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Digital twins are described as a paradigm combining multi-physics modelling with data-driven analytics, which are
used to mirror the life of its corresponding twin. Realistic virtual models of structural systems are shown to bridge
the gap between design and construction and to mirror the real and virtual worlds. The concept of the digital twin
has also been used in offshore structures as platforms and subsea pipelines throughout the stages of construction

and operation life.

digital twin subsea pipeline loT maintenance

| 1. Introduction

Subsea pipelines are the flowlines connecting a subsea wellhead to a manifold or a platform, or the export lines
(trunk lines) used as a long-distance transportation system for the oil and gas 2l Important considerations of the
pipeline system are the efficient operation and the development of the system for future needs. Due to the low
price of oil in recent years, oil and gas field operators are looking beyond the traditional operational maintenance
strategy for the sake of reducing the downtime caused by the planned or sometimes unplanned preventive

maintenance in the production field, thus reducing the operational cost (OPEX) [EI4],

In the digital solutions to subsea integrity management (SIM), the use and management of data bring benefits to
the daily operations, e.g., the increased efficiency, optimization, reduction in cost, and safety . New technologies

and associated processes are required for increased safety and better monitoring of the subsea assets.

Recent advancements in information and communication technologies, including cloud computing, high-
performance processors, high dimensional visualization capabilities, internet of things (lIoT), wearable technologies,
additive manufacturing (AM), big data analytics (BDA), artificial intelligence (Al), autonomous robotic systems,
submarine drones, and blockchain technology, have catalysed digital adoption across industries. These new
technologies have facilitated the cyber-physical integration by which data can be collected, analysed, and
visualized to make informed decisions and to serve as a basis for simulations to optimize operations &, The

concept of cyber-physical interaction and associated simulation is referred to as a Digital Twin.

The digital twin draws considerable interest as it can provide a cost-effective, reliable and intelligent maintenance
strategy based on the machine learning (ML) algorithm ¥ and assess extension life projects. The digital twin
concept consists of three components: (1) the physical asset, (2) the virtual representation of the asset, and (3) the

connection between the previous two components. The connection includes the information transferred from the
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physical asset to the digital twin and from the digital twin to the asset. A clear business purpose is a key principle in

the development of digital twins to provide value &I,

| 2. Digital Twin

A digital twin is defined as one virtual representation of a system (or an asset) that can be used to calculate the
states of the system and to make the information available. The integrated models and data of the digital twin can
provide decision support over the life cycle of the system or asset. The idea to use a twin model can be dated back
to the 1970s when two identical space vehicles were built in NASA's Apollo program to allow for mirroring of the

conditions of the space vehicle 8.

Although the concept of digital twins was first put forward in 1991 4, the model of the digital twin was first
introduced in 2002 as a concept for product lifecycle management (PLM). After its initial names of mirrored spaces

model (MSM) and information mirroring model (IMM), the model was finally referred to as the Digital Twin in 2011
8],

The digital twin has been applied to a wide range of industries including aerospace B9 automotive [L1I12]
healthcare 13I14I15]116] manufacturing AU and smart city 2921, Some early applications of the digital twin
can be found in NASA's spacecraft 22123124 and in the US Air Force’s jet fighters 22, More recently, world-class
vendors such as Dassault Systemes, PTC, and Siemens use the digital twin concept in their PLM. The digital twin
model was also proposed for the robust deployment of 10T [28. Aiming at developing digital twins for all built cars,
TESLA enabled synchronous data transmission between their cars and the factory [ZZ. From 2017 to 2019, the
Gartner listed the digital twin as being among the top 10 strategic technology trends and indicated that billions of
things would have their digital twins within 3-5 years [28129130],

Although the concept of the digital twin is not new, it was more a descriptive one and lacked auxiliary technologies
in the first few years BLE2B3] Figure 1 shows the number of results obtained by searching “digital twin” as a
“topic” in the Web of Science database, indicating a tremendous increase of research interest in the digital twin
both in industry and academia, especially since 2017/2018. In terms of the country of study, China is the leading

country in publications on the digital twin, followed by Germany and the USA.
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Figure 1. The number of published results about digital twins in the Web of Science.

Even though the digital twin technologies are of interest to companies in the industry, a major part of the studies
(about 79%) are conducted by researchers in academia, according to a survey 34, Most academic research
focuses on improving modelling techniques rather than optimizing data and implementing digital twins. Only 6% of
the articles are initiated in the industry; the remaining are collaborative studies between academia and industry.

There are few connections between industry and academia, particularly due to commercial secrecy.

To meet the new requirement from applications, Tao et al. B3 presented an extended five-dimension digital twin
model, adding data and services to the initial three-dimensional digital twin concept. Figure 2 shows the key
technologies for modelling each dimension of the digital twin. Qi et al. 28 classified the tools for the service
applications of digital twins into platform service tools, simulation service tools, optimization service tools, and

diagnostic and prognosis service tools. A list of the tools for each category is shown in Figure 3.
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Figure 2. Five-dimensional digital twin model and the key technologies. PE—Physical Entity, VE—Virtual Entity, Ss

—Services, DD—Digital twin data, CN—Connection. Reproduced from 351 with permission from Elsevier, 2022.
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Figure 3. The tools for services applications of digital twins. Reproduced from 8], with permission from Elsevier,

2022.
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ANSYS Twin Builder is one of the multi-physics simulation packages used to add physical realism to the digital
twins [ZZ. It contains extensive application-specific libraries and features third-party tool integration and can enable

engineers to quickly build, validate and deploy the digital models of physical assets at an appropriate level of detail.

As with all new concepts, there are also obstacles to the further application of the digital twin. For instance, it is
sometimes difficult to collect the most important data from thousands of sensors that track vibration, temperature,
environmental conditions, force, speed, or power. In addition, the data can be spread among different owners in
various formats. Consequently, the digital twin may fail to echo what is going on in the real world, leading to poor
decisions made by the managers accordingly BZ. In this regard, further research is needed for improved data
collection and processing methods to implement the communication interface between the digital and the physical
twins. In terms of standardization, the development of universal platforms and tools are also required for further
applications of digital twins.

| 3. Subsea Pipelines and Application of Digital Twin

The first oil pipeline is widely believed to have been installed in the 1860s in the USA to transport crude oil 58],
Since then, subsea pipelines have become the most economical means of efficiently transporting crude oil, natural
gas, and other products from offshore installations for the exploitation of subsea reservoirs. Figure 4 illustrates
different uses of subsea pipelines associated with platforms and wells, including the infield flowlines and export
pipelines.
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Figure 4. Uses of subsea pipelines. Reproduced from [28 with permission from Elsevier, 2022.
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In a harsh sea environment, sufficient structural strength is necessary for designing, analysing, and operating

subsea pipelines to guarantee the safety and integrity of subsea pipelines B8 throughout their life span.

Pipeline design is affected by multiple factors identified during the early stages (i.e., conceptualization, front end
engineering and design stage, and detailed engineering phase). These factors include the site selection, route
survey, local environmental conditions, material selection, wall-thickness design, pipeline protections, and the
budget of the project Y941 During the pipelay process, the pipelines are deposited from installation vessels, with
new pipe segments welded to form the pipelines. A proper pipe-lay is required to avoid excessive bending stresses
that may cause fractures and buckling. The low temperature on the seafloor can sometimes cause a global
contraction of the pipeline, while heat coming up from the reservoir fluid may induce local thermal expansion of the
pipeline 4243l Temperature or pressure changes in the operation process can also cause “pipeline walking” 24145
in the case of improper restraints of the pipelines. Corrosion and erosion, which occur due to chemical attacks and
abrasion from the internal fluids, are one of the major limiting factors in the continued operation of subsea pipelines
[46][47][48][491[50]  These factors necessitate the routine inspection of subsea pipelines and the use of monitoring

technologies.

According to the B31G code [2l of the American Society of Mechanical Engineers (ASME), the geometry of the
corrosion pits can be idealized as elliptical shapes, and a bulging factor can be applied when considering the
defect geometry. The class society Det Norske Veritas (DNV) headquartered in Norway published the standard ST-
F101 52 and also one document of recommended practice RP-F101 58 for pipeline applications. The American
Petroleum Institute (API) Specification 5L B4l includes the requirements for manufacturing seamless and welded
steel pipes in the transportation of oil and gas. One current challenge for subsea pipeline inspection is the often-

deep waters.

More recently, sandwich pipes (SPs) were proposed as an effective alternative to the pipe-in-pipe (PIP) system for
ultra-deepwater applications [22IB8I57 | the SPs, a polyester foam material with low density and heat-conducting
ability is filled between two metal pipes, providing high structural resistance with thermal insulation capability 58152
[60][61]

As reported by DNV B, the recent digitalization requires the reduced cost of sensor technology and computational
power, as well as cloud storage and computing. Figure 5 illustrates the main technologies and enablers in

digitalization for SIM: digital worker + support, inspection + data collection, and the analysis.
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Figure 5. The key enablers for digitalization in subsea integrity management [,

DNV define in the RP-A204 62 six levels of capability (stages of the evolution) of digital twins, as illustrated
in Figure 6. Real-time data streams are not required in Level O (standalone) but are in Level 1 (descriptive
capability). Level 2 (diagnostic capability) provides support to monitor the conditions and detect the fault, together
with troubleshooting. Health and condition indicators are further enriched in Level 3 (predictive) to support
prognostic capabilities. Level 4 (prescriptive capability) can be used to provide recommended actions based on the
predictions. In Level 5 (autonomous capability), the users can determine the functional element to perform actions

or make decisions regarding the system.

g N
:

Connected
\
w

N
Capability level

: Standalone

Disconnected
[ \ [
o

Evolution

Figure 6. The capability levels of the digital twins at different stages of the evolution 2],
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The digitalization of the data exchanges of the subsea pipelines plays an important role in avoiding the errors of the

data during manual transcriptions. In order to simplify the data exchange between parties at the different stages of

projects, the pipeline data exchange format (PDEF) collaborative initiative was proposed. It is an open-source joint

industry project (JIP) involving many companies in the pipeline industry, aiming at developing a standard format for

the exchange of the data and describing the data used in the design of subsea pipelines £,
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