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Abstract

The refurbishment and reuse of subsea production hardware
have emerged as vital strategies for reducing capital
expenditure and supporting sustainable offshore operations.
However, the absence of standardized quality assurance (QA)
practices across the asset lifecycle has limited the reliability,
scalability, and industry-wide acceptance of reuse initiatives.
This paper proposes a QA-driven lifecycle optimization
framework tailored to subsea hardware, embedding quality
checkpoints, inspection  protocols, and traceability
requirements into each phase, from acquisition and operation
to retrieval and refurbishment. The framework incorporates
defined QA gates, condition-based assessment logic, and
digital documentation to ensure that only components

meeting rigorous integrity standards are redeployed. By
integrating QA principles throughout the lifecycle, the model
addresses key industry challenges such as data fragmentation,
inconsistent evaluation criteria, and uncertain reuse
outcomes. It further outlines practical implementation
pathways and highlights the potential for long-term cost
efficiency, risk reduction, and standardization across the
sector. Future research directions are identified, including the
adoption of Al-powered inspection systems, digital twin
integration, and policy development to support global QA
harmonization. The proposed framework lays the
groundwork for more trustworthy, efficient, and sustainable
reuse practices in subsea asset management.
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1. Introduction

The offshore oil and gas industry continues to grapple with growing economic pressures and environmental obligations. As
fields mature and new developments move into harsher, deeper environments, asset optimization has become a strategic priority
(2.2 In particular, the reuse and refurbishment of subsea production hardware offer a promising route toward operational
efficiency and sustainability (41, However, the successful execution of such initiatives depends not only on technical feasibility
but also on the integration of robust quality assurance (QA) systems that guarantee the reliability and safety of reused equipment.
This paper introduces a QA-driven lifecycle approach that aims to address current limitations and reinforce the credibility of
refurbishment programs across the subsea sector. Over the past two decades, the oil and gas sector has experienced a significant
shift from greenfield developments to brownfield optimization. As capital expenditures are increasingly scrutinized and
decommissioning costs rise, the industry has turned to asset reuse strategies to extend field life, reduce environmental impact,
and lower total cost of ownership > €. Subsea production systems, comprising trees, manifolds, umbilicals, jumpers, and control
modules, are particularly suited for refurbishment due to their high value, long service design life, and modular construction.
When properly refurbished, these assets can perform to near-original specifications, minimizing the need for new manufacturing
and reducing the carbon footprint of operations [7- 8. Despite these advantages, refurbishment programs face skepticism, primarily
due to concerns around component integrity, operational history, and compatibility with evolving field requirements I, These
concerns are often amplified by the absence of standardized QA procedures that verify the condition and suitability of reused
hardware. Industry stakeholders increasingly recognize that without a formalized and trusted QA framework, refurbishment
efforts may fall short of delivering consistent value %, Thus, embedding QA practices across the refurbishment lifecycle is not
merely a technical necessity; it is a strategic imperative that supports regulatory compliance, corporate responsibility, and
investor confidence in reuse-centered asset strategies.

478


www.allmultidisciplinaryjournal.com
https://doi.org/10.54660/.IJMRGE.2021.2.5.478-483

International Journal of Multidisciplinary Research and Growth Evaluation

While refurbishment presents clear economic and
environmental benefits, the practice remains inconsistently
applied across the industry. One of the primary challenges is
the lack of standardized QA protocols tailored to the specific
needs of subsea hardware reuse. Existing standards often
focus on initial manufacturing and installation but offer
limited guidance for post-retrieval assessment and
requalification. This gap leaves refurbishment decisions
vulnerable to subjective judgments and variable practices,
leading to inconsistent outcomes and, in some cases,
premature equipment failure after reinstallation.

Another critical issue lies in the incomplete tracking of asset
lifecycle data. Many operators do not maintain
comprehensive records of service history, maintenance
interventions, or operating conditions, especially for legacy
assets. Without such data, it becomes difficult to assess the
true condition and residual life of retrieved components. This
uncertainty often leads to conservative decisions, where
potentially serviceable hardware is scrapped, or worse, where
inadequately evaluated equipment is returned to service,
compromising safety and operational reliability (%121,
Furthermore, there is limited alignment between operators,
contractors, and certification bodies regarding refurbishment
criteria and acceptance thresholds. This lack of consensus
results in fragmented QA approaches that vary not only
between companies but also within projects. The absence of
a unified framework undermines industry-wide confidence in
reuse strategies, delaying adoption and stalling efforts to
scale refurbishment as a core asset management practice.
Ultimately, to unlock the full potential of subsea hardware
reuse, the industry must close these gaps by implementing a
systematic, QA-centered lifecycle approach that ensures
traceability, repeatability, and integrity across refurbishment
programs [31,

This paper aims to develop a quality assurance—driven
approach for the lifecycle optimization of subsea production
hardware targeted for refurbishment and reuse. The central
goal is to establish a framework that formalizes QA practices
across each phase of asset handling, from retrieval and
inspection to  reconditioning,  requalification, and
redeployment, ensuring consistent evaluation criteria and
transparent decision-making. By doing so, the proposed
approach addresses current inconsistencies and introduces a
repeatable structure for operators and service providers to
follow.

The objective is not only technical but also strategic. By
embedding QA principles into the refurbishment process,
stakeholders can make more informed decisions based on
verified asset condition, documented service history, and
established qualification standards. This structured approach
enables operators to identify which components are
genuinely viable for reuse, avoid unnecessary replacements,
and mitigate the risk of in-service failures. As offshore
operations move toward digital transformation, the QA-
driven framework also supports better integration of
inspection data, real-time monitoring results, and digital
certification processes, enabling a more intelligent, data-
informed approach to subsea asset management.

Moreover, this framework aspires to harmonize expectations
among operators, original equipment manufacturers, third-
party refurbishers, and certifying authorities. By doing so, it
lays the groundwork for an industry-wide standard that can
guide safe, efficient, and scalable reuse of subsea hardware
across regions and asset types. In achieving this, the proposed
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model supports broader sustainability goals while
maintaining the operational reliability and safety standards
expected in offshore energy production.

2. Lifecycle Considerations in Subsea Hardware
Refurbishment

A comprehensive understanding of the subsea hardware
lifecycle is essential to designing effective refurbishment
strategies. Each phase, from initial procurement to final
reuse, introduces different technical, environmental, and
operational factors that affect the condition and performance
of the asset [ 11, Lifecycle-based decision-making allows
operators to assess refurbishment viability more accurately
and identify quality assurance points that can prevent future
failure or downtime. This section outlines the major lifecycle
stages, key failure mechanisms, and common limitations in
data management that hinder reliable refurbishment practices
[16, 17]

The lifecycle of subsea production hardware typically spans
five critical phases: acquisition, deployment, operation,
retrieval, and refurbishment. During acquisition, equipment
is specified, manufactured, and certified according to design
and project requirements [8 191 The deployment phase
includes installation, integration with field systems, and
commissioning I, Operation often extends over several
years, during which the asset is subjected to harsh subsea
conditions, pressure cycling, and production loads [ 22,
Once equipment reaches the end of its service interval or field
life changes, it is retrieved, typically during shutdowns or
decommissioning efforts 23 24, The refurbishment phase
involves inspection, repair, component replacement, and
requalification for future use. At each phase, critical data
should be captured to evaluate the asset’s condition,
performance, and suitability for reuse. However, inconsistent
documentation often disrupts this continuity [25 261,

Subsea hardware operates in one of the most aggressive
environments, and over time, it is susceptible to various
degradation mechanisms. [ 28 Corrosion, especially
galvanic and crevice corrosion, is a leading cause of
structural weakening, particularly in metallic components
exposed to seawater and hydraulic fluids 2% 3%, Mechanical
wear, such as erosion in flowlines and seals, develops due to
abrasive particles and turbulent flow. Fatigue, driven by
cyclic pressure loads, vibration, and thermal fluctuations, can
initiate cracks in welded or bolted structures. Over time,
material aging and exposure to chemicals lead to seal
degradation and elastomer embrittlement [BL 32, These
degradation modes are rarely uniform, making it difficult to
generalize the condition of retrieved assets without detailed
inspection. Understanding these trends is essential for
planning refurbishment actions and developing QA protocols
that identify acceptable thresholds for reuse [33-3%1,

Effective refurbishment relies heavily on accurate, traceable
lifecycle data. However, subsea hardware often suffers from
incomplete or fragmented records [ 371, Service history logs,
including pressure cycles, operating temperatures, and
maintenance events, are not always maintained or transferred
across operators and contractors [ %9, Condition monitoring
systems, while increasingly available, are not consistently
applied across all asset classes or geographies [0 41,
Additionally, legacy components may lack digital
identification tags, making it difficult to confirm part lineage
or verify compatibility with newer systems [42 431, These gaps
introduce uncertainty during inspection and requalification,
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leading to either overly conservative scrapping of reusable
equipment or the redeployment of unfit hardware [ 45,
Addressing these challenges requires embedding data capture
protocols at each lifecycle phase and developing standardized
formats for information sharing within the refurbishment
supply chain [46.47],

3. Quality Assurance (QA) Principles for Refurbishment
and Reuse

Quality assurance serves as the backbone of any successful
refurbishment and reuse program for subsea hardware.
Unlike newly manufactured equipment, refurbished assets
come with varying degrees of prior exposure, mechanical
stress, and environmental degradation [*® 41, This variability
necessitates the use of consistent QA principles to evaluate
component suitability and ensure compliance with
performance and safety expectations 5% 51, By embedding
QA processes throughout the refurbishment lifecycle,
stakeholders can make confident decisions based on objective
criteria rather than assumptions. This section outlines key QA
standards, testing protocols, and documentation practices
critical to the reuse of subsea production hardware 52 531,
Several international standards provide guidance for
implementing QA in subsea refurbishment. ISO 13628-4 and
API 17F, for example, outline requirements for subsea
production systems and control equipment, offering
frameworks that can be adapted for reuse scenarios. ISO 9001
further reinforces quality management principles applicable
across refurbishment organizations [+ 5%, Certification
bodies often require refurbished components to meet the
same performance benchmarks as new equipment, applying
design revalidation, functional testing, and material
traceability as part of their assessment 56 571, These standards
ensure that reused hardware performs reliably in service
while minimizing the risk of premature failure. Adhering to
such guidelines also promotes consistency across operators
and suppliers, enabling wider acceptance of refurbishment as
a valid operational strategy [8 591,

Inspection and verification activities are essential for
determining the fitness of subsea hardware for reuse.
Techniques like non-destructive testing (NDT), including
ultrasonic testing, dye penetrant inspection, and radiography,
are employed to detect cracks, corrosion, or structural
anomalies without damaging components [6% 611,

Pressure testing validates the sealing integrity of flow paths
and valve housings, while material compatibility checks
confirm that refurbished parts remain chemically stable under
projected operating conditions. Increasingly, digital
traceability tools, such as RFID tagging and digital twins, are
being used to link test data to individual components, creating
a transparent QA chain. These methods help distinguish
between hardware that can be reliably redeployed and
equipment that requires further rework or retirement.
Incorporating standardized inspection procedures also
reduces variability in outcomes and builds stakeholder
confidence in refurbishment quality [62 831,

Thorough documentation is a cornerstone of quality
assurance in subsea hardware reuse. Each component should
have a complete QA dossier that includes its original design
specifications, service history, inspection results, and details
of any repairs or replacements conducted during
refurbishment. Service logs, including operating pressures,
temperature exposure, and maintenance interventions,
provide critical insight into cumulative stress [64 851,
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Refurbishment records must also detail all reconditioning
steps, requalification results, and acceptance criteria. Without
this level of traceability, verifying the integrity and
compatibility of reused equipment becomes speculative at
best. Furthermore, incomplete documentation often leads to
regulatory delays or outright rejection of reused assets.
Digitizing this information into centralized QA systems not
only improves traceability but also enables data-driven
decisions during future refurbishment cycles. In doing so,
operators can shift from reactive assessments to a proactive
asset integrity management model [66 671,

4. Proposed
Framework
4.1 Framework Architecture and Functional Blocks

To ensure consistency, safety, and value in subsea hardware
refurbishment, a structured lifecycle optimization framework
must be established. This proposed model embeds quality
assurance as a central driver throughout every phase of asset
use and reuse. By implementing defined QA gates,
integrating condition-based decision tools, and standardizing
workflows across the asset lifecycle, the framework enables
stakeholders to make data-informed, risk-aware decisions (68
69]

The approach aims to balance technical integrity with
commercial efficiency, providing a scalable template for
operators, service providers, and certification bodies. The
framework is built around three core components: QA gates,
decision logic for refurbishment, and condition-based
assessments [, QA gates act as checkpoints at critical
lifecycle stages, such as post-retrieval inspection, post-repair
validation, and pre-deployment approval, where assets must
meet defined quality thresholds before proceeding Y. The
decision logic component uses input from inspections,
historical data, and standard benchmarks to determine if
equipment should be reused, repaired further, or retired.
Condition-based assessments, powered by inspection results
and digital records, allow for more accurate evaluations of
asset health, reducing reliance on arbitrary service-life
estimates. Together, these functional blocks ensure only fit-
for-purpose components are redeployed, while maximizing

reuse potential without compromising safety or performance.
[72, 73]

QA-Driven Lifecycle Optimization

4.2 Lifecycle Integration Workflow

The QA-driven framework integrates seamlessly across all
phases of the subsea asset lifecycle. During procurement, the
system captures initial design and manufacturing data, laying
the foundation for future traceability. In operation,
performance metrics and maintenance records are
continuously logged to build a condition profile. When
hardware is retrieved, structured inspections trigger the QA
gate for reuse assessment [4],

Based on evaluation outcomes, assets either enter the
refurbishment cycle or are designated for decommissioning.
Post-refurbishment, components must pass requalification
gates before reinstallation %1, This workflow ensures that QA
is not a one-time event but a continuous, embedded function.
Each interaction point reinforces data integrity, enabling
more confident reuse decisions while maintaining alignment
with industry standards and safety regulations [76 771,

4.3 Risk Reduction and Cost-Efficiency Mechanisms
By embedding QA checkpoints and data-driven logic
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throughout the asset lifecycle, the framework significantly
reduces technical and operational risks. Early detection of
wear or damage during retrieval prevents the reintegration of
compromised components. Verified documentation and
traceable refurbishment processes reduce the likelihood of
failure and improve regulatory compliance [78, 79].
Moreover, standardizing evaluation criteria cuts down on
subjective judgments, enabling faster and more reliable reuse
decisions. Cost efficiency is also enhanced: assets that might
have been unnecessarily discarded can be safely redeployed,
while unreliable components are filtered out before causing
unplanned downtime. The reduction in emergency repairs,
non-productive time, and replacement orders translates
directly to bottom-line savings. Ultimately, this model
balances reliability and reuse, delivering both economic and
safety value across subsea operations (8% 81,

5. Conclusion

The reuse of subsea production hardware is a critical strategy
for reducing offshore operational costs and improving
environmental sustainability. However, without a structured
approach to quality assurance, refurbishment efforts risk
inconsistency, failure, and loss of stakeholder confidence.
This paper has proposed a QA-driven lifecycle optimization
framework designed to formalize evaluation, inspection, and
decision-making processes across the entire asset journey. By
integrating QA as a continuous function rather than a post-
facto check, the model aims to elevate the integrity,
traceability, and economic viability of subsea hardware reuse.
This paper presents a structured framework that embeds
quality assurance into every phase of the subsea hardware
lifecycle, from acquisition through refurbishment to
redeployment. Key contributions include the definition of
QA gates, condition-based assessment logic, and a unified
inspection and documentation protocol. The model addresses
known industry gaps such as inconsistent standards, poor data
continuity, and subjective reuse decisions. It provides a
foundation for building industry-wide trust in refurbished
components, supporting safe reuse while extending asset
value. The integration of standardized QA checkpoints
enables operators to balance operational reliability with cost-
efficiency, making refurbishment a more strategic and
defensible choice in offshore operations.

Adopting this framework requires alignment among multiple

stakeholders,  operators, OEMs, refurbishers, and
certification bodies. While some operators already
implement elements of QA during refurbishment,
formalizing these processes through standardized

checkpoints and documentation workflows will enable
broader scalability. Practical implementation will benefit
from existing digital tools, such as asset management systems
and condition monitoring platforms. Industry-wide adoption
could pave the way for certification bodies to develop new
audit protocols tailored to reused subsea equipment. Over
time, such standardization would lower barriers to reuse,
reduce capital expenditure, and drive more sustainable
operations by reducing material waste and carbon output. The
long-term impact is a more resilient and resource-efficient
offshore production model.

Future research should focus on enhancing the framework
through intelligent technologies and advanced analytics. One
promising direction is the integration of Al-driven QA
systems, which are capable of analyzing large volumes of
inspection data to detect failure patterns or forecast the
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remaining asset life. Digital twin platforms could further
enrich condition-based assessments by simulating real-time
equipment behavior under varying operational loads.
Standardization efforts should also explore the development
of policy frameworks and sector-wide QA guidelines for
reused subsea hardware, bridging the gap between
engineering best practices and regulatory acceptance. These
research directions offer potential not only for technical
improvement but also for institutionalizing refurbishment as
a core element of asset lifecycle strategy in the offshore
energy sector.
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