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This study aimed to develop and evaluate an integrated optimization framework for the
simultaneous management of time, cost, and risk in EPC projects using hybrid
metaheuristic algorithms and uncertainty scenario analysis. This applied modeling and
simulation-based study was conducted to design an advanced decision-support
framework for engineering, procurement, and construction projects. First, the work
breakdown structure of an EPC project was modeled, and activity precedence
relationships, resource constraints, direct and indirect costs, and risk-related variables
were identified. A multi-objective function was then formulated to simultaneously
minimize total project duration, final project cost, and overall risk level. Genetic
Algorithm, Particle Swarm Optimization, and hybrid metaheuristic configurations
were employed to solve the optimization model. To incorporate dynamic uncertainty
in activity durations and resource availability, more than 5,000 uncertainty scenarios
were simulated and analyzed. The performance of the proposed framework was
compared with conventional project scheduling and resource allocation approaches.
Inferential results indicated that the proposed hybrid framework outperformed
traditional scheduling methods in the simultaneous optimization of time, cost, and risk.
Comparative scenario analysis demonstrated that the application of hybrid
metaheuristic algorithms reduced total project duration by approximately 20% to 35%
compared with conventional approaches. Moreover, delay-related additional costs
decreased by approximately 15% to 30%. Sensitivity analysis and comparative
assessment of high-risk scenarios further showed that the proposed model substantially
reduced the overall project risk level and generated more efficient Pareto-optimal
solutions for decision-making under resource constraints and uncertainty. The
proposed framework can be used as an intelligent and integrated decision-support tool
for EPC project management. By combining multi-objective optimization, hybrid
metaheuristic algorithms, and uncertainty analysis, the model enables project managers
to identify more efficient implementation scenarios. The framework may contribute to
reducing delays, controlling cost overruns, improving risk mitigation, and supporting
optimal managerial decision-making in complex industrial EPC projects.

Keywords: EPC project management, multi-objective optimization, Genetic Algorithm,
Particle Swarm Optimization, project scheduling, project cost, risk analysis, metaheuristic
algorithms, uncertainty, intelligent decision-support system
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Extended Abstract

Introduction

Engineering, Procurement, and Construction (EPC) projects are among the most complex delivery
systems in industrial, infrastructure, energy, and large-scale construction sectors because they integrate
engineering design, procurement decisions, construction execution, contractual responsibilities, resource
allocation, and risk transfer within a single project framework. Although the EPC model is often adopted
to improve coordination and accountability, its practical implementation is frequently challenged by time
overruns, cost escalation, supply chain disruptions, design changes, stakeholder misalignment, contractual
ambiguity, and uncertainty in resource availability. Recent studies on large-scale international EPC
projects emphasize that objective control in these projects requires more than conventional scheduling and
cost-monitoring tools; it requires integrated, adaptive, and analytically supported decision-making
frameworks capable of managing multiple project objectives simultaneously (Song & Lu, 2025). In this
regard, EPC project management has increasingly moved toward multi-objective optimization, digital
construction management, intelligent decision-support systems, and scenario-based planning approaches
(Piyush et al., 2023; You, 2022).

A central challenge in EPC project management is the simultaneous optimization of time, cost,
and risk. Traditional project scheduling methods, such as CPM and PERT, provide useful baseline
structures for identifying activity precedence and critical paths, but they are limited when activity
durations, procurement delays, resource constraints, and risk events are uncertain. EPC projects are rarely
executed under stable conditions; instead, they are exposed to changing technical, financial, legal,
environmental, and logistical conditions. Studies on EPC risk evaluation have shown that project risks are
multidimensional and interdependent, particularly in prefabricated construction, hydropower engineering,
logistics, and cross-border infrastructure projects (Cao & Lei, 2023; He & Han, 2022; Li et al., 2023; Xia et
al., 2022). Therefore, a project plan that minimizes time without considering cost and risk may generate
excessive resource pressure, financial inefficiency, and execution vulnerability. Likewise, cost
minimization without time and risk integration may result in delayed delivery or poor operational
feasibility.

Cost control is another critical issue in EPC projects. Under EPC contracting, cost performance is
affected not only by direct and indirect costs but also by design optimization, procurement strategies,
transaction costs, contract conditions, delay penalties, and coordination efficiency. Previous research has
highlighted that cost control in EPC-based construction requires integrated management across design,
procurement, and execution stages (Weihao, 2024). Moreover, transaction cost analysis in prefabricated
housing development has shown that developers’ decisions can significantly influence process efficiency
and cost outcomes (Wau et al., 2024). From a broader value-management perspective, project cost should
not be treated as an isolated financial indicator; rather, it should be analyzed in relation to systemic value,
sustainability, performance, and risk (Margherita et al., 2022). This perspective is particularly relevant to
EPC projects, where managerial decisions generate cascading consequences across time, cost, risk, and
stakeholder outcomes.

The increasing use of digital technologies and intelligent analytical methods has created new
possibilities for optimizing EPC project performance. Digital construction, business analytics, open
innovation, and intelligent decision-support systems can improve forecasting, coordination, and resource
allocation in complex project environments (Huang et al., 2024; VValmohammadi et al., 2024). In addition,
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metaheuristic algorithms such as Genetic Algorithm, Particle Swarm Optimization, simulated annealing,
and hybrid computational models are especially suitable for solving large-scale, nonlinear, constrained,
and multi-objective optimization problems. Similar intelligent optimization logics have been applied in
entrepreneurship path planning and technology-enabled decision-making contexts, showing that hybrid
data-driven and optimization-based systems can support complex decisions under uncertainty (Niu, 2025).
Within EPC project management, these approaches can help identify Pareto-optimal alternatives rather
than a single deterministic schedule, enabling managers to select the best compromise solution according
to organizational priorities and risk tolerance.

The entrepreneurial dimension of EPC optimization is also important. Entrepreneurship in this
context does not merely refer to new venture creation; rather, it refers to opportunity recognition,
innovative resource configuration, strategic decision-making, resilience, and value creation under
uncertainty. Operations management has been increasingly recognized as a core component of
entrepreneurial theory and practice because operational decisions shape growth, efficiency, and
sustainability (Fine et al., 2022). In construction projects, the managerial role of civil engineers has also
been reframed as an entrepreneurial function involving innovation, coordination, and value creation
(Entika et al., 2020). Furthermore, research on strategic entrepreneurship, sustainable supply chain
management, corporate entrepreneurship, resilience, circular economy, and green entrepreneurship
demonstrates that sustainable performance depends on the integration of innovation, resource efficiency,
risk management, and adaptive decision-making (Conduah & Essiaw, 2022; Haddad et al., 2024; Mardani et
al., 2024; Nourelhouda, 2022). Accordingly, developing a hybrid metaheuristic framework for EPC time—
cost-risk optimization can be understood as both a technical optimization effort and an entrepreneurial
decision-support mechanism for improving project value under uncertainty.

Methods and Materials

This study employed an applied modeling and simulation-based research design to develop and
evaluate an integrated optimization framework for EPC projects. The proposed framework was designed
to optimize project time, total cost, delay-related additional cost, and overall risk level under uncertain
execution conditions. First, the work breakdown structure of a representative EPC project was modeled,
and activity precedence relationships, resource constraints, direct costs, indirect costs, delay-related costs,
and risk variables were identified. The project network was then transformed into a multi-objective
optimization problem in which the objective function simultaneously minimized total project duration,
final project cost, and overall risk index.

To solve the optimization problem, three computational approaches were evaluated: Genetic
Algorithm, Particle Swarm Optimization, and a hybrid Genetic Algorithm—Particle Swarm Optimization
model. The hybrid model was developed to combine the global search capability of the Genetic Algorithm
with the rapid convergence capacity of Particle Swarm Optimization. In order to represent uncertainty in
activity durations, resource availability, cost fluctuations, and risk exposure, more than 5,000 simulated
scenarios were generated. These scenarios were classified across different levels of uncertainty, including
low, moderate, and high uncertainty. The performance of the proposed hybrid framework was compared
with the classical CPM/PERT approach and with the independent Genetic Algorithm and Particle Swarm
Optimization models.
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The analytical process included descriptive comparison of performance indicators, one-way
analysis of variance to examine differences among optimization methods, Bonferroni post-hoc tests for
pairwise comparisons, and scenario-based sensitivity analysis to evaluate model stability across
uncertainty levels. The main performance indicators included total project duration, total project cost,
delay-related additional cost, overall risk index, percentage reduction in project duration, percentage
reduction in project cost, and percentage improvement in risk level. A Pareto-front analysis was also
conducted to identify efficient trade-off solutions and determine the best compromise solution among
time, cost, and risk objectives.

Findings

The results showed that the proposed hybrid Genetic Algorithm—Particle Swarm Optimization
framework outperformed the classical CPM/PERT method and the independent metaheuristic models
across all major performance indicators. In the classical method, the mean total project duration was
642.38 days, while this value decreased to 517.26 days in the Genetic Algorithm, 504.81 days in Particle
Swarm Optimization, and 421.57 days in the hybrid model. Therefore, the hybrid framework reduced total
project duration by 34.37% compared with the classical approach. The total project cost also decreased
from 1184.62 in the classical method to 836.18 in the hybrid model, indicating a 29.42% improvement in
cost performance. Similarly, delay-related additional cost declined from 184.27 to 72.34, showing that the
proposed framework substantially reduced cost overruns associated with schedule delays.

The risk-related results also supported the superiority of the proposed model. The overall project
risk index was 0.684 in the classical method, 0.552 in the Genetic Algorithm, 0.529 in Particle Swarm
Optimization, and 0.412 in the hybrid model. This pattern indicates that the hybrid model achieved the
lowest risk level while also reducing time and cost. The results of one-way analysis of variance confirmed
statistically significant differences among the compared methods in total project duration, total project
cost, delay-related additional cost, and overall risk index. For total project duration, the F value was
5043.156 with an effect size of 0.752, indicating a strong effect of optimization method on project
duration. For total cost, the F value was 2509.613 with an effect size of 0.601. The effect sizes for delay-
related cost and overall risk index were 0.570 and 0.617, respectively, showing that the differences among
methods were not only statistically significant but also practically meaningful.

The Bonferroni post-hoc analysis further showed that all pairwise differences among the classical
method, Genetic Algorithm, Particle Swarm Optimization, and hybrid model were statistically significant.
The largest mean difference in project duration was observed between the classical method and the hybrid
model, equal to 220.81 days. The largest mean difference in total cost was also observed between the
classical method and the hybrid model, equal to 348.44. In terms of risk, the difference between the
classical method and the hybrid model was 0.272, representing the strongest risk reduction among all
comparisons. Scenario-based analysis demonstrated that the hybrid model maintained its superiority
across all uncertainty levels. Under high uncertainty, project duration decreased from 686.81 days in the
classical method to 445.36 days in the hybrid model, total cost decreased from 1275.88 to 867.56, and the
risk index decreased from 0.768 to 0.473. The Pareto-front analysis also showed that the hybrid framework
generated balanced trade-off solutions, allowing the selection of a best compromise solution without
excessive sacrifice in any single objective.

Discussion and Conclusion
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The findings demonstrate that the proposed hybrid metaheuristic framework provides a more
effective approach for managing the simultaneous time—cost-risk trade-off in EPC projects than
conventional scheduling and single-algorithm optimization methods. The superiority of the hybrid model
can be explained by its ability to explore a broad solution space while maintaining efficient convergence
toward high-quality alternatives. The Genetic Algorithm component supports diversity and global
exploration, while the Particle Swarm Optimization component improves convergence speed and solution
refinement. As a result, the combined framework avoids some limitations of deterministic scheduling and
reduces the probability of becoming trapped in inefficient local solutions.

The results also indicate that EPC project optimization should not be based on a single objective.
Reducing project time alone may increase cost and risk, while minimizing cost alone may lead to delays
or operational vulnerability. The proposed framework addressed this issue by generating Pareto-optimal
solutions and enabling decision-makers to evaluate balanced alternatives. This is particularly important in
EPC projects because managers often need to choose between accelerating execution, controlling
expenditure, and maintaining acceptable risk exposure. The best compromise solution identified in the
Pareto-front analysis provides a practical decision point for balancing these competing objectives.

Overall, the study concludes that the hybrid Genetic Algorithm—Particle Swarm Optimization
framework can serve as an intelligent decision-support tool for EPC project managers. It improves project
performance by reducing duration, controlling cost, lowering delay-related expenses, and mitigating
overall risk under uncertainty. The framework also strengthens entrepreneurial and value-oriented project
management by enabling innovative resource configuration, scenario-based decision-making, and
adaptive planning. Therefore, the proposed model can contribute to more resilient, efficient, and
strategically informed management of complex EPC projects.
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