/~{}/media/mckinsey/business%20functions/operations/our%20insights/voices%20on%20infrastructure%20scaling%20modular%20construction/gii-voices-sept-2019.pdf
https://www.mckinsey.com/~{}/media/mckinsey/business%20functions/operations/our%20insights/voices%20on%20infrastructure%20scaling%20modular%20construction/gii-voices-sept-2019.pdf
http://doi.org/10.1109/ACCESS.2019.2946515
http://doi.org/10.3389/fbuil.2018.00077
https://www.challenge.org/insights/digital-twins-in-retail/
https://www.challenge.org/insights/digital-twins-in-retail/
http://doi.org/10.1016/bs.adcom.2019.09.010


Appl. Sci. 2022, 12, 5727 28 of 28

171. Li, X.; Cao, J.; Liu, Z.; Luo, X. Sustainable Business Model Based on Digital Twin Platform Network: The inspiration from haier’s
case study in China. Sustainability 2020, 12, 936. [CrossRef]

172. Augustine, P. Chapter Four—The industry use cases for the Digital Twin idea. Adv. Comput. 2020, 117, 79–105. [CrossRef]
173. Wang, Y.; Wang, X.; Liu, A. Digital Twin-driven Supply Chain Planning. Procedia CIRP 2020, 93, 198–203. [CrossRef]
174. Mussomeli, A.; Meeker, B.; Shepley, S.; Schatsky, D. Expecting Digital Twins: Adoption of These Versatile Avatars Is Spreading

across Industries. Deloitte Insights. 2018. Available online: https://www2.deloitte.com/us/en/insights/focus/signals-for-
strategists/understanding-digital-twin-technology.html (accessed on 20 December 2021).

175. Shakib, T. Revolutionizing the Retail Supply Chain with Digital Twins. Microsoft. 2021. Available online: https://cloudblogs.
microsoft.com/industry-blog/retail/2021/01/26/revolutionizing-the-retail-supply-chain-with-digital-twins/ (accessed on
20 December 2021).

176. Marmolejo-Saucedo, J.A. Design and Development of Digital Twins: A case study in supply chains. Mob. Netw. Appl. 2020, 25,
2141–2160. [CrossRef]

177. Marmolejo-Saucedo, J.A.; Hurtado-Hernandez, M.; Suarez-Valdes, R. Digital Twins in Supply Chain Management: A brief
literature review. In Proceedings of the Intelligent Computing and Optimization 2019, Koh Samui, Thailand, 3–4 October 2019;
pp. 653–661.

178. Schuster, R.; Nath, G.; Mitjavila, L. Conquering Complexity in Supply Chains with Digital Twins. Boston Consulting Group.
2020. Available online: https://www.bcg.com/capabilities/operations/conquering-complexity-supply-chains-digital-twins
(accessed on 20 December 2021).

179. Digital Twin: Apply Advanced Analytics and Machine Learning to Reduce Operational Costs and Risks. Available online:
https://www.ge.com/digital/applications/digital-twin?utm_medium=Paid-Search&utm_source=Google&utm_campaign=
HORZ-DigitalTwin-MoF-EU-Search&utm_content=%2Bdigital%20%2Btwin (accessed on 20 December 2021).

http://doi.org/10.3390/su12030936
http://doi.org/10.1016/bs.adcom.2019.10.008
http://doi.org/10.1016/j.procir.2020.04.154
https://www2.deloitte.com/us/en/insights/focus/signals-for-strategists/understanding-digital-twin-technology.html
https://www2.deloitte.com/us/en/insights/focus/signals-for-strategists/understanding-digital-twin-technology.html
https://cloudblogs.microsoft.com/industry-blog/retail/2021/01/26/revolutionizing-the-retail-supply-chain-with-digital-twins/
https://cloudblogs.microsoft.com/industry-blog/retail/2021/01/26/revolutionizing-the-retail-supply-chain-with-digital-twins/
http://doi.org/10.1007/s11036-020-01557-9
https://www.bcg.com/capabilities/operations/conquering-complexity-supply-chains-digital-twins
https://www.ge.com/digital/applications/digital-twin?utm_medium=Paid-Search&utm_source=Google&utm_campaign=HORZ-DigitalTwin-MoF-EU-Search&utm_content=%2Bdigital%20%2Btwin
https://www.ge.com/digital/applications/digital-twin?utm_medium=Paid-Search&utm_source=Google&utm_campaign=HORZ-DigitalTwin-MoF-EU-Search&utm_content=%2Bdigital%20%2Btwin

	Introduction 
	Aerospace and Aeronautics 
	Manufacturing 
	Healthcare and Medicine 
	Power Generation/Energy 
	Automotive 
	Oil and Gas 
	Smart City 
	Mining 
	Maritime and Shipping 
	Agriculture 
	Education 
	Construction 
	Retail 
	Conclusions 
	References

