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Introduction: Against the dual backdrop of global low-carbon transition and 
food safety upgrading, Green Technology Innovation (GTI) has become pivotal 
for the transformation of China’s food industry. However, existing research 
largely relies on linear or single-factor analytical frameworks, overlooking the 
synergistic and configurational effects among multi-dimensional factors. As 
a result, the internal mechanisms driving GTI efficiency remain insufficiently 
explored.
Methods: This study is grounded in a food-safety-oriented Technology-
Organization-Environment (TOE) framework, this study adopts a configurational, 
by applying Necessity Condition Analysis (NCA) and fuzzy-set Qualitative 
Comparative Analysis (fsQCA) to cross-sectional data from 30 Chinese 
provinces.
Results: (1) Achieving high GTI efficiency requires multi-factor synergy, and no 
single condition is sufficient independently. (2) Food safety testing investment, 
green production momentum, and R&D innovation capacity are identified as 
critical necessary factors for high GTI. (3) The analysis reveals three types of high-
efficiency pathways, namely by Innovation-Safety-Led, Market-Environment-
Driven, and Policy-Resource-Coordinated models, demonstrating mechanism 
equifinality.
Discussion: This study innovatively integrates the food safety perspective, 
enriches the configurational theory of GTI, and offers practical insights for 
formulating differentiated and synergistic green development policies.

KEYWORDS

food industry, food safety, fsQCA, green tech innovation, NCA, TOE framework

1 Introduction

Global climate change is accelerating at an unprecedented pace, as confirmed by the World 
Meteorological Organization (WMO) 2023 report, which underscores the urgent need for a 
green transition within the resource-intensive food industry. As the world’s largest food 
producer, China’s food sector has prioritized green technological innovation (GTI) to achieve 
carbon peak and carbon neutrality goals while ensuring food security. Specifically, GTI 
connects the two goals: Precision agriculture reduces emissions while boosting yield; energy-
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efficient processing and eco-friendly packaging lower carbon 
footprints and ensure quality; circular technologies convert waste into 
usable resources.

Against this backdrop, this study addresses two core research 
questions: (1), which technologies, organizational structures, and 
environmental conditions can support high GTI efficiency in the food 
industry? (2), how do food safety-related factors interact to influence 
GTI performance under different combinations of these conditions? 
However, existing research predominantly relies on single theoretical 
frameworks. The Resource-Based View (RBV) emphasizes internal 
resources but tends to overlooks external constraints, while Strategic 
Management Theory (STM) emphasizes strategic orientation but 
insufficiently considers the interaction between technological 
investment and organizational management. Methodologically, most 
existing research primarily relies on quantitative regression analysis to 
examine unidirectional causal relationships between green technology 
innovation performance and individual (such as funding or policy), 
failing to dissect the interactive mechanisms and dynamic 
evolutionary processes among multiple factors—this constitutes a 
critical research gap.

To address the aforementioned issues and fill research gaps, this 
study innovatively adopts the Technology-Organization-Environment 
(TOE) framework. This framework integrates internal corporate 
capabilities, external constraints, and core technological elements, 
effectively circumventing the limitations of single-theory frameworks. 
The contribution of TOE application is reflected across three 
dimensions: theoretical, operational, and empirical. Theoretically, 
food safety elements are embedded within the TOE framework to 
broaden its applicability. Operationally, the framework integrates 
fuzzy-set Qualitative Comparative Analysis (fsQCA) and Necessary 
Condition Analysis (NCA), to convert the three dimensions into 
measurable variables. At the empirical level, the period from 2013 to 
2022 is divided into two stages to enable dynamic comparative 
analysis.

Using 30 Chinese provinces as research samples, this study founds 
that high GTI performance in the food industry depends on the 
integrated interaction of three-dimensional factors: technology, 
organization, and environment. Food safety elements further enhance 
green technology innovation through pathways such as building 
market trust and standardizing innovation processes. The research 
conclusions provide a reference basis for local governments to 
formulate targeted policies.

2 Literature review and theoretical 
foundations

2.1 Literature review

2.1.1 Technical antecedents
Technological factors serve as the core driver for enhancing the 

efficiency of green technological innovation in the food industry, 
primarily reflected in three dimensions: digital technology application, 
safety technology R&D, and technological infrastructure development. 
Green technological innovation in the food industry encompasses 
diverse forms such as pollutant detection in aquaculture and fisheries, 
as well as clean-production practices. Safety-technology R&D not only 
reduces food safety risks by enhancing detection accuracy but also 

enhances resource-utilization efficiency, providing concrete pathways 
to drive innovation efficiency at the technical level (Lin et al., 2023).

The increasing integration of digital technologies injects new 
momentum into enhancing the efficiency of green technological 
innovation. The development of the digital economy can strengthen 
food safety oversight and promote industrial green transformation 
through technological innovation, thereby boosting the efficiency of 
green technological innovation. This effect exhibits significant 
heterogeneity due to regional development disparities (Fei et al., 
2025). Digital technologies such as block chain effectively address 
food traceability challenges by establishing secure and reliable data 
systems, becoming a core pillar of modern food safety. Nonetheless, 
insufficient digital R&D may hinder the effectiveness of 
commercializing outcomes, and the higher the level of digital 
economic development, enhance the practical effectiveness of 
technology implementation (He and Yu, 2025). As an newly emerging 
digital technology, the metaverse also provides additional pathways 
for green technological innovation. Research integrating the TOE 
framework with the Resource-Based View reveals that the metaverse 
can reduce physical resource consumption through virtual 
collaboration. AI-driven predictive analytics and related technologies 
can promote metaverse adoption, while informed decision-making 
serving as critical determinant influencing adoption. These insights 
offer meaningful implications for the food industry in improving 
innovation efficiency through deeper digital technology integration 
(Jabeen et al., 2025).

From the perspectives of industrial integration and consumer 
demand, digital industrial clusters can improve green economic 
efficiency in the food industry through the mediating role of 
technological innovation (Xin, 2025). Meanwhile, the metaverse can 
enhance consumer engagement and immersion by creating interactive 
experience environments. These consumer-oriented digital technology 
applications can in turn drive food enterprises to optimize their 
technological innovation directions and increase the effectiveness of 
innovation conversion (Jafar et al., 2025).

Additional cross-industry research from cross-industry research 
further validates the core role of green technological innovation in 
driving corporate green performance. Using Pakistan’s textile industry 
as an example, Mahmood et al. (2025) demonstrated that green 
technological innovation, alongside eco-design and environmental 
behavior, exerts a positive effect on the success of green new product 
development. This relationship is partially mediated by green process 
innovation (and is not suppressed by green product innovation) and 
moderated by green corporate image. Their findings deepen the 
empirical understanding of how technical factors translate into 
tangible green innovation outcomes, highlighting that technological 
antecedents not only must interact with organizational practices and 
corporate image with organizational behaviors and image building to 
maximize performance impact—insights that are likewise relevant to 
the food industry’s green technology transformation (Mahmood et 
al., 2025).

2.1.2 Organizational antecedents
Organizational-level coordination mechanisms, governance 

structures, and resource integration capabilities play a decisive role in 
diving or constraining the efficiency of green technological innovation 
within the food industry. Food enterprises frequently encounter 
challenges during the implementation of green technological 
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innovation, including high compliance costs associated with food 
safety standards, shortages of specialized resources, and weak internal 
coordination. Among these, poor organizational coordination has 
identified as a key obstacle requiring prioritized improvement (Madilo 
et al., 2024).

Evidence from TOE-based analyses and co-governance cases 
indicates that multi-stakeholder participation and institutional 
integrity are core conditions for improving technology transfer 
efficiency, while the absence of integration mechanisms significantly 
reduces the impact of technological empowerment (Hu and Wu, 
2025). From a supply-chain perspective, corporate quality investment 
costs and organizational coordination mechanisms are key 
determinants of technology application efficiency. The “gatekeeper 
mechanism” between platforms and live streamers functions as a 
critical organizational safeguard, promoting the effective 
implementation of technical standards (Wu and Chen, 2024; Ma et al., 
2025). In agricultural enterprise practice, institutional embeddedness 
and social-trust relationship strengthen organizational synergy effects. 
These mechanisms complement industry-academia-research 
collaboration, effectively enhancing the linkage between R&D and 
technology transfer stages (Dong and Qi, 2025).

2.1.3 Environmental antecedents
External environmental factors such as policy instruments, 

market mechanisms, and standards systems exert systemic influences 
on the efficiency of green technological innovation within the food 
industry by establishing incentives or constraints mechanisms for 
innovation. Regarding policy instruments, environmental taxes can 
stimulate increased R&D investment among agro-forestry and food 
processing enterprises, alleviating financial barriers and promoting 
green technological innovation practices. This offers empirical support 
for the effectiveness of such policy instruments (Hu et al., 2025). This 
approach to policy intervention is likewise applicable in the 
international agricultural and food sector. For instance, studies on 
Pakistan’s rice industry indicate that environmental factors such as 
insufficient agricultural R&D investment and inefficient trade policies 
restrict industrial development. Regulatory interventions, including 
trade policies optimization and increased R&D subsidies, can 
effectively enhance industrial competitiveness, offering valuable 
international reference for the food industry to enhancing the food 
industry’s innovation environment through policy instruments (Jafar 
et al., 2015). The efficacy of different policy instruments varies, with 
mandatory tools demonstrating the most significant impact on green 
technological innovation efficiency. Guiding and voluntary 
instruments have yet to realize their full potential, and regional 
institutional environments exert a moderating effect on policy tool 
outcomes (Dzwolak and Anim, 2025).

Market mechanisms and standards systems, as vital environmental 
factors, also serve as critical environmental factors. Commercial credit 
financing can offers indirect resources support for corporate green 
technological innovation through pathways such as promoting 
product innovation and strengthening supplier supervision, thereby 
supplementing the environmental dimension of market mechanisms 
(Zhang et al., 2025). From the perspective of consumer market 
influence, digital communication channels such as social media and 
green blogs can significantly shape consumers’ green purchasing 
intentions, with social media trust acting as a moderating factor. This 
demand-side green preference can in turn incentivise enterprises to 

increase investment in green technological innovation, forming a key 
pathway for market environment-driven innovation (Ahmad et al., 
2023). Food-safety standard systems can enhance innovation 
efficiency by directing technological R&D and promoting quality 
upgrades, with this catalytic effect being particularly evident during 
technology transfer in primary agricultural products (Gao, 2025). 
Moreover, efficient government regulatory services and robust market 
oversight mechanisms provide stable resource support for innovation, 
whereas institutional deficiencies can hinder the positive outcomes of 
technological innovation (Li and Fu, 2023; Zhu et al., 2025).

2.1.4 Food safety as a regulatory element
Food safety, as the core value orientation of the food industry, 

exerts a significant regulatory influence throughout the formation 
process of green technological innovation efficiency. This regulatory 
effect permeates the entire trajectory of technological research and 
development, organizational coordination, and environmental 
responsiveness. As a foundational industry for public welfare, the food 
sector faces dual pressures: ensuring food safety and the imperativing 
resource-utilization efficiency. These challenges collectively constitute 
the underlying driving force for green technological innovation, 
positioning food safety objectives as the central anchor point for green 
technology research and development (Liu and Zhang, 2025).

From a technological application perspective, the efficiency gains 
from green technological innovation are strongly and positively 
associated with food safety assurance. The R&D and development of 
green technologies, such as pollutant detection and traceability 
tracking have simultaneously enhanced innovation efficiency and 
strengthened food safety governance capabilities, thereby establishing 
a virtuous cycle of ‘technological innovation–safety assurance–
efficiency enhancement’ (Zhang et al., 2024). At the regional level, the 
shows a ‘high regulation-high efficiency’ clustering pattern with green 
technological innovation efficiency. This indicates that stringent food 
safety oversight can enhance green technological innovation efficiency 
by strengthening innovation incentives (Yao and Pan, 2025).

Within the interaction between organizations and their 
environment, food safety also plays a regulatory role in problems such 
as weak organizational coordination and insufficient multi-
stakeholder participation. Issues such as inadequate organizational 
coordination and the absence of multi-stakeholder participation 
simultaneously impact both the effectiveness of food safety governance 
and the efficiency of green technology transformation. Conversely, a 
well-developed organization coordination mechanism can achieve 
synergistic enhancement of both (Hong et al., 2025). When policy 
instruments and standards systems are designed with food safety as 
the core orientation, their driving effect on the efficiency of green 
technology innovation becomes more pronounced. For instance, the 
promotional role of food safety standards in technology 
transformation is achieved precisely by converting safety objectives 
into innovation concrete and incentives (Jiang et al., 2025).

2.2 The TOE framework theory

The TOE framework is a classical analytical model for examining 
how technological, organizational and environmental factors jointly 
influence green technological innovation processes within China’s 
food industry. When integrated with a food-safety assurance 
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orientation, it can more accurately capture the sector’s distinctive 
mechanism of influence. At the technological level, this encompasses 
green food processing R&D capabilities, breakthroughs in food safety 
detection technologies, and practitioner expertise which together 
from the bedrock and driving force of innovation. These three 
elements constitute a progressive support system: specialized food 
education provides talent and knowledge resources for research and 
employment in R&D and safety detection, while breakthroughs in 
scientific practice accelerate the conversion of educational resources 
into ‘green + safety’ technological achievements. The organizational 
dimension encompasses food enterprises’ green production 
momentum, government-specific green fiscal support for the food 
sector, and collaborative food safety regulatory mechanisms. This 
constitutes the internal support system for innovation, forming a 
bidirectionally empowering synergistic mechanism: corporate 
demand for green production transformation guides the 
implementation of green fiscal policies; targeted fiscal support 
activates innovation momentum; regulatory mechanisms compel 
enterprises to align innovation with safety control objectives. The 
environmental dimension encompasses clean energy supply 
guarantees for food supply chains, resource recovery systems for food 
processing waste, consumer preferences for green and safe food, and 
the industry’s dual environmental and safety standards. This 
constitutes a vital external driving field, forming a multidimensional 
system in which clean energy guides the direction of processing 
technology, waste treatment technologies ensure supply chain 
sustainability, and consumer preferences and industry standards 
transform external demands into endogenous momentum.

Analysis of these three dimensions clarifies their respective 
weightings and transmission pathways that influence GTI efficiency. 
Crucially, it uncovers the complex, cross-linked relationships between 
these factors, providing scientific grounds for enterprises to align their 
‘green + safety’ R&D directions and for governments to optimize 
supportive and regulatory policies. This enhances innovation success 
rates and the conversion of benefits, bolsters the industry’s core 
competitiveness in the era of green economy and safe consumption, 
and propels the sector towards a sustainable paradigm characterized 
by ‘safety and controllability, low-carbon and high efficiency’.

Drawing upon the research approach of Wang et al. (2023). This 
paper employs the TOE theoretical framework to analyze the 
efficiency of green technological innovation within the food industry. 
By deconstructing the core factors and their interrelationships across 
three dimensions—Technology (T-FOOD), Organization (O-FOOD), 
and Environment (E-FOOD)—it clarifies the weighting and 
transmission pathways of each factor’s influence on the industry’s 
efficiency in green technological innovation. This approach uncovers 
the complex, cross-linked interactions between factors, providing a 
scientific basis for enterprises to align their ‘green + safety’ R&D 
directions and for governments to optimize supportive and regulatory 
policies.

2.2.1 T-FOOD
The technological dimension serves as the bedrock and driving 

force behind green technological innovation in the food industry. Its 
core encompasses two pivotal dimensions: specialized food education 
and technological research and development, as well as food safety 
testing technologies. These form an organically integrated system 
characterized by tiered support and dynamic interconnection. Within 

this framework, the educational component of specialized food 
education and technological R&D provides the core talent pool and 
knowledge reserves for both R&D practice and safety testing domains, 
directly determining practitioners’ professional competence levels. 
Conversely, practical breakthroughs in technological R&D and food 
safety testing technologies drive deeper alignment between 
educational content and industrial demands, accelerating the closed-
loop conversion of ‘knowledge–technology–outcomes.’ Specifically, 
targeted enhancement of the academic component in food science 
education and technological R&D strengthens the talent base for 
research practice and safety testing. Conversely, upgrades in R&D 
capabilities and innovations in testing technologies continuously 
inject cutting-edge industrial demands into the educational system. 
This ensures sustained technological innovation vitality, fostering a 
virtuous cycle where ‘education and R&D synergistically empower 
testing, while testing in turn enriches education.’

2.2.2 O-FOOD
At the organizational level, the internal support system for green 

technological innovation in the food industry comprises two key 
elements: corporate green production momentum for and dedicated 
government green fiscal support. These form a bidirectional, mutually 
empowering collaborative mechanism. Food enterprises’ demand for 
green production transformation provides a clear direction for the 
precise implementation of government green fiscal policies, preventing 
policy disconnect from market needs. Meanwhile, dedicated 
government green fiscal support offers financial safeguards for 
corporate innovation, effectively activating the endogenous 
momentum for green technological R&D within enterprises. 
Enterprises deeply integrate green technological innovation with 
safety management objectives, relying on both their own 
transformative drive and on government policy guidance and financial 
support. This ‘enterprise demand-policy support’ interaction model 
enhances the resource allocation efficiency of innovation momentum 
and strengthens the supporting role at the organizational level.

2.2.3 E-FOOD
The environmental dimension is a crucial external driver for green 

technological innovation in the food industry, encompassing two core 
elements: energy consumption and waste management. These form a 
mutually reinforcing external driving system. The green transition in 
the food industry’s energy consumption directly guides the direction 
of processing technology innovation, driving carbon emission 
reductions in production processes. Meanwhile, the refinement of 
food processing waste management systems safeguards supply chain 
sustainability, providing practical scenarios for green technological 
innovation. These two elements form complementary synergies from 
the perspectives of resource utilization and circular development, 
optimizing foundational production conditions while clarifying 
innovation pathways. Together, they foster a favorable external 
environment for green technological innovation within the 
food sector.

Technology (T), Organization (O) and Environment (E) interact 
organically to enhance green technological innovation efficacy within 
the food industry collectively. Within T, two elements complement 
each other: food education and R&D supply specialized personnel for 
safety testing, while breakthroughs in testing feed back into optimizing 
educational content. At the organizational (O) level, a synergistic 
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empowerment loop forms, where enterprises’ demand for green 
production guides government implementation of targeted fiscal 
support, thereby effectively activating corporate R&D momentum. 
Within Environment (E), energy consumption transformation and 
waste management similarly reinforce one another: green energy 
guides technological innovation, while waste treatment systems 
provide practical innovation scenarios. At the cross-system level, O’s 
fiscal support drives R&D and testing technology upgrades in T, At 
the same time, E’s resource circulation demands propel technological 
iteration in T. Conversely, T’s innovations both assist enterprises in 
achieving green development goals (O) and meet E’s low-carbon 
development requirements. This cross-linkage optimizes innovation 
resource allocation, enabling precise alignment with market and 
policy demands while clarifying R&D pathways. This collectively 
enhances the efficacy of innovation and propels industrial 
sustainability. The resulting research model (as illustrated in Figure 1) 
clearly visualizes the interactive relationships among these elements 
and their combined impact on innovation efficiency.

3 Research design

3.1 Research methods

This paper employs a combined approach of Necessity Condition 
Analysis (NCA) and fuzzy set Qualitative Comparative Analysis 

(fsQCA) for the following reasons. Firstly, integrating these two 
methodologies requires a robust theoretical framework that aligns 
with the study’s causal logic. Building on the TOE theoretical 
framework, this study categorizes factors influencing the efficiency of 
green technological innovation in the food industry into three 
dimensions: technological, organizational, and environmental. 
Extensive academic research has elucidated the interactive 
relationships among antecedent variables and their associations with 
outcome variables within this framework (Wang et al., 2023), 
providing a robust theoretical foundation for the combined 
methodology. Concurrently, the core research questions center on 
‘how multiple factors synergistically drive high innovation efficiency’ 
and ‘whether necessary preconditions exist.’ The core value of NCA 
lies in identifying necessary conditions through upper-bound 
regression analysis (CR) and upper-bound envelope analysis (CE) 
(Ragin, 2008). Whereas, fsQCA excels at analyzing the configurational 
effects of multiple antecedent conditions. Existing research confirms 
that QCA results often constitute a subset of NCA findings. Their 
combined application forms a logical closed-loop approach—‘first 
testing necessity, then analyzing sufficiency’—ideally suited to the 
causal structure requirements of this study. Secondly, regarding 
sample size and condition number compatibility, existing research 
indicates that fsQCA is suitable for small to medium-sized samples of 
10–50 cases, with an ideal condition range of 4–7 (Teng, 2023). NCA, 
however, shares highly compatible sample-size requirements with 
QCA, enabling robust analysis without requiring large samples. This 

FIGURE 1

TOE research model for green technological innovation performance.
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study selected 30 Chinese provinces as research samples, meeting the 
small-sample requirement of classical QCA analysis. Six antecedent 
conditions were established: food-specialized education and 
technological R&D, food safety inspection, corporate green 
production momentum, government specialized fiscal support, 
energy consumption, and waste treatment.

This configuration falls precisely within the suitability ranges of 
both methods, effectively avoiding result biases caused by insufficient 
sample size or excessive conditions settings. Thirdly, regarding 
methodological adaptability, the combined use of NCA and fsQCA 
offers distinct advantages over traditional approaches such as DEA 
(focused on input–output efficiency measurement) and SEM (focused 
on linear path relationships). On one hand, NCA addresses the 
shortcomings of conventional methods that ‘over emphasize impact 
while under emphasizing necessary logic,’ clearly revealing essential 
bottleneck conditions across varying innovation levels. On the other 
hand, fsQCA not only handles categorical issues but also addresses 
fuzzy attribution problems involving degree variation (where case 
attribution scores range between 0 and 1). It can incorporate multiple 
combinations of antecedent conditions and analyze of dynamic 
evolutionary patterns. Both methods support cross-period 
comparative analysis, enabling the capture of configuration differences 
and regional transformation patterns across the 2013–2017 and 2018–
2022 periods. A capability beyond the scope of DEA and SEM.

3.2 Sample selection and data collection

To ensure the comprehensive sample availability and the 
sustainability of subsequent research, this study selected 30 provinces 
and municipalities in China as the case sample, with the research 
period set from 2013 to 2022. Data from this 2013–2022 captures 
changes before and after the introduction of the“dual carbon”goals 
while effectively ensuring the timeliness of the research questions. 
Furthermore, the sample size of 30 provinces meets the small-sample 
requirements of classical QCA analysis. In summary, selecting data 
from 30 Chinese provinces spanning 2013–2022 meets research needs. 
Data sources include the National Bureau of Statistics of China, the 
China Statistical Yearbook, and provincial statistical yearbooks.

3.3 Variable measurement and calibration

Table 1 presents the measurement and weighting of variables 
related to the efficiency of green technological innovation in the food 
industry.

The outcome variables selected to measure this efficiency 
comprise the Food Industry Green Finance Development Index (a 
composite indicator gauging the sector’s green finance development 
level, calculated form officially published index values) and green 
patent authorizations (the number of industry-related green 
technology patents granted, calculated from actual statistical counts).

Among the independent variables, the technological dimension is 
evaluated through two dimensions: development capacity and 
comprehensive quality capability. Development capacity encompasses 
food industry education and training expenditure (measured using 
expenditure amounts in billions of yuan) and specialized personnel in 
green food technology (calculated based on personnel measured in 

ten thousand). Comprehensive quality capability includes the number 
of food industry R&D and safety testing units (calculated from actual 
unit counts) and the number of testing personnel (calculated based on 
10,000).

The organizational dimension is analyzed across two dimensions: 
comprehensive economic development level and ecological 
environment construction. The extensive economic development level 
includes gross value added in the food industry and green investment 
(both calculated from actual expenditure figures in billion yuan). 
Ecological environment construction includes special environmental 
protection expenditure in the food industry (calculated from actual 
expenditure figures in billion yuan) and the green coverage rate in the 
built-up areas of concentrated food production zones (calculated as a 
percentage).

The environmental dimension is examined through energy 
security and environmental impact. Energy security encompasses 
electricity consumption for food industry production (in billion 
kilowatt-hours) and water consumption for production (in billion 
cubic meters). Environmental impact includes non-polluting 
treatment rate of food industry waste (calculated as a percentage) and 
treatment volume (calculated in tonnes).

All variable definitions align with their core measurement 
principles, with data sourced from the National Bureau of Statistics of 
China, the China Statistical Yearbook, and provincial statistical 
yearbooks.

3.3.1 Data calibration
Calibration is the critical step in converting case data into set 

membership scores. To achieve precise calibration of variables, the 
direct calibration method is selected. This method assigns set 
membership scores to given cases, enabling a more scientific and 
practical approach to avoiding subjective weighting and reducing 
human error. Referencing the research by Zhou et al. (2023), the three 
calibration points—complete membership, crossover point, and 
complete non-membership—for antecedent and outcome variables 
were set as the upper quartile (75%), median (50%), and lower quartile 
(25%), respectively. Table 2 presents the calibration data for each 
antecedent and outcome variable within Time Slot 1 and Time Slot 1.

4 Empirical analysis

4.1 Necessary condition analysis

Necessary Condition Analysis (NCA) employs two methods to 
obtain effect sizes: Upper Bound Regression Analysis (CR) and Upper 
Bound Envelope Analysis (CE). In this approach, the necessary 
condition must satisfy two criteria: the effect size must exceeds 0.1, 
and the Monte Carlo permutation test must yields a significant results 
(p < 0.01).

The results are shown in Table 3. For Time Slot 1, Food Safety 
Testing meets the necessary condition, with an effect size of 0.107 
(exceeding 0.1) and a statistically significant p-value of 0.000 
(p < 0.01). For Time Slot 2, all conditional variables have effect sizes 
less than 0.1, and thus no necessary conditions are identified in 
this period.

Table 4 presents the bottleneck-level analysis results based on the 
NCA methodology, focusing on the necessary condition identified in 
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Time Slot 1 (Food Safety Testing) and on the context of a specific 
target—"achieving 90% green technological innovation efficiency.” In 
NCA methodology, necessary conditions can be analyzed both “in 
kind” (whether a condition is generally required for the outcome) and 
“in degree” (the specific level of the necessary condition for a 
particular level of the outcome).

For the specific target of 90% green technological innovation 
efficiency, NCA identifies three conditional variables that require 
minimum thresholds to be met (even if some do not qualify as overall 
necessary conditions for green technological innovation performance 
across all outcome levels): specialized food education and 
technological R&D (0.8%), energy consumption (1.9%), and food 
safety testing (10.6%) (where “10.6/10.6” in the table indicates this 

threshold remained stable across both time periods). No bottleneck 
levels were identified for the remaining conditions.

It should be clarified that the minimum thresholds for Food 
Science Education and Technology R&D and Energy Consumption 
are specific to this high-efficiency target—they are necessary 
conditions for achieving this particular outcome level, rather than 
essential conditions for green technological innovation performance 
in general (which requires meeting the NCA criteria of effect size>0.1 
and p  < 0.01). In contrast, Food Safety Testing is both a general 
necessary condition (for Time Slot 1) and a specific threshold 
condition for the 90% efficiency target. The core implication of the 
10.6% threshold for food safety testing is that if its level falls below this 
value, achieving 90% green technology innovation efficiency becomes 

TABLE 1  Measurement and weight of antecedent variables.

Level 1 variable Level 1 indicators binary variable Secondary indicators bibliography

Technical level Capacity for development Food science education and 

technology R&D

Food industry training and 

education funding (0.5)

Moran et al. (2024)

Specialists in green food 

technology (10,000) (0.5)

Hu and Chen (2025)

Comprehensive competency Food safety testing Number of the food industry 

R&D and safety inspection 

units (0.5)

Liu et al. (2024)

Number of personnel in food 

industry R&D and safety 

inspection (10,000 persons) 

(0.5)

Liu et al. (2024)

Organizational level Comprehensive level of 

economic development

Green production 

momentum for enterprises

Food industry gross value 

added (RMB billion) (0.5)

Zou et al. (2024)

Green investment in the food 

industry (RMB billion) (0.5)

Sanguinet and García (2023)

Ecological environment 

development

Government special fiscal 

support

Environmental protection 

expenditures in the food 

industry (RMB 100 million) 

(0.5)

Yuan et al. (2025)

Green coverage rate (%) in 

built-up areas of food 

production clusters (0.5)

Zhu et al. (2023)

Environmental level Energy security Energy consumption Electricity consumption for 

food industry production (100 

million kilowatt-hours) (0.5)

Xiaozhi et al. (2023)

Water consumption in food 

industry production (100 

million cubic meters) (0.5)

Xiaozhi et al. (2023)

Environmental impact Waste disposal Non-polluting treatment rate of 

food industry waste (%) (0.5)

Vialkova et al. (2024)

Non-polluting treatment 

volume of food industry waste 

(tons) (0.5)

Vialkova et al. (2024)

Green technology innovation 

performance in the food 

industry

Financial support for the 

food industry

Green finance development 

index for the food industry (0.5)

Trusova et al. (2025)

Innovation capability in the 

food industry

Number of green patent 

authorizations in the food 

industry (0.5)

Batool et al. (2025)
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untenable; reaching this threshold merely satisfies a “necessary 
condition,” and the target can only be realized if the other two specific 
threshold conditions are simultaneously met.

Further conduct a necessary condition analysis using fsQCA, 
observing Table 5 with reference to the consistency threshold of 0.9.

Observing Table 5 reveals that the consistency coefficients for 
variables such as food science education, technological R&D, food 
safety testing, corporate green production momentum, and 
government-specific fiscal support all fall below 0.9. Due to differing 
approaches to determining necessary conditions, the NCA method 
identifies necessary conditions at different levels of outcome variables 
by shifting upper bounds or by rotation. In contrast, the QCA method 

primarily uses the diagonal of scatter plots as a reference line to 
identify necessary conditions for high outcome variables.

Consequently, QCA results are often a subset of NCA results. 
From the perspective of general necessary conditions (meeting NCA’s 
effect size >0.1 and p < 0.01), only Food Safety Testing in Time Slot 1 
qualifies as an essential condition for green technological innovation 
performance. No general necessary conditions are identified in Time 
Slot 2, and none of the conditional variables meet the QCA consistency 
threshold of 0.9 (Table 5), indicating no QCA-identified necessary 
conditions across all time periods. However, for the specific target of 
‘90% green technological innovation efficiency’, three conditional 
variables (Food Science Education and Technology R&D, Energy 

TABLE 2  Calibration anchor points of fuzzy sets in each period.

The twelve 
2 h divisions 
of the day

Time Slot 1 TIME SLOT 2

Assembly Wholly 
subordinate

Intersection Not 
affiliated in 

any way

Wholly 
subordinate

Intersection Not 
affiliated in 

any way

Green technology 

innovation
0.070 0.0168 −0.012 0.288 0.174 0.126

Food science 

education and 

technology R&D

0.126 0.0789 0.051 0.151 0.109 0.064

Food safety testing 0.212 0.120 0.065 0.227 0.118 0.0618

Green production 

momentum for 

enterprises

0.331 0.251 0.208 0.318 0.237 0.180

Government 

special fiscal 

support

0.522 0.460 0.394 0.446 0.341 0.266

Energy 

consumption
0.343 0.243 0.145 0.362 0.217 0.131

Waste disposal 0.239 0.164 0.106 0.270 0.164 0.101

TABLE 3  Analysis results of the necessary conditions of NCA methods in different periods.

Conditions Method Time Slot 1 Time Slot 2

Accuracy Effect size P-value Accuracy Effect size P-value

Food science education 

and technology R&D

CR 100% 0.012 0.000 100% 0.005 0.000

CE 100% 0.012 0.000 100% 0.005 0.000

Food safety testing CR 100% 0.107 0.000 100% 0.019 0.000

CE 100% 0.107 0.000 100% 0.019 0.000

Green production 

momentum for 

enterprises

CR 100% 0.033 0.000 100% 0.002 0.000

CE 100% 0.033 0.000 100% 0.002 0.000

Government special 

fiscal support

CR 100% 0.021 0.000 100% 0.000 1.000

CE 100% 0.021 0.000 100% 0.000 1.000

Energy consumption CR 100% 0.009 0.000 100% 0.003 0.000

CE 100% 0.009 0.000 100% 0.003 0.000

Waste disposal CR 100% 0.009 0.000 100% 0.010 0.000

CE 100% 0.009 0.000 100% 0.010 0.000
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Consumption, and Food Safety Testing) have minimum thresholds 
necessary to achieve this goal.

4.2 Comprehensive configuration analysis

Ragin (2014) posits that prerequisites for specific outcomes may 
be categorized as core or non-core elements based on their essentiality. 
A prerequisite is deemed core if it appears in both intermediate and 
simplified solutions; it is non-core if present only in the intermediate 
solution and absent from the simplified one. The primary distinction 

lies in the degree of association with the specific outcome. Following 
Ragin and Fiss’s symbolic notation: a solid circle (•) denotes the 
presence of either a core or peripheral condition, while a split circle 
(⊗) indicates the absence of either a core or peripheral condition 
(• = core condition present; ⊗ = core condition absent; • = peripheral 
condition present; ⊗ = peripheral condition absent), while blank 
circles denote conditions that may or may not be present (Fiss et al., 
2014). In accordance with the aforementioned usage criteria, the 
results of the prerequisite condition configurations for green 
technological innovation efficiency in the food industry across two 
periods (Periods 1 and Periods 2) –including the original coverage, 

TABLE 4  Analysis results of NCA bottleneck level (%) in each period.

Green 
technology 
innovation

Food science 
education and 
technology 
R&D

Food 
safety 
testing

Green 
production 
momentum for 
enterprises

Government 
special fiscal 
support

Energy 
consumption

Waste 
disposal

0 NN/NN NN/NN NN/NN NN/NN NN/NN NN/NN

10 NN/NN NN/NN NN/NN NN/NN NN/NN NN/NN

20 NN/NN NN/NN NN/NN NN/NN NN/NN NN/NN

30 NN/NN NN/NN NN/NN NN/NN NN/NN NN/NN

40 NN/NN NN/NN NN/NN NN/NN NN/NN NN/NN

50 NN/NN NN/NN NN/NN NN/NN NN/NN NN/NN

60 0.1/0.1 NN/NN NN/NN NN/NN NN/NN 0.2/0.8

70 0.4/0.4 1.5/0.5 NN/NN NN/NN NN/NN 1.2/1.8

80 0.6/0.6 6.0/6.0 NN/NN NN/NN NN/NN 2.2/2.8

90 0.8/0.8 10.6/10.6 NN/NN NN/NN 1.9/3.2 3.3/3.8

100 1.0/1.0 15.1/15.1 24.0/24.0 NN/NN 6.3/12.2 4.3/4.8

The left side of “/” is the bottleneck level for time period 1, and the right side of “/” is the bottleneck level for time period 2. NN = unnecessary.

TABLE 5  Necessity test of single condition of QCA method in each period.

Conditional variable Time Slot 1 Time Slot 2

Consistency Coverage Consistency Coverage

Food science education and 

technology R&D

1.00 1.00 0.664 0.663

~Food science education and 

technology R&D

0.250 0.249 0.420 0.353

Food safety testing 0.780 0.785 0.714 0.729

~Food safety testing 0.336 0.332 0.384 0.317

Green production momentum 

for enterprises

0.707 0.719 0.672 0.689

~Green production momentum 

for enterprises

0.385 0.378 0.418 0.344

Government special fiscal 

support

0.761 0.762 0.662 0.645

~Government special fiscal 

support

0.355 0.353 0.431 0.370

Energy consumption 0.767 0.770 0.667 0.629

~Energy consumption 0.372 0.369 0.453 0.401

Waste disposal 0.810 0.824 0.666 0.637

~Waste disposal 0.353 0.345 0.451 0.394
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unique coverage, consistency, overall coverage, and overall consistency 
for each configuration  –are detailed in Table 6. The presence or 
absence of core/peripheral conditions for the six prerequisites across 
the technological, organizational, and environmental dimensions 
within different configurations is clearly annotated.

	 1	 Time Slot 1 configuration analysis

① Enterprise green production momentum–energy consumption-
driven (SIa)

Within the SIa framework, the core configuration conditions for 
high efficiency in green technological innovation in food enterprises 
comprise corporate green production momentum and stable energy 
consumption. Peripheral enabling conditions include specialized 
food education and technological R&D, alongside food safety 
inspection. The consistency of this configuration pathway reaches 
0.867. This indicates that even when specialized government 
financial support proves ineffective and waste disposal facilities are 
lacking, enterprises can still achieve high green technological 
innovation efficiency provided they possess core support and 
peripheral safeguards. The influence of specialized government 
financial support and waste disposal facilities is relatively weak in 

this context. Theoretically, regions with advanced economies and 
robust industrial foundations are better positioned to establish such 
configurations. These areas feature mature food industries where 
enterprises’ endogenous demand for green transformation generates 
strong production momentum. Well-developed industrial 
ecosystems ensure stable energy supply, while high-quality 
educational resources and research capabilities provide talent and 
technical support, creating a virtuous cycle of ‘innovation 
foundations–support systems’. Ten provinces, including Shanghai 
and Guangdong, align with this mechanism (see Table 7). They 
predominantly achieve this by implementing high-quality 
development plans for the food industry, establishing a ‘policy 
guidance-technical support-collaborative innovation’ framework, 
and focusing on the dual objectives of green transformation and 
security assurance. This approach strengthens end-to-end technical 
support and low-carbon production bench marking. Concurrently, 
robust green production momentum, stable energy supply, and 
educational R&D, alongside safety inspection safeguards within the 
food sector, collectively propel regional food enterprises towards 
high efficiency in green technological innovation.

② Enterprise green production momentum – waste treatment-
driven model (SIb)

TABLE 6  Configuration results of each period.

Conditions Time Slot 1 Time Slot 2

SIa SIb S2 S3 HI H2 H3 H4

Technical level Food science 

education and 

technology R&D

• • • • • ⊗

Food safety testing • • • • • • • •
Organizational level Green production 

momentum for 

enterprises

• • • • • • • •

Government special 

fiscal support

⊗ • • • ⊗ •

Environmental level Energy 

consumption
• ⊗ • ⊗ • • •

Waste disposal ⊗ • • • ⊗ ⊗ • ⊗

Original coverage 0.171 0.162 0.130 1.162 0.132 0.090 0.090 0.129 0.171

Unique coverage 0.055 0.050 0.018 0.026 0.058 0.012 0.022 0.054 0.055

Consistency 0.857 0.867 0.846 0.849 0.871 0.801 0.802 0.852 0.857

Overall coverage rate 0.724 0.244

Overall consistency 0.848 0.806

•, core condition present; ⊗, core condition missing; •, edge condition present; ⊗, edge condition missing.

TABLE 7  Provinces and cities belonging to each period.

Configuration Time Slot 1 Configuration Time Slot 2

SIa Shanghai, Guangdong, Beijing, Sichuan, Fujian, Chongqing, Hunan, 

Tianjin, Zhejiang, Liaoning

H1 Shanghai, Beijing, Zhejiang, Hunan

SIb Shanghai, Beijing, Hunan, Guangdong, Sichuan, Zhejiang H2 Inner Mongolia, Shanxi, Yunnan

S2 Jiangsu, Zhejiang, Shanghai, Guangdong, Shandong, Henan H3 Inner Mongolia, Yunnan

S3 Beijing, Shanxi, Shanghai, Jiangsu, Zhejiang, Guangdong H4 Shanxi
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Under the SIb configuration, the core conditions for food 
enterprises to achieve high green technological innovation efficiency 
(configuration consistency = 0.846) are the enterprise’s green 
production momentum and waste treatment capacity, with food safety 
testing serving as a peripheral condition. Even when specialized food 
education and technological R&D fail to exert significant influence, 
and despite the absence of dedicated government financial support 
and energy consumption conditions, food enterprises possessing core 
support and peripheral coordination can still achieve high innovation 
efficiency. The factors as mentioned above that do not exert significant 
influence have a relatively weaker impact on innovation efficiency. 
Theoretically, regions like Shanghai and Beijing—where industrial 
upgrading demands are urgent and environmental regulations 
stringent—are more conducive to such configurations. These areas 
feature concentrated food-industry production, which generates 
waste-disposal needs that spur the development of efficient resource 
recovery technologies. Simultaneously, safety standards in consumer 
markets drive refinement of the testing system. Enterprises 
spontaneously cultivate green production momentum to align with 
developmental demands, forming an endogenous ‘demand-driven, 
capability-supported’ mechanism. Specifically, robust green 
production momentum provides directional guidance for innovation; 
efficient waste treatment reduces environmental costs while supplying 
raw materials and experimental scenarios for R&D; and food safety 
testing optimizes the ecosystem to ensure innovation implementation. 
Shanghai, Beijing, Hunan, Guangdong, Sichuan, and Zhejiang 
exemplify this model (see Table 7). These provinces have generally 
established specialized plans and management measures for waste 
recycling, constructing a synergistic ‘waste utilization-safety control’ 
model. They strengthen end-to-end oversight and the application of 
safety-grade technologies, ultimately achieving high efficiency in 
green technological innovation through the coordination of core and 
peripheral conditions.

③ Food safety testing – enterprise green production momentum – 
enterprise green production momentum-driven (S2)

In Configuration S2, the core conditions for food enterprises to 
achieve high green technological innovation efficiency 
(consistency = 0.849) are fully competitive food safety testing and 
robust corporate momentum for green production. Peripheral 
conditions include specialized food education and technological 
R&D, alongside waste treatment. Even where energy consumption 
plays no significant role, enterprises can still attain high innovation 
efficiency provided they possess dual core support, peripheral 
synergistic coordination, and leverage high-intensity green fiscal 
policy guidance. Theoretically, regions like Jiangsu and Shandong—
characterized by large-scale food industries and high marketization—
are primed for such configurations. These areas serve as both core 
production hubs and consumption centers, where intense market 
demand for food safety drives competitive upgrades in testing. Their 
substantial industrial scale fosters endogenous green transformation 
momentum, while local governments frequently bolster green fiscal 
support to accelerate industrial upgrading, creating a ‘market-driven, 
policy-empowered’ development ecosystem. Specifically, competition 
in food safety testing and the momentum in green production 
constitute a multi-faceted innovation driver. Green finance provides 
financial and policy safeguards, while the integration of food 
education R&D with waste treatment solidifies talent reserves and 
practical platforms. These three elements synergistically enhance 

innovation efficiency. Six provinces including Jiangsu, Zhejiang, and 
Shanghai exemplify this mechanism (see Table 7). Guided by 
industrial planning, they establish R&D and testing support systems 
through core technology breakthroughs and innovation platforms, 
effectively driving corporate production transformation and safety 
management upgrades.

④ Integrated drive configuration (S3)
The configuration of S3 exhibits multi-factor synergistic driving 

characteristics, with core conditions comprising specialized food 
education and technological R&D, food safety testing, corporate green 
production momentum, dedicated government financial support, and 
energy consumption. Peripheral conditions involve waste treatment. 
This configuration pathway demonstrates a consistency coefficient of 
0.871. Food enterprises meeting these conditions not only achieve 
high efficiency in green technological innovation but are also better 
positioned to elevate their innovation levels further. This implies that 
when enterprises possess sufficient educational R&D investment, a 
competitive testing environment, robust green production 
momentum, substantial fiscal support, stable energy consumption as 
core underpinnings, and efficient waste disposal as peripheral linkage, 
they can sustainably enhance innovation efficacy without additional 
conditions. Each element forms an efficient synergistic support 
system. Theoretically, economically advanced regions with well-
planned industries—such as Beijing and Shanghai—are predisposed 
to such configurations. These areas prioritize high-quality food 
industry development by bolstering innovation funding through fiscal 
policies, cultivating R&D talent via premium educational resources, 
and fostering competitive testing environments through stringent 
market oversight. This creates a comprehensive ‘policy-resource-
market’ driving mechanism. Specifically: educational R&D provides 
talent and technological foundations; food safety testing establishes 
quality and compliance benchmarks; corporate green initiatives 
ensure innovation implementation; fiscal support resolves funding 
constraints; stable energy supplies guarantee operational continuity; 
and waste treatment converts innovation outputs into resource value. 
Six provinces including Beijing and Shanxi exemplify this approach 
(see Table 7). Through food industry development plans, they establish 
coordinated systems integrating ‘technological R&D  – safety 
oversight–policy support’, defining tasks such as cultivating green 
factories and establishing testing centers. This creates robust policy 
and resource support mechanisms that drive sustained innovation 
advancement.

	 2	 Time Slot 2 configuration analysis.

① Food science education and technology R&D-food safety 
testing-enterprise green production momentum-driven (H1)

Under configuration H1, the core conditions enabling food 
enterprises to achieve high green technological innovation efficiency 
(consistency = 0.801) are specialized food education and technological 
R&D, food safety inspection, and corporate green production 
momentum. Government-specific fiscal support, energy 
consumption, and waste disposal are not key conditions and exert 
relatively weak influence. Even when the latter three factors fail to play 
a significant role, food enterprises with core support can still attain 
high innovation efficiency. Theoretically, regions with high 
marketization and mature industrial ecosystems—such as Shanghai 
and Beijing—are predisposed to such configurations. In these areas, 
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intense competition among food enterprises fosters strong 
endogenous demand for green innovation. Concurrently, robust 
vocational education systems and advanced regulatory technologies 
enable firms to rely primarily on internal talent and technological 
reserves rather than external financial support, establishing a 
development model characterized by endogenous drivers 
supplemented by external support. Specifically, specialized food 
education and R&D lay the knowledge foundation and talent base for 
innovation; food safety testing provides safeguards through 
technological innovation and commercialization; while enterprises’ 
green production momentum offers sustained impetus and 
application scenarios for innovation implementation. Together, these 
three elements synergistically construct an endogenous-driven 
innovation system. Shanghai, Beijing, Zhejiang and Hunan exemplify 
this approach (see Table 7). Through policies such as advancing 
vocational education, establishing innovative food safety supervision 
models and forming industry-education integration consortia, these 
provinces achieve precise alignment among talent cultivation, safety 
testing and corporate production, thereby significantly enhancing the 
efficiency of green technological innovation.

② Enterprise green production momentum–government 
specialized financial support – energy consumption-driven (H2)

In Configuration H2, the core conditions enabling food 
enterprises to achieve high green technological innovation efficiency 
(consistency = 0.802) are enterprise green production momentum, 
dedicated government fiscal support, and energy consumption. 
Peripheral conditions include food safety inspection, while food-
specific education and technological R&D, along with waste treatment, 
exert limited influence. This indicates that even when the latter two 
factors fail to play a substantive role, enterprises can still realize high 
innovation efficiency through core support and peripheral synergy. 
Theoretically, regions like Inner Mongolia, Shanxi, and Yunnan—
which possess strong energy endowments but relatively weak food 
industry R&D foundations—are prone to such configurations (see 
Table 7). These provinces leverage abundant energy resources to 
ensure production continuity while requiring targeted government 
fiscal intervention to drive green transformation in the food sector, 
forming a distinctive pathway characterized by ‘policy 
underpinning + energy support + production-driven momentum’. 
Specifically: Three provinces, including Inner Mongolia, have 
leveraged food industry planning as a catalyst. They setting green 
factory development targets, offered substantial fiscal subsidies, and 
establishing clean energy usage quotas. By strengthening the linkage 
between ‘enterprise self-inspection and regulatory testing, ‘they have 
ultimately enabled synergy between policy support, energy 
optimization, and production-driven mechanisms, thereby enhancing 
the efficiency of green technological innovation.

③ Food safety testing-government specialized financial support-
waste treatment-driven (H3)

In Configuration H3, the core conditions enabling food 
enterprises to achieve high green technological innovation efficiency 
in (consistency = 0.852) are competition-oriented food safety testing 
and effective waste-treatment capability. Peripheral conditions include 
specialized food education and technological R&D, alongside 
corporate green production momentum. The role of dedicated 
government financial support limited influence. This indicates that 
even without robust fiscal backing, and with peripheral conditions 
serving only an auxiliary role, food enterprises leveraging core support 

and peripheral synergy can still attain high innovation efficiency. 
Theoretically, Inner Mongolia and Yunnan—central agricultural and 
livestock processing provinces—generate substantial processing waste 
with urgent environmental disposal needs, yet face limited local fiscal 
support. This has fostered a configuration centered on leveraging 
inherent resource endowments and prioritizing breakthroughs in core 
processes: achieving environmental and economic gains through 
waste resource recovery, ensuring product quality through stringent 
testing, and reducing fiscal dependence. Specifically, food safety 
testing establishes a quality compliance foundation for innovation 
while clarifying its direction; waste treatment generates value through 
resource recovery, providing practical scenarios and circular carriers; 
peripheral education and R&D cultivate foundational talent, and 
corporate production momentum offers auxiliary drive. These four 
elements operate in synergy to enhance effectiveness. Inner Mongolia 
and Yunnan exemplify this approach (see Table 7). Both regions have 
increased waste-utilization rates and safety controls through schemes 
for recycling agricultural and livestock processing waste, establishing 
testing standards for recycled products, and developing a three-tier 
testing network. This has fostered an integrated ecosystem of ‘waste 
utilization and safety assurance’.

④ Food safety testing – corporate green production momentum – 
government specialized financial support  – energy consumption-
driven (H4)

The H4 configuration exhibits multi-core synergistic driving 
pattern, with its core conditions being: highly-level food safety 
testing, robust corporate green production momentum, substantial 
government-specific fiscal support, and stable energy consumption. 
Food-specific education and technological R&D, alongside waste 
treatment, are do not serve as core conditions (exerting weaker 
influence). Food enterprises aligning with this pathway 
(consistency = 0.857) can achieve high green technological 
innovation efficiency without additional prerequisites, as the core 
conditions have already formed an self-sustaining synergistic 
system. Theoretically, Shanxi—a food industry transformation 
region with exceptional energy endowment—is suitable for 
developing this configurations (see Table 7)—its abundant energy 
resources (particularly clean energy potential) directly safeguard 
production continuity, local governments intensify fiscal 
inclination to advance green upgrades in traditional industries, 
while the food market’s rigid demand for safety compels 
improvements in testing systems. This forms an endogenous 
development logic of ‘energy support + policy drive + market 
traction’, without excessive reliance on education/R&D or waste 
treatment segments. Specifically, food safety testing provides 
technical support and human resources for enhancing enterprise 
production momentum, while enterprises’ green production 
capabilities lay the economic foundation for optimizing testing and 
implementing fiscal policies. Government-specific funding reduce 
capital barriers and guides resource aggregation, and stable energy 
consumption ensures continuous advancement throughout the 
innovation process. These four elements interact and mutually 
reinforce one another. Shanxi Province exemplifies this approach. 
Guided by its food industry planning, it has established a 
comprehensive innovation support system through: setting targets 
for cultivating green factories; providing dedicated subsidies; 
defining clean energy objectives; and implementing a three-level 
self-inspection mechanism. This system operates as a operation 
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cycle of ‘policy support–energy optimization– production drive–
inspection assurance’.

To visually present the spatial distribution and temporal evolution 
of green technological innovation performance in China’s food 
industry across provinces and municipalities, analysis is conducted 
based on the visualization results from Time Slot 1 (see Figure 2) and 
Time Slot 2 (see Figure 3).

In Time Slot 1 (see Figure 2), the eastern coastal regions 
developed a multi-driver development pattern. The core clusters of 
the Beijing-Tianjin-Hebei region, the Yangtze River Delta, and the 
Pearl River Delta—represented by Shanghai, Guangdong, and 
Beijing, respectively—showcased distinct configuration drivers: 
enterprise green production momentum-energy consumption 
driven, enterprise green production momentum-waste treatment 
driven, food safety testing-enterprise green production momentum-
enterprise green production momentum driven, and comprehensive 
driven configurations. Beijing optimized its energy supply structure 
through planning, Guangdong established a solid waste treatment 
system, Shanghai streamlined technology transfer chains, and 
Jiangsu advanced multi-dimensional policy coordination, making 
them exemplary regions for distinct configurations. Central and 
western provinces like Sichuan, Chongqing, and Hunan belonged 
to either SIa or SIb configurations, leveraging local advantages to 
integrate into regional networks but failing to achieve fully factor-
driven development.

In Time Slot 2 (see Figure 3), the eastern coastal regions deepened 
their talent- and economy-driven development. Shanghai, Beijing, 
Zhejiang, and Hunan formed a model driven by specialized food 
education and technological R&D, food safety inspection, and corporate 
green production momentum. Through industry-education integration, 
they strengthened the closed-loop of “educational reserves-scientific 
research conversion-economic reinvestment,” marking an upgrade from 
factor-driven to innovation-driven growth. Meanwhile, the central and 
western regions rose through energy-and finance-driven development. 
Inner Mongolia, Shanxi, and Yunnan have formed a model driven by 
corporate green production momentum, government exceptional fiscal 
support, and energy consumption to facilitate the transformation of 
resource-based regions. Inner Mongolia and Yunnan have adopted a 
model driven by food safety testing, government exceptional fiscal 
support, and waste treatment, focusing on circular economy technology 
R&D. Shanxi stands as the only region meeting all four core conditions—
food safety testing, corporate green production momentum, 
government exceptional fiscal support, and waste treatment—and is 
advancing deep transformation through its carbon peak plan.

Cross-period comparisons reveal that Time Slot 1 characterized 
by multi-configuration clusters along the eastern coast, forming the 
‘Yangtze River Delta-Pearl River Delta-Beijing-Tianjin-Hebei’ 
innovation triangle. In Time Slot 2, central and western regions 
activated distinctive pathways through energy and fiscal policies, 
presenting a dual-engine pattern of ‘deepening in the east and rising 

FIGURE 2

Provinces and municipalities corresponding to time slot 1 configuration.
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in the center-west’. Visual analysis indicates that eastern regions 
transitioned from a two-dimensional driver (economic-energy/waste 
management) to a three-dimensional synergy of education-testing-
economic drivers. In contrast central and western regions shifted from 
peripheral participation to core drivers of energy-fiscal-technology. 
Driving factors evolved from unipolar dominance to a multi-faceted 
combination of ‘education-testing-policy-energy’, reflecting regional 
policy divergences: eastern strategies prioritizing commercialization 
and industry-education integration, and central-western approaches 
focusing on energy transition and resource recycling. Ultimately, this 
reveals the evolutionary logic of driving mechanisms across different 
periods—shifting from single-factor to multi-factor approaches and 
from eastern concentration to cross-regional coordination—providing 
visual evidence for differentiated policy formulation.

4.3 Robustness testing process

When conducting robustness tests in this paper, specific 
parameters were set to ensure the reliability of results. The case-
frequency threshold was set at 2, focusing on condition combinations 
that appeared ≥2 times to identify prevalent configuration patterns 
and avoid interference from low-frequency cases. The consistency 
level was set at 0.77 to ensure high consistency in configuration 
interpretation outcomes. The PRI value exceeds 0.5, serving as a key 
indicator of the stability and validity of configuration outcomes. 
Higher values denote greater robustness, thereby enhancing the 
quality and reliability of research findings. As illustrated in Table 8.

First, the original consistency was increased from 0.75 to 0.77, 
resulting in a largely consistent configuration.

Second, after adjusting the original consistency threshold, the 
overall consistency of conditions in Time Slot 1 and Time Slot 2 
remained highly stable compared to the original coverage values, with 
overall consistency values of 0.893 and 0.854, respectively. The 
consistency results for both Time Slot 1 and Time Slot 2 exceeded 
those in Table 6, further confirming the robustness of the model 
developed in this study.

Finally, the adopted conditions configurations consistently 
explains the efficiency of green technological innovation in the food 
industry across different time periods. At the technological level, food-
specific education and technology development, along with food 
safety testing, demonstrate strong consistency, indicating that food-
specific education and technology R&D, coupled with food safety 
testing, play a decisive role in enhancing the performance of green 
technological innovation in the food industry. At the organizational 
level, corporate green production momentum exerts a significant 
positive effect on the performance of green technological innovation 
in the food industry. At the environmental level, energy consumption 
contributes positively to in the efficiency of green technological 
innovation within the food industry. The combination consistently 
explains the performance of green technological innovation in the 
food industry across multiple time phases. Therefore, the model 
developed in this study is robust.

In summary, during the robustness testing process, all consistency 
results obtained met the testing requirements, thereby validating the 
robustness of the test outcomes.

FIGURE 3

Provinces and municipalities corresponding to the second time slot configuration.
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5 Discussion

5.1 Theoretical contributions

5.1.1 The logical framework supporting policy 
formulation

A prevalent cognitive bias of ‘single-factor dependence’ exists in 
traditional food industry policy design. The root cause of this bias lies 
in the lack of systematic theoretical understanding of the mechanisms 
driving GTI performance. The multidimensional configuration 
framework—integrating technology, organization, environment, and 
food-safety elements—developed in this research provides core 
theoretical support for policy formulation. Findings from 30 
provincial samples demonstrate that single variables do not drive high 
GTI performance in the food sector but emerges through synergistic 
coupling of technological R&D, organizational management, 
institutional environment, and food safety elements.

The ‘configurational cognition’ reflected in these theoretical 
conclusions departs from traditional policy reliance on singular tools 
such as capital investment and policy subsidies in traditional policy 
making, providing a theoretical basis for ‘multi-factor synergistic 
action’ in policy design. Concurrently, the dynamic evolution patterns 
of the GTI mechanism revealed by the theory—the ‘driving force-
energy’ model from 2013 to 2017 and the ‘R&D-inspection-driving 
force’ configuration from 2018 to 2022—provide theoretical guidance 
for transitioning policy orientation from ‘static planning’ to ‘stage-
adaptive dynamic adjustment.’ This enables policy interventions to 
align more closely with the intrinsic logic of industrial development.

5.1.2 The practical value of theory for industrial 
development

The dual objectives of ‘low-carbon emission reduction’ and ‘safety 
assurance’ in the food industry reflect a misalignment between the 
‘efficiency-first’ and ‘risk prevention’ perspectives in traditional 
development models. This study reveals the synergistic mechanism 
linking specialized R&D, safety inspection, and green incentives, 
thereby constructing a theoretical logic that integrates these dual 
objectives: the energy-saving impact of green-technology R&D and 

the market trust value generated by establishing safety inspection 
systems form a complementary rather than antagonistic relationship 
within this theoretical framework.

This theoretical framework provides enterprises with practical 
guidance for resource integration—firms with different scales and 
resource endowments may select appropriate factor combination 
models based on the multi-pathway driven model revealed by the 
theory, thereby avoiding the practical pitfalls of prioritizing innovation 
over safety or emphasizing safety at the expense of transformation. 
Simultaneously, the theory’s explicit articulation of synergistic factor 
value offers theoretical underpinnings for establishing dual-oriented 
‘safety-green’ development standards within industries, thereby 
propelling high-quality industrial advancement.

5.1.3 Academic innovation in theoretical 
frameworks and research paradigms

By addressing the dual challenges of ‘theoretical framework 
limitations’ and ‘single-method research paradigms’ within GTI 
research in the food industry, this research achieves breakthroughs 
across both theoretical and methodological dimensions. Establishes a 
core academic contribution that integrates both theoretical 
advancement and methodological innovation.

At the theoretical framework level, this study integrates embeds 
food safety elements within the classical Technology-Organization-
Environment (TOE) framework, constructing an extended ‘TOE-S’ 
framework tailored to the food industry. This expansion not only 
overcomes the limitations of traditional Resource-Based View 
(RBV) theory, which prioritizes internal resources while neglecting 
external safety constraints, and addresses the shortcomings in 
Strategic Management Theory (STM), which emphasizes 
competitive strategy while weakening interaction among elements. 
By demonstrating that food safety elements can synergistically drive 
Green Technology Innovation (GTI) through mechanisms such as 
‘market trust formation’ and ‘innovation process standardization’, 
this research enriches the TOE framework’s conceptually. It 
broadens its applicability within high-risk, heavily regulated 
industries offering for a theoretical model for green innovation 
studies in specific sectors.

TABLE 8  Robustness test.

Conditions Time Slot 1 Time Slot 2

SIa SIb H1 H2

Technical level Food science education and technology R&D • •
Food safety testing • • • •

Organizational level Green production momentum for enterprises • • • •
Government special fiscal support ⊗ •

Environmental level Energy consumption • ⊗ ⊗ •
Waste Disposal ⊗ • ⊗ ⊗

Original coverage 0.162 0.153 0.125 0.085

Unique coverage 0.052 0.047 0.055 0.011

Consistency 0.814 0.823 0.827 0.760

Overall coverage rate 0.687 0.231

Overall consistency 0.893 0.854
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At the research paradigm level, to support framework 
validation and theoretical expansion, this study integrates 
Necessary Condition Analysis (NCA) with fuzzy-set Qualitative 
Comparative Analysis (fsQCA), introducing a dynamic 
segmentation that constructs an integrated analytical paradigm of 
static-configuration and dynamic-evolution models. This paradigm 
not only overcomes cognitive limitations in traditional research—
such as single-path attribution and static cross-sectional analysis—
but also advances green-innovation studies by revealing 
configurational mechanisms and temporal evolution patterns 
affecting GTI performance. It promotes a shift from ‘single-causal 
cognition’ to ‘configurational causal cognition’ and from ‘static 
description’ to ‘dynamic interpretation’. This methodological-
theoretical synergy provides a replicable academic paradigm for 
subsequent GTI research in the food industry, enhancing 
theoretical depth and scientific rigor of studies in this field.

5.2 Practical implications

5.2.1 Optimize technological supply to establish a 
dual-objective coordination system

Focusing on the dual objectives of ‘green technological 
innovation and food safety assurance’, we shall increase targeted 
investment in areas such as green food processing technology, 
rapid safety testing techniques, and intelligent traceability systems. 
By interdisciplinary training programs should be developed and 
integrating industry standards to cultivate multi-skilled 
professionals, dedicated industry-academia-research funds should 
be established to advance collaborative breakthroughs in key 
technologies, and a closed-loop mechanism should be formed 
system for targeted talent placement and commercialization of 
outcomes, we shall ensure seamless alignment between 
technological R&D, talent deployment, and enterprise needs for 
safety management and green transformation.

5.2.2 Strengthen organizational support and 
enhance the regulatory mechanism for policy 
resources

Under government-led guidance, green technology R&D should 
be closely aligned to food safety standards. Incentives such as fiscal 
subsidies and additional tax deductions for R&D expenditure will be 
provided to relevant innovation projects, thereby reducing enterprises’ 
dual innovation costs. A comprehensive service platform will be 
established, integrating standard databases, testing resources, and 
green financial products providing enterprises with one-stop support 
encompassing ‘technology selection–testing and certification–funding 
matching’. A fiscal funding evaluation system will be implemented, 
linking fund utilization to food safety compliance performance and 
the effectiveness of technology implementation, to ensuring targeted 
financial empowerment.

5.2.3 Fostering an enabling environment to 
advance energy circularity and collaborative 
governance

Tailored clean energy substitution schemes should be 
implemented in accordance with the energy consumption 
characteristics of food processing. Enterprises adopting photovoltaic 

or hydroelectric power shall receive electricity price subsidies along 
with complementary energy consumption monitoring systems. The 
processing waste management cycle of ‘segregated collection–safe 
disposal–high-value utilization’ should be advanced, with 
mandatory resource recovery processes subject to food safety 
indicator testing. Public awareness campaigns should be 
strengthened on green food certification and traceability 
experiences to guide consumption and stimulate innovation. 
Establish reporting channels should be established for 
non-compliance to foster a collaborative governance framework 
involving government oversight, corporate innovation, and public 
participation.

6 Conclusion

Based on dual validation through Necessity Condition Analysis 
(NCA) and fuzzy set Qualitative Comparative Analysis (fsQCA), this 
study concludes that enhancing Green Technology Innovation (GTI) 
efficiency within the food industry cannot rely solely on the 
independent influence of any single dimension—technological, 
organizational, or environmental—but must instead depend on the 
synergistic interaction of multiple dimensions. This conclusion not 
only consolidates the empirical findings of this study but also provides 
multidimensional value at theoretical, practical, and research 
continuity dimensions.

At the theoretical level, this study addresses the limitations of 
‘single-factor determinism’ prevalent in traditional green 
innovation research. By integrating key elements such as food 
safety inspections and specialized food education within the 
Technology-Organization-Environment (TOE) framework, and 
revealing a two-stage differentiated implementation mechanism—
the first stage featuring an ‘integration-driven’ equivalent 
configuration and the second stage a composite configuration 
featuring ‘food safety inspections—enterprise green production 
incentives—government specialized financial support—energy 
consumption drivers’—this study enriches the configuration 
research paradigm of GTI efficiency, offering a novel theoretical 
perspective on ‘multi-factor synergy’ to explain regional disparities 
in innovation efficiency.

At the practical level, this offers clear guidance for 
implementing targeted regional policies. Given that diverse 
combinations of factors can achieve equally effective GTI 
performance, local governments do not need to follow a single 
development model. Instead, they should leverage their unique 
resource endowments to reinforce key factor combinations: in 
regions with concentrated food industry clusters, dedicated fiscal 
support can be used to stimulate enterprises’ motivation for green 
production; in areas rich in scientific research resources, 
collaboration with universities and research institutions can 
strengthen food safety inspection systems, ultimately forging 
differentiated innovation-driven development pathways.

From a prospective research perspective, the identified variations 
in GTI efficiency pathways provide crucial insights into dynamic 
mechanisms. Subsequent studies may focus on the evolutionary logic 
of factor combinations, delving into how external conditions—such as 
shifts in policy environments and technological iterations—influence 
the intensity of core factors’ effects. This would refine the dynamic 
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theoretical model of GTI efficiency, offering more forward-looking 
academic support for the industry’s long-term green transition.
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