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Abstract

The rapid expansion of digital trade presents transformative opportunities for South-South cooperation,
particularly between China and West Africa. However, emerging risks in technological, institutional,
and sociocultural domains pose significant challenges to sustainable e-business collaboration. This
study proposes a Pythagorean Fuzzy Analytic Hierarchy Process (PF-AHP) framework to evaluate and
prioritize these risks under conditions of uncertainty and expert judgment ambiguity. By integrating
fuzzy logic with AHP, the model effectively captures the vagueness and imprecision inherent in multi-
criteria decision-making (MCDM). Expert assessments from professionals in digital trade, cybersecurity,
and risk management were used to conduct pairwise comparisons across three primary risk categories:
Technological, Institutional, and Sociocultural Risks. The results indicate that Sociocultural Risk holds
the highest priority (weight: 0.3268), followed by Institutional Risk (0.3488) and Technological Risk
(0.3244), highlighting the critical influence of cultural alignment, consumer trust, and behavioral
norms in cross-border digital collaboration. The PF-AHP approach enhances decision reliability by
incorporating membership, non-membership, and indeterminacy degrees, offering a robust tool for risk
assessment in complex digital supply chains. This research contributes to the discourse on equitable
digital globalization and provides strategic insights for policymakers and stakeholders aiming to build
inclusive, resilient, and mutually beneficial digital trade ecosystems between China and West Africa.

Keywords: risk assessment; e-business collaboration; sustainable e-business; digital trade; pythagorean
fuzzy analytic hierarchy process (PF-AHP); multi-criteria decision making (MCDM)

1. Introduction
Global trade is seeing a substantial transition propelled by digital technologies. The conventional

emphasis on the transportation of tangible items across borders is increasingly augmented by the
digital transmission of data, services, and products through e-business platforms. The transformation
is fundamentally driven by the rise of e-commerce ecosystems that amalgamate diverse services,
including transportation, banking, and cloud computing. These ecosystems are transforming interna-
tional trade dynamics, with China in the forefront as a global e-business leader, while West Africa is
starting to adopt digital solutions to expedite economic development.

China’s involvement in the digital revolution is founded on its extensive internet infrastructure [1],
comprising over 1 billion internet users, exceptional technical capabilities, and a strong, thriving e-
commerce environment. China has become a major player in global e-business, using projects like the
Belt and Road Initiative (BRI) to spread its power across Africa. China’s expanding economic might
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is changing the way commerce works throughout the world. This gives West Africa, a region that
has always been on the edge of global digital trade, a chance to work together more. The argument
over global digital sovereignty has also gotten stronger in the last few years. More and more African
countries, notably those in West Africa, want to be in charge of their own data and digital infrastructure
so they don’t have to rely on foreign digital powers.

Another important reason for the sudden need is the region’s growing population. Mobile
technology use is growing quickly in Africa, especially in West Africa, where there are a lot of
young, tech-savvy people. This makes mobile-first solutions more and more possible for growing
e-commerce. Mobile internet is spreading quickly, which is helping this change happen. In West Africa,
mobile phones are becoming the main way for people to access e-commerce sites. Countries such
as Ghana, Nigeria, and Côte d’Ivoire are at the forefront of digitalizing their economies, developing
innovative financial services, and nurturing a new cohort of technology entrepreneurs. However,
substantial obstacles persist, such as insufficient digital infrastructure, legislative fragmentation, and
cybersecurity issues, which can impede the complete actualization of digital trade potential. This
change in demographics, together with the rise of mobile internet, makes this relationship even more
important right now, giving a sense of urgency to our study.

However, barriers impede the path to digital prosperity in West Africa. Issues such as inadequate
digital infrastructure, uneven regulations, restricted data management capabilities, and security
vulnerabilities persist. Many small enterprises continue to face challenges in accessing global digital
value chains due to insufficient exposure, financial resources, or digital competencies. Chinese
enterprises seeking to penetrate African digital marketplaces must navigate unfamiliar territories,
cultural disparities, and heightened scrutiny on data security and digital sovereignty concurrently.

In this evolving context, it is imperative to inquire. How can China and West Africa collaborate
in commerce supply chains to ensure mutual benefit and sustainability? What strategies must be
implemented to ensure that this collaboration fosters inclusive growth, honors local contexts, and
unlocks sustainable innovation?

This study is driven by the need to understand how China and West Africa can develop a mutually
beneficial and sustainable digital trade partnership in the era of rapid digital transformation. While
extensive research has explored Sino-African cooperation in traditional domains such as infrastructure,
energy, and resource extraction, there remains a critical gap in understanding the role of digital trade
and e-business as key enablers of South-South cooperation. Digital connectivity, e-commerce platforms,
and smart supply chains present transformative opportunities for inclusive economic growth, yet they
also introduce complex, multidimensional risks that are not adequately addressed by conventional
evaluation frameworks.

To bridge this gap, this research investigates the key risks—technological, institutional, and
sociocultural, that hinder effective e-business collaboration between China and West Africa, while
identifying strategic pathways toward resilient and context-sensitive digital integration. A major
limitation of existing risk assessment models lies in their inability to handle uncertainty, subjective
expert judgments, and imprecision in decision-making processes, often leading to unstable or unreliable
outcomes.

To address these challenges, this study proposes the use of Pythagorean Fuzzy Analytic Hierarchy
Process (PF-AHP) framework, which integrates fuzzy set theory with the classical AHP to better
capture ambiguity, hesitation, and inconsistency in expert evaluations. By incorporating degrees of
membership, non-membership, and indeterminacy, the PF-AHP model allows for more robust pairwise
comparisons under conditions of uncertainty. This approach enhances the reliability and robustness of
risk prioritization, offering a more comprehensive and adaptive methodology for assessing emerging
risks in cross-border digital supply chains between China and West Africa.

This paper aims to provide a comprehensive understanding of China–West Africa digital trade
collaboration through a multilevel analysis incorporating regional insights, expert judgment, and a
structured Pythagorean Fuzzy AHP framework. By evaluating key risks in technological, institutional,
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and sociocultural domains, the study contributes to the growing discourse on digital globalization
and highlights the potential of South–South partnerships to foster equity, inclusivity, and mutual
development in the digital economy. It illustrates the evolving digital relationship between China and
West Africa, demonstrating how strategic, digitally enabled cooperation can move beyond traditional
donor-recipient dynamics toward innovation-driven, sustainable, and context-sensitive partnerships
suited for the challenges and opportunities of the 21st century.

The structure of the paper is as follows. Section 2 presents a review of the literature. In Section 3,
the methodology is presented. Section 4 presents the results. Section 5 concludes the paper.

2. Literature Review
E-business risks China’s cooperation with West Africa has significantly evolved over the past two

decades, driven by shared interests in economic development, infrastructure investment, and political
alignment. However, despite its potential, the Chinese e-businesses operating in West Africa as a result
of this cooperation faces challenges and risks threatening its success.

Institutional risks concentrate on the uncertainties and challenges that arise due to the nature,
quality, and stability of the system in which a business operates. These risks which include absence of
coherent e-business policies, lack of digital transaction regulations, limited data governance, and weak
e-government support [2–5] for digital trade significantly escalate transaction costs in e-business by
creating an environment of uncertainty and unpredictability. TCT posits that firms seek to minimize
transaction costs, particularly related to information asymmetry, monitoring, and enforcement [6].
According to Cauffman & Goanta [7], in the absence of clear policies and regulations, firms face
higher compliance costs, as they must invest more in legal expertise, adjust their operations to various
and often changing standards, and manage the risks of opportunistic behavior. This inefficiency
necessitates greater vigilance and coordination costs, ultimately inflating the overall transaction costs
and hindering smooth cross-border operations in the digital economy [8,9]. Technological risks
are the potential problems and threats that arise from the use, implementation, and management
of technology in business operations [10]. These risks can disrupt e-businesses ability to function
effectively, often leading to increased costs, inefficiencies, or failures. These encompasses complexity
of modern e-business technologies, lack of IT expertise, cybersecurity threats and digital infrastructure
deficiencies [11,12].

According to TCT, in the e- business environment where uncertainty and unpredictability ex-
ist, these problems substantially increase transaction costs in e-business [13]. For instance, when
firms face inadequate IT infrastructure or cybersecurity vulnerabilities, they incur higher costs for
monitoring, protection, and technology integration, as well as potential data breaches or system
failures [14]. Moreover, the complexity of modern technologies adds to the difficulty of efficient
coordination and decision-making, raising the cost of transaction management and further compli-
cating cross-border operations [15]. According to Nanda & Zhang [16], sociocultural risks are the
challenges e-businesses face when interacting with diverse cultural, social, and behavioral norms
across different regions. Risks such as language barriers, consumer behavior differences, cultural
misalignment in virtual workforces, resistance to online payments, social media-induced cultural
conflicts, and perceived digital neo-colonialism significantly heighten transaction costs, uncertainty
and opportunism in cross-border e-business, as outlined in TCT [17–20]. Sociocultural differences
create communication barriers, misaligned expectations, and customer resistance, which lead to higher
negotiation and coordination costs [21,22]. Firms must invest more in adapting their marketing strate-
gies, modifying user experiences, and overcoming cultural misunderstandings, all of which increase
monitoring, contract enforcement, and relationship management costs, ultimately raising the total
transaction costs [23,24]. In the legal context, risk refers to the likelihood or possibility of facing adverse
consequences, liabilities, or legal challenges due to actions, decisions, or situations that may violate
laws, regulations, or contractual obligations [25]. Legal risks can vary depending on the industry,
geography, and nature of the business. In this China-West Africa e-business context, risks such as
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legal and regulatory frameworks, limited cybercrime legislation, intellectual property (IP) challenges,
and legal culture differences, escalate transaction costs in e-business [15]. This is in line with TCT
assumption since firms operating in cross-border economic exchanges are likely to face uncertainties
and risks [26]. Weak legal frameworks increase compliance and monitoring costs as firms navigate
unclear or inconsistent regulations [27]. The lack of cybercrime laws and IP protections raises the
risk of fraud, theft, and disputes, necessitating higher investments in legal safeguards [28]. Cultural
differences in legal practices add complexity to contract enforcement and litigation processes, further
increasing transaction costs and hindering smooth operations [29,30].

In all, while the potential for China-West Africa cooperation in e-business is significant, it is nega-
tively affected by institutional, technological, cultural and legal risks. These risks increase transaction
costs by introducing complexities and uncertainties. Institutional risks, such as differing regulations, re-
quire more investment in compliance and legal strategies. Cultural differences heighten communication
barriers and opportunism. Legal risks complicate contract enforcement across borders. Technological
risks, like infrastructure issues and cybersecurity threats, add further complexity. Together, these risks
necessitate greater vigilance, monitoring, and higher upfront investments, significantly raising the
overall transaction costs for firms operating internationally.

2.1. Identification of E-Business Cooperation Opportunities
2.1.1. Digital Platforms and Market Access

Cross-border e-commerce sites like Alibaba and Jumia enable business to access global consumer
markets. These Cross-border e-commerce platforms have grown quickly, giving people in many parts
of the world access to a wide range of markets [31]. These platforms are like digital doors for small
and medium-sized businesses (SMEs) in West Africa. They allow these businesses to reach customers
outside of their local marketplaces, both in Africa and around the world. Digital platforms like Jumia
are becoming more common, which means that local firms may reach bigger audiences without having
to spend a lot of money on infrastructure. Alibaba and other platforms like it provide China with a
well-established e-commerce ecosystem that African enterprises may join. This makes it easier for
West African firms to get started because they can use existing logistics networks, payment systems,
and customer bases [32].

2.1.2. Logistics and Payment Systems

Investments in intelligent logistics and the integration of mobile and financial technology pay-
ment systems are essential. Effective logistics and secure payment solutions are essential for the
proper functioning of e-business supply chains. In the framework of China-West Africa collaboration,
investments in intelligent logistics and financial technology payment systems are crucial for advancing
e-commerce and trade between regions.

Logistics: The Belt and Road Initiative (BRI) of China has begun significant investments in
infrastructure, encompassing ports, trains, and airports, which are essential for enhancing cross-border
trade in Africa. These expenditures have been augmented to support e-commerce, necessitating rapid
and efficient delivery options. Intelligent logistics systems employing artificial intelligence, big data,
and Internet of Things (IoT) technologies are revolutionizing the movement and tracking of goods
across international borders. Effective logistics is crucial for overcoming obstacles such as prolonged
delivery delays, insufficient standardization, and elevated transportation costs that impede trade
in numerous African nations. For instance, China’s e-commerce behemoths, such as Alibaba, have
invested in logistics networks to optimize the transit of goods from suppliers to customers. Such assets
are now progressively accessible in West African marketplaces.

Payment Systems: The swift embrace of mobile money solutions in West Africa significantly
propels e-commerce. Services such as M-Pesa in Kenya and MTN Mobile Money in Ghana have
facilitated digital transactions for millions of individuals. This mobile-centric ecosystem enables
businesses and customers to execute e-commerce transactions safely. Moreover, China’s fintech
innovations, such WeChat Pay and Alipay, have established global benchmarks for mobile payment
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systems. These solutions are being incorporated into e-business platforms, facilitating cross-border
mobile payments and enabling both African and Chinese enterprises to execute transactions rapidly
and securely. An essential aspect of integrating these systems is assuring compliance with local
regulatory frameworks and fostering customer trust in the security of these platforms, which may
necessitate the development of more robust cybersecurity infrastructures.

2.1.3. Capacity Building and Skills Transfer

Training initiatives in e-commerce and public-private collaborations can cultivate local proficiency.
The efficacy of e-business collaboration between China and West Africa is contingent not only upon
the accessibility of technology and infrastructure but also on the potential to cultivate local talent and
entrepreneurial acumen. In this environment, capacity building and skills transfer are essential for
enabling both Chinese and West African enterprises to fully capitalize on digital trade prospects.

Training Programs in E-Commerce: Collaborative initiatives between China and West Africa,
exemplified by the eWTP (Electronic World Trade Platform), emphasize the enhancement of local
capabilities in digital commerce [32,38]. These programs provide training to local enterprises in e-
commerce competencies, digital marketing, and logistics administration. Alibaba’s eWTP has educated
small business proprietors in Africa on establishing and managing online storefronts while integrating
them with global trade networks. Numerous digital literacy programs focus on entrepreneurs and small
business proprietors, instructing them in the utilization of e-commerce platforms and comprehension
of the digital environment. These programs are essential for improving local competitiveness and
enabling enterprises in West Africa to effectively participate in global markets.

Public-Private Partnerships (PPP): Establishing public-private partnerships (PPPs) to facilitate the
transfer of technology, experience, and investment is an essential strategy. Public-private partnerships
have effectively facilitated the advancement of digital infrastructure, including internet accessibility,
payment systems, and training centers. These collaborations can give access to advanced technologies
and expertise from Chinese companies while harmonizing with local requirements and developmental
objectives. West African SMEs acquire exposure to Chinese business concepts and technologies
through capacity-building projects, enabling them to adapt these to local contexts. This enhances the
entrepreneurial ecosystem, fosters innovation, and ultimately fortifies the region’s digital economy.

By facilitating skills transfer via specialized training, collaborative initiatives, and company
incubation, both China and West Africa can accelerate the establishment of competitive and sustainable
enterprise ecosystems. This will foster a more robust and inclusive digital economy adept at addressing
the problems presented by climate change, infrastructure deficiencies, and regulatory inconsistencies.

2.2. Risk Analysis in China–West Africa E-Business Supply Chains

This section analyzes the intrinsic risks and challenges that affect the efficient functioning of
e-business supply networks between China and West Africa. These obstacles arise from infrastructural
constraints, regulatory complications, cybersecurity threats, and geopolitical volatility. To effectively
incorporate e-business concepts in this region, these risks must be deliberately mitigated.

Infrastructure Disparities: Unreliable internet access and an unpredictable power supply present
substantial obstacles to the establishment of a seamless and effective e-business environment in West
Africa. Although China possesses a strong technology infrastructure that underpins its e-commerce
ecosystem, most West African countries continue to have significant deficiencies in internet access and
electrical reliability.

Uneven Internet Connectivity: Many West African nations face challenges with inadequate
internet availability, especially in rural regions [33]. This mismatch impedes local enterprises’ access to
global e-commerce platforms, thereby limiting their capacity to engage international clients. Countries
such as Ghana have made progress, however continue to encounter difficulties in linking isolated
populations.

Power Supply Issues: Regular power outages impede the operational efficiency of enterprises,
particularly in logistics, data processing, and e-commerce operations that necessitate continuous
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uptime. The technological sophistication of China and its global infrastructure network, shown by
initiatives like the Digital Silk Road, may act as a catalyst for bridging these disparities [34]. Significant
investments are necessary to improve both digital and physical infrastructure in West Africa.

2.2.1. Regulatory and Legal Challenges

Variations in data protection, trade rules, and regulations generate considerable complications in
reconciling China’s e-business practices with those of West Africa. The absence of unified rules and
disparate laws within the region poses challenges to enterprises seeking to operate globally.

Data Protection and Privacy: In West Africa, data protection legislation is inadequate or inconsis-
tent, resulting in ambiguity about data management, sharing, and safeguarding. This may discourage
customers from engaging in online transactions, especially cross-border ones, due to apprehensions
regarding privacy and security.

Inconsistent Trade Policies: China’s e-commerce trade strategy is well articulated, but West
African nations exhibit diverse legal frameworks concerning e-commerce, taxation, and commercial op-
erations. The absence of a cohesive regulatory framework hinders cross-border e-commerce, impeding
enterprises’ ability to expand geographically.

Policy Alignment: The failure of regional policy coherence among nations like as Ghana, Nigeria,
and Côte d’Ivoire poses further obstacles for Chinese enterprises aiming to develop. Regulatory
disparities in e-commerce, tariffs, and cross-border data transfers must be resolved through policy
harmonization to enable more seamless collaboration and trade.

2.2.2. Cybersecurity and Trust Issues

Deficiency in digital literacy and cybersecurity frameworks, coupled with insufficient consumer
trust, enhances vulnerabilities. The growing dependence on digital platforms for e-commerce and
payment systems necessitates the assurance of secure transactions and the safeguarding of consumer
data.

Cybersecurity Vulnerabilities: Businesses and consumers in West Africa frequently encounter
increased risks of cyberattacks owing to inadequate cybersecurity infrastructure. Malicious activities,
including hacking, fraud, and data breaches, jeopardize the expansion of e-commerce platforms and
diminish customer trust in online transactions.

Lack of Consumer Trust: Digital literacy is very low in most West African regions, and consumers
frequently exhibit skepticism towards online enterprises. In the absence of sufficient consumer
protection legislation and safe systems, the adoption of e-commerce may remain constrained. This
dilemma necessitates focused initiatives to foster confidence via enhanced online security protocols
and awareness campaigns regarding the safety of digital platforms.

2.2.3. Geopolitical and Economic Risks

Political instability and trade disparities promote the development of e-business supply chains
between China and West Africa. Although China’s worldwide trade activities are extensive, West
African governments frequently have difficulties in sustaining political stability and managing trade
relations.

Political Instability: Certain nations in West Africa encounter difficulties, including frequent
leadership transitions, civil disturbances, and internal wars, resulting in an uncertain business climate
for international investment. Political instability erodes investor confidence and can impede the
advancement of critical infrastructure and regulatory frameworks for digital commerce.

Trade Imbalances: The trade connection between West Africa and China is frequently marked
by an imbalance, in which the region exports raw materials while importing manufactured goods.
This trade imbalance may obstruct the opportunity for mutually advantageous growth in e-business.
Moreover, economic obstacles like variable currency rates and inflation affect the cost-effectiveness
and efficiency of international transactions.
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2.3. Strategic Approaches for Sustainable Cooperation

For China and West Africa to build resilient, inclusive, and secure e-business supply chains, it is
crucial to implement strategic frameworks that are adaptable to local contexts and can align long-term
goals with technological advancements. Below are some key strategic approaches that can ensure
sustainable cooperation in the digital trade ecosystem.

Policy Harmonization and Bilateral Frameworks: A primary barrier in promoting effective China-
West Africa e-business collaboration is the absence of policy uniformity. The different regulations,
legislation, and trade policies between China and specific West African countries, as well as intra-
regional discrepancies, can obstruct fluid cross-border trade [35]. Divergences in data protection
legislation, tax regulations, and intellectual property rights among various regions hinder the integra-
tion of digital trade platforms, impeding the scalability of e-business solutions [33]. To resolve this
challenge, regional and bilateral policy frameworks must be harmonized to establish a cohesive digital
environment that facilitates enhanced collaboration. These frameworks would create uniform rules
for e-commerce, safeguard customer data, and encourage equitable digital activities throughout both
areas.

By establishing a unified legal and regulatory framework, China and West Africa can reduce
legal impediments and promote foreign investment in the digital economy [36]. At the regional level,
ECOWAS (Economic Community of West African States) can assume a pivotal role by harmonizing
digital policies among West African nations, assuring the alignment of shared aims and standards. At
the bilateral level, China’s Belt and Road Initiative (BRI) provides a strategic avenue for collaborative
policy formulation. Bilateral agreements should emphasize not only commerce but also digital
collaboration, encompassing accords on data transfers, cybersecurity, and investments in digital
infrastructure. These frameworks would not only augment legal certainty but also bolster trust
between Chinese enterprises and their West African counterparts.

Infrastructure Investment and Technology Transfer: The digital barrier between China and many
West African countries constitutes a major impediment to efficient e-business collaboration. Joint
ICT infrastructure developments are crucial for the flourishing of digital trade. Investment in both
physical and digital infrastructure is essential to establish a basis for effective e-business ecosystems in
West Africa. Specifically, investment is essential in broadband connectivity, data centers, and cloud
computing infrastructure. China have extensive expertise in constructing large-scale infrastructure
projects, while West Africa has the opportunity to capitalize on these capabilities through collaborative
ventures and investment partnerships.

Chinese enterprises, in partnership with local authorities, can facilitate the construction and mod-
ernization of infrastructure that will bolster e-commerce platforms, payment systems, and logistical
networks throughout the region [35]. This would allow local enterprises to access global markets and
improve digital capacities in West Africa. Technology transfer is essential for local innovation. China,
as a frontrunner in various emerging technologies including artificial intelligence (AI), big data, and
the Internet of Things (IoT), can assist West Africa through training and information dissemination in
these domains. Through collaboration in technical development, Chinese companies may enhance
local capacity in digital technology and entrepreneurship, thereby enabling small and medium-sized
enterprises (SMEs) and local innovators to engage actively in the digital economy. Technology transfer
must be integrated with skills development to enable the workforce in West Africa to utilize the latest
technologies for commercial advancement.

Cybersecurity Cooperation and Digital Ethics: With the expansion of the digital economy, the de-
mand for comprehensive cybersecurity measures also increases. West Africa encounters considerable
obstacles in safeguarding its digital infrastructure, as numerous nations grapple with data protection,
cyber-attack prevention, and the assurance of secure digital transactions. These vulnerabilities might
erode confidence in e-commerce platforms, obstructing their acceptance and expansion. China, pos-
sessing established cybersecurity frameworks, is pivotal in offering experience and technologies to
enhance West Africa’s cyber resilience. Collaboration in cybersecurity between China and West Africa
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may include mutual intelligence sharing, capacity enhancement, and collaborative security activities
aimed at safeguarding digital platforms and consumers. This includes the formulation of national
cybersecurity policies, security assessments, and response strategies to identify and mitigate cyber
threats. A crucial domain is digital ethics. As e-business platforms grow, it is imperative to ensure
ethical AI utilization, data protection, and equal access to digital resources.

China and West Africa need to cooperate in formulating ethical standards for AI applications,
guaranteeing that technologies are utilized transparently and equitably. Advocating for ethical meth-
ods in data collecting and digital transactions will foster trust among customers, businesses, and
governments, which is essential for the success of any digital ecosystem. These projects will promote
sustainable, inclusive digital growth by assuring equitable benefits of digital technologies for all
stakeholders.

Inclusive and SME-Focused Strategies: The inclusion of digital trade ecosystems is essential
for ensuring that the advantages of e-business collaboration reach not just huge corporations and
multinational organizations but also small and medium-sized enterprises (SMEs), local entrepreneurs,
and marginalized communities. In West Africa, SMEs usually serve as the economic backbone yet
are often marginalized from digital trade due to constraints such as restricted access to technology,
insufficient digital skills, and elevated operational costs. To guarantee the inclusivity of digital trade
advantages, China and West Africa must prioritize initiatives that facilitate the integration of SMEs
into the digital economy. This may encompass training initiatives aimed at enhancing digital literacy
among local entrepreneurs, enabling them to proficiently access and utilize e-commerce platforms,
digital payment systems, and online marketing tools [37].

Moreover, access to cost-effective digital tools, including cloud services and digital payment
solutions, must be enabled for SMEs to ensure their competitiveness against larger firms. Through
the use of inclusive digital platforms and business models, China and West Africa may establish a
more equal digital environment. This entails providing resources and support to marginalized women
and youth entrepreneurs to enable their success in the digital economy. Moreover, public-private
partnerships (PPPs) can significantly contribute to small business development by offering funding
and capacity-building assistance customized to the distinct requirements of SMEs.

3. Methodology
In this section, we propose the use of the Pythagorean Fuzzy Analytic Hierarchy Process (PF-

AHP) methodology for evaluating and prioritizing risks associated with the digital trade collaboration
between China and West Africa. The Pythagorean Fuzzy AHP combines fuzzy logic with the AHP
framework to handle the uncertainty and imprecision inherent in expert judgment during decision-
making processes. Following a similar framework for risk mitigation from Zhao et al. [39] to optimize
the risk evaluation considering the interrelationships among criteria utilizing the underlying conditions
of criteria in the work of Gadafi et al. [40].

The expert panel involved in this study consisted of professionals with diverse backgrounds in
digital trade, e-commerce, and risk management. Their expertise ensured that the risk evaluation was
comprehensive and well-rounded. Table 1 presents the demographic information of the experts who
contributed to pairwise comparisons and analysis.

Table 1. Demographics of Characteristics of Experts Involved.

Expert ID Area of Expertise Years of Experience Region

Expert 1 E-commerce 12 years China
Expert 2 Digital Trade Policy 15 years West Africa
Expert 3 Cybersecurity 10 years Africa & China
Expert 4 Risk Management 8 years China
Expert 5 Institutional Development 20 years West Africa
Expert 6 Supply Chain Management 14 years Africa & China
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The methodology for risk evaluation and prioritization using Pythagorean Fuzzy AHP consists of
the following steps in detail below.

Step 1: Risk Identification

The first step involves identifying the risks involved in the digital trade collaboration between
China and West Africa. These risks can be categorized into several groups, such as:

• Technological Risks: Infrastructural issues, cybersecurity vulnerabilities, technology integration
challenges.

• Institutional Risks: Legal frameworks, regulatory inconsistencies, policy alignment challenges.
• Sociocultural Risks: Cultural differences, language barriers, resistance to digital adoption.

These identified risks will form the criteria for our pairwise comparisons.

Step 2: Constructing the Pairwise Comparison Matrix

In AHP, we perform pairwise comparisons between the criteria to assess their relative importance.
In this case, we will represent the expert judgments using Pythagorean fuzzy numbers.

A Pythagorean fuzzy number is defined as a triplet Ã = (µ, ν, π), where:

• µ is the membership degree, which represents the degree of preference for one criterion over
another.

• ν is the non-membership degree, representing the degree of dis-preference.
• π is the indeterminacy degree, which quantifies the uncertainty in the expert’s judgment.

For pairwise comparison between criteria Ci and Cj, we define the Pythagorean fuzzy number
Ãij = (µij, νij, πij).

For example, a comparison between criterion C1 and criterion C2 might yield:

Ã12 = (0.8, 0.1, 0.1) (1)

This indicates that C1 is preferred over C2 with a membership degree of 0.8, a non-membership degree
of 0.1, and an indeterminacy degree of 0.1.

The pairwise comparison matrix is symmetric, i.e., Ãij =
1

Ãji
.

Step 3: Normalizing the Fuzzy Pairwise Comparison Matrix

In this step, we normalize the pairwise comparison matrix to ensure consistency. The Pythagorean
fuzzy numbers are normalized such that:

µ2
ij + ν2

ij + π2
ij ≤ 1 (2)

This normalization ensures that the comparison matrix is consistent and that all fuzzy numbers satisfy
the Pythagorean identity. To normalize a fuzzy number Ãij = (µij, νij, πij), we compute the norm and
divide each component by it:

Ãnorm
ij =

 µij√
µ2

ij + ν2
ij + π2

ij

,
νij√

µ2
ij + ν2

ij + π2
ij

,
πij√

µ2
ij + ν2

ij + π2
ij

 (3)

Step 4: Aggregating the Normalized Fuzzy Values

Once the pairwise comparison matrix is normalized, we aggregate the normalized fuzzy numbers
for each column. The aggregation of fuzzy numbers Ãj for each criterion is computed as:

Ãj =
n

∑
i=1

Ãij (4)
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This aggregation reflects the total importance of each criterion relative to all other criteria.

Step 5: Defuzzifying the Aggregated Values

The next step is to convert the aggregated fuzzy numbers into crisp values. This is done by per-
forming a defuzzification process. For each aggregated fuzzy number Ãj = (µj, νj, πj), the defuzzified
value is calculated as:

D(Cj) =
µj + νj

2
(5)

This yields a crisp score for each criterion, which represents its relative importance.

Step 6: Calculating the Weights of the Criteria

After defuzzifying the aggregated fuzzy values, we calculate the relative weights of the criteria.
The weight of each criterion Cj is computed by normalizing the defuzzified values as follows:

wj =
D(Cj)

∑n
j=1 D(Cj)

(6)

This ensures that the sum of all the weights equals 1, providing a normalized scale for comparing the
importance of each criterion.

Step 7: Ranking the Criteria Based on Weights

Finally, the criteria are ranked based on their weights. The criterion with the highest weight is
ranked first, followed by the next most important, and so on. The ranking is computed by sorting the
criteria in descending order of their weights.

The Pythagorean Fuzzy AHP provides a comprehensive and robust method for evaluating and
prioritizing risks in situations involving uncertainty and expert judgment. By incorporating fuzzy logic
into the AHP framework, this methodology allows for more accurate and reliable decision-making in
complex environments, such as the digital trade collaboration between China and West Africa.

4. Results
This section presents the results of the methodology following all the steps from pairwise compar-

isons, normalized matrix, fuzzy aggregation, defuzzification, and ranking of criteria.

Pairwise Comparison Matrix (Fuzzy Numbers)

The pairwise comparison matrix in Table 2 captures the relationships between the three criteria
(Technological, Institutional, and Sociocultural Risk). The fuzzy values in each cell represent the degree
of preference between two criteria on a scale of 0 to 1. The first number in each triplet represents the
degree of membership (µ), the second is the non-membership degree (ν), and the third is the degree of
indeterminacy (π).

Table 2. Pairwise Comparison Matrix (Fuzzy Numbers).

Criteria 1 Technological Risk Institutional Risk Sociocultural Risk

Technological Risk (0.80, 0.10, 0.10) (0.70, 0.20, 0.10) (0.90, 0.05, 0.05)
Institutional Risk (0.30, 0.70, 0.20) (0.80, 0.10, 0.10) (0.60, 0.30, 0.10)
Sociocultural Risk (0.10, 0.80, 0.20) (0.40, 0.50, 0.10) (0.80, 0.10, 0.10)

For example, the comparison between Technological Risk and Institutional Risk shows a value of
(0.80, 0.10, 0.10), indicating that Technological Risk is significantly more important than Institutional
Risk, with a membership degree of 0.80, a low non-membership of 0.10, and minimal indeterminacy
(0.10).
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Normalized Pairwise Comparison Matrix

The normalized pairwise comparison matrix presented in Table 3 is derived by normalizing the
fuzzy values from the previous matrix to ensure consistency and make them suitable for aggregation.
The values reflect the relative importance of each criterion. For instance, Technological Risk is more
important than Sociocultural Risk, as shown by the normalized value of (1.00, 0.06, 0.06). This
normalization ensures that the values are compatible for further aggregation and decision-making
processes in the fuzzy AHP.

Table 3. Normalized Pairwise Comparison Matrix.

Criteria 1 Technological Risk Institutional Risk Sociocultural Risk

Technological Risk (0.98, 0.12, 0.12) (0.95, 0.27, 0.14) (1.00, 0.06, 0.06)
Institutional Risk (0.38, 0.89, 0.25) (0.98, 0.12, 0.12) (0.88, 0.44, 0.15)
Sociocultural Risk (0.12, 0.96, 0.24) (0.62, 0.77, 0.15) (0.98, 0.12, 0.12)

Aggregated Fuzzy Values (Column-wise Summation)

The aggregated fuzzy values in Table 4 are obtained by summing the membership (µ), non-
membership (ν), and indeterminacy (π) values across all criteria. These aggregated values provide
a single point of reference for each criterion’s fuzzy characteristics. For instance, Sociocultural Risk
has the highest aggregated membership degree (2.87), indicating it is considered the most significant
criterion in terms of membership degree. Technological Risk has the highest non-membership degree,
suggesting it is seen as less clearly defined or more uncertain compared to the others.

Table 4. Aggregated Fuzzy Values (Column-wise Summation).

Criteria Aggregated µ Aggregated ν Aggregated π

Technological Risk 1.49 1.98 0.62
Institutional Risk 2.55 1.17 0.41
Sociocultural Risk 2.87 0.62 0.33

Defuzzified Values (Crisp Scores)

The defuzzified values of Table 5 represent the crisp scores for each criterion, calculated by
reducing the fuzzy values into single values for easier comparison. These scores reflect the overall
importance of each criterion based on the fuzzy evaluation. Institutional Risk, with a defuzzified value
of 1.86, is deemed the most critical in this evaluation, followed closely by Sociocultural Risk (1.74).
Technological Risk has the lowest defuzzified value (1.73), indicating it is the least significant of the
three.

Table 5. Defuzzified Values (Crisp Scores).

Criteria Defuzzified Value

Technological Risk 1.73
Institutional Risk 1.86
Sociocultural Risk 1.74

Weights of the Criteria

Table 6 presents the weights of the criteria derived from the defuzzified values and represents
their relative importance in the decision-making process. In this case, Institutional Risk holds the
highest weight (0.35), followed by Sociocultural Risk (0.33) and Technological Risk (0.32). These
weights provide a quantifiable measure of the relative significance of each risk factor in the digital
trade collaboration.
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Table 6. Weights of the Criteria.

Criteria Weight

Technological Risk 0.32
Institutional Risk 0.35
Sociocultural Risk 0.33

Ranking of Criteria

The ranking of criteria is illustrated in Table 7 based on the weights obtained in Table 5. Socio-
cultural Risk is ranked first, followed closely by Technological Risk in second place, and Institutional
Risk in third place. This ranking reflects the relative importance of each risk factor based on the fuzzy
AHP approach. Despite Institutional Risk having the highest defuzzified value, its rank is affected by
the combination of all fuzzy values, with Sociocultural Risk emerging as the most significant when
considering both membership and non-membership degrees.

Table 7. Ranking of Criteria.

Criteria Weight Rank

Technological Risk 0.3244 2
Institutional Risk 0.3488 3
Sociocultural Risk 0.3268 1

4.1. Results Visualization and Analysis

Figure 1 illustrates the fuzzy pairwise comparison between three different risk criteria: Techno-
logical, Institutional, and Sociocultural. The fuzzy values are represented using a color gradient from
dark blue (indicating lower values) to light yellow (indicating higher values). These values express
the degree of importance or relevance between each pair of criteria. In this context, the heatmap aids
in identifying how each risk factor interacts in terms of prioritization and mutual influence, which is
essential for setting weights in the AHP approach. This provides a visual aid for decision-makers to
evaluate the most critical risk criteria in the context of digital trade.

Figure 1. Heatmap of Pairwise Comparison Matrix
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Figure 2 shows the cumulative weight of the criteria, presenting how the weights of the risk
factors (Technological, Institutional, and Sociocultural) accumulate. The increasing trend in the graph
demonstrates the relative significance of each factor within the fuzzy AHP approach. The Technological
Risk has the lowest weight, while Sociocultural Risk holds the highest cumulative weight. This means
that, in this particular evaluation, Sociocultural Risk is considered the most crucial for decision-making,
with Institutional and Technological Risks ranked second and third, respectively.

Figure 2. Cumulative Weight of Criteria

Figure 3 offers a breakdown of the fuzzy values for each risk criterion, highlighting the mem-
bership (µ), non-membership (ν), and indeterminacy (π) values for each of the three criteria. This
visualization is crucial for understanding the uncertainty and vagueness involved in the fuzzy AHP
method. A higher degree of membership suggests that a risk criterion is more clearly defined, while
non-membership and indeterminacy levels show where ambiguities might lie. This chart facilitates a
deeper understanding of how the criteria are perceived and how their fuzzy values are distributed.

Figure 3. Stacked Bar Chart for Fuzzy Values of Criteria
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Figure 4 provides an overview of the distribution of fuzzy values for each risk criterion. It shows
the median, interquartile range (IQR), and potential outliers for the membership degree across each
criterion. Sociocultural Risk exhibits a wider spread in its fuzzy values, indicating more variability or
uncertainty compared to the other criteria. Technological Risk appears more concentrated, with less
variance in its fuzzy values, suggesting a clearer consensus on its evaluation. This plot is instrumental
in gauging the level of consensus or divergence in the evaluation of risks.

Figure 4. Box Plot for Fuzzy Values of Criteria

Figure 5 ranks the risk criteria based on their final evaluated importance. It shows that Sociocul-
tural Risk holds the highest rank, followed by Institutional Risk, with Technological Risk last. This
ranking reflects the cumulative weightings and is crucial for understanding the decision-making
process. The fuzzy AHP approach, through its assessment of membership, non-membership, and
indeterminacy, provides a robust framework for ranking and prioritizing criteria in complex decision
environments.

Figure 5. Ranking of Criteria
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4.2. Study Implication

The findings of this study carry significant theoretical, practical, and policy implications for
digital trade collaboration between China and West Africa. Theoretically, the application of the
Pythagorean Fuzzy AHP method advances existing risk evaluation models by addressing uncertainty
and inconsistency in expert judgments, thereby improving the accuracy and stability of multi-criteria
decision-making in international e-business contexts. Practically, the prioritization of sociocultural
risks, including language barriers, resistance to digital adoption, and cultural misalignment, under-
scores the need for Chinese enterprises to adopt localized strategies, enhance digital literacy, and foster
consumer trust through culturally sensitive user experiences and transparent data practices.

While technological and institutional challenges remain relevant, the prominence of sociocultural
factors suggests that soft infrastructure and human-centered design are equally critical to successful
digital integration. From a policy perspective, the results advocate for strengthened bilateral and
regional frameworks, including harmonized digital regulations, joint capacity-building initiatives,
and public-private partnerships focused on SME inclusion. Moreover, fostering ethical AI use, data
sovereignty, and cybersecurity cooperation can help mitigate risks while promoting equitable digital
development. For development agencies and investors, this study emphasizes the importance of
investing not only in physical ICT infrastructure but also in social capital, education, and cross-cultural
communication to ensure sustainable and inclusive digital trade growth.

4.3. Study Limitation

While this study offers a robust and innovative framework for evaluating risks in China-West
Africa digital trade collaboration using the Pythagorean Fuzzy AHP (PF-AHP) method, several
limitations should be acknowledged. First, the risk assessment relies heavily on expert judgment,
which, despite being sourced from professionals with diverse regional and sectoral expertise, may
introduce subjectivity and potential bias. The small sample size of the expert panel (n = 6) limits the
generalizability of the findings, as the results are context-specific and may not fully represent the
broader perspectives of stakeholders across all West African countries or Chinese enterprises engaged
in digital trade.

In addition, the study focuses on three primary risk categories, Technological, Institutional, and
Sociocultural Risks, while other relevant dimensions such as environmental sustainability, geopolitical
volatility, and economic instability were not explicitly modeled as separate criteria. Although some
of these aspects are implicitly covered under institutional or sociocultural factors, their exclusion as
independent variables may affect the comprehensiveness of the risk evaluation.

Also, the PF-AHP method, while effective in handling uncertainty and imprecision, assumes
consistency in pairwise comparisons and does not account for dynamic changes over time. The static
nature of the model means it captures risk priorities at a specific point in time and may not reflect
evolving digital trade conditions, policy shifts, or technological advancements in the region. The
geographic scope is generalized across West Africa, overlooking intra-regional disparities in digital
infrastructure, regulatory maturity, and consumer behavior among countries such as Nigeria, Ghana,
Senegal, and Côte d’Ivoire. A more granular, country-level analysis would provide deeper insights
into localized risk profiles and policy implications.

5. Conclusions
This study has systematically evaluated the emerging risks in China-West Africa digital trade

collaboration using a novel Pythagorean Fuzzy AHP approach. By leveraging expert knowledge and
fuzzy set theory, the methodology effectively handles the ambiguity and subjectivity often associated
with cross-border risk assessment. The analysis reveals that while technological and institutional
challenges such as inadequate infrastructure and regulatory fragmentation are significant, sociocul-
tural risks emerge as the most critical factor influencing the success of digital trade initiatives. This
highlights the importance of understanding local consumer behavior, overcoming cultural resistance,
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and building digital trust, elements that are often overlooked in technology-driven development
agendas. The ranking of risks provides a clear roadmap for stakeholders to allocate resources strategi-
cally, with emphasis on inclusive digital platforms, skills transfer, and culturally adaptive business
models. Furthermore, the study reinforces the potential of South-South cooperation to evolve beyond
traditional donor-recipient dynamics into innovation-driven, equitable partnerships. Future research
could extend this framework by incorporating dynamic risk factors, longitudinal data, or comparative
analyses across other African regions. However, this work lays a foundational approach for manag-
ing complexity in digital supply chains and supports the vision of a more resilient, inclusive, and
sustainable digital economy in West Africa through strategic collaboration with global partners like
China.
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