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Abstract

Large-scale international Engineering, Procurement, and Construction (EPC) projects un-
dertaken for startup owners involve substantial transactional and financial risks that may
not be adequately captured by conventional Failure Mode and Effects Analysis (FMEA),
which assumes equal weighting of risk factors and rational decision-making. This study
develops an integrated risk assessment framework combining the Modified Delphi Method
(MDM), Step-wise Weight Assessment Ratio Analysis (SWARA), FMEA, Prospect Theory,
and Decision-Making Trial and Evaluation Laboratory (DEMATEL) to identify, weight,
behaviorally adjust, and analyze the causal relationships among EPC risks. A large interna-
tional EPC turnkey project was examined using assessments from seven senior managers,
resulting in 25 risk indicators across five dimensions. The results show that severity is
the most influential risk factor, accounting for 43.5% of the total weight. Incorporating a
prospect-theoretic transformation of the expert ratings alters conventional risk rankings,
with owner insolvency, funding-chain disruptions, and liability-cap risks emerging among
the nine most critical risks. DEMATEL further identifies Owner Relationship Risk and
Contractual Risk as the primary causal dimensions, whereas Financial Risk represents the
major outcome dimension. Sensitivity analyses of the criterion weights, prospect-theory
parameters and reference point, together with expert-level bootstrapping, indicate that
the high-priority risk set is robust, although the exact order within it is less certain. The
proposed framework integrates behavioral preferences into EPC risk assessment; because
it was validated retrospectively on a completed project, it is proposed as a basis for risk
prioritization and bid-stage governance in future prospective applications.

Keywords: EPC contracting; startup owner; risk assessment; Prospect Theory; MCDM

1. Introduction
As global trade and technological investment continue to expand, international En-

gineering, Procurement, and Construction (EPC) contracting has become an important
indicator of firms’ international competitiveness. In large-scale EPC projects, the charac-
teristics of the project owner can be as consequential as the engineering scope itself. This
issue is particularly relevant when contractors serve startup owners, which are typically
characterized by rapid growth, limited financial reserves, and relatively immature project-
management capabilities. At the tendering stage, such owners may also impose stringent
risk-transfer arrangements, including Guaranteed Maximum Price (GMP) and Lump Sum
Turnkey (LSTK) contracts, potentially exposing contractors to substantial cost overruns
and counterparty solvency risks.
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These contractual arrangements can create substantial risk asymmetry by transferring
uncertainty from owners to contractors. Funding interruptions, disputed change orders, or
performance-bond claims may consequently lead to cash-flow pressures, legal disputes,
and potentially unrecoverable losses. Previous research has demonstrated that contractor
financial distress can be associated with counterparty and contractual characteristics [1],
highlighting the importance of identifying high-risk owner relationships at an early stage.
Moreover, EPC risk is not purely financial or operational. Under high uncertainty and
pressure, managerial decisions may be influenced by behavioral tendencies such as esca-
lation of commitment and loss aversion [2–4]. Conventional engineering risk-assessment
approaches generally do not explicitly account for such behavioral characteristics.

Failure Mode and Effects Analysis (FMEA) remains one of the most widely used
approaches for risk prioritization in engineering and project management. Traditional
FMEA calculates the Risk Priority Number (RPN) by multiplying Severity (S), Occurrence
(O), and Detection (D) [5,6]. However, the conventional RPN framework assumes that these
three factors have equal importance and are independent, which may result in non-unique
scores and limited discrimination among failure modes [7,8]. To address these limitations,
numerous studies have integrated FMEA with Multiple Criteria Decision-Making (MCDM)
methods. For example, Analytic Hierarchy Process (AHP) has been applied to assign
differential weights to risk factors; however, its extensive pairwise comparisons can impose
a considerable cognitive burden on decision-maker respondents [9]. Step-wise Weight As-
sessment Ratio Analysis (SWARA) provides a more parsimonious alternative by requiring
decision-makers to rank criteria and evaluate their relative importance sequentially, and
has subsequently been incorporated into FMEA-based risk assessment [10–12].

Recent FMEA-MCDM studies have further improved the mathematical treatment of
uncertainty and interdependence. For instance, interval-based models have been combined
with Technique for Order Preference by Similarity to Ideal Solution (TOPSIS) to enhance
the discrimination of uncertain risk assessments, while dependency-based FMEA models
have been developed to account for interactions among failure modes [7,13]. Nevertheless,
these approaches primarily improve the mathematical representation of risk and generally
remain focused on what risks should be prioritized rather than how decision-makers
psychologically perceive those risks. This distinction is particularly important in EPC
projects involving financially vulnerable startup owners, where the perceived consequences
of potential losses may differ substantially from their objective magnitudes. Prospect
Theory provides a behavioral perspective for addressing this limitation. Kahneman and
Tversky [14] demonstrated that individuals evaluate outcomes relative to a reference point
and tend to exhibit loss aversion, whereby losses exert greater psychological impact than
equivalent gains [15]. This perspective is particularly relevant to EPC contractors that must
determine whether to continue or withdraw from financially distressed projects. Previous
studies have incorporated Prospect Theory into FMEA-based risk assessment to account
for decision-makers’ nonlinear risk perceptions [16–18]. Meanwhile, Decision-Making
Trial and Evaluation Laboratory (DEMATEL) has been widely used to identify causal
relationships among risk factors rather than treating them as independent elements [19].

Despite these advances, an important research gap remains. Existing studies have
rarely integrated criterion weighting, behavioral risk perception, and causal risk analysis
into a unified framework for international EPC projects involving startup owners. Existing
FMEA-MCDM models primarily focus on weighted risk ranking, whereas DEMATEL-
based studies generally emphasize causal relationships without identifying the most crit-
ical individual failure modes. Furthermore, conventional construction-risk inventories
rarely address the owner-induced financial risk transfer and moral-hazard characteristics
associated with startup-owner projects. Consequently, there remains a gap between con-
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ventional risk metrics and the behavioral and systemic mechanisms underlying contractors’
risk decisions.

To address this gap, this study develops an integrated five-stage risk assessment
framework for large-scale international EPC projects involving startup owners. First, a
structured literature review establishes an initial risk inventory, followed by the Modified
Delphi Method (MDM) to identify and validate relevant risk indicators. Second, SWARA is
employed to determine the relative importance of the FMEA factors of Severity, Occurrence,
and Detection, thereby relaxing the conventional equal-weighting assumption. Third, the
resulting weights are combined with decision-makers’ assessments to derive a Weighted
Risk Priority Number (W_RPN). Fourth, Prospect Theory is incorporated to transform
risk perceptions relative to a group-mean reference point and derive a Psychologically-
perceived Risk Priority Number (PRPN). Finally, DEMATEL is applied at the dimension
level to identify causal and effect dimensions within the EPC risk system.

Accordingly, this study addresses three research questions. RQ1: How do senior
decision-makers weight severity, occurrence and detection, and which failure modes are
prioritized in EPC projects involving startup owners? RQ2: How does incorporating
prospect-theoretic loss aversion change risk priorities relative to a weighted RPN, and how
robust is this change to the behavioral parameter assumptions? RQ3: What causal structure
links the five risk dimensions, and how can the combined results inform bid-stage risk
governance? Because the framework is applied retrospectively to a completed project, the
study constitutes a retrospective validation of a framework intended for prospective use at
the bidding stage.

The individual methods used in this study, namely MDM, SWARA, FMEA, Prospect
Theory and DEMATEL, are well established; the contribution of this study therefore lies in
their combination and contextualization rather than in the development of a new method.
Within this scope, the study makes three contributions. First, it makes the behavioral
adjustment explicit by incorporating loss aversion into the risk-priority calculation rather
than treating behavioral effects only as an interpretive consideration. Second, it interprets
the behaviorally adjusted priorities together with DEMATEL-based causal analysis, so
that the two provide complementary evidence on which risks are prioritized and which
dimensions drive the risk system. Third, and most distinctively relative to the existing
FMEA-MCDM literature, it translates EPC counterparty risk in startup-owner projects
into two explicit mechanisms, owner-induced financial risk transfer and contractual moral
hazard, and operationalizes them in a 25-indicator inventory, thereby extending FMEA-
MCDM risk assessment from generic construction-risk taxonomies to counterparty risk.
Together, these elements provide a replicable basis for bid-stage risk governance when
contractors engage financially vulnerable owners.

2. Literature Review
This section reviews the theoretical and methodological foundations of the proposed

risk assessment framework. The literature is organized into four interconnected streams.
Section 2.1 examines the risk characteristics of international EPC projects involving startup
owners, with particular emphasis on contractual asymmetry, financial vulnerability, and
owner-induced risk transfer. Section 2.2 reviews the evolution of FMEA and MCDM
approaches and discusses the limitations of conventional risk prioritization. Section 2.3
introduces behavioral decision theory, particularly Prospect Theory, to explain how loss
aversion and escalation of commitment may influence risk perception. Section 2.4 exam-
ines DEMATEL as a tool for identifying causal relationships among risk dimensions and
synthesizes the reviewed literature to establish the research gap addressed by this study.
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2.1. EPC Contracting and the Startup-Owner Risk Context

International Engineering, Procurement, and Construction (EPC) contracting operates
under persistent cost and margin pressures, as owners increasingly seek tighter control
over capital expenditure while contractors are required to enhance technological and orga-
nizational capabilities to maintain profitability [20]. These pressures are further amplified
by the asymmetric allocation of contractual risk. Under the Silver Book of the International
Federation of Consulting Engineers (FIDIC), contractors undertaking Lump Sum Turnkey
(LSTK) projects assume substantial responsibility for unforeseen physical conditions and, in
certain circumstances, deficiencies in owner-provided requirements [21]. Such contractual
asymmetry, together with weak governance and limited mutual trust, can adversely affect
supply-chain performance and increase the potential for moral hazard [22,23].

These challenges can be particularly pronounced when the project owner is a startup.
Startups typically operate under evolving business models and depend heavily on external
equity or venture financing rather than established internal cash flows [24]. Consequently,
financing interruptions may rapidly affect their ability to meet contractual payment obli-
gations. Blank [25] characterizes startups as temporary organizations searching for a
scalable and repeatable business model, implying that their technical specifications and
organizational structures may remain relatively immature. Consistent with this perspec-
tive, Vitvarová [26] reports that startup production processes are often still at the pilot or
early commercialization stage, limiting the operational experience required to stabilize
engineering specifications. Picken [27] further notes that rapidly growing startups may
struggle to establish formal project-management capabilities, resulting in concentrated
decision-making and governance structures that may be inadequate for large-scale capital
projects. From the contractor’s perspective, such financial vulnerability is consequential
because counterparty characteristics can contribute to contractor financial distress, while
substantial project losses may have prolonged effects on a firm’s financial position and
creditworthiness [1].

For the purpose of this study, a startup owner is operationally defined as an owner that,
at contract award, (i) had been incorporated for fewer than eight years; (ii) was pursuing
a business model or production technology not yet commercially proven [25,26]; and (iii)
depended on external financing for project capital expenditure without an effective credit
backstop, either because no parent company guarantee existed or because the guarantor
lacked the capacity to honor it [24].

Two related mechanisms are particularly relevant to startup-owner EPC projects.
First, owner-induced financial risk transfer may occur when financial constraints lead to
delayed milestone payments, disputed change orders, or disagreements over acceptance
criteria, thereby transferring financial pressure from the owner to the contractor. Second,
contractual moral hazard may emerge when fixed-price or capped-price arrangements
reduce the owner’s incentive to share execution risks equitably. These mechanisms may
become more pronounced when startup owners face pressure from boards and financing
partners to conserve capital. Thus, startup-owner EPC risk should be viewed not simply as
a conventional construction risk category but as an emergent characteristic of a financially
interdependent contracting relationship.

Another distinctive feature is the potential instability of the owner’s underlying tech-
nology. In large plant-construction and technology-intensive EPC projects, the owner’s
production technology may still be evolving when the EPC contract is executed. Vit-
varová [26] indicates that startup production processes frequently remain at the pilot or
first-commercial-demonstration stage. Consequently, design modifications may arise from
the owner’s evolving process knowledge rather than contractor deficiencies. This char-
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acteristic creates a distinctive execution-risk profile that may be less prevalent in projects
involving established owners with mature technologies and standardized specifications.

2.2. Evolution of Risk Assessment and Multi-Criteria Decision-Making Methods

Construction risk management has evolved from relatively narrow assessments of cost
and schedule uncertainty toward more systematic and multidimensional risk-management
frameworks [28,29]. Failure Mode and Effects Analysis (FMEA), originally formalized
in the U.S. Department of Defense standard MIL-STD-1629A [5], has become a widely
adopted technique for engineering risk assessment. Traditional FMEA evaluates failure
modes according to Severity (S), Occurrence (O), and Detection (D), and calculates the
Risk Priority Number (RPN) as their product [6]. Despite its widespread application, con-
ventional FMEA has several methodological limitations. First, it implicitly assumes equal
importance among S, O, and D, although experts from different functional backgrounds
may assign substantially different importance to these factors [30]. Second, the multiplica-
tive RPN formulation can generate identical scores from different combinations of S, O,
and D, thereby reducing its ability to discriminate among fundamentally different risk
profiles [7,13].

Multiple Criteria Decision-Making (MCDM) techniques have therefore been increas-
ingly integrated with FMEA to address these limitations. The Analytic Hierarchy Process
(AHP), proposed by Saaty [31], uses pairwise comparisons to derive criterion weights
and remains one of the most influential MCDM approaches [9]. However, the number
of comparisons increases substantially with the number of criteria, reaching n(n − 1)/2
comparisons for n criteria. This requirement can impose a considerable cognitive burden
when evaluating large EPC risk inventories. The Step-wise Weight Assessment Ratio
Analysis (SWARA), introduced by Keršulienė et al. [10] and further developed by Zolfani
and Šaparauskas [32] and Alinezhad and Khalili [33], provides a more efficient alternative.
Rather than requiring extensive pairwise comparisons, SWARA asks decision-makers to
rank criteria and assess the relative importance of adjacent criteria. This substantially
reduces the elicitation burden while retaining both ordinal and cardinal information. Its
efficiency is particularly advantageous when risk assessment relies on a limited panel of
senior decision-makers with substantial domain knowledge but limited availability [11].

Recent studies have further incorporated uncertainty and interdependence into FMEA-
MCDM models. Interval-based approaches have been combined with TOPSIS to improve
risk discrimination under uncertain assessments, while dependency-oriented FMEA mod-
els have been developed to capture interactions among failure modes [7,13]. Nevertheless,
these approaches primarily address the mathematical representation and prioritization of
risk and provide comparatively limited insight into the behavioral mechanisms underlying
decision-makers’ risk perceptions.

2.3. Behavioral Decision Theory and the Psychology of Loss

While conventional risk assessment generally assumes rational decision-making, be-
havioral decision research demonstrates that individuals may systematically deviate from
expected-utility assumptions when evaluating uncertain outcomes. Prospect Theory, devel-
oped by Kahneman and Tversky [14], proposes that decision-makers evaluate outcomes
relative to a reference point rather than according to absolute levels of wealth or utility.
A central feature of the theory is loss aversion, whereby losses generally exert a greater
psychological impact than equivalent gains. Cumulative Prospect Theory further formal-
izes this asymmetric valuation and suggests that the psychological impact of a loss can be
substantially greater than that of an equivalent gain [15]. This perspective is particularly
relevant to contractors evaluating projects involving financially vulnerable startup owners.
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The perceived risk of a potential loss may therefore exceed that implied by conventional
magnitude-based measures such as RPN. Behavioral considerations may consequently
alter the prioritization of risks even when their objective characteristics remain unchanged.

Another relevant behavioral phenomenon is escalation of commitment. Staw [2]
demonstrates that decision-makers who have committed resources to a prior decision
may continue investing despite unfavorable feedback. A subsequent meta-analysis by
Sleesman et al. [3] indicates that this tendency becomes particularly pronounced when
project completion appears attainable and sunk costs are salient. These conditions are
common in large EPC projects, where substantial financial and organizational resources
may already have been committed before emerging risks become fully apparent.

Several studies have incorporated Prospect Theory into FMEA-based risk assessment.
Wang et al. [16] integrated Prospect Theory with the Choquet integral for FMEA risk
evaluation, while Wang et al. [30] developed a hybrid FMEA framework incorporating
decision-makers’ psychological behavior. Sagnak et al. [17] applied Prospect Theory to
FMEA-based quality-risk assessment, and Fu et al. [18] incorporated Cumulative Prospect
Theory into railway risk prioritization. Although these studies demonstrate the value of
behavioral adjustment in risk assessment, they do not specifically address EPC contracting
involving startup owners. Moreover, the integration of behavioral risk adjustment with
an efficient weighting technique such as SWARA and a causal analysis technique such as
DEMATEL remains underexplored.

2.4. Causal Structure and the Need for an Integrated Framework

Risk prioritization alone cannot fully explain the mechanisms through which risks
emerge and interact. Whether based on conventional RPN, MCDM-weighted FMEA, or
Prospect-Theory-adjusted FMEA, ranking-based approaches primarily identify which risks
are important but provide limited information about why these risks occur or which factors
act as their underlying causes. The Decision-Making Trial and Evaluation Laboratory
(DEMATEL), developed by Gabus and Fontela [34], provides a systematic approach for
analyzing such causal relationships. By collecting decision-makers’ assessments of the
degree of influence among factors, DEMATEL constructs a total-relation matrix from which
the prominence and causal characteristics of each factor can be determined. Specifically, d + r
represents the overall prominence of a factor within the system, whereas d − r distinguishes
causal factors from effect factors [19]. DEMATEL has therefore been applied in construction
and engineering risk studies to identify interdependencies that cannot be captured through
independent risk-ranking approaches. However, DEMATEL does not explicitly account
for the psychological importance that decision-makers attach to individual risks. A risk
dimension may function as a major systemic cause while receiving relatively limited
psychological attention from decision-makers. Conversely, a risk with strong psychological
salience may not necessarily constitute a fundamental causal driver. Accordingly, causal
analysis and behavioral risk prioritization should be viewed as complementary rather than
substitutive approaches.

Taken together, the literature reviewed above reveals an important methodological
and contextual gap. Existing EPC risk-management research has largely emphasized risk
identification, measurement, and response, with comparatively limited attention to the
interaction between decision-makers’ psychological perceptions and the causal structure of
risk systems [35]. In particular, no prior study identified in this review integrates Modi-
fied Delphi Method (MDM)-based indicator screening, SWARA-based criterion weighting,
Prospect-Theory-based behavioral recalibration, and DEMATEL-based causal analysis
within a unified framework for EPC projects involving startup owners. Furthermore, exist-
ing risk taxonomies rarely explicitly capture the owner-induced financial risk transfer and
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contractual moral-hazard mechanisms associated with startup-owner engagements. This
study addresses these gaps not by proposing a new method but by combining established
methods for risk identification, efficient weighting, behavioral adjustment, and causal
analysis, and by contextualizing them in the two startup-owner mechanisms described in
Section 2.1, to provide a more comprehensive basis for EPC risk governance.

3. Methodology
This study develops a five-stage integrated framework for assessing risks in large-scale

international EPC projects involving startup owners, as illustrated in Figure 1. The frame-
work sequentially comprises risk indicator screening, criterion weighting, risk assessment,
behavioral adjustment, and causal analysis. Each stage addresses a specific limitation of
conventional risk assessment and provides the foundation for the subsequent stage.

Figure 1. Proposed integrated model.

In Stage 1, the Modified Delphi Method (MDM) is employed to identify and validate
relevant risk indicators. Stage 2 applies the SWARA to determine the relative importance of
the FMEA risk factors. Stage 3 incorporates these weights into FMEA to derive a Weighted
Risk Priority Number (W_RPN). Stage 4 applies Prospect Theory to account for decision-
makers’ loss-averse risk perceptions and derives a Psychologically-perceived Risk Priority
Number (PRPN). Finally, Stage 5 employs the DEMATEL to identify the causal relationships
among the major risk dimensions.

Seven senior managers (P1–P7), with professional backgrounds in general manage-
ment, risk management, finance, legal affairs, and cost management, participated through-
out the five stages. Using the same decision panel ensured that criterion weights, risk
scores and causal judgments were based on identical indicator definitions and the same
case context. However, it may also introduce common method bias; its potential influence
is examined in Section 4.6 and discussed in Section 6.

3.1. Failure Modes Screening Using the Modified Delphi Method

An initial set of candidate failure modes was identified through a structured litera-
ture review and classified into five dimensions: Financial Risk (F), Contractual Risk (C),
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Execution Risk (E), Owner Relationship Risk (O), and External Environment Risk (X). The
Modified Delphi Method (MDM) was subsequently employed to evaluate the relevance
and consensus of the proposed indicators. Compared with the conventional Delphi tech-
nique, MDM reduces the number of iterative rounds while maintaining structured expert
judgment [36,37].

For each failure mode/indicator i, the geometric mean of the expert ratings is calcu-
lated as:

Gi =

(
n

∏
k=1

xij

)1/n

(1)

where xi(k) denotes the importance rating assigned to failure mode i by expert k, and K
represents the number of experts.

Expert consensus is assessed using the quartile deviation:

QDi =
Q3 − Q1

2
(2)

where Q1 and Q3 denote the first and third quartiles, respectively.
A failure mode is retained when it simultaneously satisfies:
Gi ≥ 3.5
and
QDi ≤ 0.6.
Failure modes that satisfy only one of these conditions are subjected to a second

round of evaluation with anonymized group feedback. This procedure enables indicators
with initially divergent judgments to be reassessed while maintaining methodological
transparency and expert independence.

The procedure was conducted in two rounds. In Round 1, each expert rated the
importance of every candidate failure mode on a five-point scale and could comment on
its wording. Failure modes that did not meet both criteria were returned to the experts
in Round 2 together with the anonymized Round-1 group statistics (Gi and QDi), and
indicator descriptions were refined on the basis of the Round-1 comments. The surveys
were completed individually online after a personal or telephone briefing by the researcher,
and the experts did not discuss their responses with one another. Failure modes that had
not converged after Round 2 were examined with respect to their importance and the
source of disagreement, and the effect of retaining them is tested in Section 4.6.

3.2. Criterion Weighting Using SWARA

The three conventional FMEA assessment factors, namely Severity (S), Occurrence
(O), and Detection (D), are weighted using the SWARA method. For each expert, the
three factors are first ranked according to their perceived importance. The expert then
evaluates the relative importance of each factor with respect to the preceding factor using
the comparative coefficient sj [10,33].

The coefficient kj is determined as:

kj =

{
1, j = 1

sj + 1, j > 1
(3)

The recalculated weight coefficient qj is then obtained recursively:

qj =

{
1, j = 1

qj−1
kj

, j > 1
(4)
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The normalized weight of factor j is calculated as:

wj =
qj

∑m
k=1 qk

(5)

where m = 3 represents the number of FMEA factors.
The individual weights obtained from the seven experts are subsequently aggre-

gated to derive the group weights wS, wO, and wD. Unlike pairwise-comparison ap-
proaches such as AHP, SWARA requires only m − 1 comparative judgments, thereby
reducing the cognitive burden imposed on senior managers while retaining their relative-
importance judgments.

3.3. FMEA-Based Risk Assessment and Weighted RPN

Each senior manager evaluates the retained risk indicators according to Severity,
Occurrence, and Detection using a 1–10 scale. Higher scores indicate greater risk; specifi-
cally, a higher Detection score represents greater difficulty in detecting the corresponding
failure mode.

To overcome the equal-weighting assumption of conventional FMEA, the SWARA-
derived weights are incorporated into the RPN calculation. The Weighted Risk Priority
Number for risk indicator j is defined as:

W_RPNi = SwS
i × OwO

i × DwD
i (6)

where Si, Oi, and Di denote the aggregated manager scores for Severity, Occurrence, and
Detection, respectively.

This formulation preserves the multiplicative structure of conventional FMEA while
relaxing its implicit assumption that the three risk factors contribute equally to overall risk
priority.

3.4. Prospect Theory and Psychologically-Perceived Risk Priority

Although W_RPN incorporates differentiated factor weights, it remains fundamentally
magnitude-based and does not account for the nonlinear manner in which decision-makers
perceive gains and losses. Prospect Theory is therefore introduced to capture behavioral
risk preferences, particularly loss aversion [15].

For each FMEA factor, the reference point is defined as the mean score across the
failure modes:

RPS =
1
N

N

∑
i = 1

-
Si, RPO =

1
N

N

∑
i = 1

-
Oi, RPD =

1
N

N

∑
i = 1

-
Di, (7)

where N is the number of failure modes. The mean represents the typical risk level of the
assessed portfolio, against which a failure mode is judged to be worse or better; alternative
reference points are tested in Section 4.6.

The deviation of failure mode i from the reference point is calculated as:

Xfi = fi − RPf (8)

where f ∈ {S, O, D}.
The Prospect Theory value function is expressed as:

v(x) =

{
xα, x ≥ 0

−λ(−x)β, x < 0
(9)
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Following Tversky and Kahneman [15], the parameters are specified as α = β = 0.88
and λ = 2.25. These estimates were obtained from experiments with monetary gambles;
their transferability to engineering risk judgments is therefore treated as an assumption
and examined in Section 4.6. The parameter λ > 1 reflects loss aversion, whereby negative
deviations from the reference point receive greater psychological weight than equivalent
positive deviations.

The Psychologically-perceived Risk Priority Number (PRPN) is then calculated by
combining the prospect-theoretic values with the SWARA-derived weights:

PRPNi = wS v(xS,i) + wO v(xO,i) + wD v(xD,i) (10)

Unlike W_RPN, PRPN may take either positive or negative values. A positive PRPN
indicates that the overall risk profile of a failure mode exceeds the defined reference
point, whereas a negative value indicates a comparatively lower perceived risk level. This
behavioral adjustment enables the proposed framework to distinguish between objective
risk magnitude and psychologically perceived risk priority, thereby providing a more
behaviorally informed basis for EPC risk prioritization. A weighted additive form is
adopted because v(·) takes negative values for below-reference deviations; a multiplicative
combination would convert the product of two negative values into a positive one and
invert the risk ordering. PRPN is thus a behaviorally informed transformation of the expert
ratings rather than a direct measurement of loss-averse behavior.

3.5. DEMATEL-Based Causal Analysis

Following the identification of priority risks, DEMATEL is employed to examine the
causal relationships among the five risk dimensions. Each decision-maker evaluates the
degree of direct influence exerted by one dimension on another using a 0–4 scale, where
0 indicates no influence and 4 represents very high influence. The survey contained 20
directed pairwise items at the dimension level, and each dimension was presented together
with its five constituent failure modes so that the experts evaluated influence between
well-defined risk groups. These judgments are aggregated to construct the direct-relation
matrix Z = [zij].

The matrix is normalized as follows:

X =
Z

max
[
maxi∑j zij, maxj∑i zij

] (11)

The total-relation matrix is subsequently obtained by incorporating both direct and
indirect effects:

T = X(I − X)−1 (12)

For each dimension, the total influence exerted and received are represented by di and
ri, respectively:

di = ∑
j

tij, ri = ∑
j

tji (13)

Two indicators are then derived. Prominence, di + ri, represents the overall importance
of a dimension within the causal network. Relation, di − ri, identifies its causal position. A
positive value indicates a cause dimension, whereas a negative value indicates an effect
dimension [19,34]. Accordingly, DEMATEL complements PRPN by identifying not only
the most psychologically salient risks but also the underlying dimensions that generate or
transmit risk within the EPC system.
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4. Empirical Analysis
This section describes the case background, introduces the profiles of the evalua-

tion team, explains how the failure modes were identified, and presents the subsequent
analytical procedures and results.

4.1. Case Description and Decision-Maker Panel

The empirical analysis focuses on an EPC turnkey project for the conversion of an
existing petroleum refinery into a biofuel refinery, undertaken by a major Taiwanese EPC
contractor with extensive international operations. The lump-sum turnkey scope covered
engineering, procurement, construction and project management, including the process
equipment. The owner, incorporated in 2016 and active in biofuel production, met the
startup-owner criteria defined in Section 2.1: its business was not yet commercially proven,
and it financed the project through a project-finance structure supported by a parent com-
pany guarantee (PCG). The identities of both the contractor and owner are anonymized
to maintain confidentiality. At the bidding stage, the contractor had not yet established a
formalized and systematic bid risk review mechanism. Project evaluation was therefore
primarily based on business opportunities, preliminary cost estimates, and technical feasi-
bility. During project execution, several risks that had not been adequately anticipated at
the bidding stage materialized. The owner’s financing arrangements proved less stable
than initially expected, and payment became the principal subject of dispute: invoiced
progress payments remained unpaid, a contract amendment was signed to restructure the
payment terms, and after completion the owner became insolvent. The parent company
was also unable to pay, so the guarantee provided no effective protection. Change-order
compensation was also disputed. In addition, changes in project scope and technical
specifications increased execution uncertainty. These developments generated substantial
financial, contractual, and operational pressures and provide an appropriate empirical
context for evaluating the proposed risk assessment framework.

Following the project, the case company established an internal Gate Review pro-
cedure for bid risk control. Because this procedure was developed after the risks and
losses associated with the case had occurred, the present study is designed as an ex post
empirical analysis rather than an assessment of a pre-existing risk control mechanism. The
proposed framework is therefore applied retrospectively, and the study should be read as a
retrospective validation of a framework intended for prospective use at the bidding stage.
Because the Gate Review procedure is an internal document of the case company, it is not
analyzed in detail; the governance recommendations in Section 5.3 are derived from the
PRPN and DEMATEL results.

Seven senior managers participated in the assessment, including a general manager,
chief risk officer, accounting manager, finance manager, legal manager, cost management
department manager, and legal and risk control manager. Their professional tenure ranged
from 3.5 years (the legal manager, who additionally had more than five years of prior legal
practice) to 38 years, with a mean of 23.6 years. All seven managers belonged to the same
EPC contractor and were directly involved in the bidding, execution or risk-management
decisions of the case project. The composition of the panel provides multidisciplinary
expertise covering management, finance, accounting, legal affairs, cost management, and
risk control, which are directly relevant to the assessment of EPC projects involving startup
owners. Data were collected through individual in-person or telephone briefings, after
which each manager completed the surveys independently through an online form; the
managers did not discuss their responses with one another. This procedure was adopted to
minimize group influence and maintain the independence of individual judgments. The
managers’ direct knowledge of the project provides rich contextual information; however,
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because the assessments were made after the outcomes were known, they may also be
affected by hindsight and outcome bias. This possibility is examined in Section 4.6.6 and
discussed as a limitation in Section 6.

4.2. Failure Mode Convergence

Based on a structured review of the relevant literature and interviews with senior
managers, 25 potential failure modes were identified and classified into five dimensions:
Financial Risk (F), Contractual Risk (C), Execution Risk (E), Owner Relationship Risk (O),
and External Environment Risk (X). The resulting failure modes are presented in Table 1.
The Modified Delphi Method was subsequently employed to evaluate the importance and
consensus of these failure modes and to confirm their suitability for subsequent analysis.

Table 1. The 25 failure modes.

Code Risk Indicator Description Literature Source

F1 Break in Owner’s Funding Chain
A break in the startup owner’s funding chain

causes engineering payments to go undisbursed
on schedule

Munawir et al. [38];
OECD [24]

F2 Contractor Cash-Advance Pressure
The EPC contractor is required to advance large

sums of progress payment, continuously
worsening its own cash flow

Case practice; Yuan &
Ma [39]

F3 Inadequate Compensation for
Change Orders

Design changes or additional work items are
difficult to obtain reasonable compensation for,

resulting in severe loss of actual profit

Case practice;
FIDIC [21]

F4 Fluctuations in Raw Materials and
Exchange Rates

Exchange-rate or raw-material price fluctuations
cause serious inaccuracy in cost estimation Case practice

F5 Impairment of Contractor’s
Financing Capability

Long-term, large-scale cash advances reduce the
contractor’s own financing capability, affecting its

ability to execute other projects

Case practice;
Munawir et al. [38]

C1 Incomplete Contract Clauses
Contract clauses are immature or provide

insufficient protection, causing the contractor to
bear excessive, asymmetric liability

FIDIC [21]; AIA [40]

C2 Unlimited Scope of Work
The contract defines the scope of work

ambiguously, causing the contractor to bear
unlimited additional work

Case practice;
Munawir et al. [38]

C3 Unlimited Liability Exposure The contract fails to set, or conceals, a liability cap,
exposing the contractor to unlimited liability

Case practice;
FIDIC [21]

C4 Milestone-Payment Disputes

The owner refuses payment at milestone points on
the pretext of unclear acceptance criteria, forcing

the contractor into protracted negotiation or
arbitration

Case practice; Yuan &
Ma [39]

C5 Abusive Call on the Performance Bond

After project completion, the owner abusively
exercises its unconditional right to call the

performance bond, thereby cashing out and
unilaterally terminating the contract

Case practice;
FIDIC [21]

E1 Frequent Changes in Requirements
The startup owner’s requirements are not clearly
defined and continue to change during both the

design and construction stages
Munawir et al. [38]

E2 Delayed Owner Decision-Making
The owner’s decision-making process is slow, or

key personnel change frequently, affecting the
normal progress of the project

Munawir et al. [38];
Chen & Taylor [41]
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Table 1. Cont.

Code Risk Indicator Description Literature Source

E3 Technical Specifications Exceeding
Capability Limits

The technical specifications proposed by the
startup owner exceed the contractor’s existing

capability or experience

Vitvarová [26];
Munawir et al. [38]

E4 Complex Multi-Subcontractor
Interfaces

The engineering interface is complex, and
coordination among multiple subcontractors is

difficult, resulting in schedule delay and disputes
over responsibility

Munawir et al. [38];
Wang et al. [42]

E5 Immature Core Technology

The owner’s core technology remains at the trial
stage, causing engineering specifications to keep
changing during construction and resulting in

extensive rework and cost overrun

Vitvarová [26];
Munawir et al. [38]

O1 Owner’s Insufficient
Engineering Expertise

The startup owner lacks engineering expertise,
resulting in high communication and education

costs and a propensity for misunderstanding and
disputes

Picken [27]; Munawir
et al. [38]

O2 Disputes over Acceptance Criteria

The gap between the owner’s expectations and
actual engineering feasibility is too large, and
acceptance criteria continue to shift, causing

frequent disputes

Case practice;
Munawir et al. [38]

O3 Turnover of Owner’s
Senior Management

Turnover among the owner’s senior management
causes project goals or priorities to change
abruptly, affecting the direction of project

execution

Case practice;
Picken [27]

O4 Insufficient Owner
Governance Capability

The owner lacks a standing project management
organization (PMO), and decision-making

authority is unclear, making it unable to effectively
support the governance demands of a large project

Case practice;
Picken [27]

O5 Unrealistic Acceptance Criteria

The owner’s expectations regarding progress and
completion standards are unrealistic, causing

repeated acceptance procedures and affecting the
timeline for recovering final payment

Case practice;
Munawir et al. [38]

X1 Owner’s Insolvency or Acquisition

The startup company becomes insolvent, is
acquired, or undergoes a strategic pivot, causing
the project to terminate midway with losses that

are difficult for the contractor to recover

Case practice;
Vitvarová [26]

X2 Owner’s Financing Failure
The startup owner’s subsequent financing fails,

directly affecting its ability to continue paying for
the engineering work

OECD [24]; Munawir
et al. [38]

X3 Changes in Policy and Regulation
Changes in policy and regulation (environmental,

building, labor law, etc.) increase the cost and
uncertainty of project execution

Case practice

X4 Changes in Shareholder Structure
Changes in the owner’s shareholder structure or
investors cause project priorities to shift abruptly

or funding commitments to be withdrawn
OECD [24]

X5 Impact of Force Majeure Events

Major epidemics (such as COVID-19), natural
disasters, war, or geopolitical conflict (such as

regional armed conflict, trade sanctions, export
controls, etc.) cause supply-chain disruption,
raw-material shortages, schedule delay, and

substantial cost increases, and the startup owner,
owing to its fragile capital structure, lacks the

buffer capacity to respond

Munawir et al. [38]
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Following the procedure described in Section 3.1, 23 of the 25 indicators satisfied
the convergence criteria of Gi ≥ 3.5 and QDi ≤ 0.6, while E3 and O5 were retained de-
spite not fully meeting this criterion, as detailed below. Nineteen indicators reached the
predefined convergence criteria in the first round, while four additional failure modes,
namely E4, E5, O1, and O4, achieved convergence following a second round incorporating
anonymized group feedback. Failure mode E3, namely “Technical Specifications Exceeding
Capability Limits,” did not fully satisfy the predefined consensus criterion, although its
geometric mean was 4.054. Its quartile deviation was 0.750, exceeding the threshold of 0.6.
Nevertheless, the failure mode was retained because the observed disagreement reflected
differences in professional perspectives rather than apparent response errors. Specifically,
decision-makers with legal and risk control backgrounds considered this risk relatively
more manageable through the deliberate selection of technically experienced partners,
whereas decision-makers with operational responsibilities assigned greater importance
to the risk. This interpretation is consistent with the documented disagreement principle
proposed by Beiderbeck et al. [43], which recognizes that persistent disagreement may
reflect meaningful differences in professional judgment. Beiderbeck et al. [43] recommend
an interquartile range not exceeding 25% of the scale (1.25 on a five-point scale) as a
consensus criterion; the threshold QDi ≤ 0.6 used here corresponds to an interquartile
range of at most 1.2 (equivalent to at most 1.0 for seven integer ratings) and is therefore
stricter. E3 (interquartile range = 1.5) did not reach consensus under either criterion. The
importance threshold Gi ≥ 3.5 requires the geometric mean to lie above the scale midpoint.
Indicator O5 was also retained. Its first-round score distribution was identical to that of O4,
which subsequently achieved convergence in the second round. O5 was not included in
the second round because of an administrative omission. Given the identical first-round
distribution and its substantive relevance to the risk context, the indicator was retained
for subsequent analysis. We acknowledge that this is a procedural limitation rather than a
methodological choice; Section 4.6.4 shows that excluding E3, O5 or both does not change
the high-priority risk set.

Consequently, all 25 failure modes identified during the initial screening process were
retained across the five risk dimensions. Notably, none of the candidate failure modes
was excluded because of insufficient perceived importance, as all indicators satisfied the
minimum importance criterion. This finding suggests that the initial literature-based risk
inventory provides broad coverage of the risk characteristics associated with EPC projects
involving startup owners and provides an appropriate basis for the subsequent SWARA,
FMEA, Prospect Theory, and DEMATEL analyses. In this study, the MDM therefore served
as a content-validity check of the literature-derived inventory and as a means of refining
indicator wording (e.g., X5), rather than as an elimination filter.

4.3. Assessment Risk Factor Weights

Table 2 presents the group weights derived using the SWARA method for the three
FMEA risk factors. Severity was unanimously identified as the most important factor by
all seven managers, regardless of their functional backgrounds. This finding indicates
that the potential magnitude of loss constitutes the primary consideration in EPC risk
assessment, outweighing the likelihood of occurrence and the difficulty of detection. Such a
preference may reflect the high financial exposure and potentially irreversible consequences
associated with EPC project failures. Occurrence and Detection were assigned relatively
similar secondary weights of 27.6% and 28.9%, respectively. However, differences emerged
across functional backgrounds. Decision-makers from general management, risk control,
and cost management assigned greater importance to Occurrence, whereas managers from
finance, legal affairs, and legal and risk control placed greater emphasis on Detection.
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This distinction may reflect differences in professional perspectives, with the latter group
placing greater emphasis on early risk identification and contractual protection mechanisms.
The accounting manager assigned nearly equal importance to all three factors, indicating
no substantial preference among Severity, Occurrence, and Detection. Nevertheless, this
individual assessment had little influence on the aggregated results. The consistency of
the remaining decision-maker assessments therefore suggests that the dominant weighting
assigned to Severity represents a shared priority among the decision panel rather than the
influence of an individual outlier.

Table 2. SWARA group weights for the FMEA assessment factors.

Risk Factor Group Weight Share Rank

Severity (S) 0.4348 43.5% 1
Detection (D) 0.2893 28.9% 2

Occurrence (O) 0.2759 27.6% 3

4.4. Weighted vs. Psychologically-Perceived Risk Ranking

Following completion of the SWARA analysis, the panel of managers evaluated the
25 failure modes against the different risk factors (S, O, D), with the mean evaluation
results presented in Table 3. Combining the SWARA-derived weights with the manager
assessments of Severity, Occurrence, and Detection using Equation (6) yields the W_RPN
ranking. The Prospect Theory transformation specified in Equations (7)–(10) subsequently
generates the PRPN ranking. Nine of the 25 risk indicators obtain positive PRPN values,
indicating that their transformed risk levels exceed the collective reference point of the
decision panel. Because the number of positive values depends partly on the choice of
reference point (Section 4.6.3), the critical risk set is defined as the nine highest-ranked
indicators rather than by the sign of PRPN; under the baseline reference point, the two
definitions coincide. Table 3 presents their W_RPN and PRPN values and corresponding
rankings, while Figure 2 illustrates the PRPN rankings of all 25 indicators.

Table 3. W_RPN and PRPN results and rankings.

Code Failure Mode S O D W_RPN (Rank) PRPN (Rank)

F1 Break in Owner’s Funding Chain 8.857 4.429 5.000 6.2001 (2) 0.311 (2)

F2 Contractor Cash-Advance Pressure 7.000 4.714 3.714 5.2253 (22) −0.983 (20)

F3 Inadequate Compensation for
Change Orders 6.8571 5.7143 5.143 6.0000 (8) 0.239 (3)

F4 Fluctuations in Raw Materials and
Exchange Rates 5.714 6.429 5.714 5.903 (10) −0.416 (13)

F5 Impairment of Contractor’s
Financing Capability 7.4286 5.1429 4.7143 5.8845 (11) 0.033 (9)

C1 Incomplete Contract Clauses 8.000 5.714 4.286 6.086 (6) 0.151 (7)

C2 Unlimited Scope of Work 7.714 4.714 4.143 5.626 (15) −0.456 (15)

C3 Unlimited Liability Exposure 8.429 5.143 4.429 6.105 (3) 0.234 (4)

C4 Milestone-Payment Disputes 6.571 5.000 5.143 5.677 (13) −0.213 (11)

C5 Abusive Call on the Performance Bond 6.000 3.571 5.714 5.127 (23) −1.396 (23)
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Table 3. Cont.

Code Failure Mode S O D W_RPN (Rank) PRPN (Rank)

E1 Frequent Changes in Requirements 6.429 6.143 5.571 6.091 (5) 0.135 (8)

E2 Delayed Owner Decision-Making 5.714 5.571 5.571 5.633 (14) −0.665 (17)

E3 Technical Specifications Exceeding
Capability Limits 6.571 4.857 5.000 5.586 (17) −0.424 (14)

E4 Complex Multi-Subcontractor Interfaces 6.571 6.286 5.286 6.095 (4) 0.233 (5)

E5 Immature Core Technology 6.714 4.857 4.286 5.393 (19) −0.706 (18)

O1 Owner’s Insufficient Engineering Expertise 5.571 5.286 4.714 5.232 (21) −1.333 (22)

O2 Disputes over Acceptance Criteria 6.143 5.857 5.143 5.759 (12) −0.387 (12)

O3 Turnover of Owner’s Senior Management 4.714 4.429 5.857 4.934 (25) −1.964 (25)

O4 Insufficient Owner Governance Capability 5.286 4.714 4.714 4.955 (24) −1.876 (24)

O5 Unrealistic Acceptance Criteria 6.286 4.857 5.429 5.611 (16) −0.478 (16)

X1 Owner’s Insolvency or Acquisition 8.286 4.286 6.571 6.460 (1) 0.569 (1)

X2 Owner’s Financing Failure 7.429 4.571 5.857 6.0656 (7) 0.231 (6)

X3 Changes in Policy and Regulation 5.714 4.714 5.429 5.339 (20) −1.088 (21)

X4 Changes in Shareholder Structure 6.143 4.429 5.714 5.496 (18) −0.796 (19)

X5 Impact of Force Majeure Events 6.857 4.000 7.000 5.945 (9) −0.051(10)

Figure 2. PRPN ranking of the 25 failure modes.
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At the lower end of the PRPN ranking, O3, “Turnover of Owner’s Senior Management,”
O4, “Insufficient Owner Governance Capability,” and C5, “Abusive Call on the Performance
Bond,” obtain the most negative PRPN values. These results do not imply that these risks
are insignificant. Rather, their S, O, and D scores are generally close to or below the
corresponding reference points, resulting in limited positive psychological valuation under
the Prospect Theory transformation. From the perspective of the decision panel, these
risks therefore represent areas for which the organization may already possess relatively
adequate preparedness, whereas the critical risk set indicates exposures that exceed the
level of risk the panel considers acceptable.

X1, “Owner’s Insolvency or Acquisition,” clearly ranks first by a substantial margin.
F1, “Break in Owner’s Funding Chain,” and X2, “Owner’s Financing Failure,” further
reinforce the importance of owner financial stability and payment security. Together, these
indicators constitute the most prominent psychologically perceived risk cluster identified
in the case.

The comparison between W_RPN and PRPN also reveals several meaningful changes
in risk priorities. F3 increases from eighth under W_RPN to third under PRPN because
its Severity and Occurrence scores are both above their respective reference points. The
nonlinear Prospect Theory value function consequently amplifies their combined psycho-
logical effect. In contrast, X5, “Impact of Force Majeure Events,” declines from ninth to
tenth because its relatively low Occurrence score, which is below the reference point, offsets
part of the psychological contribution associated with its Severity and Detection scores.
These changes show how the prospect-theoretic transformation re-weights combinations of
above- and below-reference scores in a way that a magnitude-based index does not.

Notably, X1 remains the highest-ranked indicator under conventional RPN, W_RPN,
and PRPN, demonstrating that its dominance is robust to both differential weighting and
behavioral adjustment. This finding is further examined through the sensitivity analysis
in Section 4.6. Conversely, E1 and E2, which exhibit relatively high Occurrence scores but
moderate Severity scores, decline in priority after the application of the severity-dominant
SWARA weights and Prospect Theory transformation. The proposed framework therefore
provides greater discrimination between frequently occurring but manageable risks and
less frequent risks with potentially catastrophic consequences.

4.5. Causal Relationship Among Risk Dimensions

Table 4 presents the initial direct influence matrix derived from the managers’ judg-
ments. The total influence matrix was subsequently calculated using Equations (11) and
(12), as reported in Table 5. Table 6 presents the dimension-level DEMATEL results obtained
using Equation (13). Owner Relationship Risk (O) exhibits the highest net causal degree
(d − r = +0.9098), indicating that it is the strongest causal dimension in the group-average
matrix; together with Contractual Risk, it forms the principal causal core of the risk system
(see the bootstrap results in Section 4.6.5). Contractual Risk (C) has the highest centrality
(d + r = 9.8644), suggesting that it is the most prominent and highly interconnected dimen-
sion, linking owner-related problems with downstream financial and execution risks. Exter-
nal Environment Risk (X) has a relatively low positive net causal degree (d − r = +0.2733),
suggesting that its influence is primarily indirect and operates by exacerbating the owner’s
existing financial vulnerability rather than directly initiating the risk cascade. In contrast,
Financial Risk (F) has the lowest net causal degree (d − r = −1.3713), identifying it as
the strongest effect dimension and suggesting that financial losses represent the terminal
consequence of the risk system rather than an independent primary cause. Execution
Risk (E) is also classified as an effect dimension, although its negative net causal degree is
comparatively moderate (d − r = −0.5344).
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Table 4. Initial direct influence matrix.

F C E O X

F 0.000 2.714 2.571 2.000 2.429
C 3.571 0.000 3.571 3.286 2.571
E 3.286 2.714 0.000 2.429 2.286
O 3.286 3.000 3.429 0.000 2.857
X 3.571 2.429 2.714 2.286 0.000

Table 5. Total influence matrix.

F C E O X

F 0.832 0.852 0.914 0.766 0.796
C 1.264 0.875 1.170 1.004 0.980
E 1.092 0.909 0.818 0.839 0.842
O 1.222 1.030 1.137 0.788 0.972
X 1.121 0.905 0.995 0.841 0.709

Table 6. DEMATEL causal-relationship results by risk dimension.

Dimension d r d + r d − r Role

Owner Relationship (O) 5.1484 4.2386 9.3870 +0.9098 Cause
Contractual (C) 5.2935 4.5709 9.8644 +0.7226 Cause

External Environment (X) 4.5713 4.2980 8.8693 +0.2733 Cause
Execution (E) 4.4991 5.0335 9.5326 −0.5344 Effect
Financial (F) 4.1598 5.5311 9.6909 −1.3713 Effect

According to Table 6, with d + r as the horizontal axis and d − r as the vertical axis, a
causal diagram among the risk dimensions can be obtained, as shown in Figure 3. Owner
relationship and contractual risk are the principal cause dimensions, external environment
risk is a weak cause dimension, and execution and financial risk are effect dimensions.

Figure 3. DEMATEL cause-effect diagram of the five risk dimensions.

Reading Tables 3 and 6 together with Figure 3 reveals a phenomenon that merits
particular attention. Individual owner relationship indicators, such as O1 and O4, rank near
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the bottom of the PRPN list, suggesting that managers do not, in isolation, perceive them as
major psychological threats. However, the Owner Relationship dimension to which these
indicators belong emerges as the strongest causal dimension in the system. In other words,
the risks that senior decision-makers feel most acutely, namely financial loss, are largely
downstream effects, whereas the risks that structurally drive the system, namely owner
relationship quality, are comparatively under-weighted in immediate psychological percep-
tion. Because PRPN and DEMATEL measure different constructs, namely the transformed
priority of individual indicators and the influence flow between dimensions, this contrast is
best regarded as complementary evidence rather than a counterintuitive discovery. Notably,
the causal position of O does not arise merely from high outgoing influence ratings, as the
contractual dimension received similar or higher outgoing ratings (e.g., C → F = 3.571 and
C → E = 3.571). O stands out mainly because it received the lowest incoming influence of
all dimensions (r = 4.2386); that is, the experts judged the other dimensions to rarely drive
the owner relationship. This complementary perspective is discussed further in Section 5.

A closely related observation concerns External Environment Risk (X). Although X1
and X2 are the two individual indicators with the highest PRPN values in the entire study,
the External Environment dimension as a whole exhibits only a modest cause degree
(d − r = 0.2733) in the DEMATEL analysis. This apparent tension can be resolved once
the underlying mechanism is made explicit. X1 and X2 (owner insolvency and financing
failure) are best understood not as an independent, direct cause of downstream risk in
the DEMATEL sense, but rather as the point at which an already fragile owner’s external
environment converts a pre-existing financial vulnerability into a realized crisis. External
environment shocks therefore appear to function as a trigger or amplifier layered upon
the causal structure generated by owner relationship and contractual weaknesses, rather
than as an independent root cause in their own right. This distinction also explains why X1
and X2 register such extreme psychological salience individually, even though their parent
dimension’s DEMATEL cause degree is comparatively modest.

4.6. Sensitivity and Robustness Analysis
4.6.1. Criterion Weights

Perturbing wS, wO, and wD by ±10% in six separate scenarios left the composition
of the high-risk group essentially unchanged (Table 7): X1 remained ranked first in every
scenario, and F1 and F3 also remained within the top five across all six scenarios; C3,
E4, and X2 each appeared within the top five in four of the six scenarios, occasionally
displacing one another, while the overall composition of the top five otherwise remained
broadly stable. In every scenario, the direction of movement was consistent with each
failure mode’s own underlying S/O/D score profile rather than appearing arbitrary, which
is itself a useful validity check on the model: the ranking responds to weight changes
in the direction theory would predict, rather than in an unpredictable or noisy fashion.
This confirms that the PRPN ranking reported in Table 3 is not an artifact of one specific
weight configuration but reflects a reasonably robust ordering of psychologically-perceived
risk, giving decision-makers confidence that the recommended governance priorities in
Section 5.3 would not change materially even if the underlying SWARA weights had been
elicited somewhat differently.
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Table 7. Comparison of the PRPN top-five rankings across different weights.

Scenario Rank 1 Rank 2 Rank 3 Rank 4 Rank 5

Baseline
Scenario X1 F1 F3 C3 E4

S +10% X1 F1 C3 X2 F3

S −10% X1 E4 F3 F1 X2

O +10% X1 F1 E4 F3 C3

O −10% X1 F1 X2 C3 F3

D +10% X1 F1 X2 E4 F3

D −10% X1 F1 C3 F3 E4

4.6.2. Prospect-Theory Parameters

To test whether the results depend on the parameter values of Tversky and Kahne-
man [15], PRPN was recomputed for all 252 combinations of λ = 1.50–3.00 (step 0.25) and α,
β = 0.5–1.0 (step 0.1, varied independently). Spearman’s ρ between each ranking and the
baseline ranking ranged from 0.926 to 0.997 (median 0.978). In every combination, at least
eight of the nine baseline high-priority failure modes remained among the top nine, and
X1 ranked first in 94.8% of the combinations and never lower than second (Figure 4). The
priority set is therefore not an artifact of the specific parameter values adopted.

Figure 4. Sensitivity of the PRPN ranking to λ and α = β: (a) Spearman’s ρ with the baseline ranking;
(b) number of baseline top-nine failure modes retained.

4.6.3. Reference Point and Aggregation Structure

The number of positive PRPN values depends partly on the reference point: it is 9 with
the mean, 11 with the median and 12 with the scale midpoint (5.5). The high-priority set is
therefore defined by rank. Table 8 shows that this set is identical under the mean, the median
and the 10% trimmed mean, and that eight of the nine failure modes are retained under the
scale midpoint and under the best-observed (ideal) and worst-observed reference points.

With respect to the aggregation structure, 11 of the 25 failure modes have two negative
prospect values. A multiplicative combination would therefore reverse the sign of 18 of
the 25 PRPN values, correlate negatively with the baseline ranking (ρ = −0.43) and move
X1 from first to 24th position, confirming that the additive form is required. When the
prospect values are first shifted to be strictly positive and then aggregated by a weighted
geometric mean, the ranking remains almost unchanged (ρ = 0.975; identical top nine).
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Table 8. PRPN ranking under alternative reference points.

Reference Point Spearman ρ Top-9 Retained No. of PRPN > 0 Rank of X1

Mean (baseline) 1.000 9/9 9 1
Median 0.987 9/9 11 1

10% trimmed mean 0.998 9/9 9 1
Scale midpoint (5.5) 0.868 8/9 12 1
Best observed (ideal) 0.968 8/9 25 1

Worst observed 0.958 8/9 0 1

4.6.4. Retention of E3 and O5

To assess the retention decisions described in Section 4.2, all analyses were repeated
with E3 excluded, with O5 excluded and with both excluded, recomputing the reference
points in each case. In all three cases, the nine high-priority failure modes were identical
to the baseline set, and Spearman’s ρ with the baseline ranking was at least 0.999. The
retention of these two failure modes therefore does not affect the conclusions.

4.6.5. Expert Agreement and Bootstrap Confidence

Inter-expert agreement was assessed with Kendall’s coefficient of concordance (W).
As shown in Table 9, concordance was statistically significant for Severity and for the DE-
MATEL influence judgments, but not for Occurrence or Detection. The stronger agreement
on Severity is consistent with the unanimous ranking of Severity as the most important
factor in the SWARA stage (Section 4.3), whereas the weaker agreement on Occurrence and
Detection motivates the bootstrap analysis below.

Table 9. Inter-expert agreement (Kendall’s W, seven experts).

Judgment Items Kendall’s W χ2 df p

Severity (S) 25 0.393 66.10 24 <0.001
Occurrence (O) 25 0.190 31.92 24 0.129
Detection (D) 25 0.164 27.60 24 0.277

DEMATEL influence 20 0.261 34.73 19 0.015

The seven experts were then resampled with replacement 5000 times. For PRPN, the
individual SWARA weights and S/O/D ratings of each drawn expert were resampled
jointly; for DEMATEL, the individual direct-influence matrices were resampled. For PRPN,
the separation between high- and low-priority failure modes is robust, whereas the exact
order within the high-priority group is less certain (Figure 5): X1, C1, F1 and E4 entered
the top nine in 93%, 86%, 80% and 77% of the resamples, respectively, whereas O3 and O4
never did. A leave-one-expert-out analysis yielded Spearman’s ρ values of 0.85–0.96 with
the baseline ranking and retained seven or eight of the nine high-priority failure modes.
The results are therefore interpreted as priority tiers rather than as exact ranks.

For DEMATEL (Table 10), Owner Relationship Risk was a cause dimension in all
resamples and the strongest cause in 66.7% of them, with Contractual Risk the strongest
cause in most of the remainder. Financial Risk was an effect dimension in all resamples and
the strongest effect in 89.2%, and Contractual Risk had the highest prominence in 72.1%. In
a leave-one-expert-out analysis, Financial Risk was the strongest effect and Contractual
Risk the most prominent dimension in all seven runs, and Owner Relationship Risk was the
strongest cause in five runs (Contractual Risk in the other two). The causal role of External
Environment Risk was weak and uncertain.
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Figure 5. Expert-level bootstrap of PRPN ranks (5000 resamples): median rank (dot), 95% interval
(line), baseline rank (bar) and probability of entering the top nine.

Table 10. Expert-level bootstrap of the DEMATEL results (5000 resamples).

Dimension d − r (Baseline) 95% Interval p (Cause) p (Strongest
Cause)

p (Strongest
Effect)

Financial (F) −1.371 [−1.763, −0.340] 0.000 0.000 0.892

Contractual (C) +0.723 [−0.334, 1.029] 0.937 0.325 0.007

Execution (E) −0.534 [−1.074, −0.145] 0.006 0.000 0.053

Owner
Relationship (O) +0.910 [0.520, 1.926] 1.000 0.667 0.000

External
Environment (X) +0.273 [−0.956, 0.819] 0.719 0.008 0.048

4.6.6. Hindsight-Bias Diagnostic

Because the ratings were elicited after project completion, they may be affected by
hindsight and outcome bias [44]. Hindsight bias should primarily inflate the judged
likelihood of events that actually occurred. The group ratings of the 11 failure modes that
materialized in the case (F1, F2, F3, C1, C2, C3, C4, E1, X1, X2 and X5) were therefore
compared with those of the 14 that did not. Occurrence (4.95 vs. 5.07; Mann–Whitney
p = 0.545) and Detection (5.17 vs. 5.23; p = 0.641) did not differ, whereas Severity was
higher for the materialized failure modes (7.49 vs. 6.04; p < 0.001). Hence, no systematic
inflation of occurrence judgments was observed, but an outcome effect on severity cannot
be excluded.

Table 11 maps the losses that occurred in the case to the corresponding failure modes.
Seven of the nine high-priority failure modes materialized, whereas advance-payment
pressure (F2), unlimited scope (C2) and milestone-payment disputes (C4) materialized
without being ranked among the top nine. This mapping is illustrative rather than an
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independent validation, because the ratings were given after the outcomes were known; it
nevertheless indicates that the ratings did not simply reproduce the realized losses.

Table 11. Losses in the case and the corresponding PRPN priorities.

Loss Event in the Case Failure Mode PRPN Rank Top Nine

Owner insolvency after completion; parent
guarantee not honored X1 1 Yes

Invoiced progress payments not paid F1/X2 2/6 Yes

Change orders insufficiently compensated F3 3 Yes

Uncapped liability exposure C3 4 Yes

Incomplete contract terms; amendment to
restructure payment C1 7 Yes

Frequent requirement changes E1 8 Yes

COVID-19 supply-chain disruption X5 10 No

Milestone-payment disputes C4 11 No

Unlimited scope expansion C2 15 No

Contractor advance-payment pressure F2 20 No

5. Discussion
5.1. Theoretical Contributions

The first theoretical contribution lies in embedding Prospect Theory’s loss-aversion
mechanism directly into the risk-priority calculation framework, rather than invoking
behavioral bias merely as a post hoc explanation for why decision-makers deviate from
model recommendations. The Psychologically-perceived Risk Priority Number (PRPN)
construct operationalizes loss aversion as a first-class quantitative output: failure mode F3′s
five-place jump from W_RPN to PRPN, along with X5′s one-place decline, illustrates how
the transformation re-weights combinations of above- and below-reference scores. These
rank changes reflect the application of prospect-theoretic value functions to the expert
ratings; they should not be interpreted as direct empirical evidence of loss-averse behavior,
which was not observed in this study. This finding offers a concrete, testable alternative
to the common practice of treating Failure Mode and Effects Analysis (FMEA) scores as
behaviorally neutral inputs.

Furthermore, the architecture is designed to generalize beyond this specific case. Any
organization with an internal decision panel and documented failure modes can compute
its own Step-wise Weight Assessment Ratio Analysis (SWARA) weights and reference
points from its internal scoring distribution. PRPN does not require eliciting project-
specific behavioral parameters. It adopts the estimates of Tversky and Kahneman [15],
α = β = 0.88 and λ = 2.25, which were obtained from monetary gambles; their transferability
to engineering risk judgments is therefore not assumed but examined in Section 4.6.2, where
the high-priority set proved stable across λ = 1.5–3.0 and α, β = 0.5–1.0. Future research
could re-estimate these parameters using a firm’s historical decision data.

A second theoretical contribution is the explicit reconciliation of individual-indicator
salience with dimension-level causal structure. Literature on hybrid FMEA and Multiple-
Criteria Decision Making (MCDM) models has largely developed in parallel with Decision
Making Trial and Evaluation Laboratory (DEMATEL) causal mapping research. A joint
synthesis of Tables 3 and 6 indicates that these tools answer complementary questions:
PRPN indicates which individual risks the panel prioritizes after the behavioral transfor-
mation, whereas DEMATEL indicates which dimensions the panel judges to drive the
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system. The two provide complementary evidence and can diverge, as observed in the case
of Owner Relationship Risk. This divergence extends existing escalation of commitment
literature [2,3]: if decision-makers systematically underestimate the psychological salience
of risks that causally drive financial losses, it provides a behavioral explanation for why
organizations repeatedly under-invest in owner-relationship due diligence despite past
costly experience with unstable startup counterparties. Materialized losses are financial,
vivid, and easily attributed to financial causes, whereas upstream owner-relationship judg-
ment failures are diffuse, occur early in the project lifecycle, and remain difficult to hold
salient in institutional memory or bid-review design.

Third, and most distinctively, by grounding its initial risk inventory in Owner-induced
Financial Risk Transfer and Moral Hazard in Contract Performance patterns specific to
startup-owner engagements, rather than adopting generic construction taxonomies, this
study extends MCDM-FMEA models into counterparty risk contexts that have received
limited dedicated focus [35]. This domain-specific grounding delivers a methodologi-
cal benefit: because the 25-indicator inventory was custom-built, the Modified Delphi
convergence results in Section 4.2 serve as an implicit validity check. The retention of all
25 indicators, with only isolated and well-explained disagreements, suggests that the under-
lying construct of “startup-owner Engineering, Procurement, and Construction (EPC) risk”
is coherent enough to be captured by a moderately sized indicator set without requiring an
open-ended taxonomy.

5.2. Practical Contributions

Practically, this study converts an abstract risk assessment exercise into actionable
governance levers. The nine highest-priority indicators cluster into three groups, each
mapping onto a distinct managerial response strategy.

The first group, Owner Survival and Payment Security (X1, F1, X2, F5), points to pre-
contractual financial due diligence: verifying audited financials, requiring bank-confirmed
financing commitments, and securing payment through irrevocable letters of credit rather
than relying on stated intentions. The second group, Asymmetric Contract Structure (C3,
C1), calls for mandatory contract clause reviews, specifically capping indemnity liability
and closing gaps in scope and change-order definitions prior to signature, as startup owners
face structural incentives to keep these clauses favorable to themselves. The third group,
Compound Execution Risk (E4, F3, E1), reflects a self-reinforcing cycle: unstable owner
requirements (E1) trigger rework and undercompensated change orders (F3), while complex
multi-subcontractor interfaces (E4) obscure responsibility assignment. This highlights the
need to price explicit design-change reserves and interface-management costs into the
bidding stage rather than absorbing them post-award.

The asymmetry between what senior decision-makers perceive as psychologically
threatening and what the causal structure identifies as systemically dangerous contains
broader policy implications. Any organization relying solely on a ranked list of top risks,
regardless of how rigorously constructed, remains structurally prone to under-investing in
root-cause dimensions whose impacts are indirect, delayed, or dispersed across visible loss
categories. A ranking-only approach, while internally rigorous, creates a governance blind
spot precisely where DEMATEL causal analysis is required.

DEMATEL results add complementary guidance in that intervening solely at the
financial monitoring stage occurs too late in the causal chain because Owner Relationship
Risk and Contractual Risk act as system root causes while Financial Risk represents the
terminal effect. Risk governance effort must shift forward, concentrating scrutiny at
the bid assessment and contract negotiation stages where owner qualification can still be
verified and protective clauses negotiated. This forward-shifting logic carries organizational
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design implications. Because Owner Relationship Risk and Contractual Risk fall under the
domain of business development and legal departments, rather than finance functions that
typically own risk monitoring, governance cannot be delegated to finance alone. Effective
governance requires a cross-functional structure mirroring the decision panel (general
management, risk control, legal, and finance working from a shared model) integrated into
the bid evaluation committee before crises reach financial dashboards.

5.3. Managerial Implications and Recommended Governance Gates

Based on joint PRPN and DEMATEL results, four quantified governance gates are
proposed for EPC contractors evaluating startup-owner opportunities.

First, a Risk-Floor Screening Gate, driven by Owner Relationship Risk’s dominant
causal role, establishes strict no-go thresholds. Bids should be declined if an owner lacks a
qualified project management consultant, cannot supply audited financials, lacks confirmed
follow-on financing, or refuses liability caps. Second, a Payment-Security Gate, inspired by
the X1/F1/X2 cluster, requires bank-backed irrevocable payment guarantees, an advance
payment ratio of at least 20% of contract value, and milestone payments tied to verifiable
progress with automatic work-stoppage triggers for late payments. Third, a Contract-
Scheme Review Gate, prompted by the C3/C1 cluster, mandates pre-signature approval for
liability caps (recommended not to exceed 100% of contract value), a single named owner
representative with binding response deadlines, explicit design-freeze clauses, and capped
scope definitions. Fourth, a Price Review Gate, driven by the E4/F3/E1 cluster, requires an
explicit risk-premium reserve sized to the dimensions of the nine highest-priority indicators,
alongside itemized allowances for multi-subcontractor interface management and design-
change costs. These four gates operationalize statistical findings into pre-contractual
controls that intervene at bidding and negotiation, where causal analysis indicates risk
containment is most effective.

A further implication concerns long-term framework maintenance. Because PRPN
is computed relative to the panel’s reference points, adopting contractors should expect
their catastrophic risk set to evolve as experience with different owner profiles grows. For
instance, a firm that successfully mitigates funding security exposure via the Payment-
Security Gate should observe F1 and X2 decline in relative PRPN rank over time, while
other risks become comparatively salient. This indicates that the framework operates best
as a dynamic governance instrument rather than a static checklist. Periodically re-running
the model with updated decision-maker scores as mitigation practices evolve ensures
governance efforts track current top threats rather than historical baselines.

6. Conclusions
This study addressed the practical problem of EPC contractors increasingly serving

startup owners whose fragile capital structures and immature governance create catas-
trophic financial and contractual exposures. Standard risk assessment tools like FMEA
assume equal factor weighting and fully rational decision-makers, assumptions that fail
in high-stakes environments. To close this gap, the study implemented a five-stage inte-
grated framework applied retrospectively to a large EPC turnkey case with seven senior
decision-makers to address three research questions.

Regarding RQ1, the results demonstrate that severity dominates senior decision-
makers’ calculus (SWARA weight of 43.5%, far exceeding occurrence or detectability).
Regarding RQ2, the prospect-theoretic transformation reorders risk rankings compared to
magnitude-weighted models, notably elevating undercompensated change orders. Nine
indicators, anchored by owner insolvency, funding-chain breakdown, and unlimited lia-
bility, constitute the high-priority risk set. Regarding RQ3, DEMATEL identifies Owner
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Relationship Risk and Contractual Risk as the principal causal dimensions and Financial
Risk as a robust effect dimension, providing evidence complementary to PRPN. Sensitivity
analyses of the criterion weights, behavioral parameters and reference point, together with
expert-level bootstrapping, show that the high-priority set is robust, whereas the exact
order within it is less certain. These findings translate into four quantified pre-contractual
governance gates that shift risk mitigation forward to bidding and negotiation stages.

This study has limitations that highlight future research avenues. Empirical observa-
tions derive from a single EPC contractor and project. While the decision panel’s shared
context enhances internal validity, external validity across contractors, industries, and
contractual regimes warrants multi-case replication. A related limitation is sample size.
Following established expert-based MCDM research paradigms that prioritize deep do-
main expertise over large generic samples [9,10], this study relies on seven managers from
one firm. The weights and rankings represent a rigorously elicited expression of this
panel’s professional judgment rather than a population-level estimate. Methodologically,
DEMATEL analysis was executed at the dimension level. A natural extension involves
indicator-level causal mapping to trace specific failure mode interactions.

Three further limitations concern the data. First, because the ratings were elicited
after the project outcomes were known, they may be affected by hindsight and outcome
bias; although occurrence ratings did not differ between materialized and non-materialized
failure modes, severity ratings may contain an outcome effect, and the bid-stage value
of the framework is therefore proposed rather than demonstrated. Second, because the
same seven experts from one contractor provided all judgments, common method bias
cannot be ruled out [45]. Its influence was reduced by using different response formats and
levels of analysis for FMEA and DEMATEL and by individual, anonymous completion,
and the bootstrap and leave-one-expert-out analyses indicate that the main conclusions
do not depend on any single expert. Third, inter-expert agreement was significant for
Severity but not for Occurrence or Detection. The retention of E3, which did not reach
consensus, and of O5, which was omitted from the second Delphi round, is a further
procedural limitation, although neither affected the results. Future research should apply
the framework prospectively at the bidding stage and use multi-firm, multi-case data.

Finally, integration choices across the five framework stages, particularly group-
weighting procedures and DEMATEL thresholds, involve modeling parameters whose
sensitivity can be systematically explored. Future studies should also test whether this
framework generalizes to broader counterparty risk contexts beyond EPC contracting, such
as project finance, supply chain contracting with financially fragile partners, or venture-
backed technology licensing agreements.
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