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Abstract. Spare parts management (SPM) is a typical challenge in the offshore 

and onshore petroleum industry. SPM consumes a significant amount of opera-

tional expenses that are attributed to maintaining the integrity of production and 

process facilities (P&PFs) at the anticipated level. Productive SPM approaches 

are essential for maintaining integrity; in particular, ageing P&PFs and legacy 

assets exacerbate the challenge of maintaining integrity at the anticipated level. 

This manuscript firstly provides an overview of how additive layer manufactur-

ing/three-dimensional (3D) printing has been effectively utilized by different 

manufacturers to produce equipment, which resembles the equipment used in the 

petroleum industry. Then, it discusses the potential use of a digital spare parts 

library and the optimal strategy to mitigate current challenges pertaining to SPM. 

Finally, it proposes an architecture for a digital spare-parts library.   

Keywords: Spare Parts Management, Petroleum Industry, Three-dimensional 

Printing, Digital Spare Parts Library. 

1 Introduction 

Additive layer manufacturing (ALM) {or the buzz term ‘three-dimensional printing’ (3DP)} 

was originally used for prototyping; however, it is now more and more applied to manufac-

turing end products [1, 2]. It has been estimated that ALM has the potential to generate an 

economic impact of $230 billion to $550 billion per year by 2025, through direct manufac-

turing and the use of 3DP to create tools and molds [3]. In some cases, ALM has been 

considered a supplement to conventional production technologies. In other cases, it is the 

only means through which complex products can be fabricated [1]. A further distinguishing 

feature of ALM is its distribution nature. On-site manufacturing for maintenance becomes 

an important application of ALM. While traditional manufacturing mostly takes place at a 

centralized facility, with the resulting parts distributed to end users, ALM has the potential 

for implementation at the point-of-use. It enables innovations in manufacturing value 

chains, many of which are still being realized [4]. In particular, the petroleum industry seems 
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to have benefits when it comes to preserving the integrity of legacy assets. Especially, un-

precedented levels of mass customization, smaller and cheaper supply chains, and the ‘de-

mocratization’ of manufacturing, enable the integrity of legacy assets to be maintained (i.e. 

particularly by allowing clients to print their own spare parts) in the petroleum industry. 

Hence, it is essential to investigate how to integrate ALM into petroleum-industry-related 

activities, to transform the effectiveness of upstream supply chains, as well as to bring new 

markets and sources of revenue to the downstream businesses. 

The technology for ALM has been advanced through a coordinated development focus-

ing on three areas (Fig. 1): 3D printers and printing methods [5], software for product design 

and print [6], and the development of materials for ALM [7]. The use of ALM in the digi-

talized and automated process chains of spare parts in petroleum industry seems to be one 

of the most significant opportunities (Fig. 2). 
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for 3DP/ALM 
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Fig. 1. Three areas of 3DP/ALM. Fig. 2. On-site implementation of ALM. 

This paper focuses on investigating how the petroleum industry should plan for the wide-
spread adaptation of ALM, focusing on spare parts. In this context, it discusses whether to 

go for in-house manufacturing or to outsource it to ALM service providers, as well as ex-
amining the impact of ALM on the traditional supply chains vs. the potential for having 

digital and/or more refined supply chains. It also proposes a framework to reinforce deci-
sion-making related to the use of ALM in the petroleum industry. 

2 Challenges Facing Application of ALM in Petroleum Industry 

It is a significant challenge to manage all assets effectively in a predictive manner within 

the petroleum (i.e. oil and gas), power, energy and process industries, including utilities, 
petrochemicals and metals and mining [7]. A recent survey reveals that, out of 83 respond-

ents, 53% report that it is necessary to reduce operational expenses and 40% state that deal-
ing with ageing assets and infrastructures poses a challenge [7]. The aforementioned survey 

also reveals that it is important to invest in technology to enhance the management of 

maintenance projects [7]. 
The primary objective of a maintenance project is to enhance asset reliability and per-

formance and to minimize the non-productive downtime. In this context, project perfor-
mance plays a key role, as better project performance reduces the duration of the shutdown 

of equipment for complex and routine work [7]. It has also been revealed that there is a 6% 
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increase in the shutdown duration in complex maintenance projects, whilst budgetary re-
strictions prevent asset owners spending on the upgrade or repair/replacement of equipment. 

The situation has been further exacerbated in the context of maintaining ageing equipment. 
In particular, the parts related to legacy assets cause a significant challenge when the 

manufacturers are no longer in business. In this context, ALM offers the opportunity to 
print parts that are required to maintain and/or replace equipment as it becomes legacy 

[8]. Furthermore, the inherent characteristics of ALM provide significant benefits to the 
petroleum industry, especially when it is necessary to manufacture complex parts that 

use expensive materials and are required to be made in small batch sizes [8]. Moreover, 
ALM has an interesting potential for the offshore petroleum industry, as it can mitigate 

some of the challenges pertaining to the remoteness of offshore from machine shops and 
skilled labor. For instance, one of the long-term holy grails of ALM is the potential to 

manufacture parts on site as needed, instead of having to order and wait for delivery 
when equipment breaks, and spare parts are not available (refer to Fig. 2). 

Spare part management and holding inventory increase operational expenses; as 
3DP/ALM requires no complex tooling, it is possible to bring the manufacturing nearer 

to the ultimate consumer, something which is referred to as ‘distributed manufacture’ 
(i.e. “migration of manufacturing from the centralized factory to more localized distrib-

uted factories”) [9]. Moreover, 3DP/ALM reduces many stages of the traditional supply 

chain, making it leaner via a reduction in the need for haulage, warehousing, logistics 
and unnecessary expenses on disposable packaging [9]. 

3 ALM: Offshore Petroleum Industry Opportunities 

Table 1 illustrates the pros and cons of ALM in industrial applications [9; 10]. 

Table 1. Pros and cons of ALM. 

Pros Cons 

Economical product customization: 

 Permits cost-effective production of very small batches. 

 Allows every single product to be tailor-made to the cus-

tomer’s exacting specifications (i.e. significantly difficult 
with traditional production processes, as it is necessary to 

have expensive tooling and molds, whilst redesign becomes 

expensive). 

 

Limited product dimensions: 

 Limits the maximum dimensions of 

the final product due to relatively 

small 3D print bed sizes. 

 Need to manufacture large products 

by other technologies. 

Freedom of design: 

 Allows for freedom of design because standard CAD soft-

ware can be used to design and redesign products.  

 Allows a CAD model to be printed directly into a physical 

part, whilst allowing redesigns to be implemented with ease.  

 Permits designs to be created by anyone skilled in computer-

aided design. 

 

Reduced choice of materials: 

 The limited number of raw materials 

that can be used for 3D printing lim-

its the choice of materials, colors, 

and surface finish, compared to sub-

tractive technologies. 

 



4 

Pros Cons 

Complex product manufacturing: 

 Enables relatively easy manufacturing of products that were 

hard or even impossible to produce in the traditional way. 

 Allows printing complex products as a single entity at once, 

resulting not only in less waste and in lighter products but 

also in time savings with improved performance.  

 Reduces overall manufacturing time for complex products, 

due to the ability to consolidate several machining steps into 

a single manufacturing step. 
 

Lower accuracy level: 

 3DP/ALM technologies have not yet 

reached the same level of parts’ ac-
curacy associated with other technol-

ogies. 

 

Decentralized manufacturing: 

 Allows the products designed in standard CAD software en-

vironments to be produced anywhere around the world, pro-

vided that compatible 3D printers are available (AM-

platform, 2014).  

 Brings the manufacturing process physically closer to cli-

ents, as 3D printers are spreading around the world. 

 Reduces time-to-market and/or lead times, as it is possible to 

outsource manufacturing for globally dispersed 3-D printing 

service providers. 

Limited strength: 

 Due to the layered additive process, 

products have limited strength, re-

strained resistance to heat and mois-

ture, and compromised color stabil-

ity. 

 

 

In the petroleum industry, there are unique challenges, especially in relation to 

maintenance and spare parts’ management. Figure 3 illustrates different aspects of spare 

parts in relation to ALM and the corresponding pros and cons. 

Unintended 
spare parts 
and spare 

parts demand 
due to 

obsolescence

Component 
repair

Expanded 
component 
geometries

3DP/ALM

Pros

 Improved lead times

 Reduced costs

 Improved maintenance and 
repair

  3DP/ALM is suitable for low 
production volumes

 Possible to satisfy legacy 
assets related spare parts, 
which are not currently 
manufactured

 Suitable to satisfy spare 
parts demands in harsh 
environments 

Cons

 Need material substitution re-
certification and qualification

Pros

 Applicable for repairable 
components

 Reduced sustainment 
burden

 Possiblity for high level of 
cutomization with no 
additional costs

Cons

 Need re-certification and re-
qualification for the 
components not designed 
for repair

 Need to develop procedures 
for unvalidated repair 
processes and inspection 
requirements 

Pros

 Potential for parts consolidation (e.g. ducting, fuel nozzles, heat exchanges, turbine airfoils, etc.)

 Lead time improvement

 Performance benefits 

 Minimized inspection and maintenance (i.e. over the parts consolidation)

 Minimized fabrication quality control (e.g. fewer or no welds)

 Higher component complexity at no additional cost

Cons

 Need re-certification and re-qualification for the consolidated parts

 Need to develop procedures for inspection and maintenance requirements  

Fig. 3. ALM vs. maintenance and spare parts. 

Besides maintenance and spare parts’ management challenges, another significant chal-

lenge is the dearth of additive manufacturing standards, due to which companies conduct 
their own testing to ensure the integrity of equipment, processes and products [4]. Costly 

and time-consuming testing deters the wider application of additive manufacturing, under-
scoring the need to develop standards from design to part build to operation. Hence, one of 

the most serious hurdles to the broad adoption of additive manufacturing of materials in the 
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petroleum industry is the qualification and certification guidelines for additively manufac-
tured parts. Some of the challenges related to qualification and certification of ALM pro-

cesses and components are [4]:  

 There is a lack of information related to material properties, and we have much less expe-
rience and scientific knowledge of ALM processes than of conventional manufacturing. 

 Risk assessment based on the statistics of large-volume history data does not apply to 
ALM production as it does for conventional manufacturing. 

 The ALM process has a more disintegrated processing route, compared to conventional 
manufacturing. Hence, a global traceability solution, enclosing multiple ALM and supply 

chain locations, will be needed more than ever. 

 Secrecy about technology and software/algorithm sources is an obstacle. Since software 
plays an important role in product quality, it is a subject of concern for certification. 

 Directionality and heterogeneity of ALM products can bring challenges for certification 
and testing. 

 Lack of product reproducibility and uncertainty of quality control still exist. 

4 ALM vs. Technology Qualification 

The renewal and/or extension of existing technologies and the ability to take advantage of 
new technologies play a major role in remaining competitive and improving system effi-

ciencies in the petroleum industry [11; 12]. In this context, it is a challenging task to confirm 
that new technological solutions are fit for purpose and that a system will perform as in-

tended during its service life without potential failures [13]. In such situations, the concept 
of technology qualification identifies opportunities to improve system design, minimize 

schedule risk, reduce cost risks during operations by reducing uncertainties and increasing 

reliability, and identify failure modes and necessary design changes at an early stage [14; 
15; 16]. Therefore, it is of prime importance to implement a technology qualification process 

when there is: limited experience about new technology; limited records of accomplishment 
of novel technologies; absence of classification rules, statutory requirements and industrial 

standards; and challenges with new and harsh environments [14; 16]. The core idea of the 
technology qualification process is to identify potential failure modes and the risk of poten-

tial failures at an early stage, prior to utilizing a new technology. Hence, it is possible to use 
recommended practice – DNV-RP-A203 − for qualifying ALM applications in the petro-

leum industry [17; 15]. 

5 Framework for Petroleum Industry: A Digital Spare Parts 

Library 

The competitiveness of the petroleum industry is directly or indirectly affected by the 

productivity of the maintenance strategy that has been employed. In this context, having a 
preventive maintenance program (PM) is vital to minimize major repairs and abrupt stop-

pages of production and to sustain the continuous workflow [18]. Spare parts play a signif-
icant role in implementing a PM program, and the previous sections in this manuscript have 

revealed that ALM has a higher potential to cater for spare-parts-related challenges. How-
ever, it is also essential to investigate the manufacturing operational challenges such as ‘pa-

rameter design’ [19]. In this context, the ‘parameter design’ involves investigating the opti-
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mal parameter combination that provides the required output performance in the ALM pro-
cess. The aforementioned is crucial for ALM, due to its inherent suitability, such as the 

manufacturing of complex parts that use expensive materials with small batch sizes together 
with a high level of customization. It is impossible for the ALM machine manufacturer to 

develop a user manual, which caters for different product manufacturing demands. For in-
stance, [20] demonstrated an investigation of the process parameter effects on the dimen-

sional accuracy of parts produced by the Polyjet Direct 3D printing process. Hence, it is 
possible to use an engineering robust design approach, as indicated in [19], for 3DP/ALM 

‘parameter design’, in order to align with lean manufacturing philosophies (i.e. minimiza-
tion of waste in relation to time and other resources). It is possible to make the transition 

from a physical spare parts inventory to a digital spare parts library with 3DP/ALM capa-
bilities [17]. In this context, it is vital to develop a group technology (GT) based coding 

system to retrieve spare-parts-related information from a digital library for performing ALM 
work just-in-time [20; 18; 21].  Fig. 4 illustrates an architecture for a spare parts library, 

focusing on ‘prioritization of spare parts’, ‘parameter designing’, and ‘group technology’ 
(GT), for effective exploitation of ALM in the petroleum industry. 
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Fig. 4. Architecture for digital spare parts library. 

For instance, [18] have proposed a GT-based approach to optimize the inventory of spare 
parts, using a “failure similarity coefficient (FSC)”, which “defines the relationship between 

pairs of equipment/machines with respect to their needs for PM based on the type of failures 

they encounter”. In addition, [21] demonstrated the use of GT-based classification and 
grouping according to the principle and structure of the new equipment and new spare parts. 

Moreover, [22] have demonstrated the use of the “Vector Perturbation Approach” for ad-
dressing the aircraft spare parts’ grouping problem. 
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6 Conclusion 

The study presented in this manuscript has demonstrated the role of ALM and its potential 

for use in the offshore petroleum industry. It showed the importance of the development of 
three areas: 3D printers and printing methods, materials for ALM, and software for product 

design and print. It also presented the need to invest in technologies to better manage mainte-
nance projects and the role of ageing equipment (requiring additional maintenance). In ad-

dition, it explained how ALM fits within advanced manufacturing performance, as well as 
focusing on mitigating maintenance and spare parts’ challenges. Furthermore, the potential 

use of a technology qualification process for assuring the use of additive layer manufactured 
parts has been explained. Finally, it proposed an architecture for a ‘spare parts library’, 

demonstrating the interrelationship among: ‘determination of critical spare parts’, ‘prioriti-
zation of spare parts’, ‘parameters involved in 3DP/ALM’, ‘determination of need and po-

tential for 3DP/ALM’, ‘GT-based classification and coding system’, and ‘multi-criteria 
analysis for decision-making accompanied by parameter design’ for enhancing the potential 

use of ALM in the petroleum industry. 
 Future research shall be carried out to investigate the effective use of risk-based priori-

tization of spare parts, accompanied by artificial intelligence/machine learning supported 
group technology, focusing on developing methodologies for effective parameter designing, 

to enhance the use of ALM, mitigating spare-parts-related challenges. 

Acknowledgement: The study was partly carried out within the project, “Science internship 

for the investigations of digitalization in manufacturing”, financed by the Polish National 

Agency for Academic Exchange in the Bekker Programme. 
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