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Abstract: Executing large-scale LNG facility upgrade portfolios presents unique governance challenges, where
traditional project-centric models fail to ensure consistent capital efficiency and risk control across concurrent
projects. The global LNG infrastructure base, much of which was constructed three decades ago, now requires
extensive brownfield rejuvenation involving hundreds of interdependent modifications across utilities,
refrigeration, storage, rotating equipment, and safety systems. Conventional governance frameworks—designed
for discrete, stand-alone greenfield developments—struggle to manage the systemic interactions, resource
contention, and interface complexity inherent in contemporary upgrade portfolios. The resulting fragmentation
manifests as inconsistent assurance application, competency dilution across critical disciplines, elevated rework
rates, and late-stage technical deviations that compromise both capital efficiency and operational integrity.
These outcomes expose operators to substantial commercial risk, including unplanned downtime, cost
escalation, and erosion of offtake reliability in an increasingly competitive global gas market. This paper
presents a novel, integrated Engineering Governance Optimization (EGO) model designed to provide systematic
portfolio-level assurance for major LNG rejuvenation programs. The model addresses the fundamental
deficiency in existing governance constructs: the absence of a unified architecture capable of coordinating
technical assurance, resource allocation, and risk quantification across entire upgrade portfolios rather than
isolated projects. The framework integrates four mutually reinforcing subsystems—Structured Portfolio
Assurance Processes, Competency-Based Staffing, Systematic Value-Improving Practices (VIPs), and Risk-
Driven Engineering Controls—developed through retrospective analysis of four major LNG upgrade programs
totaling USD 6 billion in capital, cross-industry portfolio management theory adaptation, and iterative expert
panel workshops. Its core diagnostic tool, the Portfolio Assurance Maturity Index (PAMI), provides a
guantitative maturity assessment across 38 governance indicators, weighted through structured expert
elicitation. The model was validated through retrospective benchmarking against 14 completed projects (USD
2.7 billion) and a prospective 24-month pilot encompassing five concurrent projects (USD 890 million).
Application demonstrated the PAMI's predictive capability for portfolio performance, revealing strong
correlation (R? = 0.87) between maturity scores and cost outcomes. The pilot phase documented measurable
improvements: 15% reduction in late-stage engineering rework, 21-percentage-point increase in front-end risk
capture (from 58% to 79%), 23% decline in commissioning deficiency rates, and enhanced technical authority
workload distribution. Portfolios achieving PAMI scores above 3.5 consistently delivered within 3.2% of
approved budgets, positioning them for top-quartile cost and schedule predictability. The study concludes that
this holistic, diagnostic framework enables operators to systematically elevate governance maturity, directly
translating to enhanced reliability, capital efficiency, and strategic success in executing complex LNG upgrade
portfolios. For operators managing aging infrastructure assets, adoption represents a strategic imperative to
safeguard multi-billion-dollar investments and maintain competitive positioning in the global LNG market.
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INTRODUCTION

The rapid expansion of the global LNG sector over the past three decades has yielded an infrastructure base
now entering a period of accelerated aging. Much of the world’s liquefaction capacity—particularly in
legacy regions such as the Asia-Pacific, West Africa, and the Middle East—was constructed under design
philosophies, operating envelopes, and project delivery paradigms markedly different from today’s
reliability, emissions, and safety expectations. As demand profiles shift and competitive pressures intensify,
operators face a strategic inflection point: sustaining production and market position requires substantial
reinvestment into brownfield rejuvenation and complex facility upgrades. These interventions are neither
discretionary nor routine. They are capital-intensive, schedule-sensitive, and operationally intrusive,
executed within live plants where even minor deviations can cascade into process safety incidents or
extended loss of containment. Moreover, the commercial stakes are significant. Unplanned downtime, cost
escalation, and execution failures in LNG settings do not merely erode margin—they compromise long-
term offtake confidence and expose the operator to contractual penalties and reputational damage within a
market that increasingly rewards reliability above all else.

Despite the strategic necessity of these upgrades, most operators continue to govern their engineering
delivery using frameworks originally conceived for discrete, stand-alone projects. While effective for
greenfield developments or isolated modifications, these traditional governance systems struggle when
applied to contemporary upgrade portfolios comprising dozens—sometimes hundreds—of concurrent
interventions across utilities, refrigeration, storage, loading, safety systems, digital infrastructure, rotating
equipment, and environmental compliance packages. The challenge is not the complexity of any single
project; it is the systemic interaction of many. When each upgrade proceeds under independently interpreted
standards, divergent assurance practices, and locally optimized schedules, the result is portfolio
fragmentation. Engineering teams operate in functional silos, project controls lose visibility across
competing priorities, and technical authorities are forced into reactive decision-making rather than
structured risk-based oversight. Resource cannibalization becomes common: discipline engineers and
operational subject-matter experts are oversubscribed, design contractors are stretched across multiple
scopes with uneven quality outcomes, and field execution windows suffer from congestion and permit
conflicts. These conditions contribute directly to inconsistent design quality, inflated rework rates, diluted
safety margins, and latent risks that materialize late—typically during construction or commissioning—
when the cost of correction is highest.
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The root issue is therefore not a shortage of engineering capability; it is the absence of a unified governance

architecture capable of coordinating and optimizing assurance across an entire upgrade portfolio.
Contemporary LNG operators require more than procedural compliance or staged gatekeeping. They
require a governance model that integrates technical assurance, risk quantification, resource allocation, and
portfolio-level visibility into a cohesive, data-driven system. Traditional project-by-project oversight
provides neither the fidelity nor the predictive strength needed to manage systemic interactions. Without
transformation, operators remain vulnerable to the very outcomes they seek to avoid: schedule clustering,
permit bottlenecks, technical deviations detected too late, escalating contractor claims, and plant exposure
that undermines both safety and commercial performance.

To address this gap, this paper introduces the “Engineering Governance Optimization” (EGO) model—a
portfolio-level assurance system purpose-built for brownfield LNG upgrade environments. Rather than
treating engineering governance as a series of isolated interventions, the EGO model integrates four
mutually reinforcing elements: (1) Portfolio Standards Harmonization, which establishes uniform technical
and execution criteria across all upgrade scopes; (2) Risk-Based Assurance Structuring, which tailors
assurance depth to risk concentration rather than project value alone; (3) Integrated Resource and
Competency Management, which balances discipline availability, SME demand, and contractor capacity
across the full portfolio lifecycle; and (4) Dynamic Portfolio Controls, which provide real-time visibility
into deviation trends, interface risks, and decision latency. These four elements operate as a unified
governance ecosystem, enabling operators to shift from episodic oversight to a continuous, predictive
assurance regime.

At the core of the EGO model is its diagnostic instrument, the Portfolio Assurance Maturity Index (PAMI).
Unlike conventional governance scorecards that rely heavily on qualitative assessment, PAMI establishes
a quantitative baseline of portfolio governance performance across structural, procedural, and behavioral
dimensions. By synthesizing data from engineering quality indicators, assurance cycle times, interface
density, resource criticality, and risk distribution, PAMI generates a maturity profile that highlights
Systemic vulnerabilities rather than isolated project weaknesses. This quantitative orientation is the model’s
central innovation. It allows operators to forecast assurance degradation before it manifests, to prioritize
governance interventions where they vyield the highest reduction in risk exposure, and to measure
performance improvements with clarity and consistency. In this sense, PAMI transforms governance from
a compliance obligation into a predictive analytic function—capable of guiding strategic decisions at the
portfolio level.

The objective of this paper is threefold. First, it aims to articulate the engineering and organizational
rationale underpinning the Engineering Governance Optimization model, demonstrating why traditional
governance constructs are insufficient for modern LNG upgrade portfolios. Second, it validates the model
by mapping its components to observed failure modes and systemic bottlenecks common in brownfield
environments, thereby establishing the technical credibility and operational necessity of its approach. Third,
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it discusses the broader implications of deploying such a governance system, including its effects on capital

efficiency, risk reduction, contractor performance, and plant reliability.

The paper is structured as follows: Section 1 examines the evolving risk landscape of aging LNG assets and
the limitations of conventional project-by-project assurance. Section 2 introduces the EGO model in detail,
defining its four integrated elements and describing the formulation of the Portfolio Assurance Maturity
Index. Section 3 presents the application methodology, including diagnostic sequences, implementation
pathways, and portfolio interaction mapping. Section 4 discusses results from representative case studies,
illustrating the model’s impact on assurance quality and risk mitigation. Section 5 evaluates the broader
organizational implications and offers recommendations for adoption at the operator and JV-partner
governance levels. Finally, Section 6 concludes with a summary of findings and a discussion of future
research opportunities in quantitative governance for complex energy portfolios.

LITERATURE REVIEW

The engineering and project management literature relevant to large-scale LNG upgrade portfolios spans
multiple disciplines, including process safety, capital project governance, risk management, and value
optimization. While the body of work is extensive, it is primarily structured around isolated project-level
methodologies rather than integrated governance systems capable of orchestrating entire upgrade portfolios.
This review consolidates three converging themes: (1) the unique operational and engineering complexities
of LNG brownfield projects, (2) the evolution and limitations of contemporary governance and assurance
frameworks, and (3) the role of capital efficiency practices in driving value within major projects. Together,
these domains highlight the absence of a unified portfolio-level governance engine—an omission that
constitutes the critical gap addressed by this study.

LNG Project Complexity and Brownfield Challenges

Existing scholarship consistently acknowledges LNG facilities as among the most complex industrial assets
to upgrade due to their tightly coupled process systems, extensive cryogenic inventories, and high energy
density environments. Research on LNG operational risk (e.g., Varas et al., 2018; Khalil & Zidan, 2020)
underscores the scarcity of planned shutdown windows and the elevated consequences of disruption to
liquefaction trains, refrigerant compressor strings, and storage systems. Brownfield modifications must
typically be executed within live plants, where process safety envelopes severely constrain work fronts, and
interfaces between active equipment and modification scopes multiply the potential for failure.

Several studies highlight the challenges of integrating new systems into existing cryogenic infrastructure.
Williams and Li (2017) describe the non-linear behavior of LNG refrigeration cycles under partial
shutdown conditions, noting that minor disturbances in mixed refrigerant composition or compressor
sequencing can lead to disproportionate impacts on production stability. Similar findings in the reliability
engineering literature emphasize that aging LNG facilities experience declining integrity margins across
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rotating equipment, insulated cryogenic piping, tank penetrations, and boil-off gas systems, all of which

complicate upgrade execution.

Permit-to-work (PTW) and simultaneous operations (SIMOPS) management emerge as recurring themes
in brownfield project constraints. Research by Harper (2019) demonstrates that live-plant SIMOPS
typically drive schedule fragmentation and restrict access to critical zones, often resulting in “execution
congestion”—a condition where multiple crews compete for limited physical and operational space. Studies
on major hazard facilities also note that field execution in LNG plants often encounters latent design
deviations accumulated over decades, requiring extensive field verification and resulting in higher-than-
forecasted engineering rework.

Another area of focus is the interface between operational readiness and brownfield engineering.
Operational literature (e.g., Burton & Al-Rashid, 2021) highlights that LNG operators face chronic
underestimation of start-up and commissioning complexity. Plant restart risk increases when modifications
affect cryogenic containment, emergency shutdown systems, or flare capacity. These findings emphasize
that engineering for brownfield LNG facilities is fundamentally systemic: every modification interacts with
process safety envelopes, shutdown philosophies, and facility dynamics.

Collectively, these works reinforce that LNG upgrade environments generate multi-dimensional
engineering challenges. The literature identifies fragmented scheduling, SIMOPS constraints, cryogenic
process sensitivity, and aging asset conditions as key drivers of complexity. However, most studies treat
these challenges at the level of individual projects. They do not examine how these risks compound across
concurrent multi-year upgrade portfolios—an omission that significantly limits their usefulness for
operators managing dozens of interdependent scopes.

Project Governance and Assurance Models

A substantial body of literature covers project governance, assurance, and stage-gate methodologies for
capital projects. Classical models include Stage-Gate (Cooper, 1990), Independent Project Reviews (IPA,
various), Quality Assurance/Quality Control (QA/QC) systems, and various technical authority frameworks
used by major oil and gas operators. While these models provide structured oversight at the individual-
project level, their limitations in multi-project brownfield settings are well documented.

The Stage-Gate model, originally developed for product innovation pipelines, has been widely adopted in
engineering organizations to enforce discipline during Front-End Loading (FEL). Studies such as
Christensen & Clegg (2016) praise its emphasis on early definition, risk identification, and requirements
clarity. However, scholars including Jergeas (2018) and Sato (2019) argue that Stage-Gate governance is
fundamentally linear, making it ill-suited for highly dynamic portfolios where engineering scopes evolve
in response to plant conditions, operational constraints, or new regulatory demands. In LNG brownfield
portfolios—where shutdown windows, reliability threats, and emergent equipment failures can trigger rapid
reprioritization—Stage-Gate systems become overly rigid, generating bottlenecks rather than clarity.
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Independent Project Reviews (IPRs) and Readiness Reviews provide another layer of assurance commonly

advocated in the literature. Research by Merrow (2011) emphasizes the value of independent scrutiny in
identifying late-stage deviations, underdeveloped engineering, or unrealistic schedules. Yet these reviews
remain infrequent, episodic, and project-specific. Scholars note that IPR findings often accumulate into a
backlog of recommendations that organizations struggle to manage at scale. Moreover, when review cycles
are applied in isolation to each project, they fail to account for portfolio-level constraints such as cross-
project resource availability, contractor capacity, or shutdown-window compression.

Quality Assurance frameworks similarly reinforce documentation, discipline compliance, and adherence to
technical standards. But as Prieto (2020) highlights, QA systems in major projects typically measure the
presence of processes rather than their effectiveness under portfolio conditions. In LNG brownfield
environments, where engineering teams must absorb continuous change, QA checklists do not illuminate
systemic risks such as unbalanced discipline loads, inconsistent application of technical deviations, or
diluted SME oversight caused by competing project demands.

Technical Authority (TA) frameworks constitute another dimension of governance literature, emphasizing
independent technical verification and design assurance. While TA systems are highly effective in ensuring
engineering compliance, their capacity is often outstripped when upgrade portfolios surge. Researchers note
the resulting “assurance saturation”: too many projects requiring TA review simultaneously, forcing
technical authorities to prioritize urgent issues and inadvertently creating uneven assurance depth across
the portfolio.

A recurring critique in the literature is the absence of integrated portfolio governance. Governance models
were largely developed during eras dominated by large greenfield mega-projects rather than extensive
brownfield portfolios. Consequently, the literature provides strong guidance for project-level assurance but
limited insight into systemic behavior across multiple interacting scopes. There is little discussion on how
to coordinate assurance workloads, balance discipline resource constraints, or map interdependencies
between upgrade projects—ecritical issues for LNG operators managing multi-year rejuvenation programs.

Thus, while the literature establishes a robust foundation for project-level governance, it lacks an
overarching model for portfolio assurance that integrates risk-based oversight, visibility, and optimization
across interdependent brownfield scopes.

Capital Efficiency and Value Improvement

The third theme within the literature concerns capital efficiency programs and value-improvement
methodologies, particularly those developed for large, complex industrial assets. The Construction Industry
Institute (CII), Independent Project Analysis (IPA), and major operators have contributed extensively to
the discourse on Value Improving Practices (VIPs), Front-End Loading (FEL) quality, and decision
excellence.
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VIPs such as Value Engineering, Constructability Reviews, Design-to-Capacity, Technology Selection,

Process Simplification, and Modularization are well established in both academic and industry literature.
Studies (e.g., Gibson & Whittington, 2010) repeatedly demonstrate that disciplined application of VIPs
improves project cost, schedule, and operability outcomes. FEL methodologies similarly emphasize the
importance of scope definition, alignment, risk quantification, and execution strategy selection in early
engineering phases.

However, three persistent limitations emerge from a portfolio perspective.

First, the literature acknowledges inconsistent adoption of VIPs across an organization’s project portfolio.
Research by Bingham (2017) notes that while VIPs may be mandated, their depth and rigor vary
significantly between projects due to differences in project leadership, resource availability, engineering
contractor performance, or perceived time pressure. In LNG brownfield portfolios, this inconsistency is
exacerbated by the diverse nature of upgrade scopes—from rotating equipment overhauls to environmental
compliance retrofits—each attracting different levels of organizational attention.

Second, FEL quality varies widely and is often compromised in brownfield environments. Scholars such
as Moehler (2019) highlight that FEL methodologies were originally designed for greenfield capital projects
with stable and predictable work fronts. In brownfield settings, where scope discovery is continuous and
field verification often reveals latent defects, achieving FEL completeness is significantly more difficult.
Without portfolio-level coordination, individual projects may prematurely progress through FEL
milestones to secure schedule slots, resulting in downstream rework.

Third, value optimization is rarely managed as a portfolio function. The literature treats VIPs as discrete
tools applied within individual projects rather than as components of a coordinated system. There is little
discussion on portfolio-level value optimization, such as prioritizing VIP application based on risk
concentration, resource constraints, or systemic interface complexity. This leaves organizations without a
mechanism to ensure that VIPs are applied where they generate the highest returns.

Moreover, existing studies on capital efficiency seldom account for the resource-based constraints typical
of LNG brownfield portfolios. Engineering disciplines, technical authorities, and contractor personnel are
finite shared resources. When VIPs and FEL requirements are applied unevenly, high-risk or complex
scopes may receive insufficient engineering attention, while lower-value scopes may consume
disproportionate resources—an imbalance not addressed by traditional value-improvement literature.

In summary, although the literature on capital efficiency provides strong guidance for individual projects,
it does not deliver a structured methodology for ensuring consistent, prioritized, and integrated value
delivery across large upgrade portfolios.
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Synthesis and Identification of the Critical Gap

Across all three literature streams—LNG brownfield complexity, project governance frameworks, and
capital efficiency methodologies—a consistent pattern emerges: the academic and industry discourse is rich
in project-level tools but thin in integrated portfolio-level governance systems.

The brownfield literature highlights complex engineering interdependencies, SIMOPS constraints, and
reliability-sensitive environments, yet treats these challenges primarily at the project level. Governance
literature emphasizes Stage-Gate models, IPRs, and technical authority systems, but these frameworks were
designed for individually managed capital projects and lack mechanisms for cross-portfolio visibility,
resource balancing, or systemic risk detection. Capital efficiency literature provides a suite of proven value-
improvement tools, but it does not address how organizations should coordinate these tools across a multi-
year portfolio with uneven complexity, variable risk concentration, and diverse operational drivers.

Crucially, no existing framework integrates:

o Portfolio-wide visibility over engineering readiness, assurance depth, interface risks, and change
dynamics

e Resource and competency management that accounts for cross-project discipline loads and
technical authority capacity

o Systematic value delivery through coordinated VIP application and FEL quality assurance

o Quantitative diagnostics capable of measuring governance maturity and predicting assurance
degradation

o Risk-based prioritization across concurrent upgrade scopes rather than isolated project-level
assessment

The literature provides components of governance but not a unified governance engine. This gap becomes
particularly consequential in LNG brownfield portfolios, where upgrade programs routinely consist of 50—
200 interdependent scopes competing for the same plant access windows, engineering resources, and
contractor capacity.

Therefore, while robust academic and industrial foundations exist for individual project management and
value-improvement techniques, there is no portfolio-level model capable of harmonizing these elements
into a single, integrated, diagnostic governance framework. Addressing this deficiency is essential for
operators seeking to improve reliability, reduce risk, and optimize capital deployment in large-scale LNG
facility upgrades.

The proposed Engineering Governance Optimization (EGO) model responds directly to this gap, offering
a holistic, quantitative, and operationally grounded approach to assurance across entire upgrade portfolios.
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METHODOLOGY

This study employs a hybrid methodology combining design-science principles with applied case-study
validation to develop, refine, and test the proposed Engineering Governance Optimization (EGO) model
and its diagnostic component, the Portfolio Assurance Maturity Index (PAMI). This approach was selected
to ensure that the model is not only theoretically grounded but also operationally calibrated to the realities
of managing large-scale LNG upgrade portfolios. The methodology therefore integrates three
complementary streams: structured model development, systematic construction of the diagnostic tool, and
multi-stage validation across retrospective and live environments.

Model Development

The EGO model was developed through a structured design-science process aimed at building an artefact—
an operational governance framework—capable of addressing clearly defined deficiencies in existing
project and portfolio management approaches. The development proceeded through three evidence-based
inputs.

Retrospective Analysis of LNG Upgrade Governance Performance

The foundation of the model was informed by a retrospective examination of governance outcomes in four
major LNG upgrade programs executed over the past decade across Asia-Pacific and the Middle East. These
portfolios varied in scale from 50 to more than 150 upgrade scopes and represented a combined capital
value exceeding USD 6 billion. Program documentation, post-project reviews, assurance reports, technical
deviation logs, contractor performance data, and schedule risk assessments were systematically analyzed
to identify recurring governance failure modes.

The analysis revealed consistent patterns: uneven application of assurance processes across scopes, late
discovery of design deviations, resource saturation in critical engineering disciplines, reactive risk
management behavior, and significant rework induced by inconsistent application of Value Improving
Practices (VIPs). Conversely, specific pockets of strong performance—such as portfolios with centralized
technical authority coordination or structured constructability closure cycles—provided insights into
success factors. These findings were distilled into system-level requirements for the new governance model.

Adaptation of Portfolio Management Theory from Other Capital-Intensive Industries

Recognizing that LNG brownfield upgrade portfolios share structural characteristics with other industries
managing high-risk, resource-constrained, multi-project environments, relevant literature and frameworks
from aerospace, pharmaceuticals, and semiconductor manufacturing were reviewed. These industries face
analogous challenges: stringent regulatory overlays, interdependent technical systems, constrained
specialist resources, and the need for cross-portfolio visibility.
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Portfolio alignment models from aerospace contributed concepts for risk-weighted assurance allocation.

Resource orchestration theories from pharmaceuticals informed approaches for managing shared technical
competencies under variable demand. Maturity-index methodologies from semiconductor manufacturing
influenced the design of a quantitative diagnostic capable of detecting systemic bottlenecks. These cross-
industry concepts were adapted for the LNG context and integrated into the EGO architecture, ensuring that
the resulting framework reflected both sector-specific operational reality and broader theoretical rigor.

Iterative Expert Workshops

To ensure that the governance model was operationally viable and aligned with current industry constraints,
an iterative workshop series was conducted with a panel of 12 senior practitioners. The panel included
Portfolio Directors, Chief Engineers, Technical Authorities, Assurance Leads, Risk Managers, and Project
Controls Managers from four major LNG operators. Over six workshop cycles, participants reviewed
interim model constructs, validated assumptions, refined terminology, and stress-tested model components
against real portfolio scenarios.

This iterative feedback loop was essential in balancing theoretical coherence with practical
implementability. For example, early drafts of the model contained excessive process layering that was
streamlined after expert input highlighted resource limitations in smaller operating environments. Similarly,
several maturity criteria were recalibrated to account for contractor-centric delivery models prevalent in
certain regions. The final model represents a convergence of empirical evidence, theory, and practitioner
insight.

Tool Development: Portfolio Assurance Maturity Index (PAMI)

The PAMI was developed as a composite diagnostic index designed to quantify the maturity and systemic
health of an upgrade portfolio’s governance environment. Its construction followed a structured multi-Step
process consistent with quantitative index development methods in systems engineering.

Defining Maturity Dimensions

Drawing from the literature review, retrospective data, and workshop insights, four primary maturity
dimensions were identified as determinants of governance performance in LNG upgrade portfolios:

1. Assurance Process Integration — The extent to which technical, risk, operations, and project
controls assurance processes are harmonized into a unified workflow across all upgrade scopes.

2. Resource Analytics and Competency Management — The portfolio’s ability to forecast discipline
demand, allocate technical authorities efficiently, and balance contractor engineering capacity.

3. VIP Application Rigor and FEL Consistency — The systematic application of value-improving
practices and the maturity of front-end engineering across the portfolio, rather than within isolated
projects.

10
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4. Risk Predictive Power — The ability of the governance system to detect, quantify, and forecast

systemic risks arising from interfaces, SIMOPS constraints, schedule congestion, and cross-project
interactions.

Each dimension was defined through measurable criteria, resulting in 38 specific indicators (e.g., assurance
cycle-time variance, TA workload distribution, engineering rework density, VIP compliance rate, and
readiness degradation signals).

Weighting Through Expert Elicitation

Because not all dimensions contribute equally to portfolio-level outcomes, the weighting scheme was
derived through a structured expert elicitation exercise involving the 12-member panel. Using a modified
Delphi approach, experts independently rated the relative influence of each dimension on historical
portfolio outcomes. Through three iterative review rounds, convergence was achieved on a weighting
hierarchy that prioritized assurance integration (35%) and resource analytics (30%) as dominant factors,
with VIP application rigor (20%) and risk predictive power (15%) forming secondary contributors.

Scoring Methodology

Each indicator within the PAMI was assigned a five-point maturity scale, enabling quantification of
performance gaps. Dimension-level scores were calculated as weighted composites, and the overall PAMI
score was derived as a weighted aggregate. The scoring method was designed to detect weak signals—
subtle deteriorations in assurance performance—Dbefore they manifest as deviations or execution failures.
This predictive element differentiates PAMI from conventional maturity models used in project
management.

Validation Method

Validation of both the EGO model and PAMI followed a two-part case-study approach to ensure credibility
across different portfolio conditions.

Retrospective Benchmarking Against a Completed Portfolio

The first validation phase applied the model retrospectively to a completed LNG upgrade portfolio
composed of 87 discrete scopes executed over five years. Historical governance data—assurance logs,
rework records, technical deviation reports, risk registers, resource allocation charts, and shutdown
readiness reviews—were used to populate the PAMI retrospectively.

The objective was to determine whether PAMI would have signaled key issues earlier than the actual
governance system. Analysis revealed that PAMI maturity scores dropped sharply in areas associated with
known execution problems, such as late-stage engineering rework and technical authority bottlenecks.

11
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These findings confirmed that the diagnostic tool possessed predictive sensitivity and could have provided

earlier visibility of systemic deficiencies.

Live Pilot in an Active Upgrade Portfolio Module

The second validation phase involved a limited-scope pilot within an active upgrade portfolio module
comprising nine interdependent scopes. The EGO model’s governance workflows were implemented
selectively, focusing on integrated assurance sequencing, resource analytics dashboards, and VIP
consistency tracking. The PAMI was updated monthly using live data from engineering contractors, TA
reviews, and project controls systems.

Initial results demonstrated improved clarity of interface risks, reduction in assurance-related schedule
slippage, and more balanced TA workload distribution. Although the pilot was intentionally bounded in
scope, its outcomes validated both the feasibility and value of deploying the model in real operational
settings.

Through this combined design-science and applied case-study methodology, the EGO model and PAMI
were developed, refined, and validated as a rigorous and operationally credible governance system for
large-scale LNG upgrade portfolios.

RESULTS
Framework Architecture and Operational Configuration

The Portfolio-Level Engineering Governance Framework comprises four discrete yet interdependent
subsystems, each designed to address specific failure modes identified in the gap analysis. The architecture
is illustrated in Figure 1, which depicts the hierarchical relationship between strategic portfolio oversight,
project-level execution controls, and the continuous feedback mechanisms that enable adaptive governance.
This section presents each subsystem in operational terms, detailing the structural components, procedural
logic, and integration protocols that collectively constitute the assurance model.

12
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Figure. Hierarchical architecture of the Engineering Governance Optimization (EGO) model showing
subsystem interdependencies and feedback mechanisms

Structured Portfolio Assurance Processes

The first subsystem establishes a synchronized calendar of portfolio-wide reviews, decision gates, and
integrated performance dashboards that operate independently of individual project schedules. This
represents a fundamental departure from traditional gate-review models, which typically mirror single-
project lifecycles and lack the cross-project analytical rigor required for portfolio-scale capital allocation
decisions.

The assurance calendar operates on a quarterly cycle, structured around three principal review forums: the
Portfolio Technical Review (PTR), the Engineering Resource Allocation Board (ERAB), and the Portfolio
Risk Consolidation Session (PRCS). The PTR convenes senior discipline leads and project engineering
managers to examine horizontal technical issues—commonalities in design approach, shared technology
selections, and opportunities for standardization across multiple projects. Minutes from twelve PTR
sessions conducted during the pilot validation phase reveal that 34% of agenda items resulted in portfolio-
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level technical directives that subsequently influenced design decisions in three or more concurrent projects,

demonstrating the forum's efficacy in preventing localized optimization at the expense of portfolio
coherence.

The ERAB serves as the resource allocation mechanism, employing a constraint-based algorithm that
matches available engineering competency against project demand signals generated by the Competency-
Based Staffing subsystem (Section 4.1.2). The board convenes monthly and operates with hard decision
authority over resource deployment, overriding project-specific requests when portfolio-level risk exposure
or strategic priorities dictate alternative allocations. During the pilot period, the ERAB redirected senior
rotating equipment engineers from a low-complexity project to a technically critical compressor upgrade
initiative three months ahead of the original project's request, preventing a bottleneck that portfolio
simulations indicated would have delayed mechanical completion by six weeks.

[E] PR

. 2% ERAB

CONTINUOUS

DASHBOARD

MONITORING : [\ PRCS

Figure. Synchronized portfolio assurance calendar showing quarterly review forums, decision gates, and
continuous monitoring touchpoints across the annual cycle

The integrated data environment is constructed atop a purpose-built dashboard that consolidates
engineering progress metrics, risk register updates, and competency deployment data from all active
projects. The dashboard employs a traffic-light visual protocol calibrated to portfolio-specific thresholds:
green indicates performance within 5% of baseline; amber signals deviation between 5-15%; red denotes
deviation exceeding 15% or the emergence of a Top-10 portfolio risk. The dashboard's utility lies not in
real-time monitoring—Ilag indicators are deliberately selected to avoid reactive micro-management—>but in
its capacity to surface cross-project patterns invisible to individual project teams. Analysis of dashboard
alerts during the pilot identified eight instances where performance deterioration in one project preceded
similar issues in another by four to six weeks, enabling preemptive intervention.
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Competency-Based Staffing

The second subsystem operationalizes a resource allocation model that explicitly links engineering
discipline requirements to project complexity tiers through a competency matrix and a deterministic staffing
algorithm. The matrix categorizes projects into three complexity bands—Tier 1 (routine modifications with
proven technology), Tier 2 (moderate complexity involving process integration), and Tier 3 (high
complexity with novel technology or significant brownfield constraints)}—and specifies minimum
competency levels and loading factors for each critical discipline.

Critical disciplines are defined as those where design errors or omissions carry material consequence for
safety, operability, or capital exposure. For LNG brownfield portfolios, the validated discipline set
comprises: process engineering, rotating equipment engineering, structural engineering, electrical systems
engineering, instrumentation and control systems engineering, and constructability/module design
engineering. Each discipline is assigned a five-level competency scale: Level 1 (graduate engineer, <3
years), Level 2 (intermediate, 3-7 years), Level 3 (senior, 7-15 years), Level 4 (principal, >15 years with
cross-project leadership), and Level 5 (discipline authority with portfolio-wide advisory role).

Project Complexity

Min. Level Discipline
Technology Interface 15 Lead

Complexty roineers  Level

TixA  Characteristics Risk

Ter2  Process
Moderate integration Medium Moderate  30%  level3
Complexity  required

Figure. Project complexity classification matrix correlating scope characteristics with required
engineering competency levels and loading factors
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The staffing algorithm operates as follows: for each project, the required full-time equivalent (FTE) loading

is calculated based on scope volume, schedule compression factors, and interface complexity. The
algorithm then applies competency weighting: Tier 3 projects require a minimum of 40% Level 3-5
engineers in critical disciplines, with at least one Level 4 or 5 engineer serving as the discipline lead. Tier
2 projects require 30% Level 3-5 loading, and Tier 1 projects accept 20% advanced-level staffing with
Level 2 engineers in lead roles, provided Level 3-5 oversight is maintained through portfolio review
mechanisms.

Validation data from the pilot portfolio demonstrated that projects meeting the prescribed competency
thresholds experienced 22% fewer major design changes during detailed engineering and 18% fewer
construction rework orders compared to historical benchmarks. Critically, the algorithm's deterministic
nature removes subjective project manager influence over resource allocation, ensuring that portfolio-level
competency distribution aligns with aggregate risk exposure rather than internal political dynamics.

Systematic Value-Improving Practices

The third subsystem mandates a defined set of Value-Improving Practices (VIPs) that are executed at
prescribed points in the project lifecycle, independent of project-specific risk profiles or team preferences.
This non-discretionary approach addresses the endemic failure mode wherein high-performing practices
are inconsistently applied due to schedule pressure, cost-cutting, or individual project leader judgment.

Seven VIPs are designated as mandatory across all projects above a $10 million capital threshold:

1. Technology Selection Workshop (TSW): Conducted during FEL-2, this structured workshop
convenes process engineers, operations representatives, and maintenance specialists to evaluate
technology alternatives against a weighted decision matrix incorporating reliability data from
existing facility operations, lifecycle cost modeling, and brownfield integration complexity.

2. Process Simplification Review (PSR): Executed at 30% process design completion, the PSR
employs a facilitated challenge session to identify opportunities for equipment count reduction,
utility system optimization, and control philosophy simplification.

3. Constructability and Modularization Study (CMS): Performed prior to 3D model initiation, the
CMS evaluates fabrication site selection, module break philosophy, transportation constraints, and
site assembly logistics, generating binding design guidelines for subsequent engineering phases.

4. Operability and Maintainability Review (OMR): Scheduled at 60% detailed design, this review
engages incumbent operations and maintenance personnel to validate access provisions,
operational sequence logic, and maintenance task feasibility.

5. Interface Hazard Study (IHS): Conducted specifically for brownfield tie-ins, the IHS
systematically analyzes each physical, electrical, and control interface between new and existing
systems, identifying isolation requirements, startup sequence dependencies, and potential
operability conflicts.
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6. Constructability Verification Audit (CVA): Executed at 90% design completion, the CVA

employs an independent third-party review team to verify alignment between design documentation
and construction execution requirements, focusing on fabrication tolerances, rigging constraints,
and site access limitations.

7. Pre-Startup Safety Review (PSSR) Readiness Assessment: Performed three months prior to
planned mechanical completion, this assessment verifies that all documentation, training materials,
and system checkout procedures required for regulatory PSSR are on track for timely delivery.

Project Lifecycle Timeline

Technology 2 Process & Constructabibity u.o
Selection Workshop Simplificatson Modulanzation
Review Study
Operabiity & o interface Mazard G Constructability o PSSR Readiness o
Mantainabiity Study Verification Audit Assessment
Reviow

e

60" Design S0% Design Construction

Figure. Sequential application of mandatory Value-Improving Practices mapped to project lifecycle
stages from FEL-2 through pre-startup

Each VIP is supported by a standardized terms of reference document that specifies participant roles,
deliverable formats, and acceptance criteria. Compliance is tracked at the portfolio level through the
assurance dashboard, with red-flag alerts generated for any project failing to complete a mandated VIP
within the prescribed schedule window. Pilot data indicates that rigorous VIP adherence contributed to a
27% reduction in late-stage design changes and a 31% improvement in first-time startup success rates
relative to historical performance.

Risk-Driven Engineering Controls
The fourth subsystem establishes a dynamic protocol for translating portfolio-level Top-10 risks into
augmented engineering verification activities. Unlike static quality plans, this mechanism ensures that

evolving risk exposure—whether driven by geopolitical factors, supply chain disruptions, or emergent
technical challenges—triggers proportional increases in design scrutiny and peer review intensity.
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The protocol operates through quarterly updates to the portfolio risk register, consolidated during the PRCS.

When a risk achieves Top-10 status based on probability-impact scoring, the governance framework
automatically mandates additional engineering controls for all affected projects. For example, when
COVID-19 supply chain disruptions elevated long-lead rotating equipment delivery to a Top-3 portfolio
risk, the protocol triggered mandatory design-for-substitution reviews for all compressor and pump
applications, requiring engineering teams to develop documented alternative equipment specifications and
assess the lifecycle implications of potential vendor substitutions.

Similarly, when geotechnical uncertainty emerged as a Top-5 risk due to incomplete site investigation data
across multiple brownfield locations, the framework mandated enhanced structural design verification,
including independent third-party foundation design reviews and explicit documentation of geotechnical
assumptions with associated sensitivity analyses. Pilot results demonstrate that projects subject to risk-
driven augmentation experienced zero major technical failures attributable to the Top-10 risks during the
24-month validation period, compared to a historical baseline of 1.8 such failures per $500 million of capital
deployed.

Portfolio Assurance Maturity Index (PAMI)

To quantify governance effectiveness and enable continuous improvement tracking, the research introduces
the Portfolio Assurance Maturity Index (PAMI), a composite metric designed to assess the operational
maturity of each governance subsystem. The PAMI is calculated as:

PAMI =0.25 x (SPA_score) + 0.30 x (CBS_score) + 0.25 x (VIP_score) + 0.20 x (RDC_score)

where SPA _score represents Structured Portfolio Assurance process maturity, CBS_score represents
Competency-Based Staffing maturity, VIP_score represents systematic VIP implementation maturity, and
RDC_score represents Risk-Driven Controls maturity. Each component is scored on a five-point scale:

e Level 1 (Ad Hoc): Processes exist informally with inconsistent application.

o Level 2 (Defined): Processes are documented but execution varies by project.

o Level 3 (Managed): Processes are consistently executed with defined metrics.

e Level 4 (Measured): Processes are quantitatively monitored with closed-loop feedback.

e Level 5 (Optimizing): Processes undergo continuous improvement based on empirical
performance data.
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0 Baseline (PAMI=2.1)
Post-implementation (PAMI=3.8)

Figure. Portfolio Assurance Maturity Index assessment showing governance maturity progression from
baseline (2.1) to post-implementation (3.8) across four subsystems

The weighting coefficients reflect the relative impact of each subsystem on portfolio outcomes, derived
from sensitivity analysis of historical project performance data. Figure 2 presents a representative PAMI
spider diagram for a portfolio transitioning from baseline (pre-framework) to post-implementation maturity
states. The baseline assessment yielded a PAMI of 2.1, indicating predominantly defined-but-inconsistent
processes. Following 18 months of framework implementation, the portfolio achieved a PAMI of 3.8,
reflecting measured and optimizing process maturity across all subsystems.

Validation Outcomes and Performance Evidence
Validation employed two methodologies: retrospective benchmarking against 14 completed projects

totaling $2.7 billion in capital, and a prospective pilot encompassing five concurrent projects totaling $890
million over 24 months.
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PAMI Score vs Cost Performance Correlation

{R?=0.93

Cost Performance (Final/Budget)

PAMI Score

Figure. Scatter plot demonstrating strong correlation (R? = 0.87) between Portfolio Assurance Maturity
Index scores and normalized cost performance across 14 completed projects

The retrospective analysis established a strong correlation (R2=0.87) between PAMI scores and normalized
cost performance, defined as final cost divided by FID-approved budget. Projects with PAMI scores below
2.5 exhibited a mean cost overrun of 18.3%, while projects scoring above 3.5 delivered within 3.2% of
budget. Similarly, schedule performance demonstrated a clear relationship: low-maturity projects (PAMI <
2.5) experienced average delays of 4.8 months beyond authorized schedules, whereas high-maturity
projects (PAMI > 3.5) achieved mechanical completion within 1.1 months of plan.
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Design Change Frequency: Historical vs, Pilot Implementation
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Figure. Comparison of late-stage engineering change frequency between historical baseline and pilot
implementation, demonstrating 15% reduction in rework

The prospective pilot produced quantifiable performance improvements. Engineering rework—measured
as design changes issued after 90% design completion—decreased by 15% relative to the three-year
historical average. More significantly, the proportion of major risks identified and mitigated prior to
detailed design increased from 58% (historical baseline) to 79% (pilot performance), indicating enhanced
front-end risk capture. Startup deficiency rates, defined as equipment or system failures during
commissioning, declined by 23%, translating to accelerated revenue realization and reduced commissioning
labor costs.
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Figure. Front-end risk capture rates showing 21-percentage-point improvement in major risks identified
and mitigated prior to detailed design

These validation outcomes establish empirical support for the framework'’s core hypothesis: that portfolio-
level governance maturity, systematically measured and continuously improved, constitutes a quantifiable
determinant of capital project delivery performance in large-scale LNG facility upgrade portfolios.

DISCUSSION
The Criticality of Subsystem Interdependence

The validation outcomes presented in Section 4.3 demonstrate that the framework's performance gains
derive not from the isolated excellence of individual subsystems, but from their structural interdependence.
This interdependence is neither incidental nor cosmetic; it represents a deliberate architectural principle
rooted in systems engineering logic. Each subsystem generates outputs that serve as critical inputs to others,
creating reinforcing feedback loops that amplify governance effectiveness while simultaneously
establishing fail-safe mechanisms that prevent localized weaknesses from cascading into portfolio-level
failures.

Systoms Engineering
Subsystem Interactions

Aaht fadingy drve Asssrance reusty walats Tap-10 rishs v igger
g %) stmenty ortroly srbunced weilcation

Figure. Critical data flows and feedback loops between EGO subsystems demonstrating architectural
interdependence and reinforcing governance mechanisms

The relationship between Competency-Based Staffing (CBS) and Systematic Value-Improving Practices
(VIPs) exemplifies this principle. VIPs such as the Technology Selection Workshop and the
Constructability and Modularization Study are intellectually demanding exercises that require participants

22


https://www.eajournals.org/

British Journal of Earth Sciences Research, 14(1),1-30, 2026
Print ISSN: 2055-0111 (Print)
Online ISSN: 2055-012X (Online)

Website: https://www.eajournals.org/

Publication of the European Centre for Research Training and Development -UK
to synthesize disparate technical knowledge, challenge established assumptions, and generate innovative

solutions under time constraints. Historical evidence from the benchmarking dataset reveals that VIP
effectiveness—measured by the quantity and quality of actionable recommendations generated—correlates
directly with participant competency levels. Workshops staffed predominantly with Level 2 engineers
produced an average of 4.2 implementable recommendations per session, whereas sessions meeting the
CBS Tier 3 competency thresholds (40% Level 3-5 engineers) generated 11.7 recommendations,
representing a 178% improvement in value extraction from the same time investment.

This relationship is not merely correlational but causal: senior engineers possess the cross-project
experience and technical depth required to recognize non-obvious optimization opportunities, assess
second-order consequences of design decisions, and credibly challenge incumbent operational practices.
Absent the CBS subsystem's deterministic allocation of advanced-level competency to critical projects, VIP
sessions devolve into procedural compliance exercises that satisfy audit requirements without delivering
substantive value. Conversely, the CBS subsystem's competency matrix is informed by the mandatory VIP
calendar; disciplines requiring facilitation or leadership roles in mandated VIPs receive elevated
competency weighting factors in the staffing algorithm, ensuring that resource allocation decisions account
for governance process demands, not solely design production workload.

The Structured Portfolio Assurance Processes subsystem similarly depends on inputs from both CBS and
Risk-Driven Engineering Controls. The Portfolio Technical Review forum achieves its cross-project
analytical rigor only when discipline leads possess sufficient seniority and portfolio-wide visibility to
identify horizontal technical patterns—a condition enforced by the CBS requirement for Level 4-5
discipline authorities. Simultaneously, the quarterly Portfolio Risk Consolidation Session generates the
Top-10 risk register that triggers augmented verification protocols in the Risk-Driven Controls subsystem,
which in turn generates performance data—frequency of risk-driven design changes, effectiveness of
enhanced peer reviews—that flows back into the assurance dashboard and informs subsequent PAMI
assessments.

This interdependence extends to the Portfolio Assurance Maturity Index itself. The PAMI's composite
structure ensures that governance maturity cannot be achieved through selective excellence; a portfolio
scoring 5.0 on VIP implementation but 2.0 on CBS would yield an aggregate PAMI of only 3.05,
insufficient to achieve the high-maturity performance thresholds observed in the validation study. This
mathematical constraint reflects operational reality: governance frameworks exhibit threshold behavior
wherein minimum competency across all subsystems is prerequisite to unlocking performance gains. The
framework's architecture deliberately prevents organizations from pursuing superficial governance
improvements—such as implementing assurance calendars without addressing underlying competency
deficits—that create the appearance of rigor while delivering negligible performance benefits.
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The PAMI as an Instrument of Strategic Leadership

The Portfolio Assurance Maturity Index represents a fundamental transformation in how engineering
governance is conceptualized, measured, and managed within capital-intensive organizations. Prior to the
introduction of composite governance metrics, discussions of assurance effectiveness occurred in
subjective, qualitative terms: project teams "followed processes"” or "maintained discipline,” but lacked
quantitative frameworks to differentiate high-performing governance from procedural theater. This
subjectivity introduced two critical failure modes: first, leaders could not reliably diagnose the root causes
of portfolio underperformance, attributing cost overruns to external factors (market volatility, regulatory
changes) when governance deficiencies were often primary contributors; second, organizations lacked
empirical bases for prioritizing governance improvement investments, resulting in resource allocation
driven by executive intuition or consultant recommendations rather than data-informed analysis.

Systems Engineering Capability Roadmap

Phase 2 Phase 3
Integration Optimization

* Integrate review forums Continuous improvement

* Implement ERAB Predictive analytics

* Achieve PAM| 3.0 Achieve PAMI 4.0+

* Refine risk protocois Cross-portfolio benchcarking

< - <

0 months 6 months 18 months ongoing

Figure. Recommended three-phase implementation roadmap showing prioritized governance maturity
development pathway from baseline to optimized state

The PAMI addresses both failure modes by establishing governance maturity as a quantifiable, measurable
characteristic of portfolio management systems. Its composite structure enables diagnostic precision: when
a portfolio exhibits unsatisfactory cost or schedule performance, leadership can decompose the aggregate
PAMI score to identify which subsystems are constraining overall maturity. A portfolio scoring 4.2 on
Structured Assurance Processes but 2.1 on Competency-Based Staffing immediately reveals that resource
allocation practices, not review mechanisms, constitute the binding constraint on performance
improvement. This diagnostic capability transforms governance discussions from philosophical debates
about "the right level of oversight" into data-driven dialogues focused on specific, measurable deficiencies.
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Moreover, the PAMI's five-level maturity scale provides a roadmap for incremental capability

development. Organizations need not achieve Level 5 maturity across all subsystems simultaneously; the
framework explicitly accommodates phased implementation wherein leadership directs improvement
resources toward subsystems with the highest marginal returns. Sensitivity analysis conducted during the
pilot phase indicates that advancing CBS maturity from Level 2 to Level 3 delivers greater performance
gains than advancing VIP maturity from Level 3 to Level 4, enabling organizations with constrained
improvement budgets to sequence investments according to empirically validated impact hierarchies.

The PAMI also serves a critical accountability function. By establishing governance maturity as a defined,
measurable outcome, it creates a performance metric for portfolio assurance functions that is independent
of project-level cost and schedule performance. This independence is essential: portfolio-level governance
cannot control all variables affecting project outcomes—commodity price shocks, force majeure events,
and regulatory interventions lie beyond the governance framework's influence—but it can control the
maturity and consistency of assurance processes. The PAMI enables leadership to hold Portfolio Assurance
Offices accountable for continuous governance improvement while avoiding the logical fallacy of
attributing all portfolio performance variance to governance quality.

Finally, the PAMI facilitates peer benchmarking across business units within diversified energy
corporations and, potentially, across competitor organizations within the LNG industry. While absolute
PAMI scores depend on calibration assumptions and weighting factors that may vary by organizational
context, directional trends—quarter-over-quarter maturity improvements, subsystem score distributions—
provide meaningful comparison bases. During the research validation phase, two participating
organizations independently calculated PAMI scores using the standardized rubric, enabling a confidential
benchmarking exchange that identified specific practices one organization had mastered (systematic
constructability reviews) that the other had not yet implemented, catalyzing targeted knowledge transfer.

Organizational Implementation Realities

The framework's successful deployment requires confronting organizational realities that extend beyond
technical design. Three implementation challenges emerged as critical during the pilot phase, each
demanding explicit leadership attention and resource commitment.

First, the framework necessitates establishment of a dedicated Portfolio Assurance Office (PAO) staffed
with senior engineering professionals who operate with authority independent of project execution teams.
The PAO's core functions—facilitating portfolio-level review forums, maintaining the integrated assurance
dashboard, administering the competency matrix, and auditing VIP compliance—cannot be delegated to
existing project controls groups without creating conflicts of interest. Project teams possess strong
incentives to underreport risk exposure, claim competency sufficiency, and defer time-consuming VIPs
when schedule pressures intensify. The PAO must therefore function as an independent assurance
organization, reporting directly to the Vice President of Engineering or Chief Operating Officer, with
explicit authority to escalate governance deficiencies and, when necessary, recommend project gate holds.
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Establishing such an office requires dedicated headcount—the pilot portfolio, comprising five concurrent

projects, required 4.5 full-time equivalents for effective PAO operation—and represents a structural cost
that must be justified against portfolio performance improvements.

Second, the framework demands a cultural transition from project-centric autonomy to portfolio-level
discipline. Historically, project managers within brownfield LNG portfolios have operated as semi-
autonomous leaders, exercising broad discretion over staffing decisions, process methodologies, and risk
management approaches. The framework explicitly constrains this autonomy: project managers cannot
unilaterally waive mandated VIPs, cannot staff critical disciplines below prescribed competency thresholds,
and cannot refuse resource reallocations directed by the Engineering Resource Allocation Board. This
constraint is intentional—portfolio optimization necessarily involves sub-optimizing individual projects—
but generates predictable resistance. During the pilot, three of five project managers initially objected to
ERAB resource redirections, arguing that portfolio-level decisions compromised their project-specific
commitments. Leadership intervention was required to reinforce the primacy of portfolio outcomes over
project-level preferences, a dynamic that underscores the framework's dependence on executive
sponsorship and cultural reinforcement.

Third, the framework requires non-trivial investment in digital infrastructure and training programs. The
integrated assurance dashboard cannot operate effectively on spreadsheet-based project controls systems;
it requires purpose-built data integration platforms capable of extracting engineering progress metrics, risk
register data, and resource loading information from multiple project management systems and presenting
consolidated, portfolio-level visualizations. The pilot phase required an initial $1.2 million investment in
dashboard development and system integration, followed by ongoing annual maintenance costs of
approximately $180,000. Additionally, engineering staff require training in VIP facilitation methodologies,
competency self-assessment protocols, and PAMI scoring rubrics. The pilot organization delivered 24 hours
of classroom training to 87 engineering personnel over a six-month period, representing a significant time
commitment that temporarily reduced billable utilization rates.

These implementation challenges are neither trivial nor transient. Organizations contemplating framework
adoption must approach implementation as a multi-year transformation program, not a procedural update,
and must secure executive commitment to sustained investment in assurance capabilities.

Trajectories for Future Research

The framework and validation outcomes presented in this research establish a foundation for multiple
research extensions. Four trajectories warrant particular attention.

First, the PAMI methodology can be adapted to other asset-intensive industries confronting analogous
portfolio governance challenges. Offshore wind farm development portfolios, hydrogen liquefaction
facilities, and carbon capture and sequestration infrastructure all exhibit the characteristics that make
portfolio-level governance critical: high capital intensity, technical complexity, brownfield integration
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requirements, and competency scarcity. Adapting the PAMI to these contexts would require recalibrating

the competency matrix (substituting wind turbine foundation engineering for rotating equipment
engineering, for example) and validating industry-specific VIPs, but the fundamental architectural
principles—structured assurance processes, competency-based staffing, systematic value-improving
practices, and risk-driven controls—remain applicable. Comparative research examining PAMI
implementation across multiple industries would vyield insights into which governance elements are
universally effective and which require context-specific customization.

Second, integration of the PAMI framework with digital twin platforms represents a promising avenue for
real-time governance. Current dashboard implementations rely on lag indicators extracted from monthly
project reports, introducing delays between governance deficiencies and their detection. Emerging digital
twin technologies, which create continuously updated virtual replicas of physical assets and their
engineering deliverables, could enable near-real-time PAMI scoring based on live data feeds from 3D
design models, specification databases, and construction progress tracking systems. This integration would
transform the PAMI from a retrospective assessment tool into a predictive early-warning system, alerting
leadership to governance degradation before it manifests as cost or schedule variance.

Third, the data streams generated by PAMI-instrumented portfolios create opportunities for machine
learning applications in governance analytics. With sufficient historical data—PAMI component scores,
project characteristics, risk profiles, and ultimate performance outcomes—supervised learning algorithms
could identify non-obvious predictive relationships between governance patterns and project success. For
example, preliminary analysis of pilot data suggests that the ratio of CBS competency scores to VIP
compliance scores may be a stronger predictor of constructability performance than either metric
independently, but the dataset is insufficient for statistical validation. As organizations accumulate multi-
portfolio, multi-year PAMI datasets, Al-driven predictive models could enable prescriptive governance
recommendations tailored to specific project risk profiles.

Fourth, research into the optimal governance intensity as a function of portfolio scale and project
heterogeneity would provide practical guidance for framework calibration. The pilot portfolio comprised
five moderately homogeneous brownfield LNG projects; portfolios encompassing both greenfield and
brownfield projects, or spanning multiple facility types (LNG, NGL, petrochemicals), may require
differentiated governance approaches. Establishing empirically validated relationships between portfolio
characteristics and optimal PAMI component weightings would enhance the framework’s adaptability and
reduce implementation risk for organizations with diverse asset bases.

CONCLUSION

The engineering governance of large-scale LNG facility upgrades has reached an inflection point. As the
global liquefaction infrastructure base enters its fourth decade of operation, the strategic imperative to
sustain production capacity and market position through substantial brownfield reinvestment is undeniable.
Yet the prevailing governance paradigm—fragmented project-by-project oversight inherited from

27


https://www.eajournals.org/

British Journal of Earth Sciences Research, 14(1),1-30, 2026
Print ISSN: 2055-0111 (Print)
Online ISSN: 2055-012X (Online)

Website: https://www.eajournals.org/

Publication of the European Centre for Research Training and Development -UK
greenfield mega-project frameworks—has proven structurally inadequate for managing contemporary

upgrade portfolios comprising dozens to hundreds of concurrent, interdependent interventions. The
compounding effects of resource contention, interface complexity, SIMOPS constraints, and inconsistent
assurance application generate systemic risks that conventional project controls cannot detect, quantify, or
mitigate at the portfolio scale. The result is predictable: cost escalation, schedule slippage, elevated rework
rates, and latent technical deviations that materialize when correction is most expensive. For operators
managing multi-billion-dollar capital commitments within live production environments, these outcomes
are not merely inefficient—they are commercially unsustainable and operationally hazardous.

This research introduces the Engineering Governance Optimization (EGO) model as a direct response to
this governance deficit. The model's central innovation lies in its integration of four mutually reinforcing
subsystems—Structured Portfolio Assurance Processes, Competency-Based Staffing, Systematic Value-
Improving Practices, and Risk-Driven Engineering Controls—into a unified architecture that operates at
the portfolio rather than project level. Critically, the model embeds a quantitative diagnostic instrument,
the Portfolio Assurance Maturity Index (PAMI), which transforms governance from a qualitative
compliance function into a measurable, predictive analytic capability. The PAMI enables operators to
establish governance maturity baselines, identify systemic vulnerabilities before they propagate into
execution failures, and allocate improvement resources with empirical precision. Validation across
retrospective benchmarking and prospective pilot implementations demonstrates that portfolios achieving
elevated PAMI scores deliver measurably superior outcomes: reduced engineering rework, enhanced risk
capture during front-end phases, improved competency deployment, and accelerated commissioning
performance.

The implications extend beyond operational efficiency. Engineering governance maturity, as quantified
through the PAMI framework, constitutes a strategic determinant of capital productivity and long-term
asset competitiveness. For operators of aging LNG infrastructure confronting intensifying market pressures,
regulatory demands, and offtake reliability expectations, the adoption of portfolio-level governance
optimization is not an incremental process refinement—it is a strategic imperative. The framework provides
the architectural foundation to transform upgrade portfolios from sources of execution risk into platforms
for sustained value delivery. Operators who deploy such systems position themselves to safeguard multi-
billion-dollar investments, maintain operational integrity during complex interventions, and preserve
competitive positioning within a global gas market that increasingly rewards reliability above all else. The
guestion is no longer whether portfolio-level governance is necessary, but how rapidly it can be
institutionalized.
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