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ABSTRACT
Manufacturers need decision models that translate environmental and customer requirements into operational priorities while 
integrating lean and green practices within a unified programme. This study develops and applies an integrated decision frame-
work to identify, structure and prioritise lean–green manufacturing criteria and to examine how their relative importance changes 
as strategic requirements are translated into technical, environmental and operational priorities. An initial literature-derived set 
of 15 criteria and 55 subcriteria was refined through expert screening to eight criteria and 42 subcriteria. Fuzzy analytic net-
work process (FANP) was first used to capture interdependencies among the retained criteria and derive their network-based 
priorities. These priorities were subsequently carried through three linked green quality function deployment (GQFD) matrices, 
sequentially relating lean–green criteria to gearbox technical characteristics, environmental requirements and lean enablers. 
The resulting lean-enabler weights were then incorporated into interval VIKOR to obtain the final compromise priorities under 
uncertainty. FANP ranked workforce, environmental performance and process highest, whereas the final analysis placed supply 
chain, performance outcomes and environmental performance in the leading positions. This cross-stage reordering shows that 
structural importance within an interdependent decision network does not necessarily translate directly into implementation 
priority and demonstrates the value of tracing how lean–green priorities are reconfigured across successive deployment stages.

1   |   Introduction

Lean manufacturing constitutes a sociotechnical management 
system centred on customer value creation, waste elimination, 
process stability and continuous improvement. Green manu-
facturing complements these operational priorities through the 
systematic reduction of material and energy intensity, emis-
sions, hazardous substances and other life-cycle environmental 

burdens. Lean–green manufacturing represents the strategic in-
tegration of these two domains within a unified production sys-
tem that jointly governs operational efficiency, customer value, 
resource productivity and environmental performance (Dües 
et al. 2013; Gholami et al. 2021; Villegas et al. 2026).

The strategic significance of lean–green integration arises from 
the requirement to align productivity, quality, responsiveness, 
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resource efficiency, emissions reduction and stakeholder expec-
tations within a coherent implementation system. Lean practices 
can generate environmental benefits through lower defect rates, 
reduced material losses, improved process control and shorter 
throughput times. Their environmental consequences, however, 
remain sensitive to process configuration, transport intensity, en-
ergy consumption, technology choices and supply-chain design. 
Effective implementation therefore requires an explicit decision 
architecture capable of coordinating customer requirements, 
technical characteristics, organisational capabilities, supply-
chain relationships and environmental priorities (Johansson and 
Sundin 2014; Farrukh et al. 2022; Villegas et al. 2026).

These conditions create a multicriteria strategic decision envi-
ronment in which manufacturers must determine the relative 
importance of competing capabilities and outcomes; incorporate 
interdependencies among workforce, processes, suppliers, sup-
ply chains and environmental performance; and preserve the 
uncertainty embedded in expert judgement. Quality function 
deployment (QFD) offers a structured mechanism for translat-
ing stakeholder requirements into technical and operational 
responses. Fuzzy multicriteria decision-making methods com-
plement this deployment logic by representing linguistic assess-
ments and producing analytically consistent priority structures 
under uncertainty (Chan and Wu 2002; Masui et al. 2003; Hsu 
et al. 2022).

Contemporary research has advanced lean–green implemen-
tation through maturity assessment, barrier analysis, crit-
ical success factor prioritisation, structural modelling and 
hybrid decision-support methods (Gholami et al. 2021; Oliveira 
et  al.  2022; Garza-Reyes et  al.  2026; Hou et  al.  2026). Despite 
these advances, the literature remains analytically fragmented 
across factor identification, structural weighting, requirement 
deployment and final prioritisation. Three interrelated gaps are 
particularly significant. First, extant studies offer insufficient 
traceability between customer and environmental requirements, 
product characteristics and implementable lean enablers. Second, 
the interdependencies among organisational, technical, environ-
mental, supplier and supply-chain dimensions are frequently an-
alysed separately from the subsequent requirement-deployment 
process. Third, existing research has not clearly differentiated 
the structural influence of a criterion within an interdependent 
decision network from its deployment salience following the in-
corporation of technical and environmental relationships. These 
gaps establish the need for an integrated multistage decision ar-
chitecture that connects criteria development, interdependent 
weighting, requirement deployment and compromise prioritisa-
tion. These gaps motivate the following research questions (RQs):

	RQ1.	 Which criteria and subcriteria constitute a context-
relevant lean–green implementation architecture for gear-
box manufacturing?

	RQ2.	 How do the relative priorities of lean–green crite-
ria evolve across interdependent weighting, require-
ment deployment and compromise prioritisation under 
uncertainty?

To address these research questions, the study develops and ap-
plies an integrated sequential decision-support framework within 

NMI, an Iranian gearbox manufacturer. A synthesis of prior stud-
ies, followed by expert assessment, establishes a context-relevant 
lean–green criteria architecture. FANP subsequently incorpo-
rates criterion interdependencies and derives network-based pri-
orities. Three linked green quality function deployment (GQFD) 
matrices propagate customer and environmental requirements 
across product characteristics, environmental requirements and 
lean enablers. Interval extended VIKOR then generates the final 
compromise prioritisation. The resulting framework preserves 
analytical traceability across all stages and establishes a coherent 
pathway from strategic requirements to operational implementa-
tion priorities.

The study pursues two research objectives:

	RO1.	 To identify, refine and establish a content-validated ar-
chitecture of lean–green manufacturing criteria and sub-
criteria for gearbox production.

	RO2.	 To develop and apply an integrated FANP–three-phase 
GQFD–interval VIKOR framework that combines interde-
pendent weighting, requirement deployment and compro-
mise prioritisation under uncertainty.

The study advances lean–green integration research through three 
interrelated contributions. First, it conceptualises lean–green im-
plementation as a traceable requirement-deployment architecture 
linking stakeholder and environmental requirements with prod-
uct characteristics, lean enablers and strategic implementation 
priorities. Second, it articulates and operationalises the distinction 
between network-based importance and deployment salience. 
FANP determines the structural influence of criteria within the 
interdependent decision network, while the linked GQFD and in-
terval VIKOR stages identify the priorities that acquire strategic 
significance across the complete deployment pathway. Third, the 
framework integrates organisational, technical, environmental, 
supplier and supply-chain dimensions within a unified decision 
structure, thereby connecting environmental strategy with opera-
tional and cross-boundary implementation priorities. Collectively, 
these contributions provide a coherent analytical account of how 
lean–green priorities are generated, propagated and reconfigured 
across successive decision stages.

The remainder of the paper is organised as follows. Section 2 
develops the conceptual foundations and positions the re-
search gap. Section  3 presents the research design and ana-
lytical framework. Section 4 reports the empirical application 
and analytical results. Section  5 interprets the findings and 
develops their theoretical, managerial and policy implica-
tions. Section  6 concludes the study and defines the agenda 
for future research.

2   |   Literature Review

This section develops the conceptual and analytical founda-
tions of the study across four interrelated domains. Section 2.1 
positions lean–green manufacturing as an integrated stra-
tegic system; Section  2.2 examines QFD and GQFD as 
requirement-deployment architectures; Section  2.3 evaluates 
decision-analytic approaches to interdependent weighting and 
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compromise prioritisation; and Section  2.4 synthesises the re-
search gap and establishes the analytical positioning of the pro-
posed framework.

2.1   |   Lean–Green Manufacturing

Lean–green manufacturing integrates operational excellence 
and environmental management within a coordinated strate-
gic system. Lean capabilities strengthen process flow, quality, 
responsiveness, cost efficiency and continuous improvement 
through the systematic elimination of operational waste. Green 
capabilities advance pollution prevention, resource productiv-
ity, emissions reduction, life-cycle stewardship and regulatory 
responsiveness. Their integration establishes complementary 
mechanisms through which process discipline can enhance en-
vironmental performance and environmental priorities can di-
rect operational improvement towards lower impact production 
and supply-chain configurations (Dües et  al.  2013; Saetta and 
Caldarelli 2020; Gholami et al. 2021).

The strategic performance of this integration depends on a port-
folio of interdependent organisational and interorganisational 
capabilities. Top-management commitment establishes strategic 
direction, governance and resource allocation; workforce com-
petence and participation embed lean–green principles within 
operational routines; performance measurement aligns contin-
uous improvement with environmental objectives; and collab-
oration with customers and suppliers extends implementation 
across organisational boundaries (Kitsis and Chen 2021; Farrukh 
et  al.  2022, 2023; Hebaz et  al.  2022). Process innovation and 
sustainability-oriented innovation further strengthen the con-
version of these capabilities into operational, environmental and 
supply-chain outcomes (Cherrafi et al. 2018; Jum'a et al. 2022).

Recent research has expanded lean–green scholarship towards 
strategic implementation, barrier prioritisation, digitally en-
abled product development and circular operations. Garza-
Reyes et  al.  (2026) structure and prioritise the organisational, 
institutional, behavioural, knowledge and technological bar-
riers governing green–lean implementation. Hou et  al.  (2026) 
establish the hierarchical relationships among critical success 
factors for lean–green product development within an Industry 
4.0 environment. Villegas et  al.  (2026) further integrate lean, 
green and circular practices within sustainable operations and 
supply-chain transformation. Collectively, these developments 
position lean–green implementation as a multidimensional 
transformation shaped by leadership, workforce capability, pro-
cess design, technological infrastructure, environmental gover-
nance and cross-boundary coordination.

2.2   |   QFD and GQFD

QFD constitutes a cross-functional planning architecture for 
translating stakeholder requirements into measurable technical 
characteristics and operational responses. Through the house 
of quality (HOQ) and its associated relationship matrices, QFD 
integrates requirement importance, relationship intensity and 
functional knowledge within a transparent deployment process. 
Its principal analytical strength lies in preserving traceability 

between strategic requirements and the design or operational 
decisions through which those requirements are realised (Chan 
and Wu 2002).

GQFD extends this architecture by incorporating environmen-
tal requirements and life-cycle considerations into product and 
process development. Environmental attributes—including ma-
terial and energy efficiency, emissions, toxicity, recyclability, 
maintainability and end-of-life performance—are integrated 
with customer value and technical feasibility within the deploy-
ment structure (Masui et al. 2003; Wu and Ho 2015). GQFD con-
sequently provides an analytical bridge between environmental 
strategy and the product, process and operational decisions re-
quired for its implementation.

The literature has progressively combined QFD with fuzzy rep-
resentations, optimisation and MCDM methods to strengthen 
sustainable design and implementation decisions. Rough-set 
QFD has been applied to environmental performance evalu-
ation; multiphase fuzzy QFD has supported sustainable ser-
vice design; and integrated QFD–MCDM frameworks have 
addressed supply-chain agility and sustainability risk (Yang 
et  al.  2011; Chowdhury and Quaddus  2016; Hsu et  al.  2022). 
These studies demonstrate the capacity of hybrid QFD architec-
tures to accommodate multiple stakeholder requirements, con-
flicting objectives and uncertain assessments.

A particularly relevant antecedent is the fuzzy decision-support 
system developed by Aghaei and Avakh Darestani  (2024) 
for evaluating lean–green and company-specific production 
systems. That study confirms the value of combining con-
textualised lean–green criteria, QFD and fuzzy decision anal-
ysis within an industrial decision environment. The present 
framework advances this methodological trajectory through 
three consecutively linked GQFD matrices. Phase I deploys 
lean–green criteria into gearbox technical characteristics, 
Phase II propagates the resulting priorities into environmen-
tal requirements and Phase III translates environmental re-
quirements into lean enablers. This sequential architecture 
establishes continuous analytical traceability from strategic 
and stakeholder requirements to operational implementation 
priorities.

2.3   |   Decision-Making Approaches in Lean–Green 
Implementation

Lean–green decision models perform three principal analyt-
ical functions: estimating criterion importance, structuring 
relationships among decision factors and establishing imple-
mentation priorities. Hierarchical weighting methods such as 
AHP and the best–worst method derive relative importance 
within predefined decision structures. Relational methods 
such as DEMATEL, ISM and MICMAC identify influence 
patterns, causal prominence, hierarchical levels and driving–
dependence structures. Ranking methods such as TOPSIS, 
PROMETHEE and VIKOR evaluate alternatives or implemen-
tation priorities against multiple and potentially conflicting 
criteria. The suitability of each approach is therefore deter-
mined by the analytical function assigned to it within the 
overall decision architecture.
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ANP extends hierarchical weighting through a network repre-
sentation that accommodates dependence and feedback among 
decision elements (Saaty  1996). This capability is particularly 
relevant to lean–green implementation because leadership strat-
egy, workforce capability, process improvement, environmental 
performance, supplier relationships and supply-chain coordina-
tion interact across functional and organisational boundaries. 
Fuzzy ANP further represents pairwise assessments expressed 
through linguistic judgements, allowing expert knowledge and 
assessment uncertainty to be incorporated into network-based 
priority estimation.

VIKOR performs a complementary analytical function by con-
structing a compromise prioritisation under conflicting criteria. 
The method integrates overall group utility, represented by S, 
with the maximum individual regret, represented by R, and pro-
duces a compromise index Q. Its interval extension retains lower 
and upper assessments throughout the ranking procedure, 
thereby preserving the uncertainty represented in the expert 
decision matrix (Sayadi et  al.  2009). This compromise logic is 
appropriate when implementation priorities must exhibit strong 
aggregate performance while controlling their most consequen-
tial criterion-level shortfall.

Existing hybrid models demonstrate substantial progress 
in lean–green decision support. Oliveira et  al.  (2022) com-
bine AHP and TOPSIS 2-tuple methods to assess lean–
green product-development maturity; Soltani et  al.  (2023) 
integrate Pythagorean-fuzzy DEMATEL and TOPSIS to iden-
tify and prioritise lean improvement actions; Aghaei and 
Avakh Darestani  (2024) combine fuzzy decision analysis and 
QFD for company-specific lean–green evaluation; Garza-Reyes 
et  al.  (2026) integrate structured review, empirical validation 
and AHP-based barrier prioritisation; and Hou et  al.  (2026) 
employ ISM and MICMAC to establish the hierarchy and inter-
relationships among green–lean product-development success 
factors.

The analytical configuration developed in this study assigns a 
distinct and complementary function to each method. FANP 
derives network-sensitive criterion weights; three-phase GQFD 
propagates requirements through technical, environmental 
and implementation layers; and interval VIKOR establishes the 
final compromise prioritisation. This configuration integrates 
structural weighting, requirement deployment and compromise 
analysis within a continuous decision pathway and enables the 
transformation of priorities across successive analytical stages 
to be explicitly examined.

Table  1 synthesises representative lean–green and adjacent 
sustainable-manufacturing studies by criterion-domain cov-
erage and analytical design. The comparison clarifies the ana-
lytical positioning of the proposed framework relative to prior 
practice, structural-analysis, weighting and prioritisation 
studies.

2.4   |   Research Gap

As shown in Table 1 above, the literature establishes a substantial 
foundation concerning lean–green practices, implementation 

capabilities, organisational drivers, barriers, critical success fac-
tors and performance outcomes. It also demonstrates the value 
of QFD, structural modelling and hybrid MCDM for supporting 
sustainable-manufacturing decisions. The comparative synthe-
sis in Table 1 nevertheless identifies three interconnected ana-
lytical gaps.

First, requirement-to-action traceability remains incomplete. 
Existing studies identify influential practices, enablers, barriers 
and performance dimensions, while the analytical pathway con-
necting stakeholder and environmental requirements with tech-
nical characteristics, environmental priorities, lean enablers 
and final implementation decisions remains underdeveloped. 
This discontinuity constrains the conversion of strategic envi-
ronmental objectives into coordinated operational actions.

Second, interdependent criterion weighting and requirement 
deployment have generally evolved as separate analytical 
streams. Structural and network methods capture relation-
ships among organisational and operational factors, while 
QFD-based models translate requirements across technical 
domains. Their integration within a continuous deployment 
architecture is essential for preserving the influence of interde-
pendencies as priorities move across successive decision layers.

Third, the literature predominantly reports a final set of weights, 
causal relationships or rankings. The distinction between the 
structural influence of a criterion within an interdependent 
network and its deployment salience after customer, technical, 
environmental and operational relationships have been incor-
porated remains conceptually and analytically insufficiently de-
veloped. Establishing this distinction provides an explanation of 
how and why implementation priorities are reconfigured across 
decision stages.

The proposed framework addresses these gaps through an 
expert-refined lean–green criteria architecture integrated 
with FANP, three consecutively linked GQFD matrices and 
interval extended VIKOR. FANP establishes network-based 
importance; GQFD propagates priorities through technical, 
environmental and lean-enabler layers; and interval VIKOR 
determines the compromise prioritisation emerging from the 
complete deployment pathway. The framework consequently 
contributes a unified analytical architecture that connects 
criteria development, interdependent weighting, requirement 
deployment, uncertainty representation and final implemen-
tation prioritisation. Its explanatory contribution lies in estab-
lishing how lean–green priorities are generated, propagated 
and reconfigured across successive stages of strategic and op-
erational decision-making.

3   |   Research Methodology

The study adopts a case-study design in the gearbox-
manufacturing context of NMI. Candidate lean–green crite-
ria and subcriteria were identified from prior lean, green and 
lean–green studies and organised into an initial literature-
derived pool. Expert evaluation then refined this pool before 
the retained criteria entered the FANP, GQFD and interval 
VIKOR analyses.
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The methodological architecture integrates the fuzzy analytic 
network process (FANP), three-phase GQFD and interval ex-
tended VIKOR in a sequential framework. These methods per-
form complementary analytical functions: FANP determines 
the relative importance of interdependent lean–green criteria 
and subcriteria under judgemental uncertainty; three-phase 
GQFD systematically propagates these priorities through 
technical characteristics and environmental requirements to 
lean enablers; and interval extended VIKOR provides the final 
compromise-based prioritisation of the lean–green criteria 
under interval-valued expert assessments. The research process 
and general framework are presented in Figure 1.

Data collection combined literature sources, company infor-
mation, expert questionnaires, interviews and operational 
observations. Literature sources supported candidate-item iden-
tification; NMI information supplied the case-specific technical 
inputs; and expert input supported criteria screening, pairwise 

comparisons, GQFD relationship assessments and interval 
VIKOR evaluations.

The initial candidate structure comprised 15 criteria and 55 
subcriteria. The panel comprised 15 experts who met three 
competence criteria: an organisational position at specialist 
level or above, a master's degree or higher and at least 10 years 
of professional experience. The same panel participated in the 
questionnaire-based analytical stages.

The candidate criteria and subcriteria were screened for 
importance, contextual relevance and conceptual overlap. 
Subcriteria with expert-rated importance below 50% were ex-
cluded. The panel also consolidated overlapping constructs 
and removed items subsumed by broader retained constructs, 
including some items that exceeded the numerical threshold. 
This refinement yielded eight criteria and 42 subcriteria for 
the FANP analysis.

FIGURE 1    |    Integrated research methodology.
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Content validity was assessed through expert review of the can-
didate constructs and questionnaire content prior to the analyt-
ical stages. Internal consistency of the questionnaire used for 
criteria screening was assessed using Cronbach's alpha in SPSS 
(α = 0.796). Consistency of the FANP pairwise judgements was 
evaluated separately using the CI and CR procedure described 
in Section 3.1. Microsoft Excel was used for the FANP, GQFD 
and interval VIKOR calculations.

3.1   |   Calculation of Consistency Ratio (CR)

Because FANP relies on pairwise judgements, the logical con-
sistency of the comparison matrices was assessed before their 
priorities were used in subsequent calculations. Consistency 
assessment follows the eigenvalue-based pairwise-comparison 
logic established in the AHP/ANP tradition, while explicit 
reporting of judgement consistency is important for trans-
parent and reproducible ANP applications (Saaty  1980; Mu 
et al. 2020).

The consistency index (CI) is calculated as

where �max denotes the maximum eigenvalue of the pairwise-
comparison matrix and n denotes the order of the matrix.

The CR is subsequently calculated as

where RI represents the random index corresponding to matrix 
order n. The standard terms CI, RI and CR are used throughout 
the analysis to maintain consistency with established pairwise-
comparison terminology. A comparison matrix is regarded as 
acceptably consistent when CR ≤ 0.10; matrices exceeding this 
threshold require reconsideration of the underlying pairwise 
judgements. Table 2 presents the RI values used in the consis-
tency assessment.

If the resulting CR is less than or equal to 0.10, the pairwise 
comparisons are sufficiently consistent and the analysis can 
proceed. Otherwise, the decision makers are required to revise 
the relevant comparisons.

3.2   |   FANP

FANP extends conventional ANP by incorporating fuzzy linguistic 
judgements into pairwise comparisons. Triangular fuzzy numbers 
were adopted because their lower–modal–upper representation 

captures the imprecision of linguistic assessments while remain-
ing transparent and computationally compatible with geometric 
aggregation and Chang's extent-analysis procedure.

ANP is particularly appropriate to the present decision problem 
because lean–green criteria cannot be adequately represented 
through a strictly hierarchical structure: leadership strategy, 
workforce, environmental performance, process, techniques 
and tools, performance outcomes, supplier relationships and 
supply-chain dimensions may exhibit interdependence and 
feedback. The capacity of ANP to represent such dependencies 
is central to its use in complex multicriteria decision systems, 
and careful specification of the network and supermatrix is es-
sential for methodological transparency (Mu et al. 2020).

A triangular fuzzy judgement is denoted by ã = (l,m,u), where 
l, m and u represent the lower, modal and upper values, respec-
tively; its reciprocal is ã−1 = (1∕u, 1∕m, 1∕ l). The nine-point 
comparison scale adopted in the study was used to translate 
linguistic assessments into fuzzy pairwise-comparison values.

Based on the final criteria and subcriteria and expert judgement 
concerning their relationships, the FANP decision network was 
constructed as presented in Figure 2.

The FANP procedure was implemented in six linked analyti-
cal steps. First, the decision network was constructed using the 
final eight lean–green criteria and their 42 subcriteria, and the 
interdependencies among the main criteria were incorporated 
according to expert judgement.

Second, fuzzy pairwise-comparison matrices were developed 
for the relevant criteria and subcriteria. The individual assess-
ments of the 15 experts were aggregated using the geometric 
mean. Accordingly, the aggregated fuzzy judgement for ele-
ments i and j can be represented within the text as 

ãij =
�

∏15

r=1 ã
(r)
ij

�1∕15

. The corresponding pairwise-comparison 

matrices were accepted only after satisfying the consistency re-
quirement described by Equations (1) and (2).

For the extent-analysis calculations, let M̃ =
[

M̃ij

]

 denote the re-

sulting aggregated fuzzy pairwise-comparison matrix.

Third, local fuzzy priorities were calculated using the extent-
analysis procedure. For each element, the fuzzy synthetic extent 
was obtained from its row-wise fuzzy comparisons relative to 
the inverse of the total fuzzy comparison sum; compactly, 
�Si =

�

∑

j
�Mij

�

⊗

�

∑

p

∑

q
�Mpq

�−1

. Degrees of possibility between 

the resulting fuzzy synthetic extents were then evaluated, and 
the minimum possibility values were normalised to derive the 
local priority vectors.

(1)CI =
�max − n

n − 1

(2)CR =
CI

RI

TABLE 2    |    Random index (RI) values.

n 1 2 3 4 5 6 7 8 9 10 11 12 13

RI 0 0 0.58 0.90 1.12 1.24 1.32 1.42 1.45 1.49 1.51 1.56 1.57
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Fourth, these local priority vectors were assembled into the 
unweighted supermatrix Wu so that the dependence relation-
ships among the network elements were explicitly represented. 
Fifth, the relevant cluster priorities were incorporated to ob-
tain a weighted, column-stochastic supermatrix Ww. Sixth, the 
weighted supermatrix was successively raised to powers until its 
entries stabilised, producing the limit supermatrix W∞ and the 
long-run priorities of the network elements. This convergence 
can be expressed compactly as W∞ = limk→∞

(

Ww

)k.

The resulting global priorities constitute the final FANP weights 
of the eight lean–green criteria. For consistency with the sub-
sequent GQFD analysis, these weights are denoted by wC

i
, 

i = 1, … , 8, and collected in the vector wC =
(

wC
1
, … ,wC

8

)T. The 
FANP weights provide the quantitative input to the first phase 
of GQFD.

3.3   |   QFD Model

QFD is a structured approach for translating requirements into 
technical or operational characteristics. Its principal matrix, 
the HOQ, begins by identifying the requirements to be satis-
fied—the ‘Whats’—and their relative importance. The technical 

means through which these requirements can be addressed—
the ‘Hows’—are then identified, and a relationship matrix links 
the two sets of elements.

QFD has been extensively developed as a systematic mecha-
nism for translating customer and stakeholder requirements 
into technical and design characteristics, with the HOQ pro-
viding the core structure for linking requirement importance to 
technical responses (Chan and Wu 2002). Within the proposed 
integrated framework, the same weighting logic provides the 
analytical mechanism through which priorities are propagated 
from one GQFD phase to the next.

For a generic HOQ containing n input requirements and m out-
put characteristics, the absolute importance of output character-
istic q is calculated as

where wp denotes the importance weight of input requirement p, 
dpq represents the relationship between input requirement p and 
output characteristic q and AIq is the resulting absolute impor-
tance of output characteristic q.

(3)AIq =
∑n

p=1
wpdpq

FIGURE 2    |    FANP decision network for the lean–green criteria and subcriteria.
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11 of 27Business Strategy and the Environment, 2026

The corresponding relative weight is obtained through 
normalisation:

where wq denotes the normalised importance of output charac-
teristic q. The symbols wp and wq in Equations  (3) and (4) are 
used only as generic input- and output-weight notation for a ge-
neric HOQ; the phase-specific weights are denoted by wC

i
, wT

j
, wR

k
 

and wA
l

 in Section 3.4.

Equations  (3) and (4) are applied successively across the three 
GQFD phases so that the output weights generated in one phase 
constitute the input weights of the following phase.

3.4   |   GQFD

GQFD extends the QFD approach by incorporating environ-
mental considerations into the translation of requirements 
into technical and operational responses. In the present study, 
GQFD is used to identify and weight lean enablers, which sub-
sequently constitute the evaluation dimensions of the interval 
extended VIKOR model.

This extension is consistent with the broader development of 
GQFD as a means of incorporating environmental consider-
ations into product and process decision-making while retain-
ing the requirement-to-technical-response logic of conventional 
QFD (Wu and Ho 2015).

The empirical contents of the three GQFD houses were estab-
lished using both company-specific information and expert-
informed inputs. The gearbox technical characteristics were 
derived from product and production information supplied by 
NMI, while the environmental requirements and lean enablers 
were identified and refined with reference to previous studies 
and the judgements of relevant industry experts. This combina-
tion operationalises the GQFD framework within the specific 
manufacturing context examined in the study. The three-phase 
GQFD architecture is presented in Figure 3.

To maintain consistent notation throughout the three houses, Ci, 
i = 1, … , 8, denotes the lean–green criteria; Tj, j = 1, … , 11, de-
notes the technical characteristics; Rk, k = 1, … , 22, denotes the 
environmental requirements; and A

�
, � = 1, … , 10, denotes the 

lean enablers. The corresponding relationship matrices can 
therefore be represented within the text as D(1) =

[

d(1)
ij

]

8×11
, 

D(2) =
[

d(2)
jk

]

11×22
 and D(3) =

[

d(3)
k�

]

22×10
. The expert panel as-

sessed the relationships within each GQFD house using the 
study's 1–3–9 scoring structure; blank cells indicate relation-
ships for which no score was assigned.

In Phase I, the eight FANP-weighted lean–green criteria Ci con-
stitute the rows of the first HOQ, while the 11 gearbox technical 
characteristics Tj constitute its columns. The FANP weights wC

i
 

are used as the row-importance values. Applying Equations (3) 
and (4) to the Phase I relationship matrix produces the relative 
technical-characteristic weights wT

j
.

In Phase II, the 11 technical characteristics Tj become the row 
requirements, weighted by the wT

j
 values transferred from Phase 

(4)wq =

AIq
∑m

s=1 AIs

FIGURE 3    |    Three-phase GQFD architecture.
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12 of 27 Business Strategy and the Environment, 2026

I, while the 22 environmental requirements Rk form the columns. 
Application of the same QFD weighting and normalisation pro-
cedure produces the environmental-requirement weights wR

k
.

In Phase III, the 22 environmental requirements Rk, weighted by 
wR
k
, constitute the rows, while the 10 lean enablers A

�
 constitute 

the columns. The resulting output is the final lean-enabler weight 
vector wA

�
. Defining wT =

(

wT
1
, … ,wT

11

)T, wR =
(

wR
1
, … ,wR

22

)T 
and wA =

(

wA
1
, … ,wA

10

)T, the complete priority-transfer se-
quence can be represented compactly as wC

→ wT
→ wR

→ wA.

The final wA
�

 values provide the evaluation weights for the sub-
sequent interval extended VIKOR analysis. In that decision ma-
trix, the eight lean–green criteria Ci constitute the alternatives 
to be prioritised, while the 10 lean enablers A

�
 constitute the 

evaluation dimensions.

3.5   |   Extended VIKOR

The VIKOR method addresses multicriteria problems in which 
alternatives must be ranked under conflicting evaluation di-
mensions and seeks a compromise solution that balances over-
all group utility against the maximum individual regret. This 
compromise-ranking logic distinguishes VIKOR from distance-
based ranking procedures that rely only on proximity to ideal 
and anti-ideal reference points (Opricovic and Tzeng  2004). 
Sayadi et  al.  (2009) subsequently extended the VIKOR frame-
work to decision problems involving interval numbers, enabling 
uncertainty in the evaluation matrix to be retained throughout 
the compromise-ranking procedure.

After the Phase III lean-enabler weights were obtained, the ex-
perts evaluated each lean–green criterion against the 10 lean en-
ablers using interval judgements on a 1–9 scale elicited through 
questionnaires and interviews. The resulting VIKOR decision 
matrix contains eight alternatives Ci, corresponding to the eight 
lean–green criteria, and 10 evaluation dimensions, correspond-
ing to the 10 lean enablers. An interval assessment is repre-
sented as f̃ il =

[

f L
il
, f U
il

]

, while wA
l

 denotes the final weight of lean 
enabler Al obtained from GQFD. In the VIKOR calculations, 
i = 1, … , 8 indexes the alternatives Ci, whereas l = 1, … , 10 in-
dexes the lean-enabler evaluation dimensions. To avoid confu-
sion between the environmental-requirement notation Rk used 
in GQFD and the VIKOR regret measure, the latter is denoted 
by RV

i
.

The interval extended VIKOR procedure involves four linked 
operations: determining the positive and negative ideal values, 
calculating interval group utility and maximum regret, calculat-
ing the interval compromise index Qi and comparing the result-
ing interval Q values to establish the final ranking.

First, the positive ideal solution (PIS) and negative ideal solution 
(NIS) are determined. Let Jb denote the set of benefit-type evalu-
ation dimensions and Jc the set of cost-type dimensions.

The corresponding negative ideal value is

Second, the interval group-utility measure Si =
[

SL
i
, SU

i

]

 and the 
interval individual-regret measure RV

i
=
[

RV ,L
i
,RV ,U

i

]

 are calcu-
lated. The lower bound of the group-utility measure is

The corresponding upper bound is

The lower bound of the individual-regret measure is

The corresponding upper bound is

Third, the interval VIKOR compromise index Qi =
[

QL
i
,QU

i

]

 is 
calculated. Its lower bound is

and its upper bound is

The best and worst group-utility reference values are

The corresponding reference values for individual regret are

The parameter v ∈ [0, 1] controls the balance between the strat-
egy of maximum group utility and that of minimum individual 
regret. In this study, v = 0.50 was adopted, assigning equal im-
portance to the two compromise perspectives.

Finally, the interval Qi values were ranked using the interval-
comparison rules of Sayadi et  al.  (2009). For two intervals 
a =

[

aL, aU
]

 and b =
[

bL, bU
]

, a precedes b when aU ≤ bL; identi-
cal intervals receive the same rank. For partial overlap, when 
aL < bL < aU < bU, a precedes b, with the reverse configuration 

(5)f ∗
l
=

⎧

⎪

⎨

⎪

⎩

max
i
f U
il
, l∈ Jb,

min
i
f L
il
, l∈ Jc

(6)f −
l
=

⎧

⎪

⎨

⎪

⎩

min
i
f L
il
, l∈ Jb,

max
i
f U
il
, l∈ Jc

(7)SLi =
∑

l∈Jb
wA
l

f ∗
l
− f U

il

f ∗
l
− f −

l

+
∑

l∈Jc
wA
l

f L
il
− f ∗

l

f −
l
− f ∗

l

(8)SUi =
∑

l∈Jb
wA
l

f ∗
l
− f L

il

f ∗
l
− f −

l

+
∑

l∈Jc
wA
l

f U
il

− f ∗
l

f −
l
− f ∗

l

(9)

RV ,L
i

=max

{

max
l∈ Jb

[

wA
l

f ∗
l
− f U

il

f ∗
l
− f −

l

]

, max
l∈ Jc

[

wA
l

f L
il
− f ∗

l

f −
l
− f ∗

l

]}

(10)

RV ,U
i

=max

{

max
l∈ Jb

[

wA
l

f ∗
l
− f L

il

f ∗
l
− f −

l

]

, max
l∈ Jc

[

wA
l

f U
il

− f ∗
l

f −
l
− f ∗

l

]}

(11)QL
i = v

SL
i
− S∗

S− − S∗
+ (1 − v)

RV ,L
i

− R∗

R− − R∗

(12)QU
i = v

SU
i
− S∗

S− − S∗
+ (1 − v)

RV ,U
i

− R∗

R− − R∗

(13)S∗ =min
i
SLi , S− =max

i
SUi

(14)R∗ =min
i
RV ,L
i
, R− =max

i
RV ,U
i
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treated symmetrically. When one interval is nested within the 
other, for example, aL ≤ bL ≤ bU ≤ aU, their ordering is deter-
mined using the condition �

(

bL − aL
)

≥ (1 − �)
(

aU − bU
)

. If the 
condition is satisfied, a precedes b; otherwise, b precedes a. The 
neutral decision setting � = 0.50 was used in this study.

After applying these interval-comparison rules, the Qi intervals 
are ordered from smallest to largest. A smaller Qi interval indi-
cates greater proximity to the compromise ideal and therefore a 
higher final priority. This final comparison stage preserves the 
uncertainty represented by the interval assessments instead of 
prematurely reducing each interval to a single crisp value.

4   |   Analysis and Results

NMI Manufacturing Company operates in the automotive and 
motorcycle sectors and was established in 1986. The company is 
located in Alborz Industrial Town, Qazvin, and manufactures 
different types of automotive gearboxes. NMI has implemented 
ISO 9001, ISO/TS 16949 and ISO 14001 management standards 
and has pursued organisational excellence programmes since 
2004 (NMI Manufacturing Company  2023). The present case 
application examines the lean–green production system within 
NMI's gearbox-manufacturing operations. Figure  4 presents 
representative gearbox products manufactured by NMI.

Following the screening procedure described in Section 3, the ini-
tial set of 15 criteria and 55 subcriteria was refined to eight criteria 
and 42 subcriteria. The screening instrument yielded Cronbach's 
α = 0.796. The main criteria-comparison matrix yielded CR = 0.023, 
and all subcriterion matrices met the CR ≤ 0.10 acceptance crite-
rion specified in Section 3. Accordingly, all pairwise-comparison 
matrices were retained for the FANP analysis, whose resulting 
priorities were subsequently propagated through the GQFD and 
interval extended VIKOR stages.

Results are reported in the same sequence as the analytical 
framework in Section  3. Section  4.1 presents the fuzzy pair-
wise comparisons, Section  4.2 derives the FANP priorities, 
Section  4.3 reports the three GQFD deployment phases and 
Section 4.4 presents the interval extended VIKOR analysis and 
final compromise ranking.

4.1   |   Pairwise Comparisons

The experts' linguistic pairwise judgements for the retained 
criteria and subcriteria were converted into triangular fuzzy 

numbers and aggregated using the geometric mean, as speci-
fied in Section 3. Pairwise comparisons were conducted first for 
the eight main criteria and then within each subcriterion clus-
ter. The main-criterion aggregates underpin the criterion-level 
calculations reported in Tables 3–7, while the subcriterion-level 
aggregates contribute to the local priority vectors incorpo-
rated into the FANP supermatrix and to the global subcriterion 
weights reported in Table 8.

4.2   |   Determining the Relative Weight 
of Elements

The extent-analysis procedure described in Section 3 transforms 
the aggregated fuzzy comparison matrix into local priority vec-
tors. In the 8 × 8 main-criterion matrix, Ck denotes the focal row 
criterion and Cj the criterion against which it is compared, with 
k, j ∈ {1, … , 8}. The triangular fuzzy entry in row k and col-
umn j is M̃kj. For a fixed criterion Ck, the fuzzy row total is 
∑8

j=1 M̃kj. Using i as the dummy row index, the grand fuzzy sum 

over the complete main-criterion matrix is 
∑8

i=1

∑8

j=1 M̃ij. Its in-

verse enters the criterion-specific synthetic-extent calculation. 
Table 3 reports these quantities.

FIGURE 4    |    Representative gearbox products manufactured by NMI Manufacturing Company (2023).

TABLE 3    |    First-stage quantities in Chang's extent analysis.

Main criterion Ck

Fuzzy row total 
for Ck

∑8

j=1 M̃kj

C1 (16.40, 32.01, 44.00)

C2 (4.50, 9.01, 19.06)

C3 (11.48, 21.13, 35.43)

C4 (3.63, 5.35, 13.03)

C5 (2.82, 3.93, 9.13)

C6 (17.11, 29.58, 43.33)

C7 (23.20, 37.65, 50.00)

C8 (2.07, 3.19, 5.83)

Grand fuzzy sum over the 8 × 8 
criterion matrix 

∑8

i=1

∑8

j=1 M̃ij

(81.21, 141.85, 219.81)

Inverse grand fuzzy sum 
�

∑8

i=1

∑8

j=1 M̃ij

�−1

(0.004549, 0.007050, 
0.012314)
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TABLE 4    |    Fuzzy synthetic extents for the main criteria.

Criterion/synthetic 
extent

Fuzzy row total for Ck

∑8

j=1 M̃kj

Inverse grand fuzzy sum 
�

∑8

i=1

∑8

j=1 M̃ij

�−1

Synthetic extent S̃k

C1

(

S̃1

)

(16.40, 32.01, 44.00) (0.004549, 0.007050, 0.012314) (0.07461, 0.22566, 0.54181)

C2

(

S̃2

)

(4.50, 9.01, 19.06) (0.004549, 0.007050, 0.012314) (0.02047, 0.06352, 0.23470)

C3

(

S̃3

)

(11.48, 21.13, 35.43) (0.004549, 0.007050, 0.012314) (0.05223, 0.14896, 0.43628)

C4

(

S̃4

)

(3.63, 5.35, 13.03) (0.004549, 0.007050, 0.012314) (0.01651, 0.03772, 0.16045)

C5

(

S̃5

)

(2.82, 3.93, 9.13) (0.004549, 0.007050, 0.012314) (0.01283, 0.02771, 0.11242)

C6

(

S̃6

)

(17.11, 29.58, 43.33) (0.004549, 0.007050, 0.012314) (0.07784, 0.20853, 0.53355)

C7

(

S̃7

)

(23.20, 37.65, 50.00) (0.004549, 0.007050, 0.012314) (0.10555, 0.26542, 0.61569)

C8

(

S̃8

)

(2.07, 3.19, 5.83) (0.004549, 0.007050, 0.012314) (0.00942, 0.02249, 0.07179)

TABLE 5    |    Degrees of possibility among the fuzzy synthetic extents.

V
(

S̃i ≥ S̃k

)

S̃1 S̃2 S̃3 S̃4 S̃5 S̃6 S̃7 S̃8

S̃1 — 1.0000 1.0000 1.0000 1.0000 1.0000 0.9165 1.0000

S̃2 0.4968 — 0.6811 1.0000 1.0000 0.5196 0.3901 1.0000

S̃3 0.8250 1.0000 — 1.0000 1.0000 0.8575 0.7396 1.0000

S̃4 0.3135 0.8444 0.4931 — 1.0000 0.3260 0.1943 1.0000

S̃5 0.1604 0.7197 0.3318 0.9055 — 0.1606 0.0281 1.0000

S̃6 0.9640 1.0000 1.0000 1.0000 1.0000 — 0.8827 1.0000

S̃7 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 — 1.0000

S̃8 0.0000 0.5557 0.1340 0.7840 0.9187 0.0000 0.0000 —

TABLE 6    |    Minimum possibility values and normalised local FANP weights.

Criterion code Criterion

Minimum pairwise possibility 
min

k=1, … , 8

k≠ i

V
(

S̃i ≥ S̃k

)

Normalised local 
FANP weight wlocal

i

C1 Leadership strategy 0.916473 0.220771

C2 Workforce 0.390127 0.093978

C3 Environmental performance 0.739572 0.178157

C4 Process 0.194271 0.046798

C5 Techniques and tools 0.028124 0.006775

C6 Performance outcomes 0.882675 0.212629

C7 Supplier relationships 1.000000 0.240892

C8 Supply chain 0.000000 0.000000
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For a fixed main criterion Ck with k = 1, … , 8, the fuzzy synthetic 
extent is �Sk =

�

∑8

j=1
�Mkj

�

⊗

�

∑8

i=1

∑8

j=1
�Mij

�−1

. Substitution of 

Table  3 values for C1 gives S̃1 = (16.40, 32.01, 44.00) 
⊗ (0.004549, 0.007050, 0.012314) = (0.07461, 0.22566, 0.54181) . 
Table  4 reports the resulting synthetic extent for each main 
criterion.

The fuzzy synthetic extents are then compared pairwise. For 
i, k ∈ {1, … , 8}, i ≠ k, V

(

S̃i ≥ S̃k

)

 denotes the degree of possi-

bility that the synthetic extent associated with criterion i is at 
least as large as that associated with criterion k. Table 5 reports 
the resulting pairwise possibility matrix.

For each criterion i, the retained minimum degree of possibil-
ity is min

i, k=1, … , 8

k≠ i

V
(

S̃i ≥ S̃k

)

. Normalising these eight 

minima yields the local FANP priority vector reported in 
Table 6.

Normalisation yields Wlocal
= (0.22077, 0.09398, 0.17816, 

0.04680, 0.00677, 0.21263, 0.24089, 0.00000)T =

(

wlocal
1

…wlocal
8

)T 

for criteria C1–C8, respectively. To incorporate the dependence 
structure represented in Figure 2, the relevant local priority vec-
tors populate the unweighted supermatrix Wu. Cluster weights 
transform Wu into the column-stochastic weighted supermatrix 
Ww, and successive powers of Ww yield the limit supermatrix W∞ 
once the entries converge. Table 7 reports the criterion-level pri-
orities, while Table  8 reports the corresponding criterion and 
global subcriterion weights used in the deployment analysis.

At criterion level, Workforce has the largest FANP weight 
(0.23), followed by Environmental performance (0.18) and 
Process (0.16). Supply chain (0.12) and Leadership strategy 
(0.11) follow, whereas Performance outcomes (0.09), Supplier 
relationships (0.06) and Techniques and tools (0.02) occupy the 
lower positions.

Table  8 reports the complete 42-subcriterion structure and 
the associated global weights. The criterion weights shown in 

Table 8 serve as the row-importance values in the first GQFD 
matrix.

4.3   |   Three-Phase GQFD

The three-phase GQFD analysis propagates the FANP-derived 
priorities through linked technical, environmental and opera-
tional relationship matrices. As described in Section 3, the gear-
box technical characteristics are case-specific inputs supplied 
by NMI, whereas the environmental requirements and lean en-
ablers are literature-informed constructs refined through expert 
judgement. Relationship strength is coded on the study's 1–3–9 
scale, and blank cells denote relationships for which no score 
was assigned. Equations (3) and (4) in Section 3 are applied in 
each phase, with the normalised output vector from one phase 
becoming the input-weight vector for the next.

4.3.1   |   Phase I: Lean–Green Criteria and Gearbox 
Technical Characteristics

In Phase I, the eight FANP-weighted lean–green criteria form 
the weighted input set, and the 11 gearbox technical characteris-
tics supplied by NMI form the output set. For each technical 
characteristic, the criterion contributions are aggregated across 
the eight lean–green criteria according to 
AI (1)

j
=
∑8

i=1 w
C
i
d(1)
ij
, j = 1, … , 11. Normalisation according to 

Equation (4) then gives the Phase I relative weight wT
j

. Table 9 

reports the complete Phase I relationship matrix and the result-
ing technical-characteristic priorities.

Lubricant type (0.200) and Housing type (0.185) have the largest 
Phase I relative weights, followed by Visual condition (0.150), 
Auxiliary components (0.124) and Leak-test performance 
(0.103). The Phase I relative-weight vector is then used as the 
input-weight vector for Phase II.

4.3.2   |   Phase II: Technical Characteristics 
and Environmental Requirements

Phase II treats the 11 technical characteristics as weighted in-
puts and the 22 environmental requirements as outputs. For 
each environmental requirement, the transferred Phase I 
weights are combined with the Phase II relationship scores ac-
cording to AI (2)

k
=
∑11

j=1 w
T
j
d(2)
jk
, k = 1, … , 22. Normalisation 

then gives the Phase II environmental-requirement weight wR
k
. 

Collectively, the 22 requirements cover resource consumption, 
pollution prevention, end-of-life handling, safety, durability, re-
cyclability and assembly. Table 10 reports the complete matrix 
and the resulting environmental priorities.

Reliability and durability receives the highest Phase II relative 
weight (0.121), followed by Waste reduction (0.096), Ease of 
reuse (0.085), Ease of joining (0.079), Ease of assembly (0.075) 
and Air pollution (0.072). The resulting environmental-weight 
vector becomes the input to Phase III.

TABLE 7    |    Criterion-level FANP priorities and ranking.

Criterion
FANP 

weight wC
i

Rank

Workforce 0.23 1

Environmental 
performance

0.18 2

Process 0.16 3

Supply chain 0.12 4

Leadership strategy 0.11 5

Performance outcomes 0.09 6

Supplier relationships 0.06 7

Techniques and tools 0.02 8
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TABLE 8    |    Final FANP weights of the lean–green criteria and subcriteria.

Criterion 
code Criterion

Criterion 
weight

Subcriterion 
code Subcriterion

Global 
subcriterion 

weight

C1 Leadership 
strategy

11% C1-1 Conformance to customer 
specifications

1.25%

C1-2 On-time production 1.13%

C1-3 Fair pricing 1.13%

C1-4 Management commitment 
to lean–green thinking

1.13%

C1-5 Resource allocation for 
lean–green projects

1.06%

C1-6 Team-based decision-making 1.01%

C1-7 Leadership strengthening 0.94%

C1-8 Environmental management system 0.95%

C1-9 Lean–green strategy 0.88%

C1-10 Strategy deployment across 
organisational levels

0.75%

C1-11 Strong strategic vision 0.77%

C2 Workforce 23% C2-1 Flexible job rotation and 
work responsibilities

2.30%

C2-2 Employee commitment 
and motivation

5.52%

C2-3 Multi-skilled workforce 1.61%

C2-4 Employee participation 5.98%

C2-5 Employee empowerment 4.83%

C2-6 Employee confidence in 
improvement programmes 

and their success

2.76%

C3 Environmental 
performance

18% C3-1 Reduction of environmental 
impacts through 3R practices

9.00%

C3-2 Reduced use of toxic, hazardous 
and harmful substances

6.66%

C3-3 Efficient use of natural resources 2.34%

C4 Process 16% C4-1 Operational performance metrics 2.40%

C4-2 Safe and organised workplace (5S) 4.16%

C4-3 Training in work instructions 
and standardisation

2.40%

C4-4 Supply-chain-wide 
continuous improvement

2.88%

C4-5 Integrated lean–green 
operating system

4.16%

(Continues)
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4.3.3   |   Phase III: Environmental Requirements 
and Lean Enablers

Phase III relates the 22 weighted environmental requirements 
to 10 lean enablers. For each lean enabler, the environmental-
requirement contributions are aggregated according to 
AI (3)

�
=
∑22

k=1 w
R
k
d(3)
kl
,� = 1, … , 10. Normalisation gives the 

final lean-enabler weight wA
l

. Table  11 reports the complete 
Phase III matrix and the resulting enabler weight vector.

Preventive maintenance has the largest Phase III weight (0.192), 
followed by Continuous improvement (0.179) and Use of recy-
clable resources (0.162). Integrated lean–green operating system 
(0.108), Waste reduction and resource productivity (0.105) and 
Failure-mode analysis (0.100) follow. The 10 normalised enabler 
weights form the evaluation-weight vector for the interval ex-
tended VIKOR analysis.

4.4   |   Interval Extended VIKOR Decision Matrix 
and Compromise Ranking

The interval extended VIKOR analysis treats the eight 
lean–green criteria as alternatives Ci, i = 1, … , 8, and 
the 10 lean enablers as evaluation dimensions indexed by 

l = 1, … , 10. For each alternative i and lean-enabler dimen-
sion l, the expert assessment is represented by f̃ il =

[

f L
il
, f U
il

]

 
on the 1–9 scale, and wA

l
 denotes the corresponding Phase III 

lean-enabler weight. Table  12 reports the complete interval 
decision matrix.

4.4.1   |   Determination of the Positive and Negative 
Ideal Values

Equations (5) and (6) in Section 3 determine the ideal reference 
values for each lean-enabler dimension, l = 1, … , 10. All 10 
lean-enabler dimensions are treated as benefit-type dimensions. 
The positive ideal f ∗

l
 and negative ideal f −

l
 define the reference 

levels used to evaluate the eight alternatives. Table  13 reports 
the resulting ideal vectors.

4.4.2   |   Group Utility and Maximum Regret

Using these ideal values and the Phase III enabler weights, 
Equations  (7–10) produce the interval group-utility mea-
sure Si =

[

SL
i
, SU

i

]

 and the interval maximum-regret measure 
RV
i
=
[

RV ,L
i
,RV ,U

i

]

 for each alternative. Table  14 reports both 
measures.

Criterion 
code Criterion

Criterion 
weight

Subcriterion 
code Subcriterion

Global 
subcriterion 

weight

C5 Techniques 
and tools

2% C5-1 Waste reduction techniques 0.64%

C5-2 Total productive maintenance (TPM) 0.36%

C5-3 Capacity optimisation 0.52%

C5-4 Advanced production technologies 0.48%

C6 Performance 
outcomes

9% C6-1 Up-to-date practices 1.44%

C6-2 Social outcomes 1.35%

C6-3 Competitive advantage 1.31%

C6-4 Profitability 1.26%

C6-5 Overall business performance 
improvement

1.24%

C6-6 Reputation 1.11%

C6-7 Quality 0.84%

C6-8 Customer satisfaction 0.45%

C7 Supplier 
relationships

6% C7-1 Supplier selection based on 
lean–green indicators

2.32%

C7-2 Active, long-term supplier 
relationships

2.32%

C7-3 Supplier evaluation 1.37%

C8 Supply chain 12% C8-1 Order lead time 6.00%

C8-2 Customer–supplier communication 6.00%

TABLE 8    |    (Continued)
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The corresponding reference values for the compromise 
calculation are S∗ = 0.16748, S− = 0.96543, R∗ = 0.04995 
and R− = 0.19208.

4.4.3   |   Interval VIKOR Compromise Index

Equations  (11–14) combine the group-utility and maximum-
regret measures into the interval compromise index 
Qi =

[

QL
i
,QU

i

]

. The analysis uses v = 0.50, assigning equal 
weight to the maximum-group-utility and minimum-
individual-regret strategies. Table 15 reports the resulting Qi 
intervals.

Under the interval-ranking rule defined in 
Section  3, the compromise intervals are ordered as 
Q8 < Q6 < Q3 < Q4 < Q1 < Q5 < Q2 < Q7. This ordering yields 
the final priority ranking reported in Table 16.

4.4.4   |   Final Ranking of Lean–Green 
Manufacturing Criteria

Supply chain ranks first in the final compromise solution, fol-
lowed by Performance outcomes and Environmental perfor-
mance. Process ranks fourth, followed by Leadership strategy, 
Techniques and tools, Workforce and Supplier relationships. 
This ordering differs from the criterion-level FANP ranking. 
FANP yields priorities from the interdependent criterion net-
work, whereas the final interval VIKOR ranking is calculated 
after the three GQFD deployment stages. Section 5 examines the 
implications of this cross-stage reordering.

5   |   Discussion

The results reveal two complementary priority structures: 
network-based importance from FANP and deployment salience 
from the three-phase GQFD–interval VIKOR sequence. The dis-
cussion first examines how priorities shift across these stages. 
Section 5.1 then positions the findings within recent lean–green 
scholarship and develops the theoretical contribution, while 
Section 5.2 sets out the managerial and policy implications.

FANP assigns the highest criterion-level priorities to Workforce 
(0.23), Environmental performance (0.18) and Process (0.16), 
whereas the final interval VIKOR ranking places Supply chain, 
Performance outcomes and Environmental performance in 
the first three positions. The cross-stage reordering is the cen-
tral empirical finding: Workforce moves from first to seventh, 
Process from third to fourth, Performance outcomes from sixth 
to second and Supply chain from fourth to first. FANP captures 
criterion importance within the interdependent network; the 
final ranking captures the compromise priorities that emerge 
after technical and environmental relationships have been de-
ployed through the three GQFD phases.

Phase III weights sharpen this interpretation. Preventive 
maintenance (0.192), Continuous improvement (0.178) and 
Use of recyclable resources (0.162) dominate the deploy-
ment layer. Under these weights, Supply chain becomes the 
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leading compromise priority, followed by Performance out-
comes, while Environmental performance remains among the 
three highest ranked criteria. Workforce and Process remain 
prominent network capabilities, whereas Supply chain and 
Performance outcomes emerge as the two leading deployment 
priorities.

Environmental performance provides strong continuity across 
the analytical sequence, ranking second in FANP and third in 
interval VIKOR. Its consistently high position places environ-
mental performance among the central priorities of both the 
interdependent capability structure and the final deployment 
decision. The overall pattern therefore distinguishes the capa-
bilities that organise lean–green implementation from the prior-
ities that govern its deployment.

5.1   |   Literature Positioning and Theoretical 
Contribution

Recent lean–green research has increasingly examined the 
organisational, institutional, behavioural and technological 
conditions that shape implementation. Farrukh et  al.  (2022, 
2023) identify resource, institutional and managerial drivers of 
green–lean–six-sigma adoption; Garza-Reyes et al. (2026) struc-
ture the barriers to green–lean implementation; and Villegas 
et al. (2026) demonstrate the integration of lean, green and cir-
cular practices across sustainable operations and supply chains. 
This study adds a decision-architecture perspective by showing 
how criterion priorities are reconfigured as they move from 
interdependent weighting through requirement deployment to 
compromise prioritisation.

TABLE 13    |    Positive and negative ideal values for the interval VIKOR analysis.

Ideal value CI l = 1

PM 
l = 2 PC l = 3

FMA 
l = 4 JR l = 5

HRM 
l = 6

WRP 
l = 7 RR l = 8

ILGS 
l = 9

Trn 
l = 10

Positive ideal f ∗
l

9 8 7 8 9 9 8 7 8 9

Negative ideal f −
l

3 2 2 1 1 1 1 1 1 1

TABLE 14    |    Interval group-utility and maximum-regret measures.

Alternative Group utility Si Maximum regret RV
i

C1 Leadership strategy [0.25463, 0.62790] [0.12805, 0.19208]

C2 Workforce [0.52470, 0.82475] [0.09604, 0.16215]

C3 Environmental performance [0.16748, 0.47653] [0.05954, 0.14885]

C4 Process [0.37430, 0.70532] [0.12161, 0.16215]

C5 Techniques and tools [0.49086, 0.75455] [0.12161, 0.14885]

C6 Performance outcomes [0.18917, 0.48533] [0.06080, 0.11908]

C7 Supplier relationships [0.80206, 0.96543] [0.16006, 0.19208]

C8 Supply chain [0.21476, 0.46318] [0.04995, 0.08325]

TABLE 15    |    Interval VIKOR compromise indices.

Alternative Compromise index Qi

C1 Leadership strategy [0.32937, 0.78850]

C2 Workforce [0.38597, 0.80656]

C3 Environmental performance [0.03373, 0.54157]

C4 Process [0.38170, 0.73172]

C5 Techniques and tools [0.45473, 0.71578]

C6 Performance outcomes [0.05178, 0.44236]

C7 Supplier relationships [0.78501, 1.00000]

C8 Supply chain [0.02963, 0.30244]

TABLE 16    |    Final interval VIKOR ranking of the lean–green 
manufacturing criteria.

Rank Lean–green criterion

1 Supply chain (C8)

2 Performance outcomes (C6)

3 Environmental performance (C3)

4 Process (C4)

5 Leadership strategy (C1)

6 Techniques and tools (C5)

7 Workforce (C2)

8 Supplier relationships (C7)
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Workforce's first-place FANP position aligns with evidence that 
employee capability, participation, training and managerial 
commitment are central to lean–green implementation (Farrukh 
et al. 2023; Hou et al. 2026). Its subsequent movement to sev-
enth place reinforces Workforce's role as a system-organising 
capability: It establishes important organisational conditions 
for lean–green execution, while the final deployment stage gives 
greater priority to criteria whose effects are propagated through 
technical, environmental and operational relationships. Process 
shows a considerably smaller shift, moving from third to fourth, 
and therefore remains prominent in both the network and de-
ployment structures.

Environmental performance occupies a dual strategic position. 
Its second-place ranking in FANP and third-place ranking in in-
terval VIKOR are consistent with evidence on the environmen-
tal gains of structured green–lean improvement and the role of 
environmental management in green–lean adoption (Gholami 
et al. 2021; Farrukh et al. 2022), as well as with the lean–green 
complementarity identified by Dües et al. (2013). In this study, 
environmental performance is therefore both structurally in-
fluential within the criterion network and salient after the full 
deployment sequence.

Supply chain rises from fourth in FANP to first in the final com-
promise ranking, reinforcing the cross-organisational character of 
lean–green implementation and the importance of supply-chain 
integration and process innovation reported in prior research 
(Cherrafi et al. 2018; Villegas et al. 2026). Performance outcomes 
records the largest upward shift, advancing from sixth to second. 
Whereas prior studies commonly treat operational, environmental 
or supply-chain performance as an outcome of lean–green prac-
tices and innovation (Cherrafi et al. 2018; Gholami et al. 2021), 
the present analysis shows that Supply chain and Performance 
outcomes acquire substantially greater decision salience once the 
GQFD-derived deployment weights are incorporated.

Multiphase QFD and GQFD have established the value of car-
rying requirement information across successive decision layers 
(Chowdhury and Quaddus  2016; Wu and Ho  2015). The pres-
ent architecture extends that logic by placing network-sensitive 
weighting upstream of deployment and interval compromise 
prioritisation downstream. The study advances lean–green inte-
gration theory in three respects: It conceptualises implementa-
tion as a traceable requirement-deployment architecture linking 
stakeholder priorities, product characteristics, environmental 
requirements, lean enablers and final implementation priorities; 
it operationalises the distinction between network-based impor-
tance and deployment salience; and it preserves organisational, 
technical, environmental and interorganisational layers as dis-
tinct but sequentially connected decision domains.

The observed reordering of Workforce, Process, Performance 
outcomes and Supply chain gives empirical content to the dis-
tinction between network-based importance and deployment 
salience. Criteria that organise system capability need not oc-
cupy the same position once priorities are propagated through 
technical, environmental and operational relationships. This 
cross-stage view explains how lean–green priorities are gener-
ated, transmitted and reconfigured across the decision system 
rather than treating prioritisation as a single-stage outcome.

The resulting framework connects organisational capability, 
engineering characteristics, environmental requirements, oper-
ational enablers, supplier relationships and supply-chain coor-
dination within one analytical pathway. These decision layers 
remain visible throughout the model, providing a theoretically 
differentiated account of lean–green implementation and a 
direct link between strategic requirements and deployment 
priorities.

5.2   |   Managerial and Policy Implications

For managers, the two priority structures support complemen-
tary decisions. FANP identifies where implementation capa-
bility is concentrated, particularly in Workforce and Process, 
whereas the final VIKOR ranking identifies the principal de-
ployment priorities: Supply chain, Performance outcomes and 
Environmental performance. Together, the two views sup-
port portfolio decisions that build enabling capabilities while 
directing resources towards the operational, environmental 
and cross-boundary priorities with the strongest deployment 
salience.

The three GQFD matrices provide the implementation path-
way. In the NMI case, the Phase III weights identify Preventive 
maintenance, Continuous improvement and Use of recyclable 
resources as the leading operational leverage points. Managers 
can trace each intervention back through the environmental and 
technical layers, assign cross-functional ownership and monitor 
progress through a balanced set of operational, environmental, 
customer and supply-chain indicators. Re-estimating criterion 
weights and relationship scores when product mix, technology, 
regulation, supplier conditions or strategic priorities change 
keeps the decision model aligned with the operating context.

For policymakers and industry bodies, the findings support 
sector-level mechanisms that improve the quality and compa-
rability of lean–green decisions. Environmental benchmarks, 
common supplier and environmental data definitions, work-
force and technical capability-building programmes, support for 
cleaner technologies and environmental management systems 
and supplier-development and data-sharing arrangements can 
strengthen coordinated implementation across automotive sup-
ply networks.

6   |   Conclusion

This study develops and applies an integrated FANP–three-
phase GQFD–interval VIKOR framework for lean–green 
manufacturing decision support in gearbox production. The 
expert-refined architecture comprises eight criteria and 42 sub-
criteria. Its main empirical finding is the cross-stage reordering 
of priorities: FANP emphasises Workforce, Environmental per-
formance and Process, whereas the final compromise ranking 
gives precedence to Supply chain, Performance outcomes and 
Environmental performance. The framework therefore estab-
lishes both a context-relevant lean–green decision architecture 
and a mechanism for tracing how priorities evolve across inter-
dependent weighting, requirement deployment and compromise 
prioritisation.

 10990836, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/bse.71708 by Soroush A

vakh D
arestani - N

IC
E

, N
ational Institute for H

ealth and C
are E

xcellence , W
iley O

nline L
ibrary on [05/11/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



26 of 27 Business Strategy and the Environment, 2026

The study contributes a traceable decision architecture that 
links network-based criterion importance with requirement 
deployment and final compromise prioritisation without col-
lapsing distinct decision layers. For manufacturers, it connects 
workforce and process capability development with perfor-
mance, environmental and supply-chain priorities. For indus-
try and policy actors, it highlights comparable environmental 
and supplier data, cross-boundary coordination and capability 
building as key supports for lean–green implementation.

Future research can extend the framework through multifirm 
and multisector applications, sensitivity and robustness anal-
ysis and explicit modelling of correlations among technical re-
sponses in the GQFD architecture. Further development can 
integrate life-cycle assessment, carbon accounting, circularity 
indicators and digital traceability, while longitudinal applica-
tions can examine how priorities and realised operational–envi-
ronmental outcomes evolve as lean–green programmes mature.

Author Contributions

Soroush Avakh Darestani: writing – review and editing, writing 
– original draft, visualization, project administration, software, su-
pervision, resources, investigation, conceptualization, validation, 
methodology. Rana Imannezhad: visualization, formal analysis, re-
sources, investigation, methodology. Jose Arturo Garza-Reyes: con-
ceptualization, writing – original draft, writing – review and editing, 
visualization, supervision, validation. Jiju Antony: writing – original 
draft, writing – review and editing, validation, project administration. 
Ambisisi Ambituuni: writing – original draft, writing – review and 
editing, conceptualization, validation. Ramina Taherkhani: concep-
tualization, investigation, methodology, validation, software, data cu-
ration. Niloufar Hojat Shemami: validation, writing – original draft.

Conflicts of Interest

The authors declare no conflicts of interest.

References

Agarwal, S., M. Tyagi, and R. K. Garg. 2021. “Commencement of Green 
Supply Chain Management Barriers: A Case of Rubber Industry.” 
In Advances in Manufacturing and Industrial Engineering: Select 
Proceedings of ICAPIE 2019, edited by R. M. Singari, K. Mathiyazhagan, 
and H. Kumar, 685–699. Springer. https://​doi.​org/​10.​1007/​978-​981-​15-​
8542-​5_​59.

Aghaei, E., and S. Avakh Darestani. 2024. “A Fuzzy Decision Support 
System for Evaluating Lean-Green and Company-Specific Production 
System.” Environmental Science and Pollution Research 31, no. 4: 5444–
5456. https://​doi.​org/​10.​1007/​s1135​6-​023-​30667​-​6.

Chan, L. K., and M. L. Wu. 2002. “Quality Function Deployment: A 
Literature Review.” European Journal of Operational Research 143, 
no. 3: 463–497. https://​doi.​org/​10.​1016/​S0377​-​2217(02)​00178​-​9.

Cherrafi, A., J. A. Garza-Reyes, V. Kumar, N. Mishra, A. Ghobadian, 
and S. Elfezazi. 2018. “Lean, Green Practices and Process Innovation: 
A Model for Green Supply Chain Performance.” International Journal 
of Production Economics 206: 79–92. https://​doi.​org/​10.​1016/j.​ijpe.​2018.​
09.​031.

Chowdhury, M. M. H., and M. A. Quaddus. 2016. “A Multi-Phased 
QFD Based Optimization Approach to Sustainable Service Design.” 
International Journal of Production Economics 171, no. Part 2: 165–178. 
https://​doi.​org/​10.​1016/j.​ijpe.​2015.​09.​023.

Debnath, B., M. T. Siraj, K. H. O. Rashid, A. B. M. Mainul Bari, 
C. L. Karmaker, and R. Al Aziz. 2023. “Analyzing the Critical Success 
Factors to Implement Green Supply Chain Management in the Apparel 
Manufacturing Industry: Implications for Sustainable Development 
Goals in the Emerging Economies.” Sustainable Manufacturing and 
Service Economics 2: 100013. https://​doi.​org/​10.​1016/j.​smse.​2023.​
100013.

Dües, C. M., K. H. Tan, and M. Lim. 2013. “Green as the New Lean: How 
to Use Lean Practices as a Catalyst to Greening Your Supply Chain.” 
Journal of Cleaner Production 40: 93–100. https://​doi.​org/​10.​1016/j.​jclep​
ro.​2011.​12.​023.

Farrukh, A., S. Mathrani, and A. Sajjad. 2022. “A Natural Resource and 
Institutional Theory-Based View of Green-Lean-Six Sigma Drivers for 
Environmental Management.” Business Strategy and the Environment 
31, no. 3: 1074–1090. https://​doi.​org/​10.​1002/​bse.​2936.

Farrukh, A., S. Mathrani, and A. Sajjad. 2023. “An Exploratory Study 
of Green-Lean-Six Sigma Motivators for Environmental Sustainability: 
Managerial Insights From a Developed and Developing Economy.” 
Business Strategy and the Environment 32, no. 8: 5187–5210. https://​doi.​
org/​10.​1002/​bse.​3412.

Garza-Reyes, J. A., A. Defanto, R. R. Ghatak, R. Joshi, and W. al Saad. 
2026. “Advancing Sustainable Development in Manufacturing: A 
Strategic Framework for Overcoming Green–Lean Implementation 
Barriers.” Business Strategy and the Environment 35, no. 4: 5320–5343. 
https://​doi.​org/​10.​1002/​bse.​70390​.

Gholami, H., N. Jamil, M. Z. Mat Saman, D. Streimikiene, S. Sharif, and 
N. Zakuan. 2021. “The Application of Green Lean Six Sigma.” Business 
Strategy and the Environment 30, no. 4: 1913–1931. https://​doi.​org/​10.​
1002/​bse.​2724.

Hebaz, A., S. Oulfarsi, I. Ait Hammou, and A. Sahib Eddine. 2022. 
“Assessing Lean, Green and Supply Chain's Sustainable Performance: 
Perspectives From Academia and Industry.” IFAC-PapersOnLine 55, 
no. 10: 2445–2450. https://​doi.​org/​10.​1016/j.​ifacol.​2022.​10.​075.

Hou, G., M. N. Ab Rahman, C. R. Che Mohd Zain, Y. Shao, and 
A. N. Abdul Wahab. 2026. “Prioritizing Critical Success Factors for 
Implementation of Green-Lean Product Development in the Industry 
4.0 Era.” International Journal of Advanced Manufacturing Technology 
142: 6537–6559. https://​doi.​org/​10.​1007/​s0017​0-​025-​17359​-​w.

Hsu, C.-H., R.-Y. Yu, A.-Y. Chang, W.-L. Liu, and A.-C. Sun. 2022. 
“Applying Integrated QFD-MCDM Approach to Strengthen Supply 
Chain Agility for Mitigating Sustainable Risks.” Mathematics 10, no. 4: 
552. https://​doi.​org/​10.​3390/​math1​0040552.

Johansson, G., and E. Sundin. 2014. “Lean and Green Product 
Development: Two Sides of the Same Coin?” Journal of Cleaner 
Production 85: 104–121. https://​doi.​org/​10.​1016/j.​jclep​ro.​2014.​04.​005.

Jum'a, L., D. Zimon, M. Ikram, and P. Madzík. 2022. “Towards a 
Sustainability Paradigm; the Nexus Between Lean Green Practices, 
Sustainability-Oriented Innovation and Triple Bottom Line.” 
International Journal of Production Economics 245: 108393. https://​doi.​
org/​10.​1016/j.​ijpe.​2021.​108393.

Kitsis, A. M., and I. J. Chen. 2021. “Do Stakeholder Pressures Influence 
Green Supply Chain Practices? Exploring the Mediating Role of Top 
Management Commitment.” Journal of Cleaner Production 316: 128258. 
https://​doi.​org/​10.​1016/j.​jclep​ro.​2021.​128258.

Li, J., H. Li, P. He, L. Xu, K. He, and S. Liu. 2023. “Flexible Job Shop 
Scheduling Optimization for Green Manufacturing Based on Improved 
Multi-Objective Wolf Pack Algorithm.” Applied Sciences 13, no. 14: 
8535. https://​doi.​org/​10.​3390/​app13​148535.

Masui, K., T. Sakao, M. Kobayashi, and A. Inaba. 2003. “Applying 
Quality Function Deployment to Environmentally Conscious Design.” 
International Journal of Quality & Reliability Management 20, no. 1: 
90–106. https://​doi.​org/​10.​1108/​02656​71031​0453836.

 10990836, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/bse.71708 by Soroush A

vakh D
arestani - N

IC
E

, N
ational Institute for H

ealth and C
are E

xcellence , W
iley O

nline L
ibrary on [05/11/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1007/978-981-15-8542-5_59
https://doi.org/10.1007/978-981-15-8542-5_59
https://doi.org/10.1007/s11356-023-30667-6
https://doi.org/10.1016/S0377-2217(02)00178-9
https://doi.org/10.1016/j.ijpe.2018.09.031
https://doi.org/10.1016/j.ijpe.2018.09.031
https://doi.org/10.1016/j.ijpe.2015.09.023
https://doi.org/10.1016/j.smse.2023.100013
https://doi.org/10.1016/j.smse.2023.100013
https://doi.org/10.1016/j.jclepro.2011.12.023
https://doi.org/10.1016/j.jclepro.2011.12.023
https://doi.org/10.1002/bse.2936
https://doi.org/10.1002/bse.3412
https://doi.org/10.1002/bse.3412
https://doi.org/10.1002/bse.70390
https://doi.org/10.1002/bse.2724
https://doi.org/10.1002/bse.2724
https://doi.org/10.1016/j.ifacol.2022.10.075
https://doi.org/10.1007/s00170-025-17359-w
https://doi.org/10.3390/math10040552
https://doi.org/10.1016/j.jclepro.2014.04.005
https://doi.org/10.1016/j.ijpe.2021.108393
https://doi.org/10.1016/j.ijpe.2021.108393
https://doi.org/10.1016/j.jclepro.2021.128258
https://doi.org/10.3390/app13148535
https://doi.org/10.1108/02656710310453836


27 of 27Business Strategy and the Environment, 2026

Mu, E., O. Cooper, and M. Peasley. 2020. “Best Practices in Analytic 
Network Process Studies.” Expert Systems With Applications 159: 
113536. https://​doi.​org/​10.​1016/j.​eswa.​2020.​113536.

NMI Manufacturing Company. 2023. “Internal Company 
Documentation [Unpublished Internal Document].”

Oliveira, G. A., G. T. Piovesan, D. Setti, S. Takechi, K. H. Tan, and 
G. L. Tortorella. 2022. “Lean and Green Product Development in SMEs: 
A Comparative Study Between Small- and Medium-Sized Brazilian and 
Japanese Enterprises.” Journal of Open Innovation: Technology, Market, 
and Complexity 8, no. 3: 123. https://​doi.​org/​10.​3390/​joitm​c8030123.

Opricovic, S., and G.-H. Tzeng. 2004. “Compromise Solution by MCDM 
Methods: A Comparative Analysis of VIKOR and TOPSIS.” European 
Journal of Operational Research 156, no. 2: 445–455. https://​doi.​org/​10.​
1016/​S0377​-​2217(03)​00020​-​1.

Saaty, T. L. 1980. The Analytic Hierarchy Process: Planning, Priority 
Setting, Resource Allocation. McGraw-Hill.

Saaty, T. L. 1996. Decision Making With Dependence and Feedback: The 
Analytic Network Process. RWS Publications.

Saetta, S., and V. Caldarelli. 2020. “Lean Production as a Tool for Green 
Production: The Green Foundry Case Study.” Procedia Manufacturing 
42: 498–502. https://​doi.​org/​10.​1016/j.​promfg.​2020.​02.​042.

Sayadi, M. K., M. Heydari, and K. Shahanaghi. 2009. “Extension of 
VIKOR Method for Decision Making Problem With Interval Numbers.” 
Applied Mathematical Modelling 33, no. 5: 2257–2262. https://​doi.​org/​
10.​1016/j.​apm.​2008.​06.​002.

Shin, S., and M. Cho. 2022. “Green Supply Chain Management 
Implemented by Suppliers as Drivers for SMEs Environmental Growth 
With a Focus on the Restaurant Industry.” Sustainability 14, no. 6: 3515. 
https://​doi.​org/​10.​3390/​su140​63515​.

Soltani, M., H. Aouag, C. Anass, and M. D. Mouss. 2023. “Development 
of an Advanced Application Process of Lean Manufacturing Approach 
Based on a New Integrated MCDM Method Under Pythagorean Fuzzy 
Environment.” Journal of Cleaner Production 386: 135731. https://​doi.​
org/​10.​1016/j.​jclep​ro.​2022.​135731.

Villegas, M., K. Torres, A. Paucar-Caceres, E. Ramos, and R. Michaelides. 
2026. “Implementing Lean Green and Circular Practices to Develop 
Sustainable Operations.” Business Strategy and the Environment. 
https://​doi.​org/​10.​1002/​bse.​70764​.

Wang, M., C. Ye, and D. Zhang. 2022. “Evaluation of Green 
Manufacturing Level in China's Provincial Administrative Regions 
Based on Combination Weighting Method and TOPSIS.” Sustainability 
14, no. 20: 13690. https://​doi.​org/​10.​3390/​su142​013690.

Wu, Y.-H., and C.-C. Ho. 2015. “Integration of Green Quality Function 
Deployment and Fuzzy Theory: A Case Study on Green Mobile Phone 
Design.” Journal of Cleaner Production 108, no. Part A: 271–280. https://​
doi.​org/​10.​1016/j.​jclep​ro.​2015.​09.​013.

Yang, M., F. I. Khan, R. Sadiq, and P. Amyotte. 2011. “A Rough Set-Based 
Quality Function Deployment (QFD) Approach for Environmental 
Performance Evaluation: A Case of Offshore Oil and Gas Operations.” 
Journal of Cleaner Production 19, no. 13: 1513–1526. https://​doi.​org/​10.​
1016/j.​jclep​ro.​2011.​04.​005.

 10990836, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/bse.71708 by Soroush A

vakh D
arestani - N

IC
E

, N
ational Institute for H

ealth and C
are E

xcellence , W
iley O

nline L
ibrary on [05/11/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1016/j.eswa.2020.113536
https://doi.org/10.3390/joitmc8030123
https://doi.org/10.1016/S0377-2217(03)00020-1
https://doi.org/10.1016/S0377-2217(03)00020-1
https://doi.org/10.1016/j.promfg.2020.02.042
https://doi.org/10.1016/j.apm.2008.06.002
https://doi.org/10.1016/j.apm.2008.06.002
https://doi.org/10.3390/su14063515
https://doi.org/10.1016/j.jclepro.2022.135731
https://doi.org/10.1016/j.jclepro.2022.135731
https://doi.org/10.1002/bse.70764
https://doi.org/10.3390/su142013690
https://doi.org/10.1016/j.jclepro.2015.09.013
https://doi.org/10.1016/j.jclepro.2015.09.013
https://doi.org/10.1016/j.jclepro.2011.04.005
https://doi.org/10.1016/j.jclepro.2011.04.005

	An Integrated Three-Phase Green Quality Function Deployment Framework for Evaluating Lean–Green Criteria Under Uncertainty
	ABSTRACT
	1   |   Introduction
	2   |   Literature Review
	2.1   |   Lean–Green Manufacturing
	2.2   |   QFD and GQFD
	2.3   |   Decision-Making Approaches in Lean–Green Implementation
	2.4   |   Research Gap

	3   |   Research Methodology
	3.1   |   Calculation of Consistency Ratio (CR)
	3.2   |   FANP
	3.3   |   QFD Model
	3.4   |   GQFD
	3.5   |   Extended VIKOR

	4   |   Analysis and Results
	4.1   |   Pairwise Comparisons
	4.2   |   Determining the Relative Weight of Elements
	4.3   |   Three-Phase GQFD
	4.3.1   |   Phase I: Lean–Green Criteria and Gearbox Technical Characteristics
	4.3.2   |   Phase II: Technical Characteristics and Environmental Requirements
	4.3.3   |   Phase III: Environmental Requirements and Lean Enablers

	4.4   |   Interval Extended VIKOR Decision Matrix and Compromise Ranking
	4.4.1   |   Determination of the Positive and Negative Ideal Values
	4.4.2   |   Group Utility and Maximum Regret
	4.4.3   |   Interval VIKOR Compromise Index
	4.4.4   |   Final Ranking of Lean–Green Manufacturing Criteria


	5   |   Discussion
	5.1   |   Literature Positioning and Theoretical Contribution
	5.2   |   Managerial and Policy Implications

	6   |   Conclusion
	Author Contributions
	Conflicts of Interest
	References


