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Aging includes physical degradation, technological obsolescence, and organizational aging. Driven by energy and digital transitions, rapid innovation renders processes, products, materials, equipment, and organizations obsolete, worsening degradation and determining material damage, integrity loss, and reduced functionality. This increases failures, service disruptions, workplace accidents, and major incidents. This work seeks to bridge knowledge gaps on aging, explore complex emerging risks, and create management strategies for these transitions.
Introduction
The importance of managing the equipment aging for the purpose of controlling the major accident hazard has been known for at least two decades. There have been numerous studies on accidents caused by the aging, as well as various methods to control the risks associated with the phenomenon (Wood et al. 2013; Vitale et al. 2024). The European Directive Seveso III of 2012 had, at the time, recognized the problem, including the obligation to implement a plan to control aging hazard for the establishment operator and to verify its adequacy for inspectors. The publication of the Directive had stimulated further technical and scientific studies about this issue (Bragatto et al. 2022). The topic seemed to be sufficiently consolidated to be less attractive to scientific discussion. The acceleration of digital transition and energy transition has, however, radically changed the context and it is necessary to review the aging problem (Ancione et al. 2024). While until a few years ago the focus was all on the physical degradation of materials, with particular interest to primary containment systems, today the problem focuses on broader aspects, precisely because increasingly rapid innovation corresponds to an equally rapid obsolescence. While physical degradation is associated with well-known and theoretically controllable deterministic mechanisms, the various forms of obsolescence and the effects on risk are lesser-known and studied aspects. The present work aims to deepen the issue of the aging of process plants, paying greater attention to obsolescence, an aspect that, in the process industries, has been neglected until now, compared to the importance of corrosion and other types of degradation. 
Different aspects of aging
In the process industries the aging issue has been a major concern for almost two decades. Aging is an umbrella term, which includes material degradation, obsolescence, and organizational aging (Petterson & Simola 2006); these aspects are described below.
Material degradation
Material degradation refers to the change of physical, chemical and mechanical properties over time due to various mechanisms, including wear, fatigue, erosion, corrosion, and creep. By referring to in oil sector, 66 major types of different degradation mechanisms that afflict primary containment systems have been classified. In other industries there are also other types of deterioration due to the different chemicals used and the operating parameters (e.g. pressure, temperature). Degradation can also be accelerated by natural phenomena (e.g. earthquakes, lightning) and minor incidents (e.g. shocks, overheating). Degradation results in failures and ruptures of technical systems, which, in turn, could trigger accidents, with possible severe consequences for workers, assets and environment. To control the degradation of containment system, advanced techniques were developed over the years, including risk-based inspection (RBI). It is based on three pillars: the sound knowledge of different damage mechanisms affecting materials, the updated and detailed information about equipment history, and the use of the best available inspection techniques. RBI was developed since the early 2000s by the American Petroleum Institute, and it is now adopted in all oil and gas industries. Even though API documents are focused on primary static containment systems, many efforts were made to extend the scope of RBI to other process industries (e.g. chemical and energy) and other systems (e.g. rotating machinery) (Tomala et al. 2020).
Obsolescence
Obsolescence is another aspect of the aging. It is, basically, the difficulty and even the inability to react to the changes of external context. While physical degradation is the result of the slow accumulation of micro damages produced by known and, theoretically, controllable, phenomena, obsolescence is much more rapid, because the emergence of new products, technologies, standards, regulations and legislations can make a technical system partially or completely unsuitable to perform its functions, even if it were still in perfect condition. Electrical and electronic systems are prone to various forms of physical degradation, including oxidation, vibration, shock, surge, and overheating, but often obsolescence arrives much before of physical degradation. Digital technologies, including Information Technologies IT and Operating Technologies OT, are less attackable by degradation phenomena, but very prone to obsolescence. Obsolescence can be considered, in some way, the dark side of technological innovation, the faster the innovation, the more uncontrollable the obsolescence (Luo et al. 2024). 
Organizational Aging
A further aspect of aging mentioned in the literature is the “Organizational Aging”. This term was initially introduced for situations in which there is a lack of natural staff turnover, and many figures retire without being able to transfer their skills. More broadly, it is recognized that engineering expertise and knowledge is a valuable resource but transfer between generations is endangered by staff cuts, corporate changes and outsourcing (Kamps et al. 2024). In a more general way, organizational ageing is the inability to adapt organizational models, processes and procedures to the changing context. Even knowledge and experience resources, without continuous reviving, can become useless due to changing needs. This phenomenon is analogous to obsolescence, but it affects the intangible layer of the organization, which obviously does not undergo a degradation process, but become quickly inadequate to the internal and external context. Organizational aging, at the end, is a particular form of obsolescence, in fact it occurs when the organization, in response to changes in the external context, is unable to adapt models, processes, procedures and resources, making them inadequate to carry out their tasks. In the continuation of the article, instead of organizational aging, the term “organizational obsolescence” is always used, as more adequate and complementary to term “technological obsolescence”. Unlike physical degradation, technological and organizational obsolescence has non-linear behaviour that is not easy to control.
Entanglement between Degradation and Obsolescence 
Degradation, Technological Obsolescence and Organizational Obsolescence are entangled in a complex way. To control physical degradation, inspection and maintenance activities requires high performances of technical and organizational resources, which, in turn could be disrupted by technological and organizational obsolescence. The fact that processes and products do not meet new sustainability criteria reduces market opportunities, profit margins and, ultimately, the resources needed for plant maintenance and renewal. Materials widely used in the past to build critical equipment have proven to be particularly vulnerable to some degradation phenomena in prolonged operations. The results of subsequent research have developed much more resistant materials, but the old ones remain in use, because it is preferred to extend the life of existing equipment and increase operating costs, rather than invest in new plants. That can be defined “material obsolescence”. 
A good example of material obsolescence is the issue of “creep” at refineries. Creep is the deformation of a material subjected to constant stress that occurs in materials held for long periods at high temperatures. It is a major concern for the plants operated at high temperatures. Creep damage is found in high temperature equipment operating above the creep range, it is difficult to detect in advance and can cause catastrophic ruptures, with serious consequences for human life and the environment (Darling et al. 2016, Li et al. 2021).  New alloys high pressure and temperature resistant, were developed as early as the 90s. They include P91, P92, and E911, with a creep rang much higher than traditional material (e.g. carbon steel) and suitable for safe use in refining plants (Ennis et al. 2003). Many previously built plants are, however, still in operation and, consequently, the creep is still a major concern in refineries. Even though creep and similar issues are managed as physical degradation, it cannot be ignored the material obsolescence, which lies. 
Effects of Digital Transition, Energy Transition and Climate Change on Aging Plants.
Digital Transition 
Digital transition is very rapidly and positively transforming the way to work in all fields, but on the other hand it makes obsolete many technologies and competencies still in use in many industrial plants. Many cybersecurity problems, particularly those concerning operational technologies (OT), are related to the fact that the hardware and software systems that control industrial processes, developed many years ago, are now extremely vulnerable to types of external attacks (McLaughlin et al. 2016; Kayan et al. 2021). Modernization and remote management have connected OT to external networks, exposing them to internet-based threats (Aslam et al. 2024). Here too, the problems get tangled, because if the physical degradation are already at a certain level, the updating of all operational technology can be unsustainable, creating new risk factors. In the Seveso sector, inspectors which visit industrial plants, in the application of the directive, confirm that aging is one of the emerging risks and should be seen as a combination of physical degradation and technical and organizational obsolescence (Kotek et al. 2024). 
Energy Transition
The energy transition strongly pushes the construction of new plants, in line with the demands for environmental sustainability, but the fossil fuels are expected to be in use for two decades at least (Holenek at al. 2022). The construction of new plants, based on green technologies, attracts most available resources (Plantinga et al. 2024), that will imply that the old plants, based on fossil fuels, will continue to be in operation and, without new investment, the problem of aging will become even more pressing. Most oil facilities will soon be in a critical situation indeed. In fact, they are obsolete because the entire production process from the feedstock to the finished products is no longer compatible with the sustainability objectives set at national and international level. Even if the objectives are not binding constraints, the commitment to achieve them is still binding and therefore must be considered, for example, with a policy of gradual substitution. At the local level, commitments are often strengthened, further increasing the gap between the establishment and the political and social context. Most oil plants are many decades old and the technological adaptation, both for the electrical and electronic part and for the mechanical part is very urgent, but most executives tend to procrastinate, because they fear the remaining plant lifetime could be shorter than the return on the investment time. The lack of long-term prospects and investments can also have negative effects on organizational models and outdated procedures, lack of staff turnover with loss of experience, and lack of training and motivation of staff. In summary, from technological obsolescence it is easily to get to organizational obsolescence. 
Obsolescence, whether technological or organizational, is an intangible issue that is challenging to address with technical fixes. Historically, process industries overlooked it, viewing themselves as tech leaders. However, rapid advancements in digital tech, AI, robotics, green chemistry, and renewables have intensified obsolescence problems. While managing physical degradation is crucial, ignoring obsolescence overlooks the root causes of aging, making it a grave error to focus solely on physical integrity and neglect these hidden factors.
Climate Change
Natural events also make their contribution to aging. In recent decades, there has been an increase in the intensity and frequency of meteorological phenomena, including lightning, cloudbursts and floods, in many regions, presumably caused by climate change. That contributes to accelerating the physical degradation of structures and equipment, while the degradation of materials reduces their resistance to natural phenomena and in turn increases consequences. The overlapping of digital transition, energy transition, and climate change if unmanaged could turn in a “perfect storm” (Dwivedi et al. 2022).
Aging as emerging risk
The problem of plant aging, seen in its various aspects of degradation and technological and organizational obsolescence, is an "emerging" problem even if it is not new because innovation has never been so fast in all fields. Innovation makes processes, products, materials, equipment, and organizations obsolete. And obsolescence exacerbates the problems of degradation with damage to materials, loss of integrity and functionality of the plants. Everything contributes to increase the risk of failures, ruptures, service interruptions, accidents at work, and major accidents. To understand the emergent risk of aging five factors must be considered: 1) knowledge, 2) complexity, 3) time dimension, 4) controllability and 5) behaviour. Knowledge factors include unknown effects in internal organization related to obsolescence of product and processes, unknown corrosion rate of old materials used for new products, insufficient data about likelihood of undesired events (e.g. anomalies, failures, incident and accidents) related to the combined effect of obsolescence and degradation, lack of method for dismission of declining technologies. Complexity factors include interconnectedness of old and new damage mechanisms, balance of innovation and obsolescence, lifecycle of innovative technologies, innovation in inspection technologies (e.g. robot and artificial intelligence), insufficient data on consequences of potential decisions about technological and organizational innovation. “Time dimension” factors include the higher velocity of change in the external context (e.g. local, national, and international politics) as well as in internal context, (e.g. ownership, fusions and divisions, personnel turnover, financial and personnel cut). Controllability factors include the effects of factors out of the organization's control (e.g. natural hazards, changes in national, international legislation and regulations). Behavioural factors include the effects of changes of context on workers and management. Examples of behavioural factors are the lack of familiarity and lack of understanding of new context arising from digital transition and energy transition; the misperception and misinterpretation of entangled risks related to aging establishments facing digital and energy transition. cognitive biases including information fatigue(s), can significantly influence perception of new risk. A further example is the susceptibility to ignorance. The complexity of the transitions, overlapping aging and obsolescence issues, often leads to a situation in which people are flooded with information, but the basic understanding of the phenomenon is missing.
Aging Risk assessment and management
The various technical guidelines developed in the last decade on the management of aging are all focused on the management of risks related to physical degradation and marginally deal with the aspects of technical and organizational obsolescence. The formidable acceleration of the digital transition and the great uncertainties (especially political) that accompany the digital transition require a complete reversal of the paradigm. The process industry already has all the scientific and technical tools to control physical degradation and safely extend the useful life of plants, optimize inspections and maintenance, while there is a lack of methods for plants that have to go through rapid technological transitions, reaping the benefits of changes in the technological and organizational context and controlling the risks that obsolescence,  which is the inevitable shadow innovation brings with it. 
Fishbone
To analyse general problems like this, the Ishikawa method (a.k.a. fishbone method) is still the most suitable. Five main factors have to be considered when assessing aging as an emerging risk have already been described in §3.4. To complete the picture to understand the risk of aging, there is only one type of factor to add: background factors. They refer to what happened in the history of the plant, and which determine the current conditions and condition the future. Background factors relate to physical history and organizational history. Figure 1 schematically represents the fishbone of aging, seen as an emerging risk. The representation of the drawing is limited to the first level, to respect the tight length limits of the paper.
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Figure 1: Aging Fishbone
4.2 Aging Check List
The aging fishbone has been used to propose a checklist that analyze one by one the factors and sub-factors of aging, making a diagnosis of the organization's ability to manage aging. This review can be done by the management so that the best decisions can be made to increase the potential longevity of the plant. Even in third-party audits, the fishbone of aging can be useful to understand on which points it is still possible to work on to curb the damage of time. In the proposed checklist there is a first discrimination between accelerating and decelerating factors. This distinction had already been introduced in our previous work focused on physical degradation and here it is taken up again by emphasizing the fact that an accelerating factor corresponds to objective situations that can no longer be changed, while the decelerating factor always corresponds to a decision or an activity that can be made. Different factors may have different weights, but this must be decided by the user based on the specific context; only the negative sign for accelerating factors and positive for decelerating factors must be maintained. A further discrimination is between the factors to be evaluated for the overall establishment and to the factors to be evaluated separately for each critical item. Digital and Physical Critical items are, in turn discriminated, as the first ones suffer just obsolescence and the second ones suffer both obsolescence and physical degradation. In table 1 the proposed check list is shown.  
Table1 The proposed “Aging Checklist”. Legenda CPI = Critical Physical Item, CDI = Critical Digital Item, OE overall establishment, sign + accelerating factors (negative),sign - decelerating (positive) factors 
	Time dimension factors
	+ for each CPI check actual and expected lifetime 

	
	+ for each CDI check possible inadequateness + for new industrial standards

	
	+ for each CPI check possible new standards 

	
	+ for each type of CPI review and update failure rate and corrosion rate values

	
	+ for each CPI evaluate the lead time + for damage detection

	
	+ for OE evaluate the velocity of change of the organizational context

	Background factors
	+ for each CPI consider damages and defects recorded in the past 

	
	+ for each CPI consider repair and change recorded in the past

	
	+ for each CPI consider failures recorded in the past

	
	+ for each CPI consider process incidents recorded in the past

	
	+ for each CPI consider possible damages from natural events in the past

	
	+ for OE consider impact of organizational changes in recent past

	Complexity factors
	+ for each CPI understand damage mechanisms, related to feedstock, material, process

	
	+ for each obsolete CDI understand non- linear effects of possible cyber attacks 

	
	+ for each CPI, understand non- linear effects of ageing on Na- Tech vulnerability

	
	+ for each CPI, understand non- linear effects of obsolescence on degradation

	
	- for each CPI, if present, consider effectiveness of active protection systems

	
	- for each CPI, if present, consider effectiveness of passive protection systems

	
	- for each CPI consider the effectiveness of inspection techniques

	Controllability factors
	+ for each CPI consider possible lack of assistance or spare parts

	
	+ for each CDI consider possible lack of upgrading or patching

	
	+ for OE consider possible disrupting impacts of Market uncertainties

	
	+ for OE consider impact of Local, National International political uncertainties

	
	+ for OE consider possible disrupting impacts of Financial Context

	
	+ for OE consider possible disrupting impacts of Organizational changes

	Behavioural factors 
	- for OE Evaluate Adequateness of Safety Commitment, Leadership and Culture  

	
	- for OE Evaluate Adequateness of Aging Policy if present

	
	- for OE Evaluate Adequateness of resources - for aging policy implementation

	
	- for OE Consider, if present, certification of inspectors

	
	- for OE Consider the results of independent inspections & audits on safety and aging 

	Knowledge factors 
	- for OE Verify internal Knowledge on new and old physical degradation mechanisms

	
	- for OE Verify adequateness of techniques used - for Aging Risk Assessment 

	
	- for OE Verify adequateness of Incident Analysis and Failure Analysis techniques

	
	- for OE Verify adequateness of document on Asset Integrity and Technology

	
	- for OE Verify availability of guidelines on Aging Control, including Obsolescence

	
	- for OE Evaluate benefits of Digital and Robot Inspections, Including AI predictive models



The checklist should be used by find weaknesses and to develop a suitable Aging Management Plan. The checklist could be useful for mandatory inspections at Seveso sites. The proposed checklist is organized in an analogous way to the checklist used for Seveso inspection in Italy since 2018 (Milazzo & Bragatto, 2019) but differs for the scope, which is much wider including all aspects of aging (not only degradation).
0. Conclusions
Aging management is an organization-wide goal, not merely a technical issue, involving multiple departments such as inspection, maintenance, safety, production, IT, purchasing, legal, and personnel. It demands adequate resources and top management commitment, with safe aging integrated as a strategic objective in the major accident prevention policy to foster inter-unit cooperation.
The present paper is the first step for a new approach, overcoming the limits of the methods already adopted in European countries. The further steps will include a few on-site simulations in representative sites; the formation of a panel extended to the different stakeholders to determine the relative weight of the various factors.
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