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Abstract: Industrial and infrastructure asset portfolios require investment decisions under limited budgets, operational 

risks, resource constraints, and competing sustainability priorities. This study proposes a decision intelligence framework 

for portfolio level asset intervention prioritization. The framework integrates Fuzzy Delphi based criterion validation, 

Pareto screening, Group AHP weighting, Utility Value Analysis, performance-gap assessment, and binary performance-

gain knapsack optimization. Eight criteria are considered: asset condition, failure exposure, lifecycle cost, operational 

importance, resilience contribution, environmental performance, modernization potential, and implementation feasibility. 

The optimization model selects intervention portfolios according to expected performance gains while considering budget 

limits, performance requirements, resource constraints, and logical dependencies. Scenario analysis examines portfolio 

changes under cost, reliability, resilience, sustainability, and digital-modernization priorities. VIKOR, TOPSIS, 

PROMETHEE, and COPRAS provide alternative rankings, while Spearman correlation assesses ranking stability. A 

synthetic asset portfolio is used to demonstrate the computational workflow without relying on proprietary organizational 

data. 
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I. INTRODUCTION 

 

This study develops a structured decision intelligence 

methodology for prioritizing sustainable infrastructure and 

industrial asset interventions under competing constraints. 
The methodology integrates expert-based criterion 

validation, multi criteria weighting, performance-gap 

assessment, binary portfolio optimization, and scenario 

analysis. It considers asset condition, failure exposure, 

lifecycle cost, operational importance, resilience 

contribution, environmental performance, modernization 

potential, and implementation feasibility within a unified 

portfolio decision process. 

 

 Background and Motivation 

Asset portfolio planning often emphasizes financial 
indicators, project cost, physical condition, and individual 

asset performance. Such approaches may overlook 

interactions among assets and the combined effects of 

reliability, resilience, sustainability, and modernization 

requirements. Recent MCDM studies support 

multidimensional assessment for sustainable infrastructure 

and industrial decisions [1]–[3]. Digital twin and predictive 
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maintenance research connects asset condition with 

operational decision support [4]–[6]. Lifecycle and risk 
oriented studies extend assessment across longer planning 

horizons [8]–[11], [17]. Resource allocation and forecasting 

research [7], [12]–[14], [19] further shows the need for 

structured decisions under limited capital and competing 

operational requirements. 

 

 Problem Statement 

Existing research provides methods for MCDM, 

reliability assessment, predictive maintenance, lifecycle 

optimization, sustainability evaluation, and resource 

allocation. However, a gap remains between asset-level 
assessment and portfolio level intervention selection. Many 

approaches evaluate individual assets or technologies 

without simultaneously considering budget limits, 

performance targets, resource availability, and logical 

dependencies. Other models focus on operational 

optimization while giving limited attention to broader 

sustainability and lifecycle criteria. Consequently, decision 

makers may receive asset rankings without a clear basis for 

selecting intervention combinations that satisfy financial, 

technical, operational, environmental, and strategic 

requirements within available portfolio resources. 

 
 Proposed Solution 

This study proposes a Decision Intelligence 

Framework for Sustainable Infrastructure and Industrial 

Asset Portfolio Prioritization Under Competing Constraints. 

The framework combines Fuzzy Delphi-based criterion 

validation, Pareto screening, Group AHP weighting, Utility 

Value Analysis, performance-gap assessment, and binary 

Goal Programming Knapsack optimization. The first phase 

validates and weights decision criteria and measures 

deviations from desired targets. The second phase selects 

intervention portfolios according to expected performance 
gains, budget limits, resource constraints, minimum 

performance requirements, and logical dependencies. 

Scenario analysis evaluates cost, reliability, resilience, 

sustainability, and digital-modernization priorities, while 

alternative MCDM methods support ranking comparison. 

 

 Contributions 

The study provides four main contributions to asset-

management and decision-support research. First, it presents 

an integrated portfolio architecture that considers technical, 

economic, operational, environmental, resilience, and 
modernization criteria together. Second, it connects 

weighted performance gap assessment with binary Goal 

Programming optimization for investment selection under 

budget and logical constraints. Third, scenario analysis 

examines changes in portfolio composition under different 

organizational priorities. Fourth, comparison with VIKOR, 

TOPSIS, PROMETHEE, and COPRAS, together with 

Spearman rank correlation, provides a quantitative 

assessment of ranking stability. These contributions extend 

asset prioritization from independent scoring toward 

constrained portfolio-level decision intelligence. 

 
 

 

 Paper Organization 

The paper is organized as follows. Section II reviews 
related research. Section III presents the proposed 

methodology, including criterion validation, Group AHP, 

performance-gap assessment, and GP-Knapsack 

optimization. Section IV presents the results, scenario 

analysis, and ranking stability. Section V concludes the 

study and discusses future research directions. 

 

 Objective of the Study 

The objective is to develop and evaluate a decision 

intelligence framework for measuring asset performance 

gaps, prioritizing interventions, and selecting feasible 
investment portfolios under budget, resource, performance, 

and logical constraints. 

 

II. RELATED WORK 

 

This section reviews recent work relevant to multi 

criteria asset prioritization, sustainability assessment, 

reliability management, digital decision support, and 

constrained resource allocation. The reviewed studies show 

growing integration of analytical models, digital twins, 

artificial intelligence, and multi criteria methods. However, 

existing approaches generally address individual dimensions 
or operational problems rather than a unified portfolio level 

decision framework for competing organizational, technical, 

financial, and sustainability constraints. 

 

 Multi-Criteria Decision-Making for Sustainable Asset 

and Infrastructure Assessment 

Recent MCDM research demonstrates the value of 

combining technical, environmental, economic, and 

sustainability indicators for infrastructure decisions. Davis et 

al. [1] integrate multiple criteria for water energy nexus 

optimization, while Pérez Rocamora and González [2] apply 
multi-criteria analysis to sustainable sewer technology 

selection under environmental constraints. Boonkanit and 

Paengteerasukkamai [3] incorporate expert validated 

sustainability indicators within manufacturing decision 

support. These studies provide foundations for structured 

criteria selection and comparative evaluation. However, 

their primary focus remains technology, sustainability, or 

organizational assessment rather than coordinated 

intervention portfolios across heterogeneous assets under 

explicit resource and logical constraints. 

 
 Digital Twin, Reliability, and Predictive Asset Decision 

Support 

Digital and reliability oriented studies increasingly 

connect asset condition information with maintenance and 

decision processes. Hossain [4] proposes an explainable 

digital twin decision intelligence framework for predictive 

risk assessment and maintenance optimization in critical 

infrastructure. Rohan [5] integrates reliability centered 

maintenance with renewable-energy coordination and multi-

criteria decision logic for sustainable industrial production. 

Rahman [6] combines digital twin capabilities with 

predictive maintenance scheduling in smart manufacturing, 
while Fazle [18] links predictive maintenance with 

integrated process optimization. Mirza [15] further 
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demonstrates the role of telemetry correlation and intelligent 

root cause diagnostics in data driven operational decision 
support. These studies support condition aware decision 

processes, but they do not fully formulate portfolio level 

intervention selection across competing sustainability, 

reliability, cost, and implementation constraints. 

 

 Resource Allocation, Forecasting, and Multi-Objective 

Optimization Under Constraints 

Optimization studies provide important methods for 

allocating scarce organizational resources across competing 

requirements. Rahman [7] formulates multi-objective 

operational optimization for manufacturing and industrial 
equipment resource allocation, incorporating production, 

machine, maintenance, workforce, and inventory 

considerations. Huq [12] develops a mathematical decision 

framework for workforce planning under organizational 

uncertainty, emphasizing productivity, utilization, 

completion probability, cost, and resilience. Das [19] 

addresses risk-aware labor procurement and staffing 

flexibility using scenario-based resource and risk 

considerations. Rashid [13] applies AI-driven forecasting to 

lead time and sourcing-cost uncertainty, while Barua [14] 

examines demand forecasting and inventory optimization 

for supply-chain performance management. Khalil [20] 
considers workflow optimization for cross-functional project 

delivery. Collectively, these studies demonstrate constrained 

resource and operational decision-making, but they do not 

provide a unified portfolio level model for prioritizing long-

lived infrastructure and industrial asset interventions. 

 

 Lifecycle Performance, Structural Risk, and Resilience in 

Asset Decisions 

Lifecycle and risk perspectives broaden asset decision-

making beyond immediate operational performance. 

Hossain [8] examines lifecycle performance governance for 
smart buildings and critical infrastructure, while Rohan [9] 

develops a lifecycle optimization perspective for eco-

efficient manufacturing. Abdullah [10] addresses reliability 

under construction and subsurface uncertainty, and Islam 

[11] examines reliability and maintenance strategies for 

long-haul fiber networks. Khalid [16] focuses on structural 

design and optimization of industrial steel structures 

supporting process and power plant facilities, providing an 

engineering perspective on asset performance and structural 
decision requirements. Al Morshed et al. [17] use risk-

informed construction delivery for resilient public 

infrastructure under geotechnical and environmental 

uncertainty. Together, these studies highlight lifecycle, 

reliability, structural performance, resilience, and 

uncertainty dimensions, yet an integrated decision 

architecture for portfolio prioritization remains insufficiently 

developed. 

 

III. METHODOLOGY 

 
This study develops a structured decision intelligence 

methodology for prioritizing sustainable infrastructure and 

industrial asset interventions under competing constraints. 

The methodology combines criterion validation, multi-

criteria weighting, performance-gap assessment, portfolio 

optimization, and scenario analysis. A synthetic asset 

portfolio is used for illustrative computational 

demonstration of the proposed methodology. The 

framework considers asset condition, failure exposure, 

lifecycle cost, operational importance, resilience, 

environmental performance, modernization potential, and 

implementation feasibility within a single decision process. 
 

 Research Framework and Methodological Structure 

The proposed methodology follows a sequential 

decision process that transforms heterogeneous asset 

information into prioritized investment decisions. The 

process begins with asset portfolio characterization and 

evaluation-criterion development. Expert validation and 

criterion screening are followed by Group AHP weighting 

and Utility Value Analysis. Performance gaps are then 

calculated against predefined targets. Candidate 

interventions subsequently enter a binary Goal 
Programming model subject to budget, performance, 

resource, and logical constraints. Finally, scenario analysis 

and alternative MCDM comparisons assess ranking stability. 

This sequence connects asset assessment with portfolio 

selection and provides a structured basis for transparent 

investment decisions across infrastructure and industrial 

asset portfolios. 
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Fig 1 Proposed Decision-Intelligence Framework for Sustainable Infrastructure and Industrial Asset Portfolio Prioritization. 

 
 Synthetic Asset Portfolio and Evaluation Criteria 

A synthetic portfolio is constructed to represent 

heterogeneous infrastructure and industrial assets with 

different conditions, operational roles, risks, costs, and 

modernization opportunities. Candidate assets may include 

production equipment, energy systems, water infrastructure, 

structural assets, communication systems, and other 

engineering assets. Each asset receives normalized values 

for the selected criteria and intervention specific 

characteristics. These characteristics include estimated 

investment cost, expected performance improvement, 

resource requirements, and implementation dependencies. 

The synthetic structure allows controlled experimentation 

without proprietary organizational information. It also 

provides a consistent dataset for testing portfolio selection 

under different organizational priorities and competing 

resource conditions. 
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Table 1 Evaluation Criteria for Sustainable Infrastructure and Industrial Asset Portfolio Prioritization 

Criterion Measurement Focus Decision Purpose 

Asset condition Physical condition and remaining useful life Intervention urgency 

Failure exposure Failure likelihood and consequence Risk priority 

Lifecycle cost Long-term ownership expenditure Economic priority 

Operational importance Effect on core operations Service continuity 

Resilience contribution Recovery and disruption tolerance Resilience value 

Environmental performance Emissions and resource consumption Sustainability 

Modernization potential Digital and technical upgrade opportunity Transformation value 

Implementation feasibility Time, workforce, and resource requirements Execution feasibility 

 
 Criteria Validation, Screening, and Weighting 

The first analytical stage determines the criteria that 

will influence portfolio prioritization. The framework 

specifies the Fuzzy Delphi Technique (FDT) as the 

criterion-validation mechanism, where expert judgments are 

represented through Triangular Fuzzy Numbers. Criteria 

satisfying the predefined distance threshold 𝐷𝑗 ≤ 0.20 and 

consensus level of at least 75% are retained. Pareto 80/20 

screening then identifies criteria with stronger decision 

contributions. Group AHP is applied to determine relative 
criterion weights, with a consistency ratio below 0.100.10 

used as the acceptance condition. Utility Value Analysis 

converts heterogeneous indicators into a common 0–5 scale 

while preserving the preferred direction of each criterion. 

 

The weighted performance gap score is: 

 

𝐺𝑖𝑗 = 𝑤𝑗(5 − 𝑈𝑖𝑗) 

 

Where 𝐺𝑖𝑗  is the weighted gap for asset ii under 

criterion 𝑗, 𝑤𝑗 is the criterion weight, and 𝑈𝑖𝑗  is the 

normalized utility value. A higher gap indicates greater 

unmet performance. 

 

 Performance-Gap Assessment 

The performance gap stage compares the current 

condition of each asset with its desired target. Technical, 

economic, environmental, operational, and resilience 
indicators are first normalized so that they can be evaluated 

on a common scale. The direction of each indicator is 

considered during normalization because some criteria 

represent desirable high values while others represent 

desirable low values. Only unmet target performance 

contributes to the negative deviation. This approach 

prevents assets that already satisfy a target from receiving 

unnecessary intervention priority. The resulting gap values 

provide the analytical basis for estimating the potential 

benefit of candidate maintenance, modernization, 

replacement, or digital-upgrade interventions. 

 
The negative deviation is calculated as: 

 

𝑑𝑖𝑗
− = 𝑚𝑎𝑥⁡(0, 𝑔𝑗 − 𝑈𝑖𝑗) 

 

Where 𝑑𝑖𝑗
− ⁡represents the unmet performance for asset 

ii and criterion 𝑗, 𝑔𝑗 represents the desired target, and 𝑈𝑖𝑗  

represents normalized asset performance. 

 

 

 Two-Phase Goal Programming Portfolio Optimization 

The central optimization stage converts the identified 

performance gaps into a feasible investment portfolio. Each 

candidate intervention is represented through a binary 

decision variable xjx_j. A value of one indicates selection, 

while zero indicates rejection. The optimization objective is 

to maximize the total expected portfolio performance gain 

while respecting available capital and other organizational 

constraints. The model incorporates minimum performance 

requirements, workforce availability, technical resources, 

and logical dependencies among interventions. This 

structure allows the decision process to move beyond 
individual asset ranking and determine which combination 

of interventions provides the greatest overall portfolio value 

within available resources. 

 

The primary objective is: 

 

𝑚𝑎𝑥⁡𝑍 =∑

𝑛

𝑗=1

∆𝐸𝑆𝐺𝑗𝑥𝑗 

 

Where ∆𝐸𝑆𝐺𝑗  represents the expected performance 

improvement from intervention 𝑗. The principal budget 

condition is: 

 

∑

𝑛

𝑗=1

∑𝑗 = 𝐶𝑜𝑠𝑡𝑗𝑥𝑗 ≤ 𝐵 

 

Where 𝐶𝑜𝑠𝑡𝑗  represents intervention cost and 𝐵 

represents the available investment budget. Logical 

dependencies are represented through conditions such as 

𝑥𝑖 ≤ 𝑥𝑘 indicating that intervention 𝑖 requires enabling 

intervention 𝑘. 

 
 Scenario and Sensitivity Analysis 

The final stage evaluates the stability of portfolio 

recommendations under different organizational priorities. 

Five scenarios are considered: cost reduction, reliability 

improvement, resilience improvement, sustainability 

priority, and digital modernization. Criterion weights are 

modified for each scenario, and the portfolio optimization 

process is repeated. The resulting portfolios are then 

compared with alternative MCDM approaches, including 

VIKOR, TOPSIS, PROMETHEE, and COPRAS.  
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Spearman’s rank correlation is used to examine the 

degree of agreement between rankings. This process 
identifies assets whose priorities remain stable and those 

that change substantially when decision preferences or 

strategic objectives shift. 

 

 
Fig 2 Scenario-Based Portfolio Trade-off Analysis Under Competing Investment Objectives. 

 

The complete methodology produces three principal 

outputs: asset level performance gaps, an optimized feasible 

intervention portfolio, and ranking-stability results. The first 

output identifies areas of unmet performance. The second 

determines which interventions should receive investment 

under the defined constraints. The third evaluates how 

portfolio recommendations change under alternative 

priorities and decision methods. This structure directly 

supports the research objectives concerning performance 

gap measurement, constrained portfolio optimization, and 
sensitivity-based validation. It also permits the framework to 

incorporate changing budget availability, resource 

limitations, asset dependencies, operational requirements, 

and sustainability priorities within a common decision 

process. 

 

IV. RESULTS AND DISCUSSION 

 

The proposed framework is demonstrated through a 

synthetic portfolio containing heterogeneous infrastructure 

and industrial assets. The analysis follows the methodology 
defined in Section III, covering performance-gap 

assessment, Group AHP weighting, binary GP-Knapsack 

optimization, and scenario based validation. The results 

focus on intervention priority, portfolio feasibility, 

competing objectives, and ranking stability. The synthetic 

setting demonstrates the decision process without presenting 

simulated outcomes as evidence from a specific 

organization. 

 

 Asset Performance-Gap Results 

The initial assessment identifies assets with the largest 

deficiencies across technical, economic, operational, 

resilience, environmental, and modernization criteria. Group 
AHP weights determine the relative contribution of each 

criterion, while Utility Value Analysis places different 

indicators on a common scale. The resulting weighted gaps 

distinguish assets with several simultaneous deficiencies 

from those with isolated weaknesses. Assets with poor 

condition, high failure exposure, strong operational 

importance, and limited resilience receive higher overall 

priority. Environmental and modernization deficiencies 

further affect ranking when their assigned weights are high. 

This result demonstrates that portfolio priority is not 

determined by physical condition or cost alone. The gap 
assessment also provides a direct basis for connecting 

identified deficiencies with candidate interventions. 
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Fig 3 Weighted Performance Gaps Across the Synthetic Asset Portfolio. 

 

Assets are ranked according to aggregate weighted 

gaps, with criterion contributions identifying major sources 

of intervention priority. 
 

 Optimized Intervention Portfolio 

The GP-Knapsack stage converts individual asset 

priorities into a feasible investment portfolio. Each 

candidate intervention is assessed through its cost, expected 

performance gain, resource requirement, and logical 

dependency. Thus, a highly ranked intervention may remain 

outside the selected portfolio if its investment requirement 

prevents a more beneficial combination of projects. The 

optimized portfolio favors interventions that provide strong 

aggregate benefits within the available budget and 
resources. Replacement, maintenance renewal, structural 

rehabilitation, predictive monitoring, and selected 

modernization actions can coexist when their combined 

requirements satisfy portfolio constraints. Some expensive 

interventions remain unselected despite high individual 

benefits. This result demonstrates the distinction between 

asset-level priority and portfolio level priority, which is 

central to the proposed decision framework. 

 

Table 2 Illustrative Optimized Intervention Portfolio 

Intervention Main action Cost Expected gain Status 

I1 Asset replacement High High Selected 

I2 Predictive upgrade Medium High Selected 

I3 Structural rehabilitation High High Selected 

I4 Digital monitoring Low Medium Selected 

I5 Major modernization High Medium Not selected 

I6 Maintenance renewal Medium Medium Selected 

I7 Capacity upgrade High High Not selected 

I8 Technology replacement Medium Low Not selected 

 

The portfolio illustrates that expected performance 
gain alone does not determine selection. I5 and I7 provide 

substantial individual benefits but require greater resources. 

I4 offers a moderate benefit with lower resource demand 

and therefore contributes favorably to the overall portfolio. 

The result supports portfolio level optimization rather than 

independent asset ranking. 

 

 Scenario-Based Portfolio Results 

The scenario analysis examines changes in portfolio 

composition under five organizational priorities: cost 

reduction, reliability improvement, resilience improvement, 
sustainability, and digital modernization. Criterion weights 

are modified for each scenario while the main portfolio 

constraints remain active. The optimization process is then 

repeated to identify changes in selected interventions. The 

cost focused scenario favors lower-cost interventions with 

favorable benefit to investment relationships. Reliability 

prioritization increases the position of assets with high 

failure exposure and operational consequences. Resilience 

prioritization favors interventions that reduce disruption 

effects. Sustainability gives greater importance to 
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environmental and resource-performance improvements, 

while digital modernization increases the priority of assets 

with stronger upgrade potential. The balanced scenario 

produces a broader distribution across competing objectives. 
 

 
Fig 4 Portfolio Composition Under Competing Strategic Priorities. 

 

The figure compares selected interventions across cost, 

reliability, resilience, sustainability, digital modernization, 

and balanced scenarios. 

 

 MCDM Comparison and Ranking Stability 
The proposed ranking is compared with VIKOR, 

TOPSIS, PROMETHEE, and COPRAS to assess the 

stability of asset priorities. These methods provide 

alternative ranking structures based on different preference 

and comparison mechanisms. Spearman’s rank correlation is 

used to measure agreement between the proposed ranking 

and the alternative results. The comparison focuses on assets 

that maintain or substantially change their positions. Assets 

with consistently strong or weak performance across several 

criteria are expected to retain relatively stable rankings. 

Greater variation occurs among intermediate assets with 

competing characteristics, such as low cost but moderate 
resilience or high modernization potential but substantial 

implementation requirements. The GP-Knapsack model has 

a different purpose from these ranking methods because it 

selects a feasible combination under explicit constraints. 

The alternative methods therefore serve as comparative 

analytical checks rather than substitutes for portfolio 

optimization. 
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Fig 5 Ranking Stability Across GP, VIKOR, TOPSIS, PROMETHEE, and COPRAS. 

 

The figure compares asset rankings across methods 

and identifies stable priorities and assets with substantial 

ranking changes. 
 

 Integrated Discussion and Limitations 

The results produce three main outputs: performance 

gap identification, feasible intervention selection, and 

ranking stability assessment. These outputs correspond 

directly to the study objectives. The gap stage identifies 

where deficiencies are concentrated, the optimization stage 

determines which interventions can receive investment, and 

scenario analysis examines how decisions respond to 

changing priorities. An important finding is that an asset 

with a large performance gap may remain unselected 
because of cost, resource limitations, or intervention 

dependencies. The synthetic portfolio limits direct empirical 

interpretation. Criterion weights depend on expert judgment, 

while intervention costs, benefits, and resource requirements 

are model inputs. The framework also does not yet use 

continuous real-time asset information or longitudinal 

organizational records. Future validation should use 

historical failure data, verified lifecycle costs, actual 

intervention outcomes, and larger heterogeneous portfolios. 

Such testing can assess the practical behavior of the 

framework across different infrastructure and industrial 
asset environments. 

 

V. CONCLUSION 

 

This study proposed a Decision Intelligence 

Framework for sustainable infrastructure and industrial asset 

portfolio prioritization under competing constraints. The 

framework integrates an expert-based criterion validation 

stage, Group AHP weighting, Utility Value Analysis, 

performance gap assessment, and binary performance gain 

knapsack optimization. It considers asset condition, failure 

exposure, lifecycle cost, operational importance, resilience, 
environmental performance, modernization potential, and 

implementation feasibility. The illustrative results show how 

portfolio level priorities can differ from individual asset 

rankings when budget, resource, performance, and logical 

constraints are considered. Scenario analysis also 

demonstrates changes in investment priorities under cost, 

reliability, resilience, sustainability, and digital 

modernization objectives. The framework provides a 

structured basis for transparent intervention prioritization 

and more consistent allocation of limited resources across 

heterogeneous infrastructure and industrial asset portfolios. 
 

Future empirical studies should evaluate the 

framework using real organizational asset records, historical 

failure data, verified lifecycle costs, and observed 

intervention outcomes. Further studies can incorporate 

continuous digital twin data, dynamic asset degradation, real 

time resource availability, probabilistic uncertainty, and 

larger heterogeneous portfolios. Research can also examine 

alternative optimization algorithms and additional MCDM 

methods. Field studies across different industrial and 

infrastructure sectors can assess the transferability of the 
framework and compare model based portfolio priorities 

with actual investment decisions and long term asset 

performance. 
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