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Abstract–This paper is focused on how principles from Industry 

4.0 in manufacturing can be used in operation and maintenance of 

subsea production systems. The primary purpose and goal of the 

paper is to investigate the application of Smart Maintenance to 

achieve high level of safety, availability and profit in operation and 

maintenance of subsea production systems. 

The paper describes state-of-the-art in Smart Maintenance. 

This includes the framework for intelligent predictive 

maintenance, use of artificial intelligence for condition monitoring 

purposes and the progression of technologies for Smart 

Maintenance. The procedures for maintenance of Ormen Lange 

subsea choke modules are outlined. The paper investigates the 

performance of procedures for maintenance of Ormen Lange 

subsea choke modules, as compared to state-of-the-art in Smart 

Maintenance.The results are presented, as well a short conclusion. 

Suggestion for further work includes performing a quantitative 

Life Cycle Profit (LCP) analysis to investigate return on 

investment for further implementation of Smart Maintenance for 

Ormen Lange subsea choke modules. 

Keywords–smart maintenance; predictive maintenance; 

Industry 4.0; operation and maintenance; subsea production 

systems 

 

I.  INTRODUCTION 

The global demand for energy is ever increasing, at the same 
time un-produced resources in currently developed fields are 
decreasing. As the oil and gas industry pushes towards 
development of fields in deeper waters and harsher 
environments the need for specially adapted, safe and efficient 
technologies are emerging.  

Subsea developments have the later years been increasingly 
popular. Placing mechanical- and electrical equipment on the 
bottom of the sea pose some major challenges towards safety, 
operation and maintenance. This paper is focused on how 
principles from Industry 4.0 in manufacturing can be used in 
operation and maintenance of subsea production systems. This 
is hereby denoted as, Smart Maintenance.  

The primary purpose and goal of the paper is to investigate 
the application of Smart Maintenance to achieve high level of 
safety, availability and profit in operation and maintenance of 
subsea production systems. 

 

To further elaborate the purpose and goal, three objectives 
for the paper have been defined, the following bullet points 
describe those. Ormen Lange subsea choke modules will be used 
as a case study to fulfill the goal and objectives of the research 
paper.  

 Give a description of state-of-the-art in Smart 
Maintenance  

 Give a description of procedures for maintenance of 
Ormen Lange subsea choke modules  

 Investigate the performance of procedures for 
maintenance of Ormen Lange subsea choke modules, 
as compared to state-of-the-art in Smart Maintenance  

The industry partner, A/S Norske Shell, expect the paper to 
add value to their business by providing an alternative view on 
the challenges described in the case study. Ideally the paper can 
challenge the company’s problem solving approach related to 
the case study, thus the paper can provide ideas for 
implementing new technologies or improving work methods and 
procedures. 

The first chapter, introduction, present the purpose, goal and 
objectives, of the research paper. The structure of the report is 
also a part of the first chapter.  

Chapter two is state-of-the-art in Smart Maintenance. The 
chapter addresses the first of the three objectives for the research 
paper.  

Chapter three is the case description. The Ormen Lange gas 
field as well as the Ormen Lange choke modules is shortly 
introduced.  

The fourth chapter describes the procedures for maintenance 
of Ormen Lange subsea choke modules. The chapter addresses 
the second of the three objectives for the research paper. 

Chapter five investigates the performance of procedures for 
maintenance of Ormen Lange subsea choke modules, as 
compared to state-of-the-art in Smart Maintenance. The chapter 
addresses the third and final objective for the research paper.    

The sixth chapter is conclusion. Acknowledgements and 
references are included in the following chapters.  
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II. STATE-OF-THE-ART IN SMART MAINTENANCE  

The following sub-chapters aim to introduce Industry 4.0, 
the framework of Intelligent Predictive Maintenance and 
Artificial Intelligence for condition monitoring purposes. A 
description of the progression of technologies for Smart 
Maintenance is included.   

A. INDUSTRY 4.0 AND INTELLIGENT PREDICTIVE MAINTENANCE 

Industry 4.0 represents the anticipated technological 
evolution from embedded systems to cyber-physical systems. 
[1] Fig. 1 illustrate the four industrial revolutions. 

 

Fig. 1 The four industrial revolutions [2] 

The term Industry 4.0 is often used in the context of 
manufacturing in Europe. Similar concepts exist for other 
regions and other industries; all comprises the same baseline, 
introduction of cyber-physical systems and machine learning.  

Intelligent Predictive Maintenance (IPdM) can be said to be 
a sub-set of Industry 4.0. Fig. 2 present the framework of IPdM, 
consisting of four main components: Cyber-Physical Systems 
(CPS), Internet of Things (IoT), Data Mining (DM) and Internet 
of Services (IoS).  

 

Fig. 2 The Framework of Intelligent Predictive Maintenance [3] 

Cyber-Physical Systems is described as transformative 
technologies for managing interconnected systems between its 
physical assets and computational capabilities. [4] In general, 
CPS consist of two main components: 1) advanced connectivity 
that ensure real-time data acquisition from physical systems, 2) 
intelligent data management, analytics and computational 
capability. [5] 

Internet of Things is about the connection of physical things 
to the internet, which makes it possible to access remote sensor 
data and control the physical object from a distance. The novelty 
of IoT is not in any disruptive new technologies, but in the 
pervasive deployment of Cyber-Physical Systems. [6] 
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Data Mining is the process of extracting knowledge from 
different sources and large amounts of data. [7] Fig. 3 illustrate 
the knowledge discovery process. The process is an iterative 
process of seven steps: 

 

 

Fig. 3 Knowledge discovery process in Data Mining [7] 

Internet of services is about considering computation of data 
and information as a service, as opposed the traditional model of 
considering it as a product. [8] An example of such 
transformation is Rolls Royce Civil Aerospace. Traditionally 
Rolls Royce have sold airplane engines to airplane manufactures 
such as Airbus and Boeing. With its newest engine-line, the 

company has abandoned the traditional model, in favor of selling 
engine operating hours to its customers. The engines is heavily 
instrumented, data is transferred to Rolls Royce, in-flight. 
Emerging issues can be analyzed whilst the aircraft is on the air, 
appropriate repairs, or even replacements can be planned and 
prepared at the destination of the aircraft; thus improving safety 
and efficiency of the maintenance action. The model has also 
proved beneficial for fuel consumption as the data can be used 
to optimize the running of the engine. [9] 

The later years there have been developed some systems that 
utilize Artificial Intelligence for condition monitoring purposes. 
A system can be defined as an intelligent monitoring system if 
sensing, analyzing, knowledge learning and error correction 
capabilities are incorporated to the system. The system should 
be able to emulate as closely as possible the capabilities of a 
human expert operator. [10] 

Expert systems that use Bayesian Case Based Reasoning 
(CBR) methods are one of several forms of intelligent 
monitoring systems designed for condition monitoring purposes. 
CBR is the process of solving new problems based on the 
solutions of similar past problems. 

CBR systems keep a database of all recorded issues during 
the lifetime of the particular and similar systems. The 
information stored about the issues contain all sensor values 
prominent to the issue, the root cause of the issue and the 
measures that where implemented to fix the issue. [11] Real-
time data is fed to the software that continuously checks the fit 
of the current situation against the recorded cases in the 
database.  

The system can provide a list of possible prominent issues 
and an associated confidence level, i.e. probability that the issue 
is prominent based on the real-time data.  

Fig. 4 illustrates an unreleased CBR software tool under 
development by Schlumberger. The highlighted box on the left 
describe measured variables and alarm status. The highlighted 
box on the right display the possible issues and their associated 
confidence level, based on the measured variables and alarm 
statuses. 

 

Fig. 4 Case Based Reasoning software tool screenshot [12] 

A mature CBR tool is capable of identifying more probable 
cases, at a quicker response time and with greater accuracy than 
less sophisticated systems that rely more on input from 
engineers. Systems of this generation are yet to be 
commercialized in larger scale. Nevertheless, it could be 
claimed that there is a significant potential in development of 
condition monitoring that use Bayesian CBR methods. 
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B. SMART MAINTENANCE PROGRESSION OF TECHNOLOGIES 

IBM Center for Applied Insights has conducted a study to 
identify success criteria and quantify the benefits of smart oil 
and gas field technologies. [13] The study maps the progression 
of a smart field and illustrates the characteristics of the different 
maturity levels, as well as the potential value creation for each 
maturity level. The progression of a smart oil and gas field is 
visualized in Fig. 5. 

 

Fig. 5 The progression of a smart oil and gas field [13] 

The first milestone of progression is instrumentation of 
critical points in the production system. This allows the user to 
monitor equipment and process conditions in real-time. The 
parameters that are to be monitored and the frequency of 
monitoring need to be identified through analysis, such that the 
monitoring can provide information to support operation, 
maintenance and process related decisions.  

The second milestone is data management and integration. 
This feature is about storing the collected data efficiently, and 
making it readily available to all stakeholders. An important 
aspect, though frequently overlooked, is integration. Meaning 
that the system should have a holistic approach that allows for 
integration and collaboration between departments, suppliers 
and contractors. Evidence suggest that failure to implement a 
holistic management approach could cause key insights to be 
lost. [13] 

Intelligent alerts and event management is the third 
milestone in the progression towards a smarter oil and gas field. 
Typically, in a smart field, many million data points are 
collected every day. This amount of data is too overwhelming 
for any human being to continuously track and make sense of. It 
is possible to develop algorithms that continuously process data 
from multiple sources and generate intelligent alerts that let the 
stakeholders know when there are imminent equipment or 
process related issues. The system can also be programmed to 
respond to the issue or provide a list of- and confidence for 
plausible root-causes. 

Intelligent alerts and event management can provide a strong 
foundation for the smart field. To enable proactive management 
and decision-making the system must also provide advanced 
analysis and forecasting, which is the fourth milestone of 
progression. Predictive analytics can assess and forecast the 
performance of wells, facilities and exports systems; and 

generate models that can support higher quality decision-
making.  

In the culminating milestone of progression, asset 
optimization, information is widely shared and utilized across 
functions. At this stage the largest value is created for the oil and 
gas company and its associated partners. 

Most suppliers of Subsea equipment offer condition 
monitoring solutions as an option for their equipment. [14] [15] 
[16] [17] [18] [19] [20] [21] [22] 

The condition monitoring solutions offered by unlike 
suppliers are fundamentally very similar, with some minor 
differences. It can be claimed that most of these solutions is on 
the third level of progression on IBM's rating of progression. 
Most suppliers offer condition monitoring on the fourth level of 
progression for selected sub-systems. 

III. CASE DESCRIPTION 

A. ORMEN LANGE SUBSEA-TO-BEACH GAS FIELD 

Ormen Lange is Norway’s second largest gas field, it is 
located in the Norwegian Sea, 120 kilometers offshore 
Kristiansund. Table 1 is some key data about the Ormen Lange 
reservoir. 

TABLE 1 ORMEN LANGE RESERVOIR DATA [23] 

Water 

depth 

[m] 

Depth 

below 

seabed 

[m] 

North-

south 

stretch 

[m] 

East-

west 

stretch 

[m] 

Estimated 

recoverable 

gas reserves 

[Sm3] 

Estimated 

recoverable 

condensate  

reserves 

[Sm3] 

800 – 

1,000 

2,000 40,000 8,000 3,146,000,000 17,400,000 

 

The red marker in Fig. 6 indicate the position of Ormen 
Lange. 

 

Fig. 6 Ormen Lange’s geographical position [23] [24] 

The field is a subsea-to-beach development, the concept 
solution for Ormen Lange includes 24 wells distributed on four 
Subsea templates. The onshore production facilities are located 
at Nyhamna. The gas is exported 1200 kilometers through one 
of the world’s longest subsea pipelines, Langeled, to Easington 
in south England. 
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Particular challenges associated with development and 
operation of the field is, bit is not limited to, the following bullet 
points. [25] 

 Steep incline to shore 

 Rugged seabed 

 Long distance to control center 

 -1.2 Celsius on the sea bed  

 Formation of hydrates in multiphase flow 

The concept solution utilizes a multiplex electro-hydraulic 
Subsea Production System (SPS), the system use a closed 
hydraulic circuit. Mono Ethylene Glycol (MEG) injection is 
used to prevent formation of hydrates. 

Currently no subsea rotating equipment is utilized. In the tail 
production phase, it is planned to upgrade the facilities with 
subsea separation, compression and pumping. 

B. ORMEN LANGE subsea CHOKE MODULES  

Ormen Lange subsea choke modules are primarily used for 
choking the well stream and injecting MEG to the well stream. 
Additionally, the choke modules contain instrumentation that 
collects data for production optimization and condition 
monitoring purposes.  

The Subsea choke module is located downstream the x-mas 
tree, upstream the Subsea manifold. The main reason the choke 
module is separate from the x-mas tree is that the Process Choke 
Valve (PCV) is prone to wear and tear, it is likely going to need 
replacement during the lifetime of the field. By separating the 
choke module, containing the PCV; and the x-mas tree, 
containing the Production Master Valve (PMV) and Production 
Wing Valve (PWV); the PCV can be replaced without pulling 
the x-mas tree, thus saving substantial lifecycle costs.  

Fig. 7 display a general arrangement drawing of the Ormen 
Lange Subsea choke module. The upper frame is removed to 
provide a clearer view of the internals of the choke module. 

 

Fig. 7 Ormen Lange subsea choke module general arrangement drawing [26] 

IV. PROCEDURES FOR MAINTENANCE OF ORMEN LANGE 

SUBSEA CHOKE MODULES 

For the Ormen Lange gas field there is a Subsea Integrity 
Management System (SIMS) in place to define which people, 

processes and systems will be responsible for safeguarding the 
integrity of the Ormen Lange Subsea systems. The purpose of 
the system is to ensure availability and safe operation in line with 
Shell operational, societal and environmental objectives. [27] 

Shell Subsea Operations Team is responsible for the integrity 
of Subsea systems. The team consists of discipline engineers 
who are responsible for the following integrity activity areas.  

 Control systems 

 Pipelines and umbilicals 

 Structures and manifolds 

 Offloading system 

 Inspection, Maintenance and Repair (IMR) 

The following sub-chapters is a description of the work 
processes of Shell and suppliers for ensuring integrity of the 
Subsea systems relevant to the case study through 
commissioning, monitoring, inspection and diagnostics. Some 
of the described work processes is available as written 
procedures, some is not defined as procedures but is performed 
in practical applications. 

A. COMMISSIONING 

Commissioning of equipment for Ormen Lange is performed 
in accordance with procedures developed by the supplier of the 
equipment in question. Shell supervise the commission and 
require documentation that all failure scenarios are covered. 

On a system level, and for the well Shell develop and 
perform commissioning. The reason for this is that systems 
normally consist of equipment from two or more unlike 
suppliers, as a result it is challenging putting suppliers on charge 
of the commission on a system level. 

B. MONITORING 

On Ormen Lange, use of condition monitoring technology 
provided by equipment manufacturers is limited. [28] 

Shell keeps a database of all data collected by Subsea 
instrumentation. Tools available to all relevant engineers enable 
trending and comparison of the data. The discipline engineers of 
the Shell Subsea Operations Team perform analysis of data 
relevant to their respective discipline upon any operation of the 
Subsea equipment. This is done to detect smaller abnormalities 
and imminent issues. If a system or sub-system have failed, 
alarms imbedded in the control system detect the failure and 
alert operators. [29] 

Relevant monitoring activities include but are not limited to 
hydraulic fluid consumption monitoring, valve signature 
analysis, circuit resistance monitoring, single- and multiple 
parameter trending. 

C. INSPECTION 

All inspection programs on Ormen Lange are prioritized in 
accordance with the risk-based principle. Risk Based Inspection 
(RBI) analysis is performed to determine the inspection program 
for each Subsea component. [30] 
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The methodology for risk based inspection developed and 
used by A/S Norske Shell considers three measures for 
determining the inspection interval for different subsea 
equipment. The three measures are: 1) probability of failure, 2) 
consequence of failure, 3) confidence in the component’s ability 
to withstand threats.  

The threats that are considered include: 

 External corrosion 

 External damage from dropped objects 

 External damage from fishing 

 Scour 

 Overstress 

 Hooking 

 Fluid leaks  

 Product leaks 

 Hose or polymer failures 

A flowchart that describes the methodology for risk based 
inspection developed and used by A/S Norske Shell is presented 
in Fig. 8. 

 

Fig. 8 Methodology for Risk Based Inspection developed and used by A/S 
Norske Shell [30] 

D. DIAGNOSTICS 

Diagnostics of imminent issues is performed using expert 
opinion and ROV inspection as the main tools. [29] 

Data from condition monitoring and/or alarm system is 
assessed by Shell engineers to attach a probable diagnosis and 
prognosis to a pending issue. Commonly the supplier of the 
actual equipment under investigation will get involved to 
increase to accuracy of the diagnosis. The reason for this is that 
the equipment supplier commonly have greater in-depth 
knowledge about the equipment than the operator.  

If the plausible diagnosis entails that the issue should be 
observable externally or by minor disassembly, ROV 
inspections is used to confirm or disconfirm the plausible 
diagnosis. 

V. PERFORMANCE OF PROCEDURES FOR MAINTENANCE OF 

ORMEN LANGE subsea MODULES 

To investigate if further investments in Smart Maintenance 
should be considered for the Ormen Lange Subsea choke 
modules; the performance of the procedures for maintenance, as 
compared to state-of-the-art within Smart Maintenance should 
be assessed. 

The following sub-chapters feature an assessment of the 
maturity of Ormen Lange as a smart field. As well as, a 
discussion on the performance of Shell procedures for 
maintenance of the Ormen Lange Subsea choke modules, as 
compared to state-of-the-art within Smart Maintenance.   

The smart field concept includes different aspects of the 
production value chain. [31] Within the operation and 
maintenance part of the value chain there is no definite answer 
to Ormen Lange’s level of maturity in relation to IBM’s 
visualization of the progression of a smart oil and gas field, 
presented in Fig. 5. 

Arguments could be made that Ormen Lange currently is 
somewhere between the second and third milestone of 
progression of a smarter oil and gas field. The reasoning behind 
this argument follows.  

The second milestone of progression, data management and 
integration, is apparently completely fulfilled. Shell keeps a 
database of all data collected by Subsea instrumentation. Tools 
available to all relevant engineers enable trending and 
comparison of the data.  

For the third milestone, intelligent alerts and event 
management, the Ormen Lange operation and maintenance 
system do not have all characteristics described by IBM. The 
alarm system is capable of automatically alerting the operator of 
an occurred failure. However, the condition monitoring system 
do rely heavily upon experienced engineers and expert 
judgement to identify, diagnose and prognose an imminent 
failure.  

A seemingly logical progression for the Ormen Lange gas 
field is continue implementation of the five milestones towards 
a smarter oil and gas field described by IBM. In the culminating 
milestone there should be focus on integration between 
relatively similar fields in Shell’s global portfolio. By doing so 
it is possible to share experiences related to operation and 
maintenance, share smart solutions and minimize risk for 
making the same costly mistakes on several locations. 

Despite that Ormen Lange, by IBM’s definition, is only half 
way to becoming a mature smart field, the availability of the 
choke module and the other Subsea equipment and Subsea 
systems have proved beyond satisfactory. Ormen Lange have 
thus far achieved an availability greater than 99%. [32] 

A diversity of arguments to why Ormen Lange achieve near 
perfect availability, despite limited use of the most sophisticated 
Smart Maintenance technology, can be made.  

There is no Subsea rotating equipment on the Ormen Lange 
gas field. In addition the field characteristics do not necessitate 
choke adjustments in normal operation of the field. As a result 
any operation of Subsea equipment is limited to scheduled 
function tests and potential emergency situations.  

Condition monitoring systems that trend data to predict 
remaining useful life, i.e. advanced analysis and forecasting, can 
be worthwhile for continuously operated equipment. For 
periodically operated equipment such analysis is much more 
demanding, if even plausible. Other technologies offered by 
Subsea equipment manufacturers, such as coefficient of 
variation estimation and choke erosion modeling, is also less 
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useful for the Ormen Lange process choke valve as the well 
stream is not being choked in normal operation.  

The Subsea part of Ormen Lange feature a highly redundant 
design. Meaning that no single failure will cause production stop 
from any well. In addition, the sparing philosophy is based on a 
detailed spare part analysis. Any long lead items should be 
sufficiently stocked, enabling reasonable response time upon a 
single failure.  

Because of this, the dominant maintenance policy for Ormen 
Lange Subsea components is run-to-failure. Condition 
monitoring us used, but unless there is imminent safety or 
environmental concern, an indication of a single failure will 
rarely provoke a reaction until the failure actually happen. Only 
when a single failure have occurred, thus the system is operating 
on single redundancy, action is taken. [29] 

It should also be noted the A/S Norske Shell have attended 
sales meetings and considered condition monitoring solutions 
provided by equipment suppliers. The system was not 
considered worthwhile, due to the redundancy in design and 
maintenance policy. Still, such technology might be 
reconsidered with the future plans for Subsea separation, 
compression and pumping. [29]  

Based on the above, it is difficult to argue that further 
investments Smart Maintenance will prove profit-making for the 
current configuration of Ormen Lange.  

Because Shell have decided to not implement condition 
monitoring solutions provided by equipment suppliers, Shell 
discipline engineers have a hands-on role in the operation and 
maintenance of the Subsea production system. As a result, Shell 
have in-house, in-depth understanding of the Subsea equipment 
and systems that are part of Ormen Lange. This can enable A/S 
Norske Shell to make information-driven decisions and acts to 
achieve continuous improvement and continue the high 
availability for future operation of Ormen Lange.  

VI. CONCLUSION  

Industry 4.0 represents the anticipated technological 
evolution from embedded systems to cyber-physical systems in 
manufacturing and other industries. It can be claimed that 
Intelligent Predictive Maintenance is a sub-set of Industry 4.0. 
The framework of Intelligent Predictive Maintenance, consist of 
four main components: Cyber-Physical Systems, Internet of 
Things, Data Mining and Internet of Services. Artificial 
Intelligence can be used for condition monitoring purposes. The 
progression of Smart Maintenance technologies can be 
described in five milestones.  

Major oil and gas companies have invested in smart fields. 
Subsea condition monitoring technology is commercially 
available from the largest equipment manufacturers. Progression 
of a smart oil and gas field is detailed. As well, developments 
using artificial intelligence, is described. It could be claimed that 
some of the described technologies could be adapted for Subsea 
applications.    

The procedures for maintenance of Ormen Lange subsea 
choke modules consist of original equipment manufacturer 
written procedures, Shell written procedures and non-

documented work processes performed by Shell engineers. It is 
possible to describe the procedures using the data and 
information provided by the industry partner. 

For Ormen Lange subsea choke modules, use of 
commercially available Smart Maintenance technologies 
provided by original equipment manufacturers is limited. Still, 
Ormen Lange has thus far achieved availability greater than 
99%. It is difficult to argue that investments in further 
implementation of Smart Maintenance will prove profit-making 
for the current configuration of Ormen Lange. 

Based on the results presented in this research paper, the 
following suggestions for further work are made.   

 Perform a quantitative Life Cycle Profit (LCP) analysis 
to investigate return on investment for further 
implementation of Smart Maintenance for Ormen 
Lange subsea choke modules 

 Investigate the use and performance of Smart 
Maintenance for similar fields to Ormen Lange 
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