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Introduction: The oil and gas production industry requires rapid changing. As oil and gas companies around the world are called upon to decarbonize, several sectors within the industry are attempting to find new ways of working to achieve decarbonization. One of those sectors is spare parts warehousing. During the past decades of oil and gas production, spare parts warehousing has not been prioritized in optimization measures. Warehouses have been filled with material, all activities have been performed manually, and financial expenditure has been high. Now, a large oil and gas production company in Norway is looking to optimize its spare parts warehousing to streamline its logistics activities and increase sustainability.

Method: This study addresses the optimization ambitions of the company and proposes key design elements of a smart warehouse management system using Industry 4.0 technology implementation. The study is conducted by performing a review of relevant literature and company ambitions, before embarking on a qualitative design measure to contribute to the company’s innovative success.

Results: The study proposes optimization of the warehouse activities goods receipt, issuing of stocked goods, and inventory count. Additionally, the digital supply chain of tomorrow and the technical architecture of a track and trace system in the warehouse is suggested.

Discussion: The study’s results can be used in practical implications and provide a foundation for future research. Future research is suggested to include extensive visual simulations, practical implementation studies, and studies on long-term effects of implementation.
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1 Introduction

Offshore energy production companies place importance on the safety, productivity, and efficiency of their operations. These objectives are achieved through meticulous maintenance of machinery and equipment at their installations, ensuring timely and effective replacement of parts as needed. Consequently, these companies are mandated to implement robust spare parts management systems in strict adherence to operational and safety policies.

In offshore energy production industry, warehousing spare parts is a complex endeavor due to the diverse nature of machinery and equipment used in production. These assets vary in function, size, life cycle, material composition, maintenance requirements, and criticality to production. As a result, spare parts inventory management becomes multifaceted. Some material is supplied directly from vendors to offshore installations upon demand, some is stored at onshore bases or offshore installations, and some items necessitate storage at both locations. The challenges stemming from such diverse supply methods and demand patterns include warehouse overcrowding, excessive expenditure, expiration of stored spare parts, and difficulty in maintaining accurate inventory records. The primary objective of the warehouse is to ensure timely and accurate supply of the required spare parts to offshore installations, and the given challenges increase the likelihood of supply failure during critical demand periods.

Unlike several other industries, technological advancements in logistics activities within the oil and gas sector have not been prominent (Lu et al., 2019). Historically, the industry’s profitability has meant that the costs associated with spare parts management were bearable. Therefore, a just-in-case principle to ensure operational safety has been adopted and kept over the years. This approach has facilitated immediate replacements of parts, thereby sustaining high levels of production over time.

In recent years, there has been a growing focus on enhancing the intelligence of warehouse operations across various industries to reduce costs and optimize processes. The concept of smart warehouses, characterized by automated, unmanned, and paperless operations (Liu et al., 2018), has garnered significant attention (Seyedan et al., 2023) describe modern inventory control as companies meeting customer demand while maintaining low costs. Pratap et al. (2024) suggest that all supply chain activities could benefit from increased smartness to combat issues like inaccurate forecasting, delays, and waste. While examples of smart inventory practices can be found in industries like food, e-commerce, and retail (Sgarbossa et al., 2022; Zhang et al., 2021; Mahroof, 2019), the unique functional requirements of the oil and gas sector necessitate tailored approaches to adopting modern supply chain principles for sustainability and profitability (Czachorowski et al., 2023).

The oil and gas industry’s slow adoption of smart warehousing practices, due to a lack of tailored approaches, presents a research gap. Thus, there is little to no academic ground for successful implementation of smart warehousing to be rooted in. However, there are indications that Industry 4.0 implementation can enhance spare parts management practices in the oil and gas industry (Khan et al., 2024). This study aims to bridge this gap by proposing foundational elements of a smart warehouse management system specific to the industry’s needs.

Guided by this objective, the study draws upon data and insights gathered from a Norwegian oil and gas production company to initiate a transformation from traditional spare parts warehousing to a more intelligent and efficient model. The methodology encompasses a thorough literature review, data analysis, and model development, with the goal of offering practical implications and recommendations for future endeavors.



2 Background

The oil and gas industry’s spare parts warehousing is a small part of a complex supply chain that comprises several activities, including transportation, contract management, and warehousing. There are several factors that contribute to the oil and gas supply chain being somewhat more complex than those of several other industries (Jacoby, 2012). These activities are further divided into subtopics and activities, as shown in Figure 1. The complexity of the oil and gas industry’s supply chain is not immediately apparent in simplified overviews such as Figure 1. The several factors contributing to the complexity include the uniqueness of the activities performed, special materials required, transportation to and from remote locations, collaboration with numerous stakeholders and suppliers, governmental regulations, high levels of competition, safety regulations, and changing weather conditions (Czachorowski et al., 2023).

[image: Figure 1]

FIGURE 1
 The seven supply chain management activities in the oil and gas industry.



2.1 Case selection and validation

The case focuses on a leading company in the oil and gas industry known for its complex logistics and inventory management needs. In early 2024, a mapping of supply chain activities – with a specific emphasis on warehousing – of an oil and gas company was conducted to identify areas of improvement. This is visualized in Figure 2. The mapping is done using action research. Action research is a qualitative research method that integrates theory and practice to solve problems in operational settings (Baskerville and Wood-Harper, 2016). There are various versions of action research relative to different fields. In this study, the four-stage approach consisting of assessment, planning, implementing, and evaluating is used (Kemmis et al., 2014). The assessment stage in this study required data gathering from the company’s supply chain department. Five main improvement findings were identified and are presented in Table 1. The mapping particularly emphasized the limitations related to visibility and traceability across the supply chain, which are presented in Table 2. The supply chain and spare parts management challenges are costly for the company, and there is a strong desire to cut costs to redirect funds to emissions reduction and technological innovation.

[image: Figure 2]

FIGURE 2
 The order and content of mapping of challenges in SCM and warehousing as conducted in this study.




TABLE 1 Key findings of challenges in SCM mapping in the oil and gas company in the study.
[image: Table1]



TABLE 2 Challenges with visibility and traceability in the supply chain related to spare parts management.
[image: Table2]

The company’s supply chain initiative for the 2020s, established by the company prior to this study, aims to reduce costs by approximately one billion NOK (approximately 92 million USD by August 2024) across several supply chain activities, as illustrated in Figure 3. Spare parts warehousing mainly falls under the second column titled material management. With appropriate optimization of warehouse practices costs can be reduced.

[image: Figure 3]

FIGURE 3
 Envisioned effects of successful cost reductions in the supply chain.


To achieve these cost reductions, the lack of visibility and traceability outlined in Table 2 can be solved through means of technology, as has been pointed out in research from various industries (Rasool et al., 2021; Nantee and Sureeyatanapas, 2021; Saraceni et al., 2017; Hamdy et al., 2022). The planning and effort spent on optimizing material management and warehousing processes will be directly linked to the outcome, with yields such as cost and waste reductions and sustainable activity, as shown in Figure 4.

[image: Figure 4]

FIGURE 4
 Correlation between spare parts warehousing optimization efforts and long-term gain.


However, the path to technological optimization is challenging, and the company identifies numerous challenges and potential complications in achieving operational excellence in the supply chain, listed in Table 3. Warehousing and other supply chain activities have become complicated due to the high demand for their products, many suppliers, stakeholders, departments, workers, and unpredictable factors at play.



TABLE 3 Challenges in achieving operational excellence in material and supply chain management.
[image: Table3]

Despite these challenges, academic research and industrial initiatives emphasize the benefits of technological optimization, giving large-scale production companies in oil and gas and manufacturing reason to investigate optimization initiatives.




3 Literature study

One of the most, if not the very most, important components that would allow for digital supply chain to be realized in warehousing is Industry 4.0 technologies (Culot et al., 2020). Since their emergence, they have been researched extensively, both conceptually and practically. Suggestions have been made in literature for their implementation in various industrial supply chains, as well as in other processes in the value chain. Industry 4.0 technologies are largely considered to be an essential part of the future, especially in industrial practice (Ventura et al., 2023). Therefore, the literature study will be centered on Industry 4.0 technologies to assess their potential for spare parts warehousing.

Literature identifies several technologies that can be identified as Industry 4.0 technologies. All relevant technologies are investigated. This is best done by dividing them into sub-groups of related technologies. Three such sub-groups are established:

1. Digital platforms

2. Analytics

3. Emerging technologies


3.1 Digital platforms

When referring to digital platforms, there are several examples. The common denominator for many modern digital platforms is Cloud computing (Zhang and Ravishankar, 2019). To achieve optimal understanding of digital platforms in the era of Industry 4.0, Cloud computing must therefore be included.

According to Zhang and Ravishankar (2019), Cloud computing implies computing services being derived through the Internet. Prior to Industry 4.0, it was common for data, systems, and platforms to be stored locally on drives and physical computers. With digital modernization, the ideal for industry has become to adhere to Cloud computing for their digital services.

Remote access, easy configuration and scaling, and tailoring to meet specific business needs are listed as some benefits of Cloud computing (Attaran and Woods, 2018). The flexibility implied in these benefits make Cloud computing attractive in a modern era. According to Nambisan (2017), Cloud computing fosters digital innovation and experimentation, which ultimately helps businesses create new business models. It is argued that this is one of the key elements in entrepreneurship, which is as relevant to established companies as it is to new ones.

Cloud computing holds the potential of affecting a company in several ways. New data structures and new data storage systems would lead to new ways of organizing and managing files, which affects workers and operators unanimously across business areas in a company (Weerasiri et al., 2017).

However, transitioning a company’s key systems to Cloud entails several obstacles. Chang (Chang, 2020) recognizes how long-term cost reduction is one of businesses’ main motivators of Cloud implementation, yet costs related to the implementation itself can be significant enough to prevent proper implementation initiatives. In other words, dedication throughout the process, from implementation decision through complete implementation, is key.

Cloud computing’s presence in warehousing could require entirely new warehouse setups, as its impact could be highly disruptive. Bokrantz et al. (2020) note that monitoring of equipment and goods across the supply chain becomes possible, even easy, with Cloud computing. The ability for human operators in the warehouse to observe, analyze, and monitor goods and products from supplier throughout its cycle in the supply chain to end customer is valuable. With Cloud, this process could be conducted remotely, by all stakeholders involved, requiring only Internet connection and a configured digital device. Dange et al. (2019) identify Cloud implementation as a core requirement for digital transformational success.

Cloud computing constitutes the core of modern digital platforms. In a supply chain context, such platforms connect suppliers and customers with each other through an interactive, remote-based infrastructure (Cennamo and Santaló, 2015). New software and platforms that are created specifically for activities such as purchasing and service provision are rooted in Cloud computing, which is also useful in the context of the increasingly common practice of remote work (Kohn et al., 2023).



3.2 Analytics

The information and data that exists within businesses’ information systems after years of operation can easily be envisioned to be extensive. The concept of big data analysis implies corporations actively using this information to observe, analyze, and use trends and information that exists in the data. According to Côrte-Real et al. (2017), big data analysis offers great value to businesses in helping them achieve higher degrees of competitiveness and performance. The importance of data exploitation was identified prior to the characterization of Industry 4.0 and came about after some businesses and researchers pinpointed the availability of extensive data (Kohavi et al., 2022).

There are several concepts present in literature regarding big data analysis, but under different names. Some argue that the concepts are different from each other as well, but similarities exist regardless (Power et al., 2018). Analytics, big data analysis, and data science all describe similar traits of dedicated software and digital architecture: an ability to “interrogate” data to fetch patterns, insights, and value for use in decision-making (Provost and Fawcett, 2013).

Software and information systems of a certain caliber are required to process and analyze large amounts of data. Big data analytics works when there are robust digital systems in place, capable of alleviating human workers of most of the analysis tasks. If the analysis was manual, it would not be possible to identify it as big data analysis and an Industry 4.0 technology. Big data analysis, in its well-functioning form, includes comprehension of problem context with the data, identification of the data sets that are relevant, extraction of knowledge from the data, and consolidation of the knowledge to assist decision-making (Martinez-Plumed et al., 2021).

Software and information systems with the capacity to conduct such operations without human assistance can be related to artificial intelligence (AI) (Shang and You, 2019). Shang and You (2019) describe that AI and machine learning interfaces must be trained to identify the “correct” data and find the data sets that might have been overlooked by untrained AI. Examples of trained AI systems can be found many places in our daily technological use: e-mail spam filters, recommendation engines on the Internet, and customer analytics (Shang and You, 2019).

In digital supply chain context, successful implementation of analytics and AI could prove invaluable (Iansiti and Lakhani, 2020). Among the capabilities they could offer is accurate demand forecasting (Gilliland and Tashman, 2021). Businesses that have managed to implement functioning analytics and AI practices base surprising amounts of decisions on the analysis of such systems – with great success (Iansiti and Lakhani, 2020). However, as with all Industry 4.0 technologies and other disruptive innovations, successful implementation is demanding (Burström et al., 2021). Specific application methods, ethical considerations, and political implications are some areas in which businesses should establish strategies to succeed with analytics (Burström et al., 2021).



3.3 Emerging technologies

Along with software—digital platforms and analytics systems—hardware in the form of technological tools is required to fullfil the digital supply chain (MacCarthy and Ivanov, 2022). Along with the conceptualization of Industry 4.0, new technology has emerged that enable the core concepts of Industry 4.0: interconnectivity, efficiency, and flexibility (Chaplin et al., 2020). A closer look is taken at literature that refers to emerging Industry 4.0 technologies, specifically. Three such technologies are identified: industrial internet of things (IIoT), digital twin, and additive manufacturing (AM).

Industrial internet of things (IIoT) and internet of things (IoT) largely refer to the same concept: a networked connection of smart objects (Birkel and Hartmann, 2019). The difference lies in the name: IIoT is used for industrial purposes, while IoT is normally used by single-point consumers. For this research, IIoT is of relevance. Connected devices on IIoT networks can be used in industrial processes such as manufacturing and supply chain management, to transfer data without human interaction. The key in terms of hardware and Industry 4.0 technology is compatible devices. They must be connected over the Internet and communicate effortlessly.

IIoT especially opens for one component of digital supply chain that is considered key to its success, which is visibility (Tran-Dang et al., 2020). The devices that are connected over a network are either smart objects, or objects with smart sensors attached. These sensors allow for digital systems to collect data on where and how the objects are, enabling visibility and monitoring (Tran-Dang et al., 2020). In industrial supply chains, IIoT can be defined as a network of physical objects that have an ability to sense and interact not only within a company, but among the entire supply chain, to ensure planning, coordination, and control of all supply chain activities (Ben-Daya et al., 2017). Examples of such supply chain activities include warehousing, predictive maintenance, and sustainability improvement (Compare et al., 2020).

In warehousing, IIoT’s role would largely be to ensure a complete overview of all products or items present in the warehouse, at all times. When all items are connected over the Internet, all relevant workers—both in-house and others—can access the data. Trends of storage items can be identified and orders of new warehouse items can be made according to the accurate data available consistently.

Industrial success in implementing IIoT is not given. The challenges typically associated with its implementation are costs, security, coordination of an increased level of smart objects or sensors, lack of technical standards, and lack of sufficient competence among human workers and operators [II]. These challenges can be mitigated through competence requirements, strategic decision-making, and frameworks for implementation and usage.

Digital twin relates to IIoT usage because the technology that enables it may be IIoT-based. Digital twin is a digital model of a physical object, process, or system. Its purpose is to simulate the behavior of the object, process, or system, to explore possibilities that lie in changing it (Liu et al., 2021). The digital twin is meant to have strong mutual coupling with the physical model and represent it in real time (Liu et al., 2021). The enabling technologies allowing for digital twin to exist are characterized by their ability to connect over the Internet and transfer information. Such technologies include sensors and other wireless technologies, as in IIoT. Supporting technologies that allow for modelling, visualization, and optimization can be used to optimize digital twin technology (Liu et al., 2021).

According to Liu et al. (2021), the major benefit of digital twin technology is that it enables experimentation and visualization in a safe environment. Instead of conducting optimization measures in a physical environment with high technological and safety risks, a digital model allows for risk-free experimentation. It is also useful for training purposes for new employees and workers, allowing them to learn remotely.

In terms of warehousing, digital twins can prove revolutionary (Kuhl et al., 2022). Their ability to provide accurate digital models of items, equipment, processes, and information involved in warehouse activities could change daily work processes for human operators and relevant workers. According to Kuhl et al. (2022), this complete digital overview of warehousing can help decision-makers in maximizing productivity, safety, and efficiency. This is an ideal situation for businesses operating with large and complex warehouses, many of whom today experience an absence of interconnectivity between digital space and physical space (Feng et al., 2022).

Adding to the interconnectivity between the digital and physical spheres is additive manufacturing (AM). According to Charles et al. (2023), AM is one of the main driving technologies of Industry 4.0. Patalas-Maliszewska and Topczak (2021) describe AM as the consolidation of a combination of materials with the aim of obtaining a real object using 3D CAD data. Such materials can be metals, ceramics, plastics, and metal alloys. Prashar et al. (2022) describe waste minimization, possibilities for changes in design, just-in-time access to parts or products, and cost decreases in just-in-case storages as benefits of AM.

Warehousing could be affected massively by the presence of AM. Sirichakwal and Conner (2016) describe AM as a disruptive innovation that is vital in reducing spare parts inventory costs, which have increased in the past decades. Many businesses have opted to maintain just-in-case storages, to reduce lead time of spare parts and items in case of production failures or emergencies. While the idea behind is understandable—ensuring safety in production through consistent availability of items and parts—the costs relating to warehousing, logistics, and supply chain management increase significantly with these types of policies. The aim would be to achieve production safety and minimized storage of spare parts and other necessary equipment at the warehouse, simultaneously. Sirichakwal and Conner (2016) and MacCarthy and Ivanov (2022) note the numerous challenges in achieving these types of goals, while also stressing that it is possible, with correct competence, strategy, and foundation.



3.4 Smart warehousing enabled by industry 4.0 technologies

Industry 4.0 technologies are the enablers of automation in industrial processes (Ali et al., 2024). However, the technologies’ ability to successfully optimize industrial activities is dependent on their level of interconnectivity—the integration of technology is based on their characteristics and compatibility with the warehousing system used (Ali and Kaur, 2022). In warehousing, IoT and CPS (cyber physical system) constitute the breakthrough technologies that in some industries have succeeded in converting manual operations to automated ones (Ali and Kaur, 2022). The use of such technologies lead to warehousing that utilizes fewer resources and improves economic performance, thereby enhancing warehouse operations’ sustainability (Ali et al., 2023). According to Simic et al. (2023), Industry 4.0 technologies is the key enabler of the automation of material handling in warehouses. In addition to compatibility of technologies, readiness analyses are wise to conduct before full-scale implementation of smart warehousing (Ali et al., 2024).




4 Data and design

This study focuses on spare parts warehousing systems for oil production installations operated by a Norwegian energy production company. The company operates multiple oil and gas fields, as well as renewable energy projects in wind and solar power. The company’s vast oil production portfolio benefits from the experiences gained from several installations over the past 50 years, providing valuable perspectives for shaping the future spare parts warehousing systems.

When a new project commences, such as a new production installation or wind turbine farm, the company determines the digitalization levels in spare parts warehousing through strategy creation and idea workshops to establish the project’s direction and philosophy at an early stage. This study considers the company’s stated goals and the literature study when creating an optimal design.

The potential operating model for future installations aims to maintain a high degree of automation, digitization, and data-driven decision support, with remote assistance and minimized administration. The operations group working onshore will perform dynamic planning, job preparations, and administration, while the staff offshore will focus on optimizing daily activities. The company and external personnel will run campaigns where maintenance and modifications are carried out. No singular modification jobs without a plan will take place, exempting emergency situations.

Figure 5 illustrates the main concepts of the potential operating model, which aims to influence the operation of installations in all areas, including subsea, drilling, integration, logistics, maintenance, and administration. The desired influence of the operating model varies for each area of operation. This potential operating model is supplied by the company and based on their desired direction. For logistics and spare parts warehousing, Table 4 presents the desired influence.

[image: Figure 5]

FIGURE 5
 The main concepts of a proposed potential operating model. Retrieved from the company.




TABLE 4 The concepts from the operating model consolidated for the logistics activities at installations.
[image: Table4]

Many of the concepts in Table 4 align with the findings presented in Tables 1–3. The operating model emphasizes visibility, communication, and the reduction of manual work and paperwork as key factors in logistics and supply chain excellence. The operating model proposes a strong focus on technological and automated solutions, which are considered necessary to achieve the set goals within logistics improvement.

The current state of spare parts warehousing and material management for installations operated by the company is considered time-consuming and complex. There is little systems alignment, and much time is spent uploading files and manually inserting data from invoices and emails. There is also little overview of items, as they are not tracked with the help of IIoT along the stages of receipt, storage, and order picking. Thus, there is a need for change if the requirements connected to visibility and manual work are to be achieved.

Prior to gathering and analyzing data, criteria for smart warehouse management design are determined. The criteria are the company’s readiness to adopt new technologies, the complexity of its supply chain, and its willingness to participate in the study. Validation methods involve triangulating data from multiple sources, including the mapping (data gathered from the company’s supply chain department), document analysis, and direct observation. Key goals such as control and visibility levels in activities and waste reduction are considered to ensure optimal design results.


4.1 Research framework

To propose key elements of a smart warehouse management for spare parts warehousing in the oil and gas industry, an action research approach based on qualitative data is employed. The integration process involves a systematic literature review, case study analysis, and finally the development of key elements of a smart warehouse management framework. This approach ensures robust findings, enhancing the study’s validity and reliability.

A structured approach is ensured by using an appropriate research framework. The research framework is rooted in action research’s four-step approach. The framework is rooted in gaining an overview of current practices and challenges first, before using that insight to suggest measures for optimization through Industry 4.0 technologies. The following research framework is used:

• Assessment Phase:

Evaluate the current state of warehouse operations.

• Planning Phase:

Develop a plan for implementing Industry 4.0 technologies.


Set objectives and performance metrics.


• Implementation Phase:

Integrate digital platforms, analytics, and emerging technologies.

• Monitoring and Evaluation Phase:

Continuously monitor performance against set objectives.


Adjust strategies based on real-time data and feedback.



4.1.1 Assessment

To gain an understanding of the material management process at warehouses, the current process is evaluated. This is shown in Figures 6, 7.

[image: Figure 6]

FIGURE 6
 The as-is process for material management at current installations.


[image: Figure 7]

FIGURE 7
 The as-is process for warehouse receipt, an integral part of the company’s material management.


Traditionally, the process illustrated in Figure 6 has been the norm for spare parts warehousing. As oil and gas production has increased steadily to meet high energy demands for a rapidly developing global society (Norwegian Petroleum, 2024), spare parts warehouses have grown to meet the requirements of increased offshore production. The increased financial expenditure associated with increased warehouses has not been an issue, as the income from high production levels has covered all expenses while still maintaining high profits for the company. However, the focus on smartness in warehousing has now increased (van Geest et al., 2021).

An integral part of the material management process depicted in Figure 6 is the warehouse receipt activity. Today, it is processed and registered on a computer manually. Mapping of the current warehouse receipt process shows that it is an extensive and time-consuming 9-step process. Once again, a high level of manual labor can be observed, which contributes to superfluous time consumption.

With the general identified challenges described in Section 2 as basis, three main culprits that hinder the spare parts warehousing process are identified:

1. The lack of traceability results in a lack of visibility, which makes it more challenging to predict demand, events, and outcomes.

2. The process is manual.

3. There is a lack of interoperability, with no common communication channel between the supplier, warehouse, and offshore operative.

The current state of spare parts warehousing does not align with the company’s goals and requirements for optimized operation. The challenges in the supply chain explained in Tables 1–3 are exemplified in Figures 6, 7, demonstrating the work that awaits the company before achieving its ambitions.

As emphasized in the literature study, the three core concepts that are ideal for making the smart warehouse function ideally are a digital platform, analytical functions (embedded in the software or otherwise) and tracking technologies. However, there is little evidence of current usage of such solutions, and the challenges related to concepts like visibility across the logistics chain can be connected to the lack of optimal solution usage.

Some aspects of the activities in Figures 6, 7 would be very challenging to eliminate. Performing physical checks of received goods at the warehouse before storage or offshore shipment is a must, as the potential consequences of approving damaged goods are costly and time-consuming. Thus, all aspects cannot be changed without compromising safe operations.

Section 3.3 highlights IoT and IIoT, which enable the transfer of data without human interaction and provide visibility, which the company in this study needs to achieve. Similarly, digital twin, based on the same technology, can show improvement possibilities through real-time representation.

There is a lack of interconnectivity in today’s material management processes. The supplier delivers information on the material on paper along with the material itself. The receipt of material to the warehouse is registered in the warehouse software manually. When the material is sent offshore for use, engineers or operatives will register the receipt of the material manually in the software. If material is returned, the same manual operation is carried out.



4.1.2 Goods receipt

The current goods receipt process is presented in Figure 8. This process is simple and includes discrepancy handling, system registration, inspection, and storage. However, it does not accommodate technological components like IIoT (sensor or tag attachment to material), registration of goods receipt in new software, or transportation of material within the warehouse with the use of robotics.

[image: Figure 8]

FIGURE 8
 The as-is process for goods receipt in spare parts warehousing in the company.


Table 2 identified lack of traceability and visibility as the key challenges for spare parts warehousing in the company. For the future, the process depicted in Figure 9 is proposed. A generic requirement has been proposed for the warehouse worker to register discrepancies during the goods receipt process, regardless of where in the process the discrepancy is discovered. The worker who detects any minor discrepancy shall initially try to solve this through contacting the relevant stakeholder directly. If the attempt is unsuccessful, the procurement responsible shall be contacted. The logging of goods at arrival is removed from the existing requirement for the checklist upon arrival, as this is not relevant for all business areas. The logging of goods at arrival is now presented as a separate requirement, which can be set by business areas identifying this as a value-adding activity.

[image: Figure 9]

FIGURE 9
 The revised process for goods receipt in spare parts warehousing in the company.


The check of goods at arrival is now aligned with the actual performance of the task, which involves an initial check upon arrival of goods and a more comprehensive check when the goods are entered into the system. In connection with goods receipt for material purchase orders, it is now emphasized that the receiver shall ensure that the received material is according to the order through a visual inspection. Information regarding cross-docking is now more visible as it is no longer part of a requirement for a different topic.

The requirement ‘Perform goods receipt of IT materials’ concerns the receipt of IT equipment with a serialization profile. There is now a simplified requirement on receipt of repaired materials. If the material shall be scrapped upon arrival, the local rules for scrapping shall be adhered to, and correct customs status must be ensured.

It is possible to perform goods receipt for materials the warehouse worker has not personally confirmed in a visual manner, providing the recipient in the warehouse receives a written confirmation that the material has been received and inspected. All relevant documentation shall be part of the written confirmation.



4.1.3 Issuing of stocked goods

The previous issuing of stocked goods process is presented in Figure 10. For the future, the process depicted in Figure 11 is proposed. A second role band, requisitioner, has been introduced to include issues from stock which are manually requested. The requisitioner role is typically twofold: one is the engineer requesting the material and the other is the performing requisitioner, who handles the request in the initial stages. In large-scale production companies, the performing requisitioner is familiar with the spare parts and their suppliers. In the proposed process, a new start point now includes sourcing to other licenses. Withdrawals from stock shall be based on the principle to rotate the inventory when applicable: what comes in first is the first to go out, and the first to expire is the first to go out.

[image: Figure 10]

FIGURE 10
 The as-is process for issuing stocked goods in the company.


[image: Figure 11]

FIGURE 11
 The revised process for issuing of stocked goods in spare parts warehousing in the company.


The process begins when there is a need for goods to be issued from the stock. In accordance with the activities in the company today, the proposed process includes three ways in which the need can arise from: reservations and requisitions from stock, sourcing across licenses, or manually requested stock. If the need for goods issue is manually requested, the requisitioner communicates the requisition to the warehouse team. A picklist is gathered – this is a document that details the items and quantities needed from the inventory. Using the picklist, the required materials or goods are picked from the stock. This step involves physically collecting the items from their storage locations. The issuance of goods is recorded in the system. This step ensures that the inventory records are updated to reflect the items that have been taken out of stock. After the goods issue is recorded, the items are prepared for outbound transportation. This step involves organizing the logistics for moving the goods from the warehouse to their next destination. Finally, the goods are delivered to the requisitioner (engineer) who requested them. This completes the process of issuing the stocked goods.

The key to the proposed process is that it is largely automated. The only manual handling that occurs is when stock is manually requested, whereby a requisitioner follows up the request as per company guidelines.


4.1.3.1 Inventory count

The previous inventory counting process is presented in Figure 12. For the future, the process depicted in Figure 13 is proposed.

[image: Figure 12]

FIGURE 12
 The as-is process for inventory counting in spare parts warehousing in the company.
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FIGURE 13
 The revised process for inventory count in spare parts warehousing in the company.


A fourth role band named responsible inventory is introduced to secure the segregation of duty. The responsible inventory is an employee and the formal owner of the inventory. The Executor warehouse or Coordinator warehouse can approve the count list if there are no discrepancies. The counting of material from floor to sheet is now included, and the requirement for “blind counting” is removed. Count lists shall be electronically available. All competence requirements that were not in accordance with strategies have been withdrawn.

This process starts when a need for counting of inventory is identified. This need can be recognized either by warehouse software or manually by a warehouse coordinator. A plan for stock counting is put in place to ensure a smooth counting process. This plan can be generated by software, which has access to previous warehouse counting data that can be used as a basis for the planning. A list of items to be counted is then generated, either by the software or manually by the warehouse coordinator. The counting is then performed manually by warehouse staff. Once the counting process is completed, potential discrepancies are handled manually by staff. The handling is done by checking records, transactions, or performing recounts. Then, counting is approved and archived digitally for record-keeping.




4.1.4 Planning

When analyzing the five ambitions of the company three points are made, considering the process updates from Section 4.1.1:

1. The current software used for material management must either be replaced or updated to support interconnectivity. This requires warehouse items to have a tracker, such as a sensor or barcode, that can be tracked in the software without manual insertion of the item’s status. The software must also have cloud support to be accessed from anywhere.

2. All workers who handle material, both in the warehouse and offshore, must have access to smart devices such as tablets and computers. Even if the registration of material is done automatically, the devices give workers immediate access to relevant information and reduce time spent on material management by bringing the work to the workers rather than workers having to search for information manually.

3. All maintenance tasks must be planned for predictability to be possible. The exception is maintenance in case of unforeseen events offshore. If too many unforeseen requests are made for material, optimal warehousing processes would be disrupted.

The required interconnectivity involves a large number of personnel. If warehousing and material management workers are to plan warehousing according to maintenance planning and execution, consistent communication with maintenance engineers is necessary. Similarly, consistent communication must be maintained with suppliers, transportation personnel, and installation workers.

The probability of securing the use of only one software for all involved personnel is currently low. The main reason for this is the many different suppliers supplying material, using different software and systems. The company in this study has no mandate to regulate software usage of suppliers. Thus, the best possibility of improving spare parts warehousing is to update the company’s own software and accept some level of manual work in adding information and data from suppliers on an item’s tag.

The pool of data available in spare parts warehousing is currently large but not fully optimized. Currently, previous orders can be repeated using auto-fill-in, which saves time. However, if there are slight changes to an order, a new order must be created instead of bringing forth a previous order and making slight changes.

In the age of Industry 4.0, companies’ awareness of big data analytical software has increased. As detailed in the literature study, utilizing software that can use all collocated data for analysis purposes is valuable. Data can be used to observe trends according to seasons, maintenance campaigns, and material type. In spare parts warehousing, big data analysis has the potential to perform practically all warehouse planning. However, proficiency in big data analytics software among warehouse and supply chain personnel would be necessary for full utilization.

When contemplating the specific installation and usage of big data analytics in spare parts warehousing, the following elements must be included in the planning:

1. Training of personnel is necessary for proficiency in advanced computer and data handling. Although warehouse workers themselves may not be the main users of big data analytics software, a certain level of proficiency is required to understand, interpret, and contribute to the work involved with big data analytics. This could take time, as several of the warehouse workers for the installations do not have extensive experience with advanced computer and data handling.

2. Extensions of current software are preferable for usage. If the supplier of the software currently in use or the one chosen for future use offers big data analytics as an extension package to the warehousing software, this would reduce the risks of non-interconnectivity, which can lead to unnecessary time consumption and extension of simple warehouse and supply chain activities.

3. Necessity must be determined before potential purchase and implementation. If the warehouse software offers possibilities for minor big data opportunities, such as auto fill-ins and access to previous orders for specific maintenance jobs or material, this may be sufficient. Data from installations may be used to predict demand, but these will never be fully accurate. Big data analytics software can be rather costly, and the necessity must be determined before potential purchase and implementation.

Data from several installations are readily available for the company to use in the future. Without software to perform the analysis, the work would have to be performed manually. It is suggested that the warehousing team observe the previous data available. If appropriate planning for material has been conducted in relation to maintenance campaigns, and the risk of missteps is low, investing in big data analytics software could be unnecessary.

Based on the literature study and the insight gathered from the company on current warehouse activities and future ambitions, key parameters upon which smart warehousing’s success can be determined is visibility level and waste reduction. The literature study is clear on emerging technologies’ key role in the success of smart warehousing – achieving smartness without is impossible. A resulting component of successful digitalization is waste reduction. When manual and paper-based processes are eliminated, physical waste in the form of paper, cardboard, and office equipment is reduced. Additionally, manual labor in the warehouse can also be significantly reduced.



4.1.5 Implementation


4.1.5.1 System design

The study presents an optimal digital supply chain for the company’s future, considering the as-is processes for spare parts warehousing and the company’s supply chain, as depicted in Figure 14. Each component in the digital supply chain of tomorrow is detailed in Table 5.

[image: Figure 14]

FIGURE 14
 Design of the digital supply chain of tomorrow to benefit production installations.




TABLE 5 Explanation of the components of the newly suggested digital supply chain.
[image: Table5]

The digital supply chain emphasizes the necessity of interconnectivity, enabled by track and trace technology, IIoT sensors or tags, software systems, and data utilization. The exchange of information, logging of data, interpretation of data, tracking of material, optimization of every stage of the chain, and visibility of the process for every involved party are complex processes to implement. However, they could tie activities together and remove challenges connected to visibility and predictability.

While visibility appears to be an easy concept to achieve when presented in the digital supply chain design in Figure 14, the digital necessities behind the realization of full visibility are many. In many cases, oil and gas production companies may have older digital systems in use that are not compatible with sensors and tags, and therefore cannot use track and trace services. To address this challenge, a design for a logical track and trace architecture is presented in Figure 15, created for implementation by installations to enable track and trace technology.

[image: Figure 15]

FIGURE 15
 Track and trace architecture for enabling visibility and predictability.


The presented track and trace architecture is aligned with the ambitions of the company, as it enables the monitoring of material across the supply chain, the exact measurement of performance, and the minimization of deviations. Electronic data interchange (EDI) in an extensible markup language (XML) format is suggested, which is a common practice for computers to encode documents. In the company’s case, this will allow for access to relevant data on portable devices such as phones and tablets.

At the center of the process is IIoT technology, enabled by sensors or tags, whose information is processed by a local gateway and sent to the central hub. At the position of integration, all information is integrated and further processed before being used for visualization. Additionally, the processed data is used for analysis, whether through artificial intelligence or other means, and logged in a transactional system, which is the software the company uses for warehousing purposes.

If new systems, technologies, and processes are implemented, the structure of warehouse activities may have to change to accommodate the new additions. The concept of optimization is centered around increased visibility, streamlined activities, efficiency, and effortless communication between involved parties. The changes these optimization measures cause to warehouse activities are interesting, as they do not necessarily decrease the number of steps. Technological implementations may contribute to increasing the number of steps. However, the total time spent should ideally be the same as before or less. While the main priority is visibility, which technology can accommodate, efficiency is also a desired goal.



4.1.5.2 Visual representation of the modern spare parts warehouse

Specifically in spare parts warehousing, there are processes conducted that must be in tune with the digital supply chain design and the track and trace architecture. These were presented in Figures 6, 7. Most of those activities will likely remain, as steps like quality control and packing of shipping-ready materials must be conducted regardless of digitalization levels. However, the visual presentation of the warehouse will be different with the technology implementation. Figure 16 shows a visual representation of one of the onshore warehouses used by the company in this study.

[image: Figure 16]

FIGURE 16
 A visual representation of the onshore warehouse to be used for one oil production installation at the company in this study. A combination of technological tools such as robotics and IIoT and human warehouse operators is envisioned. There is much shelf space allocated – additionally, there is a control room for human warehouse operators to the left and a consolidation area to the right. The technological tools, such as automated guided vehicles (AGV) and mobile robots, are situated by the consolidation area when not in use.


The visualization is built using the software Visual Components, a simulation software that allows for creation and simulation of various warehouse and factory designs. The company in this study uses several onshore warehouses in Norway—for this visualization, one of those warehouses is chosen for illustration purposes. The visualization is an exact copy of the warehouse – the shelf type and dimensions, the available space, the office location, and the consolidation area location are reproduced as accurately as the software allows.

The new input into the visualization is Industry 4.0 technologies. In accordance with the digital supply chain framework illustrated in Figure 14, which includes inventory optimization and inflow and scheduling, unmanned robotics are implemented to conduct the processes described in Figures 9–13. Additionally, IIoT technology is implemented to secure supply chain visibility. This is, however, not visible in the visualization, as it will be small sensors or tags attached to spare parts placed in boxes on the shelves. Modern mobile robots and automated guided vehicles (AGV) hold the possibility of achieving interconnectivity with IIoT technology. This means that when a spare part is digitally cleared for offshore shipment, this information is registered by the AGV which travels to the correct shelf to pick up the item. The key to the function of the optimized warehouse is the IIoT technology and not the robotics, as it is the key enabler of visibility and thereby predictability.




4.1.6 Evaluation

The successful implementation of smart warehouse management in oil and gas material management is extraordinarily challenging. The current processes are a result of decades of work, material, personnel, and suppliers that have been piled up without much optimization work along the way. The result is several software in need of upgrade, excess material stored in warehouses, and lack of traceability of spare parts. It will initially be challenging to “clean up” databases while running operations and implementing new digital solutions simultaneously. The initial investments and manpower required to perform such a level of multitasking will be high, and thus the expenditure would increase for a short period of time before starting to decrease. Results will not be observed immediately.

The training and re-training of relevant personnel will be necessary. This will likely be a large effort. As many of the warehouse workers who will be employed have largely performed many tasks manually previously, the learning curves of some personnel will be steep. Additionally, the new software and upgrades will require SCM personnel centrally in the company as well as some supplier personnel to participate in training measures. This will be time consuming and costly.

As software is upgraded gradually in efforts across departments in oil and gas companies, the possibilities of optimization start to improve. For the company in this study this is the exact case. Software upgrades are determined implemented in the company, and future installations get the opportunity to start without many of the issues faced by other installations at their respective times of initiation. Thus, optimization efforts are likely to be successful with optimal planning.

However, this study illustrates that the ambitions of the company are rather high compared to the company’s position today. The future digital supply chain and track and trace architecture presented in Figures 14, 15 are achievable, but small steps must be taken for several years before they are fully implemented. Starting with the software upgrade, the next viable implementation step is IIoT technology implementation. As software upgrades allow for tracking of material, sensors or tags should be implemented quickly to enable desired visibility across the value chain. Thereafter, mobile robot solutions such as the ones illustrated in Figure 16 can be implemented gradually to complete the desired level of smartness in the warehouse.

For success to be achieved in smart warehousing in the oil and gas industry, continuous monitoring of optimization efforts must be conducted. The term “emerging technologies” will likely be a continuously evolving term, with new technologies added regularly as technological advancements are made. Objectives such as digitalization levels, waste reduction, and efficiency of activities should be used to measure performance against, ensuring continuous development and progress. As monitoring is done and changes determined, strategies and goals should also change.





5 Conclusion

This research contributes new knowledge by addressing the specific ambitions of an oil and gas company in adopting smart warehousing practices. The framework used offers a strategic approach to implementing these technologies, providing actionable recommendations for industry stakeholders. Updated warehouse activities and IIoT function in the warehouse are presented. A complete depiction of an upgraded digital supply chain is also presented. The findings demonstrate the transformative potential of Industry 4.0 technologies in the oil and gas sector. By integrating digital platforms, analytics, and emerging technologies, companies can achieve improvements in efficiency, cost reduction, and sustainability. These results are supported by earlier studies (Seyedan et al., 2023; Pratap et al., 2024), underscoring the practical implications of smart warehousing.


5.1 Future work

This study presents designs for the future of spare parts warehousing for an oil and gas production company in Norway. Considering the company’s ambitions to achieve visibility and predictability of material across the supply chain, it is believed that appropriate technology implementation presented in this study can enable smart warehousing. Other factors such as company readiness must also be considered before full-scale implementation. The work will likely take many years to conclude, as the process is complex. However, the recommendation is to start implementation measures soon to ensure timely progress.

Significant improvement of spare parts warehousing is possible for the industry. Future research is suggested to build upon current knowledge and results. Examples of potential future research include action research where current oil and gas employees are polled for opinions on optimization measures, further visual simulation of technology implementation to observe results of optimization measures, and observational studies of practical implementation in small or large scales in warehouses. Future research should also explore the long-term impacts of these implementations and further refine the proposed framework.

There is a likelihood of increased smart warehousing in the oil and gas industry in the future. Studies such as this demonstrate that inspiration and lessons can be drawn from other industries like e-commerce and retail. Technologies are present in the market, and guiding principles for smart warehouse implementation for the oil and gas industry are increasing in published research. Future research opportunities into smart warehousing in large scale oil and gas or manufacturing companies are increasing as there is more work to base research on.

This study may be used to provide direction for practical studies, either in simulations or in reality. Managers may adopt the new warehouse processes and use the new digital supply chain overview to update practices along the supply chain. Policymakers may use this study’s insights to develop regulations and standards that promote the adoption of advanced technologies in the industry. This can help ensure the sector remains competitive and sustainable.
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Repetitive tasks like item placement and order picking can be automated through robot usage to save time and man
hours. Since roborts are highly technical tools, their “home department” should not be warehousing or logistics, but
rather the robotics/automation department in the company.

Al data on warchousing - orders and spare parts inventory during the year - must be at the hands of SCM personnel

0 use in future business planning, Trends are observed, and the future of the business is planned accordingly.

Orders of spare parts should be simple. One system with access and/or links to all relevant spare parts is ideal.

‘The key to traceabiliy in spare parts warchousing s the ability to track parts throughout the supply chain. If the item is
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y components, and traceability software.

‘Along with maintenance campaigns offshore for parts replacement, the warchouse must also maintain schedules that
align with the receipt and shipments of orders. The scheduling is enabled by software, collaboration with suppliers and

offshore personnel, and tracking technology.
Inventory optimization is enabled by software, which the company always purchases externally rather than develop.

Cargo optimization is conducted according to offshore maintenance campaigns, receipt of material from suppliers, and

availability of transportation modes. Software, data availability, and collaboration with all parties are required.
Conducted in collaboration with offshore personnel, and partly with relevant governing bodies. Appropriate
optimization has the potential of decreasing time expenditure. Must be done using relevant software and data

A stated goal of the company is to move “all” work to mobile workstations, ic. tablets and smart phones. This enables

visualization and is enabled by appropriate data systems.

An improved overview of cost s desired by the company. Increased visibilty of cost for several parties (maintenance
personnel, warehouse personnel, central SCM personnel) raises awareness of expenditure and can be used to limit
superfluous expenditure. An appropriate data platform will enable this possibilty.

“The performance of suppliers measured against goals and targets set by the company can be measured. This data can
then be used for continuous improvement i collaboration with suppliers. Requires a data platform that logs data

related to performance.

The SCM “control tower” i the central SCM organization in the company. All relevant data is to be logged by SCM

centrally for observation, improvement, and analysis purposes.
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