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Weaving the green thread: configurational drivers of sustainable transformation in the textile industry

Green transformation is a critical strategy for promoting sustainable development in the textile industry. Drawing on the
TOE framework, we construct a theoretical model encompassing technological, organisational, and environmental
dimensions. Using panel data from Chinese textile enterprises spanning 2016 to 2024, we apply a combination of
dynamic Qualitative Comparative Analysis (QCA), Necessary Condition Analysis (NCA), one-way ANOVA, and the
Kruskal-Wallis rank-sum test to explore configurational pathways influencing green transformation. The findings reveal
that no single factor constitutes a necessary condition for high-level green transformation. However, the necessity of
digital transformation and government subsidies has shown a rising trend. Three distinct pathways are identified that
facilitate green transformation: technology—environment driven, technology—organisation driven, and hybrid multi-factor
driven. Inter-group analysis indicates that the consistency scores of these configurations declined collectively in 2020,
followed by a rebound from 2021 onward, with the hybrid pathway demonstrating the greatest stability and effectiveness.
Intra-group analysis suggests that the effectiveness of each configuration varies depending on enterprise size. Our
study demonstrates that the green transformation of textile enterprises is not the result of a single driving force but
emerges from the interplay of multiple factors, offering practical insights for firms pursuing green innovation.

Keywords: textile industry, green transformation, TOE framework, dynamic QCA

Conturand dimensiunea ecologica: factori de configurare ai transformarii durabile in industria textila

Transformarea ecologicé este o strategie esentiala pentru promovarea dezvoltarii durabile in industria textila. Pe baza
cadrului TOE, construim un model teoretic care cuprinde dimensiuni tehnologice, organizationale si de mediu. Folosind
date panel de la intreprinderi textile chineze din perioada 2016-2024, aplicdm o combinatie de analiz& comparativa
calitativa dinamica (QCA), analiza a conditiilor necesare (NCA), ANOVA unidirectionala si testul Kruskal-Wallis pentru a
explora céile configurationale care influenfeazd transformarea ecologicd. Rezultatele arata ca niciun factor singular nu
constituie o conditie necesara pentru o transformare ecologicéa la nivel inalt. Cu toate acestea, necesitatea transformarii
digitale si a subventiilor guvernamentale a inregistrat o tendintd ascendenta. Sunt identificate trei cai distincte care
faciliteaza transformarea ecologica: bazata pe tehnologie-mediu, bazaté pe tehnologie-organizatie si bazata pe factori
multipli hibrizi. Analiza intragrup indica faptul ca scorurile de coerenta ale acestor configuratii au scazut colectiv in 2020,
urmate de o revenire incepand cu 2021, calea hibrida demonstrénd cea mai mare stabilitate si eficacitate. Analiza
intragrup sugereazd cé eficacitatea fiecarei configuratii variaza in functie de dimensiunea intreprinderii. Studiul nostru
demonstreazéd cé transformarea ecologica a intreprinderilor textile nu este rezultatul unei forte singulare, ci rezulta din
interactiunea mai multor factori determinanti, oferind perspective practice pentru firmele care urmdresc inovarea
ecologica.

Cuvinte-cheie: industria textild, transformare ecologica, cadru TOE, QCA dinamic

INTRODUCTION

As one of the world’s oldest industries [1], the textile
sector plays a vital role in many developing countries
by generating substantial employment and enhanc-
ing women’s economic status and social participation
[2]. However, the rise of fast fashion and its demand
for low-cost textiles has led to intensified fabric con-
sumption and shortened garment life cycles, resulting
in numerous environmental challenges, including
greenhouse gas emissions, global warming, and air
pollution [3]. According to the International Energy
Agency (IEA), the textile and apparel industry
accounts for approximately 10% of global carbon
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emissions, making it the second-largest industrial
polluter after the petroleum sector. Producing one ton
of textiles results in nearly 200 tons of wastewater,
while each kilogram of fabric emits around 23 kilo-
grams of carbon dioxide. Some studies predict that,
with the global population expected to reach 8.5 bil-
lion by 2030, the clothing industry may overtake
petrochemicals as the world’s largest polluter. In the
current global movement toward harmony between
humans and nature, addressing the environmental
and health challenges posed by the textile industry
has become a core agenda of sustainable develop-
ment [4].
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Green transformation is widely regarded as a key
pathway for achieving sustainable development in
the textile sector, as it enhances resource efficiency
and significantly reduces pollutant emissions [5, 6].
However, due to its public-good nature and generally
low financial returns, firms often lack adequate incen-
tives to invest in green initiatives [7]. In response,
researchers have increasingly sought to identify the
driving forces behind green transformation [8, 9].
From a technological perspective, digital technolo-
gies provide promising avenues by optimising
resource allocation, facilitating knowledge sharing,
and supporting innovation to address environmental
challenges [10]. Nevertheless, the widespread appli-
cation of digital tools may lead to increased energy
consumption, which could undermine their intended
environmental benefits [11]. On the environmental
front, regions with stricter regulatory standards tend
to experience lower levels of pollution [12]. When for-
mal environmental regulations prove ineffective in
certain areas, informal mechanisms based on public
environmental awareness can serve as valuable sup-
plements to compensate for regulatory gaps [13].
Although existing studies have provided valuable
insights into the green transformation of the textile
industry, a core question remains insufficiently
addressed: why do the same influencing factors
result in markedly different transformation outcomes
across enterprises or contexts? This issue partly aris-
es from the methodological limitations of convention-
al research approaches. Most prior studies rely on
linear regression and other traditional quantitative
techniques that focus on identifying the “net effect” of
individual variables, which refers to the marginal con-
tribution of a single variable while controlling for the
influence of others. However, these approaches are
based on several assumptions, including the inde-
pendence of variables, the symmetry of causal rela-
tionships, and the constancy of marginal effects. In
complex management environments, such assump-
tions are often unrealistic [14].

In practice, green transformation is a complex pro-
cess influenced by the dynamic interaction of multiple
conditions, which may exhibit complementarity, sub-
stitutability, or even mutual inhibition [15]. Qualitative
Comparative Analysis (QCA), rooted in set theory,
provides a powerful framework for analysing such
complexity. It takes a holistic and configurational per-
spective, viewing each case as a set of interrelated
conditions, and systematically compares different
combinations across cases to identify multiple causal
pathways that lead to a common outcome [16].
Unlike traditional methods that assume variable inde-
pendence, QCA emphasises the interdependence
among factors and the logic of configurations. This
makes it particularly effective in explaining why dis-
tinct pathways may produce the same result, or why
a single pathway might lead to different outcomes
depending on the context [14, 17].

China presents an ideal empirical setting for investi-
gating the green transformation of the textile industry.
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On one hand, as the world’s largest producer, con-
sumer, and exporter of textiles and garments, China
plays a pivotal role in the global textile value chain
[18]. According to data from the China National
Textile and Apparel Council (CNTAC) and related
institutions, the textile and apparel sector emits
approximately 230 million tons of greenhouse gases
each year, accounting for about 2 per cent of the
country’s total emissions. The industry has long been
under substantial pressure to improve energy effi-
ciency and reduce pollution, which has generated
strong internal momentum for green transformation.
On the other hand, the industry has recently been
shaped by increasingly stringent environmental regu-
lations and policies promoting industrial restructuring.
Since China’s official announcement of its “carbon
peak and carbon neutrality” goals at the 75th United
Nations General Assembly in September 2020, tar-
geting peak carbon dioxide emissions by 2030 and
carbon neutrality by 2060, the textile industry, as a
high-emission sector, has become a priority in nation-
al policy efforts toward green upgrading.

For instance, the “14th Five-Year Plan for the
Development of the Textile Industry”, released in
June 2021, explicitly called for substantial progress in
energy conservation, cleaner production, and
resource recycling, and elevated green development
to a strategic level for the sector.

This study makes several contributions. First, it
enriches the understanding of green transformation
pathways. Previous studies have mainly relied on tra-
ditional statistical models to examine the impact of
single factors on green transformation [12,19], while
paying limited attention to how different factors inter-
act or substitute for each other under specific condi-
tions to influence corporate green innovation.
Drawing on configuration theory [20], this study inte-
grates the Technology—Organisation—Environment
(TOE) framework and finds that the green transfor-
mation of textile firms is not driven by any single fac-
tor, but instead results from the synergistic interaction
of multiple conditions. This insight offers managers a
new theoretical lens for understanding the complex
mechanisms that drive green transition and responds
to recent calls in the literature to explore the coupling
of ecological elements [20, 21]. Second, by applying
one-way analysis of variance and the Kruskal-Wallis
rank-sum test, we identify the heterogeneous effects
of different configurational paths on green transfor-
mation. Our findings emphasise the importance of
selecting adaptive, multi-factor strategies based on a
firm’s stage of development in order to enhance the
feasibility and effectiveness of green transformation.

LITERATURE REVIEW AND THEORETICAL
FRAMEWORK

TOE Framework

The TOE (Technology—Organisation—Environment)
framework was first proposed by Tornatzky and
Fleischer in 1990 [22]. This analytical framework
focuses on the factors influencing technological
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application conditions from three levels: technology,
organisation, and environment. It is essentially a
comprehensive analytical framework used to explain
organisational behaviour related to technological
integration and adoption. The technological dimen-
sion often includes factors such as the level of infor-
matisation, technological innovation capability, and
technological integration capability [23]. The organi-
sational dimension commonly covers factors such as
executive tenure, executive background, organisa-
tional climate, and organisational slack [24]. The
environmental dimension generally includes factors
such as market competition, policy changes, and
external pressures [25]. As the TOE framework has
been continuously applied, its connotations, sub-
dimensions, and application scenarios have been
constantly adjusted and refined. Based on its appli-
cation in technological innovation research, it has
now been extended to various fields such as educa-
tion, e-government, healthcare, and post-pandemic
organisational governance [26].

We choose the TOE framework for two reasons: first,
according to the existing literature, the influencing
factors of green transformation mostly fall within the
dimensions of technology, organisation, and environ-
ment. Using the TOE framework facilitates the inte-
grated analysis of existing factors. Second, the TOE
framework is a highly generalizable theoretical model
that can be further refined according to specific
research questions and contexts. It has strong flexi-
bility, operability, and broad applicability.

TOE Framework for Construction Green
Innovation

(1) Technological conditions

This dimension includes digital transformation and
investment in R&D personnel. The widespread appli-
cation of digital technologies provides crucial support
for textile enterprises undergoing green transforma-
tion. Specifically, tools such as big data, cloud com-
puting, and the Internet of Things enable precise
management of energy, water, and raw materials,
which enhances resource efficiency and reduces
environmental burdens. In addition, digitalisation
improves firms’ access to external information on
markets, policies, and technologies, thereby strength-
ening their ability to acquire and apply green produc-
tion knowledge and reducing uncertainty and cost
during the transition [27]. Investment in R&D person-
nel reflects a firm’s technical capacity in developing
green technologies and designing environmentally
friendly products. According to endogenous growth
theory, R&D is a critical driver of sustained innovation
and technological progress. In the textile industry,
technical staff engaged in R&D often focus on ener-
gy conservation, pollution control, and sustainable
materials, providing practical green solutions. Higher
R&D input is associated with greater progress in
green transformation and improved market competi-
tiveness alongside reduced environmental risk.
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(2) Organisational conditions

This dimension includes organisational slack and the
environmental awareness of top executives.
Organisational slack functions as a resource buffer
that enables firms to absorb the costs of green trans-
formation. When facing policy pressure or market
uncertainty, companies with available slack are more
capable of allocating resources to green R&D, clean-
er production, and sustainable product development,
thereby enhancing the feasibility and stability of
transformation [28]. Nevertheless, excessive slack
may lead to inefficiencies, resource misallocation, or
even path dependence on high-emission practices,
which can undermine responsiveness to environ-
mental challenges and hinder progress [29, 30]. The
environmental awareness of executives plays a vital
role in guiding strategic decisions related to green
transformation. Since this process often requires
major strategic shifts and resource realignment,
strong support from top management is essential for
successful implementation [31]. In the textile sector,
environmentally conscious leaders are more inclined
to adopt green strategies such as energy reduction,
material substitution, and eco-certification, thereby
enhancing firms’ initiative and execution capacity in
green practices [32].

(3) Environmental conditions

This dimension includes market competition and per-
ceived government support. Market competition sig-
nificantly shapes firms’ green strategies. In highly
competitive markets, firms may prioritise short-term
profit and defer green investment due to intense cost
pressures [33]. Conversely, moderate competition
can motivate firms to pursue green innovation as a
means of differentiation, strengthening their competi-
tive advantage in emerging green markets [34].
Perceived government support refers to firms’ aware-
ness of external policy incentives. Given the high
upfront costs and uncertainty associated with green
transformation in the textile industry [11], firms’ per-
ception of stable policy support, such as subsidies,
green credit, and tax incentives, can significantly
influence their willingness to invest. Nevertheless,
some scholars argue that government subsidies may
alter firms’ innovation behaviour. When innovation
costs remain constant, firms may reduce their own
investment in R&D, suggesting that subsidies could
potentially suppress rather than promote innovation
[35].

In conclusion, the TOE framework identifies six key
sub-dimensions that influence green transformation
in the textile industry. These technological, organisa-
tional, and environmental factors do not operate in
isolation but interact dynamically as part of a config-
urational system. To better understand these interde-
pendencies, this study employs a dynamic QCA
approach to examine complementary and substitu-
tive relationships across dimensions and to identify
distinct configurational pathways that drive green
transformation. The overall research framework is
presented in figure 1.

2026. vol. 77. no. 1



I

1

1

1

1

: RAD personeel input :

] ]

] Linkaga matching Fheraction ]

] ]

1 Organization I ) ) R |

1 o ‘Organizational slack 1

' ‘ = . Managerial grean cognition |

1 R ———

1 Linkags matching b 1 '

' \

1 Environment y a1 d

1 g Markat competition 1 4%

1 - - Government support ] W
L

g 8
z_ o

Fig. 1. Theoretical framework

RESEARCH DESIGN

To systematically explore the multiple pathways of
green transformation in Chinese textile enterprises,
we adopted a two-stage research paradigm integrat-
ing Dynamic Qualitative Comparative Analysis
(Dynamic QCA) and Necessary Condition Analysis
(NCA). This combination of methods allows for a
comprehensive and in-depth revelation of complex
causal relationships from both sufficiency and neces-
sity perspectives.

Dynamic Qualitative Comparative Analysis
(QCA)

Qualitative Comparative Analysis (QCA) is a set-the-
oretic and Boolean algebra-based configurational
method. Its core advantage lies in its ability to identi-
fy how multiple antecedent conditions combine to
lead to a certain outcome, rather than examining the
net effect of individual variables in isolation. However,
traditional QCA typically performs static analysis at a
single time point, a method with clear limitations
when analysing certain industries.

For China’s textile industry, the policy environment,
market demand, and technological conditions it faces
are in continuous flux. For instance, in recent years,
the state has successively introduced policies such
as “carbon peaking” and “carbon neutrality” targets,
the “14th Five-Year Green Development Plan”, and
“pollution prevention and control battles”, guiding
enterprises to accelerate their transformation
towards low-carbon, efficient, and intelligent opera-
tions. This policy orientation not only drives continu-
ous adjustments in corporate strategies but also
leads to green practices exhibiting phased character-
istics across different periods. Furthermore, the rapid
evolution and replacement of digitalisation and green
technologies further shorten enterprises’ adaptation
cycles. Enterprises often need to complete the leap
from basic environmental compliance to systematic
green innovation within a few years. Therefore, the
green transformation of the textile industry is not a
one-time, static event, but rather a long-term, cumu-
lative, and phased dynamic process.
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Specifically, concerning the result variable defined in
this study — “green transformation” — its evolutionary
trajectory encompasses multiple levels, from prelimi-
nary compliance-based pollution control, gradually
progressing to cleaner production, resource recy-
cling, and then establishing a green innovation sys-
tem. This inherently represents a long-term, cumula-
tive, and phased dynamic process, not a static,
singular event. In this process, the combinations of
driving conditions required at different stages may
differ fundamentally. For example, early transforma-
tion might be more influenced by government subsi-
dies and policy pressure, whereas later stages may
rely more on internal technical capabilities, organisa-
tional slack, and green culture. Static QCA overlooks
this longitudinal causal evolution and struggles to
reveal the driving logic of enterprise green transfor-
mation pathways as they change over time.
Moreover, the sudden COVID-19 pandemic in 2020,
as a significant environmental shock, also had a non-
linear impact on corporate green practices. Some
enterprises faced resource constraints during the
pandemic, temporarily reducing green investments,
while others seized the opportunity to accelerate their
green transformation initiatives. Such episodic and
discontinuous event characteristics cannot be fully
identified through static QCA.

Consequently, a static analysis at an isolated time
point fails to capture the macro-level dynamics of the
textile industry, nor can it reveal the staged charac-
teristics and the evolution of driving factors inherent
to the “green transformation” process itself. To
address this, our study employs Dynamic QCA, as
proposed by Garcia-Castro and Arifio (2016) [36],
which, through its cross-period analytical capabilities,
accurately characterises the true trajectory of enter-
prise green transformation. This method treats each
enterprise’s observations across multiple years as
independent cases, thereby introducing the time
dimension. It systematically examines the influence
of different condition combinations on the outcome
variable at various time points, and further analyses
the consistency, stability, and trend changes of con-
figurational pathways over time. This approach thus
extends beyond the explanatory boundaries of static
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configurational methods and aligns more closely with
the dynamic nature of green transformation.

The technical implementation of Dynamic QCA in this
study followed these steps: 1. Data Reorganisation
and Calibration: We first organised the panel data
from 2016 to 2024. In the R language environment,
we used “enterprise-year” as the unit of analysis,
converting the condition and outcome values of each
enterprise in each year into fuzzy set membership
scores (between 0 and 1) to construct the QCA truth
table format. 2. Configuration Solving and ESA
Method: When solving configurations, we adopted
Enhanced Standard Analysis (ESA). ESA is an
improved version of QCA standard analysis that pro-
duces more robust and credible parsimonious and
intermediate solutions by excluding logically contra-
dictory “logical remainders” during the Boolean min-
imisation process. This ensures the logical rigour of
the causal paths we identify. 3. Dynamic Evaluation:
We used R packages such as QCA and SetMethods
to perform configurational analysis for each annual
time slice separately, and calculated the consistency
adjustment distance between groups and within
groups. This enables us to quantify whether the
explanatory power of a specific path changes signifi-
cantly over time or with enterprise size, thereby cap-
turing the dynamic mechanisms driving green trans-
formation.

It is worth noting that, unlike traditional QCA,
Dynamic QCA requires measuring consistency from
three dimensions: between-group, within-group, and
overall, and captures the trend of consistency chang-
ing with time and cases through consistency adjust-
ment distance. Specifically, when analysing with the
R language, the system defaults to outputting consis-
tency Euclidean distance, which must be converted
into consistency adjustment distance using the fol-
lowing formulas:

BECONS distance (1

__n )
n?+3n+2

WICONS distance

. (2)
n2+3n+2

where n in formula 1 represents time (9 in this study),
used to calculate BECONS adjusted distance; n in
formula 2 represents cases (51 in this study), used to
calculate WICONS adjusted distance.

BECONS adjusted distance =

WICONS adjusted distance =

Necessary Condition Analysis (NCA)

Although QCA can identify the necessity of certain
conditions, its judgment is primarily qualitative. In
management practice, policymakers are often more
concerned with quantitative questions, such as: “To
what extent must a certain condition be met to pro-
vide the necessary assurance for achieving a spe-
cific objective?” To address this, we introduced
Necessary Condition Analysis (NCA) as a comple-
ment to QCA. NCA is a quantitative analytical tech-
nique that precisely identifies the minimum threshold
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(often referred to as a bottleneck) of each driving fac-
tor required to achieve a certain target level. It does
this by measuring the effect size of necessary condi-
tions and constructing a ceiling regression line. For
fuzzy set membership scores that continuously vary
between 0 and 1, NCA can describe the degree of
necessity more finely than traditional QCA. For
example, NCA can formulate quantitative necessary
condition statements such as: “To achieve a certain
level of green transformation performance, condition
X must reach at least level Xc”. This provides richer
information for analysis, allowing us to explicitly
determine the level at which each driving factor
becomes a limiting bottleneck for transformation. In
this study, we simultaneously employed both the
stepped CE-FDH and the smoother CR-FDH meth-
ods to estimate the ceiling line, ensuring the robust-
ness of our results. To evaluate the strength of neces-
sity, we further reported the effect size d, which
indicates constraint strength, and obtained p-values
through 10,000 permutation resamples to assess its
statistical significance. The combination of QCA and
NCA enables us to gain a more comprehensive
understanding of causal relationships from both suffi-
ciency and necessity dimensions.

Case selection and data collection

Based on the 2012 industry classification standard
issued by the China Securities Regulatory
Commission (CSRC), we select textile companies
listed on the Shanghai and Shenzhen A-share mar-
kets from 2016 to 2024 as the study sample. During
the screening process, we exclude ST and *ST firms
as well as companies with significant missing data.
The final dataset includes 459 firms with balanced
panel data. Annual report information is obtained
from the official websites of the Shanghai and
Shenzhen Stock Exchanges, while financial data is
retrieved from the CSMAR database provided by
GTA. Considering the lag in green transformation
behaviour, all antecedent variables are lagged by
one period.

Outcome Variable

We measure green transformation based on textual
information disclosed in firms’ annual reports [37].
Specifically, we identify 113 green transformation
keywords from five dimensions: advocacy and initia-
tives, strategic orientation, technological innovation,
pollution control, and environmental monitoring. We
calculate the frequency of each keyword appearing in
the annual report text of listed companies. The total
frequency count, plus one, is then transformed using
the natural logarithm to construct the firm’s green
transformation score.

Antecedent Variables

Technological conditions include two sub-conditions:
digital transformation and investment in R&D person-
nel. For digital transformation, we follow a textual
analysis approach [38]. First, we define digital trans-
formation behaviour based on two categories: the
adoption of foundational digital technologies and the
implementation of technological practices.
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Foundational technologies include four typical types:
artificial intelligence (A), blockchain (B), cloud com-
puting (C), and big data (D). Technological practices
(E) are categorised based on their real-world appli-
cations. Figure 2 illustrates the keyword map. Then,
using Python, we extract the annual report texts of
sample firms to create a text corpus. Based on the
keywords in Figure 2, we perform word matching, fre-
quency counts, and keyword grouping to construct a
composite indicator of digital transformation. The
final total frequency is log-transformed to produce a
quantitative index of each firm’s digital transformation
level. R&D personnel investment is measured by the
proportion of R&D staff (number of R&D employees

divided by total employees), which reflects the firm’s
input of technical human capital for green innovation.
Organisational conditions include two sub-conditions:
organisational slack and executives’ green aware-
ness. Organisational slack is measured using the
quick ratio, which better reflects a firm’s short-term
solvency and its ability to absorb transformation-
related costs. For executives’ green awareness, we
identify 19 keywords related to environmental strate-
gy, green competitiveness, corporate social responsi-
bility, and sensitivity to external environmental pres-
sure [39, 40]. These keywords include energy
conservation, environmental strategy, low-carbon
development, and environmental governance. Using
Python, we scrape and analyse keyword frequencies

/
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Fig. 2. Characteristic keyword map
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from each firm’s annual report texts. The natural log-
arithm of keyword frequency plus one is used as the
indicator of green awareness among executives.
Environmental conditions include market competition
and perceived government support. Market competi-
tion is measured using the Lerner Index, which effec-
tively captures a firm’s market power relative to peers
in the same industry. For government support, we
use the natural logarithm of the total amount of gov-
ernment subsidies received, which reflects the firm’s
perception of policy incentives for R&D.

RESULTS AND ANALYSIS
Variable calibration

Unlike traditional empirical research, QCA requires
variable calibration before analysis. Based on case
characteristics and the distribution of raw values, we
define three anchor points: full membership, the
crossover point, and full non-membership. These
anchors are used to convert original values into
fuzzy-set membership scores ranging from 0 to 1.
Following established practice [14], we apply the
direct calibration method, setting the 95th, 50th, and
5th percentiles as thresholds. Since all variables fol-
low a unified quantile calibration rule, listing the spe-
cific anchor values for each variable individually does
not provide additional information, so the calibration
table will no longer be reported separately.

Necessary condition analysis

Qualitative Comparative Analysis (QCA)

In conventional QCA, a condition is deemed neces-
sary if its consistency exceeds 0.9. In dynamic QCA,
a condition can also be considered necessary if the
consistency is high and the difference in consistency

across groups is less than 0.1. When this threshold is
exceeded, further investigation is required.

As shown in table 1, digital transformation, organisa-
tional slack, and government support exhibit consis-
tency differences across groups greater than 0.1,
suggesting that further analysis is warranted. By
examining their consistency and coverage across dif-
ferent cases (table 2), we observe that the consis-
tency scores in Cases A through D remain below 0.9
for all years, indicating that these variables are not
necessary conditions [41].

Nonetheless, in Cases A and D, both digital transfor-
mation and government support show an upward
trend in necessity over time (figure 3). This finding is
consistent with previous research that underscores
the increasing importance of these two factors in
enabling green transformation [42].

Necessary Condition Analysis (NCA)

Since QCA assesses necessity from a qualitative
perspective, we complement our analysis using
Necessary Condition Analysis (NCA), as recom-
mended by Dul et al. NCA includes two ceiling esti-
mation techniques: Ceiling Regression (CR) and
Ceiling Envelopment (CE). We assess necessity
using two diagnostic procedures [43].

First, we examine the scatter plots between each
antecedent condition and the outcome. A visible
space in the upper-left corner suggests potential
necessity, with larger empty areas implying stronger
constraints. Second, we analyse the effect size and
perform a Monte Carlo permutation test. A condition
is considered necessary only if it exhibits both a sta-
tistically significant effect size and a significant per-
mutation result (p<0.05).

Table 1
NECESSARY CONDITION ANALYSIS
High energy-saving innovation level Low energy-saving innovation level
Causal
consistency | coverage distance distance consistency | coverage distance distance
Digital Transformation 0.658 0.679 0114A 0.084 0.395 0.398 0.087 0.091
~Digital Transformation 0.772 0.675 0.083 0.009 0.534 0.625 0.196B 0.037
R&D Personnel Ratio 0.613 0.602 0.085 0.091 0.491 0.495 0.088 0.093
~ R&D Personnel Ratio|  0.489 0.484 0.095 0.068 0.605 0.609 0.091 0.013
Organizational Slack 0.607 0.504 0.007 0.036 0.439 0.393 0.153C 0.006
~ Organisational Slack 0.611 0.609 0.091 0.095 0.393 0.401 0.093 0.072
Execc‘;“"’e.s. Green 0.592 0.671 0.018 0.062 0.443 0419 | 0.093 0.099
ognition
~ Executives' Green | 459 0428 | 0.091 0.096 0.674 0.693 | 0.096 0.098
Cognition
Market Competition 0.515 0.602 0.096 0.049 0.384 0.396 0.093 0.027
~ Market Competition 0.625 0.573 0.096 0.083 0.698 0.506 0.097 0.059
Government Support 0.701 0.605 0.171D 0.066 0.488 0.494 0.094 0.014
~ Government Support 0.578 0.471 0.098 0.047 0.609 0.622 0.094 0.026

Note: “~” denotes the absence of a condition.
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Table 2

INTER-GROUP RESULTS WITH ADJUSTED CONSISTENCY DISTANCE > 0.1
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2016 | 2017 | 2018 | 2019 2020 | 2021 2022 2023 | 2024
Case A Inter-group consistency | 0.311 | 0.326 | 0.498 | 0.561 | 0.637 | 0.791 | 0.796 | 0.875 | 0.898
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Inter-group coverage 0.312 | 0.677 | 0.315 | 0.265 0.21 0.345 | 0.616 | 0.623 | 0.406
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Fig. 3. Trend of inter-group consistency

Based on the scatter plots, no evident empty area is
observed in the upper-left region for any of the vari-
ables, suggesting preliminarily that they do not con-
stitute necessary conditions for green transformation.
Moreover, according to the effect size and Monte
Carlo permutation test results, none of the six vari-
ables simultaneously meets both the effect size crite-
rion (Effect size>0.1) and statistical significance in
the Monte Carlo simulation permutation test (p-value
< 0.05), indicating that none of them satisfies the cri-
teria for being identified as a necessary condition for
green transformation.

In summary, the results show that no single
antecedent condition is necessary for achieving
green transformation. Table 4 further presents the
bottleneck thresholds for each condition. To ensure
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full green transformation among textile enterprises,
the following minimum levels are required: 8.3% for
digital transformation, 3.0% for R&D personnel input,
5.8% for organisational slack, and 8.0% for govern-
ment support. Executive green awareness and mar-
ket competition do not exhibit bottleneck effects.

Sufficiency analysis of configurational
conditions

Configuration analysis constitutes the core of QCA
and seeks to uncover how various combinations of
antecedent conditions influence the emergence of
the outcome. According to established standards, the
consistency threshold for sufficiency is typically set at
a minimum of 0.75 [41]. In this study, we set the con-
sistency threshold at 0.85, the frequency threshold

2026. vol. 77. no. 1
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Fig. 4. Scatter plot of influencing factors

Table 3

NECESSARY CONDITION ANALYSIS (NCA)

Antecedent condition? Methods | Accuracy (%) | Ceiling Zone Scope Effect (d) p value®

CR 97.4% 0.046 0.99 0.046 0.021

Digital Transformation
CE 100% 0.038 0.99 0.039 0.015

CR 100% 0.015 0.99 0.015 0.156

R&D Personnel Ratio
CE 100% 0.029 0.99 0.029 0.155

CR 100% 0.011 0.96 0.012 0.091

Organizational Slack
CE 100% 0.023 0.96 0.024 0.091

CR 100% 0.005 0.99 0.005 0.195

Executives’ Green Cognition CE 100% 0.011 0.99 0.011 0.195

CR 100% 0.001 0.95 0.001 0.622

Market Competition
CE 100% 0.002 0.95 0.002 0.622

CR 100% 0.006 0.99 0.006 0.321

Government S ort
v uPp CE 100% 0.011 0.99 0.011 0.319

Note: @ — Based on calibrated fuzzy-set data; ® — Results obtained using permutation testing with 10,000 resamples.
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Table 4

BOTTLENECK LEVELS (%) IDENTIFIED BY NCA METHOD
Green Digital R&D staff |Organizational| Executives’ Market Government
transformation | transformation | proportion slack green cognition | competition support

0 NN NN NN NN NN NN
10 NN NN NN NN NN NN
20 NN NN NN NN NN NN
30 NN NN NN NN NN NN
40 NN NN NN NN NN NN
50 NN NN NN NN NN NN
60 NN NN NN NN NN NN
70 NN NN NN NN NN NN
80 NN NN NN NN NN NN
90 7.1 NN NN NN NN NN
100 8.3 3.0 5.8 NN NN 8.0

Note: The table uses a CAP regression analysis, CR; NN indicates not necessary.

at 2, and the RPI threshold at 0.75 to enhance the
robustness of the results. During counterfactual anal-
ysis, we excluded simplifying assumptions that would
lead to logical contradictions. Given the hetero
geneity in enterprise development, the impact of
antecedent conditions on the outcome cannot be uni-
formly determined. Accordingly, we analysed without
preset directional expectations, allowing each condi-
tion to appear as either present or absent. As a result,
we obtained enhanced parsimonious, intermediate,
and complex solutions.

Based on the enhanced intermediate and parsimo-
nious solutions, we identified core and peripheral
conditions following the approach proposed by Fiss
(2011). Table 5 reports the results of the configuration
analysis. Specifically, four configurations were identi-

fied as leading to high-level green transformation,
which can be categorised into three types: technolo-
gy—environment-driven, technology—organisation-
driven, and hybrid-driven configurations (figure 5).
Summary of configurations
(1) Technology and Environment Driven
Configuration (H1)
Configuration H1 shows a consistency of 0.907 and
a raw coverage of 0.468, explaining approximately
47% of the sample cases. Within this configuration,
digital transformation, R&D staffing, and government
support are core conditions. This indicates that some
textile enterprises advance green transformation by
upgrading their technologies and leveraging policy
support. For example, through the adoption of smart
equipment, the enhancement of technical personnel,

Table 5
CONFIGURATIONAL ANALYSIS
High-level Green transformation
Causal condition - H1I Toch H2I H3a H3b
envﬁ'gnrr:\c;g?-)c,!rive orgaﬁfsar;?og?griven Multi-dimensional driven
Digital transformation @ @ @ ©
R&D personnel input @ ® ® ®
Organizational slack © ® & @
Executives’ green cognition ® @
Market competition ® @
Government support @ © & &
Consistency 0.907 0.921 0.887 0.912
PRI 0.901 0.802 0.769 0.794
Raw coverage 0.468 0.393 0.297 0.322
Unique coverage 0.101 0.059 0.102 0.125
Inter-group adjusted distance 0.013 0.002 0.054 0.049
Intra-group adjusted distance 0.075 0.082 0.080 0.014
Overall consistency 0.904
Overall coverage 0.658

industria textila

il

2026. vol. 77. no. 1




Digital Transfarmation
12
1o
08

Govornmont supporl R&D porsonnel inpul

Market competition Organizational slack

Managenal green cognition

Digital Translormalion

1.2,

o0

Government support R&D personnel input

Market competition Organizational slack

Managorial green cognition

—s -H3a “0 indicates the absence of a core condition;

0.25 indicates the absence of a peripheral condition;

0.5 represents a crossover point (neither presence nor absence);
0.75 indicates the presence of a peripheral condition;

and 1 indicates the presence of a core condition.”

Digital Transfarmation
1.2
T 109

Governmonl supporl R&D personncl inpul

Market competition Qrganizational alack

Managerial green cognition

Digital Transtormalion
1.2

1.0
B 1

Government support R&D personnel input

Market compatition Organizational slack

Managerial groen cognition

— - H3b

Fig. 5. Radar chart of configurations

and the utilisation of government subsidies, firms can
effectively reduce energy consumption and emis-
sions. Market competition serves as a peripheral
condition, suggesting that firms in more competitive
environments are more motivated to pursue transfor-
mation in order to enhance their public image. Since
this configuration primarily emphasises technological
and environmental factors, it is referred to as tech-
nology and environment-driven.

(2) Technology and Organisation Driven

Configuration (H2)

Configuration H2 has a consistency of 0.921 and a
raw coverage of 0.393, accounting for approximately
39% of the sample cases. In this configuration, digi-
tal transformation, R&D staffing, and executives’
green awareness are core conditions, suggesting
that firms promote green transformation by combin-
ing technological upgrading with managerial attention
to environmental issues. Digital technologies and
R&D investment improve energy efficiency and
enable cleaner production, while green-oriented
executives help translate environmental visions into
concrete actions. Organisational redundancy acts as
a peripheral condition, indicating that a firm’s internal
resource buffer provides support for implementing
green practices. Given the emphasis on technologi-
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cal and organisational dimensions, this configuration
is labelled as technology and organisation-driven.
(3) Multi-Factor Hybrid Driven Configuration
(H3a + H3b)

Configuration H3a demonstrates a consistency of
0.887 and a raw coverage of 0.297, covering around
30% of the sample. Configuration H3b has a consis-
tency of 0.912 and a raw coverage of 0.322, explain-
ing about 32% of the sample. In H3a, the core condi-
tions include digital transformation, organisational
redundancy, and government support, while R&D
staffing and executives’ green awareness serve as
peripheral conditions. This suggests that firms can
promote green transformation by relying on internal
technological capacity and resource redundancy,
combined with external policy incentives and man-
agerial orientation. In H3b, the core conditions con-
sist of R&D staffing, organisational redundancy, mar-
ket competition, and government support. This
configuration indicates that under high competitive
pressure, firms accelerate the development and
application of green technologies by integrating inter-
nal innovation capabilities and external policy instru-
ments. Overall, both H3a and H3b reflect a mode of
green transformation that relies on the interaction of
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multiple dimensions. Therefore, this configuration is
classified as multi-factor hybrid driven.

Inter-group analysis

Although the inter-configuration consistency devia-
tion of the four high-level green transformation con-
figurations does not exceed 0.1, indicating no signi-
ficant time effects, a closer examination of the tem-
poral trend reveals that all four paths experienced a
notable decline in consistency in 2020, followed by a
gradual recovery starting from 2021 (figure 6). It
should be noted that this fluctuation concentrated in
2020 is a systematic rather than a random distur-
bance, and thus does not qualify as a benign devia-
tion [36]. This inter-configuration analysis addresses
the lack of temporal perspective in previous cross-
sectional studies and demonstrates that the four con-
figurations are robust over 2016—-2024.
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Fig. 6. Variation in inter-group consistency

As for the sharp drop in 2020, it may be attributed to
the outbreak of COVID-19 that year, during which
enterprises prioritised operational stability over green
transformation. Although this short-term disruption
occurred, all inter-configuration deviation values
remain below 0.1 and do not substantially affect the
explanatory power of the model. Therefore, the
results remain valid under normal conditions. It is
noteworthy that configuration H3b was less affected
by the pandemic, indicating that the “Multi-Factor
Hybrid Driven Type” exhibits greater stability.
Intra-group analysis

Consistent with the results of inter-configuration devi-
ation, the intra-configuration deviation of all four
configurations is also below 0.1, suggesting that the
explanatory power of the four configurations does not
differ significantly across firm sizes. Given the overall
comparability of explanatory power, a further exami-
nation of firm size coverage across configurations
can help identify their distribution among different
firm sizes.

As current QCA methods lack indicators for measur-
ing firm size coverage differences, we rank sample
firms by firm size (natural log of total assets) and
divide them into small, medium, and large-scale
groups based on terciles. Configuration 2 failed the
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normality test and was analysed using the non-para-
metric Kruskal-Wallis rank-sum test. Configurations
H1 and H3b passed both the normality and homo-
geneity of variance tests, making them suitable for
one-way ANOVA. Configuration H3a, which barely
failed the normality test, was tested using both meth-
ods to ensure robustness.

The specific results are shown in tables 6 and 7. The
p-values for configurations H1 and H3b are both
below 0.1 and are statistically significant, indicating
notable differences across firm sizes. The remaining
configurations have p-values above 0.1 and are not
statistically significant. To further explore configura-
tion preferences by firm size, we calculated the mean
firm size coverage for each configuration. As shown
in table 8, configuration H1 performs better among
large firms, while configuration H3b is more effective
for smaller ones (see selected case examples in
figure 7).

Table 6
KRUSKAL-WALLIS TEST
Configuration Mean SD F P
H2 0.414 0.253 | 2.147 | 0.341
H3a 0.331 0.176 1492 | 0.476
Table 7
ONE-WAY ANALYSIS OF VARIANCE
FOR CONFIGURATIONS
Configuration | Mean SD F P
HA1 0.337 0.172 3.14 0.06*
H3a 0.372 0.216 0.67 0.536
H3b 0.357 0.192 7.02 | 0.004***
Table 8
MEAN COVERAGE OF CONFIGURATIONAL PATHS
Category H1 H2 H3a H3b
Small-scale 0.322 0.309 0.316 0.489
Medium-scale | 0.351 0.354 0.409 0.352
Large-scale 0.502 0.403 0.397 0.245

CONCLUSION AND DISCUSSION

This study investigates the complex driving mecha-
nisms in the green transformation process of China’s
A-share textile industry. Utilising panel data from
2016 to 2024 and a two-stage method combining
Dynamic QCA and NCA, we identified three distinct
configurational pathways leading to high-level green
transformation: technology-environment driven, tech-
nology-organisation endogenously driven, and multi-
factor integrated. All identified pathways exhibit high
consistency and coverage, suggesting that no single
optimal path exists for green transformation, thereby
demonstrating the typical characteristic of equifi-
nality. Inter-group analysis further reveals that the
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Fig. 7. Representative sample cases of Green transformation

consistency levels of these three configurations sig-
nificantly declined in 2020 before gradually rebound-
ing in 2021. Notably, the multi-factor integrated path-
way demonstrated greater stability and the most
effective transformation outcomes amidst these fluc-
tuations. Intra-group analysis, in turn, indicates that
the driving effects of these configurations vary to
some extent across different enterprise scales.

Our research offers several significant contributions.
First, we broaden the research perspective on green
transformation, moving beyond the existing litera-
ture’s predominant focus on the linear impact of sin-
gle variables. From a theoretical standpoint, this
study deepens the understanding of the “configura-
tional logic of green transformation”. Consistent with
Fiss’s (2011) three core principles of configurational
theory, the three high-performance pathways identi-
fied in this paper exemplify equifinality, illustrating
that diverse combinations of conditions can lead to
superior green transformation performance, thereby
responding to recent calls for configurational
research [20, 21]. Second, this study elucidates the
complex substitution and complementarity relation-
ships among driving factors. For instance, executive
green awareness and organisational slack within the
technology-organisation endogenously driven path-
way can functionally compensate for government
support in the technology-environment driven path-
way. This vividly illustrates the intricate interplay
between internal corporate resources and the exter-
nal institutional environment in fostering green trans-
formation. Finally, our research substantiates the
logic of causal asymmetry prevalent in social sci-
ences. Although digital transformation emerges as a
core condition in multiple pathways, NCA analysis
demonstrates that it is not a necessary condition for
achieving high-level green transformation. This
implies that the impact of a single condition on the
outcome differs across various factor combinations,
challenging the symmetry assumption of variable
effects in traditional regression methods and deepen-
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ing our comprehension of green transformation’s
complex causal mechanisms. Furthermore, our find-
ings align closely with China’s current green industri-
al policy orientation, confirming the “green + digital”
integrated development logic emphasised in
policies such as the “14th Five-Year Plan for the
Textile Industry Development”, “Industrial Green
Development Plan”, and “Green Manufacturing
System Construction Guide”. These insights also
offer valuable implications for economies and regions
at similar levels of economic development.

From a policy-making perspective, governments
should shift from relying on “single tools” to imple-
menting precise policies through a “policy toolbox”.
For enterprises exhibiting characteristics of the tech-
nology-environment driven pathway, policies should
extend beyond mere subsidies to include integrated
incentive schemes. For example, a fast-track system
for green approvals or credit could be established for
firms meeting specific standards in digital transfor-
mation, R&D personnel proportion, and effective util-
isation of government subsidies. Second, supporting
digital infrastructure and green finance in the textile
industry should not be a one-time investment but
rather a long-term, sustained strategic commitment.
Moreover, our study indicates that the multi-factor
integrated pathway is particularly effective for small
and medium-sized enterprises (SMEs) and demon-
strates greater stability during external shocks. This
suggests that government support for SMEs should
not solely rely on direct financial injections (e.g., sub-
sidies) but, more critically, focus on optimising their
business ecosystem. For instance, establishing
national green textile certification and procurement
platforms could strengthen market signals for green
consumption, enabling SMEs that pursue green inno-
vation to gain quicker market returns and thus acti-
vate their endogenous motivation.

From an enterprise management perspective, man-
agers should act as “resource integrators” rather than
“executors of isolated initiatives”. Enterprises should

2026. vol. 77. no. 1



select the most suitable transformation pathway
based on their specific conditions. For example, large
enterprises with substantial technical and financial
strength might prioritise the technology-organisation
endogenously driven pathway (H2), with executive
green awareness as the core driver, leveraging top-
level design and internal culture as the bedrock for
transformation. Conversely, SMEs with relatively lim-
ited resources should actively seek external support,
adeptly utilising external forces such as government
subsidies and market competition to pursue a multi-
factor integrated compensatory growth strategy
(H3b), leveraging external factors to offset internal
constraints. Furthermore, the strong resilience
demonstrated by the multi-factor integrated pathway
during the 2020 pandemic offers a crucial lesson in
risk management for all enterprises. This implies that
the most robust strategy involves building a diversi-
fied capability portfolio: while pursuing technological
innovation, maintaining healthy organisational slack
(e.g., cash flow) is essential to buffer uncertainty,
alongside a keen ability to capitalise on external poli-
cies and market opportunities. Finally, our study
unequivocally highlights that no single condition
offers a permanent solution; managers must regular-
ly review and adjust their resource allocation, per-
ceiving green transformation as a collaborative pro-

cess that necessitates continuous attention and
dynamic adaptation.

Despite achieving preliminary results in identifying
green transformation pathways and exploring their
underlying mechanisms, our study has certain limita-
tions. First, regarding variable selection, we adopted
the TOE framework and identified multiple empirical-
ly supported antecedent variables from existing liter-
ature, aiming to construct a relatively comprehensive
explanatory model. However, constrained by data
availability and the characteristics of the industry
sample, some potentially key factors may not have
been included in the analysis, thus failing to fully cap-
ture all complex driving mechanisms underpinning
green transformation. Future research could explore
the inclusion of new, more endogenous variables,
such as corporate culture and governance structure,
to further refine model construction. Second, this
paper’s analysis primarily relies on publicly available
data, such as corporate annual reports. Future
research could integrate qualitative methods, such as
interviews or surveys, to delve into the underlying
logical mechanisms driving corporate green transfor-
mation, thereby further enhancing the theoretical
explanatory power and practical relevance of the
research.
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