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This research examines the structure of blockchain-based voluntary carbon market (VCM) and the factors shaping their formation. Conducted as part of the 2023–2025 Innosuisse project 104.664 IP-EE, it aims to provide insights to support participants in strategic positioning within the network. To our knowledge, this is one of the first empirical attempts to map the blockchain-enabled VCM ecosystem with social-network analysis, thereby extending digital-transition research into the climate-finance domain. Specifically, the study focuses on three exploratory aims: identifying the network position of key participants, evaluating the influence of blockchain platform affiliation on collaboration, and analyzing the relationship between standardization methods and network positioning. Using network analysis, the study categorizes participants like project owners, certification bodies, blockchain platforms, and carbon credit marketplace into distinct roles such as key hubs, strategic bridges, local connectors, and peripheral nodes. Participants using the same blockchain platform exhibit a moderate clustering tendency, suggesting shared infrastructure plays a role in fostering partnerships. Additionally, the choice of standardization methods for carbon credits correlates with specific network positions. These findings offer a structure-based view of how technical design choices may redistribute influence across the market–an issue of growing interest as regulators and standards bodies debate digital registry architectures. By uncovering these dynamics, the study emphasizes the importance of strategic positioning within blockchain-based VCMs. Native tokenization strategies are shown to simplify supply chains, while the decentralized ecosystem fosters diverse approaches to collaboration. The conceptual framework may be transferable to other emerging green-finance networks, providing a springboard for comparative and longitudinal analyses.
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1 INTRODUCTION
The convergence of blockchain technology with environmental initiatives has given rise to innovative mechanisms for managing carbon emissions (Hua et al., 2020; Schletz et al., 2020; Woo et al., 2021; Zhu et al., 2024). This convergence is particularly evident in the voluntary carbon market (VCM), a marketplace where companies and other organizations can voluntarily purchase carbon credits to offset their greenhouse gas (GHG) emissions (Bayon et al., 2009). Unlike compliance markets regulated by governmental and international bodies, the VCM operates on a voluntary basis, allowing participants to proactively reduce their carbon footprint beyond regulatory requirements. However, the VCM is only a subset of the broader, highly fragmented carbon market, characterized by its complex regulatory framework and the coexistence of various submarkets (Hickey et al., 2023; Kreibich and Hermwille, 2021). The VCM’s self-organized, bottom-up regulation contrasts with the top-down governance of compliance markets, where national governments and international organizations set the rules. In the VCM, companies define the regulations and the traded units to fulfill their individual commitments rather than mandatory quotas (Betz et al., 2022). The VCM is a part of the “baseline-and-credit” system, which aims to reduce or mitigate GHG emissions, complementing the “cap-and-trade” system that regulates emission allowances.
The Paris Agreement’s ambitious goals to limit global temperature rise have intensified the focus on reducing GHG emissions, with companies setting net-zero targets that often exceed legal requirements. Consequently, companies frequently combine compliance and voluntary carbon markets to meet both mandatory and voluntary commitments (Blaufelder et al., 2021). Despite economic fluctuations and reputational challenges, future expectations point towards significant growth in the VCM, driven by pressing climate conditions and consumer pressure on companies. Current market statistics and corporate net-zero targets indicate a substantial increase in demand for carbon credits. In 2020, the voluntary demand for carbon credits was 0.1 gigatons per year, with projections estimating a 15-fold increase by 2030 (Blaufelder et al., 2021). Investment in the VCM has also surged, with $18 billion committed between 2021 and mid-2023, primarily in nature-based solutions (Trove Research, 2023). These investments have been geographically concentrated, with significant sums directed to East Asia, the Pacific region, and North America. However, the capital investment in the VCM far exceeds the actual market size, highlighting the market’s potential and the substantial financial interest in carbon credits.
The academic conversation around the VCM is divided. Critics point out that inconsistent methodologies and weak monitoring have repeatedly under-delivered genuine mitigation, prompting doubts about whether the mechanism should remain the tool for climate action (West et al., 2020; Badgley et al., 2021; Haya et al., 2020). VCM also faces challenges in efficiency and transparency, which have historically led to reputational losses and market inefficiencies (Ahonen et al., 2022; Chen et al., 2021). Kreibich and Hermwille (2021) not only echo the same concern, also arguing that “credibility and feasibility” are caught in a mutually destructive loop, as soon as offset quality is questioned, buyers retreat and the revenues needed to improve standards evaporate. Yet even critical scholars acknowledge that global climate action still lags behind both stated ambitions and the emission cuts science deems necessary. VCMs have been put forward to close that gap, yet they draw equal measures of praise and criticism - faulted for opacity and flaws, valued for their capacity to unlock private finance (Miltenberger et al., 2021). Policy works from the LSE’s Grantham Institute and (LSE, 2023) also notes that, in the absence of a universal carbon tax, voluntary purchases of VCM credits are channeling hundreds of millions of dollars a year into valuable projects that would otherwise struggle for capital, especially in the Global South. The emerging consensus, therefore, is not that the VCM is fundamentally useless but that its governance architecture must be overhauled (Betz et al., 2022; Kreibich, 2024; Ahonen et al., 2022).
Blockchain technology initially sought to address the VCM issues by simplifying and shortening the VCM supply chain, ensuring access and transparency through public chains (Siman et al., 2021; Rawat et al., 2022). Blockchain projects in the VCM include tokenization of carbon credits, which can enhance accessibility, and liquidity. These projects range from native tokenization, where companies issue tokens representing their self-issued carbon credits, to “bridging” solutions that tokenize credits issued by standards like Verra or Gold Standard, facilitating easier trading and transparency (Sorensen, 2023). Early engineering studies showed, in principle, how a permissioned blockchain could replace bilateral over-the-counter trades with peer-to-peer matching, embed tax logic and eliminate credit serial-number reuse (Pan et al., 2019; Mandaroux et al., 2021; Kotsialou et al., 2022). Because the technology landscape is evolving almost monthly, the scholarly literature is, in effect, chasing a moving target. A technology-readiness survey of 39 projects finds that most blockchain initiatives for carbon markets still sit at proof-of-concept level, and concludes that the principal obstacles are fragmented registries, inconsistent measurement, reporting, and verification (MRV) data, and unresolved legal recognition–not any intrinsic limitation of the ledger itself (Sipthorpe et al., 2022). Since the first conceptual ideas several pilot projects have developed further, such as the blockchain-based Singapore AirCarbon Exchange, which delivers greater price transparency while also cutting intermediation costs (Swinkels, 2024). The growing carbon credit hubs in Asia also include tokenization projects, for example, the “Project Ensemble” by the Hong Kong Monetary Authority (HKMA, 2024).
Experiments are pushing the application of blockchain further upstream into the validation process. Studies that couple satellite imagery with hashed data streams for nature-based projects show that real-time deforestation alerts can be anchored immutably to the blockchain, yet the accuracy of those alerts still hinges on sensor resolution and ground-truthing protocols. In short, blockchain can hard-code provenance, it cannot, by itself, guarantee that the underlying measurements are sound (Haryono, 2025; Raja Segaran et al., 2025). Finally, the very efficiency gains that tokenization delivers are beginning to re-wire market infrastructure. Banks and exchanges are building shared settlement layers, whereby Carbonplace’s 2022 (UBS, 2022) pilot is a case in point, and the World Bank’s “Climate Warehouse” prototype envisages standards bodies minting native digital credits that flow seamlessly into either voluntary or compliance. Such developments could reduce the grip of incumbent registries, but they also create new dependencies on networks and cross-chain bridges. Whether those networks enhance competition or simply shift gatekeeping power from registries to ledgers will depend less on cryptographic ingenuity than on the governance rules.
Despite the promising developments, and frequently observed collaboration efforts in blockchain based ecosystems - even between direct competitors, (Faisal et al., 2024; Holm and Goduscheit, 2023), a significant research gap persists in understanding the structure and operational dynamics of the blockchain-based VCM. Currently, little is known about how this emerging ecosystem is organized in terms of its network structure. Addressing this gap is crucial, as understanding certain network characteristics can offer valuable insights into the underlying social processes within the system, providing current market participants and potential new entrants with actionable knowledge. Moreover, these insights into network principles can help identify strategic positions and opportunities.
Our research, conducted as part of the 2023–2025 Innosuisse project 104.664 IP-EE, seeks to explore how blockchain-based solutions in the VCM are organized into networks, how the characteristics of these networks influence the roles of various participants, and how these participants can make strategic decisions to optimize their positioning within the network. By investigating the underlying network principles in this specific ecosystem, the study aims to provide actionable insights for participants navigating in the blockchain-based VCM. Accordingly, the overarching aim of this paper is to analyze the network of participants in the blockchain-based VCM and identify strategic actions they can undertake to change their positioning in the network. We will be guided by three research aims of an exploratory nature:
First, the network of participants in the blockchain-based VCM comprises various types of nodes, such as project owners and developers, certification bodies, blockchain platforms, and carbon credit marketplaces. These nodes differ in their network positions, such as central hubs, connectors, or peripheral participants. Identifying these roles provides insights into the functional dynamics of the network and the influence of specific nodes on market activities.
Second, a critical aspect of the analysis is to explore whether companies using the same blockchain platform are more likely to form partnerships within the network. This involves examining the clustering tendencies of companies based on their blockchain affiliation and evaluating whether shared technology choices correlate with collaborative links or strategic alliances.
Third, participants in the blockchain-based VCM employ different standardization methods for their carbon credits. This study investigates whether the choice of a specific standard is associated with a distinct network position, such as increased centrality or connectivity. Furthermore, it examines whether companies that adopt similar standardization methods show a higher likelihood of forming partnerships, indicating a tendency for homophily based on standardization practices.
By addressing these objectives, the research will reveal how network structure is associated with collaborations and strategic positioning within the blockchain-based VCM. These findings will further contribute to a deeper understanding of the blockchain-based VCM ecosystem and inform the strategic considerations for current market participants as well as potential new entrants. The remainder of this article is organized as follows: Section 1 provides the theoretical and methodological foundation for our study, focusing on the social network analysis of blockchain-based ecosystems. Section 2 details the methods employed for data collection and analysis. Section 3 presents the study’s results, while Section 4 offers a comprehensive discussion of these findings, highlighting their practical and theoretical implications. Finally, Section 5 concludes by summarizing the key insights and offering an outlook for future research.
2 THEORETICAL AND METHODOLOGICAL FOUNDATION
2.1 Blockchain and networks
Network analysis, or social network analysis (SNA) when nodes in the network are social entities, is a powerful tool for understanding the complex relationships and structures within ecosystems (Borgatti and Li, 2009; Borgatti and Halgin, 2011). As described by Marin and Wellman (2011), SNA is not merely a theory or methodology but a perspective or paradigm that offers flexibility in its application. However, when we look at the applications of network analysis in blockchain ecosystems, we observe that they can be broadly categorized into two research approaches: bibliometric network analysis and transactional network analysis. The first approach involves using network analysis techniques on bibliometric data and academic publications to identify key contributors and themes within the literature about blockchain ecosystems. For instance, Moosavi et al. (2021) systematically reviewed blockchain’s role in supply chain management by applying bibliometric and network analysis to identify key authors, studies, collaboration patterns, and the impact of emerging technologies like IoT and smart contracts. Similarly, Elbashbishy et al. (2022) employed social network analysis to examine factors affecting blockchain implementation in construction, revealing imbalances in the investigation of factors and knowledge gaps that may hinder blockchain adoption in the industry. Yue et al. (2021) also applied network analysis on bibliometric data to highlight that while computer science and interdisciplinary fields focus on the technological impacts of cryptocurrencies, economic literature emphasizes their direct economic outcomes.
The second approach emphasizes the network analysis of blockchain transactions involving cryptocurrencies, such as Bitcoin, Ether, ERC20 tokens, and NFTs, to identify specific network properties and understand the evolution of these networks over time. Jiang and Liu (2021) analyzed transaction data from CryptoKitties to construct a temporal ownership transfer network, providing insights into the dynamics of interactions among players. Tao et al. (2021) investigated Bitcoin transactions, revealing key structural characteristics and behavioral patterns. Somin et al. (2018) employed network theory to analyze 2 months of transaction data on the Ethereum platform ERC20, focusing on emergent patterns of user behavior and token adoption, while Zhang et al. (2023) further conducted a network analysis on transaction data from prominent decentralized finance (DeFi) platforms to assess their decentralization levels and their links to more centralized service providers like Coinbase or Binance.
In summary, network analysis serves mainly as a powerful methodology to explore both the bibliometric landscape and transactional dynamics within the blockchain ecosystem, providing valuable insights into the structure, behavior, and evolution of these networks. The use of the network approach in this paper is closer to the second approach. However, to the best of our knowledge, it has never been applied to analyze the different projects, initiatives, applications, and entities in a specific blockchain-based solution ecosystem for a specific market. Thereby it has been already recognized that network analysis is a valuable methodological approach to systematically studying the structure and mechanism of business ecosystems (Battistella et al., 2013).
2.2 Markets and networks
In the blockchain literature, the term ecosystem is commonly used to describe projects that utilize the same blockchain infrastructure. The term “business ecosystem” has thereby been coined by Moore (1993) and later gained prominence through the research of Iansiti and Levien (2004a), (2004b). They compared business ecosystems to biological ecosystems, emphasizing that both consist of large, loosely connected networks of entities. In this context, companies interact in complex ways, and their health and performance depend on the health of the entire ecosystem. Thus, both companies and species are influenced not only by their internal capabilities but also by their interactions within the ecosystem. To understand the complex dynamics of a business ecosystem or to enter a new one, an organization must therefore analyze its structure and power dynamics and monitor how these elements evolve over time (Iansiti and Levien, 2004a). Iansiti and Levien (2004b) provide a useful summary of the dependencies within ecosystems and the importance of the position held within them. The authors highlight the interpretation of keystone and niche roles and illustrate with corporate examples the potential impact of decisions made by companies in these positions on the overall functioning of the network. Despite the extensive use of network analysis in blockchain ecosystems, its application to analyze specific blockchain-based solution ecosystems for distinct markets remains unexplored. This may be related to a characteristic of ecosystem theory, namely, that the effects of broadly interpreted relational (social) networks are particularly difficult to operationalize empirically.
However, the issue examined in this study can also be analyzed through the lens of supply chain theory. This approach is particularly relevant because the network of business partners under investigation more closely resembles a supply chain network than a traditional social network. As Borgatti and Li (2009) highlighted, the logic of optimal information flow in supply chains differs notably from that in social networks, making this perspective valuable for understanding the dynamics of the analyzed network. The authors reframed the supply chain as a flow network, a patterned set of dyadic ties along which materials, information, money and social influence travel. In standard supply chain management theory, those flows are usually modelled as linear, stage-by-stage processes governed by transaction-cost or resource-based considerations. Network theory, by contrast, directs attention to structure, the configuration of ties (who links to whom), the positions actors occupy within that configuration, and the way structural features might shape behavior and performance.
Borgatti and Li (2009) proposed a much looser relational network compared to traditional network analysis-based studies of supply chains, emphasizing non-hierarchical relationships between connected companies. Nevertheless, from a network perspective, supply chain management research traditionally focuses mainly on the ego-network of a single focal company, examining its direct relationships with suppliers and customers. However, we adopt a broader view by conceptualizing the supply chain network as an expansive ecosystem within a specific environment, such as the blockchain-based VCM. This approach enables us to analyze the entire network within a defined context (“bounded” network), demonstrating that an ecosystem extends beyond the scope of a traditional supply chain network, which in empirical research is often limited to the focal company’s immediate connections.
The network examined in this article consists of entities engaged in issuing and trading nature-based CO2 emission certificates on blockchain platforms. Adopting a relational perspective, we emphasize entities that contribute to creating and delivering value within this network. The network’s boundaries are defined by participants utilizing blockchain technology and operating within the carbon market. Our analysis specifically centers on organizations offering technological solutions for nature-based credits, deliberately excluding those employing alternative methodologies or targeting different market segments. Building on Borgatti and Li’s (2009) interpretive framework and its application by Kim et al. (2011), we will therefore first examine the network’s structure, identifying potential groups and actors occupying central or distinctive positions. Network theory suggests that the structure of a network significantly influences the performance and success of individual actors and vice versa (Borgatti and Halgin, 2011). It is important to note that the scope of the present study does not extend to analyzing the impact of the structure on companies’ success. Such an analysis would require a different research design incorporating firm-level performance data, which lies beyond the focus of this structural network study. Accordingly, we do not evaluate whether the observed network configurations lead to superior performance or effectiveness, nor do we make normative claims about the success of blockchain-based VCMs compared to non-blockchain alternatives. Our aim is to describe and analyze the structural characteristics of the ecosystem as it currently exists, not to assess its outcomes. Understanding the network structure enables new entrants to form strategic connections and avoid risks such as becoming locked-in or falling into network traps (Gargiulo and Benassi, 2000). Key structural features, such as network density, centralization, and clustering, play critical roles in determining vulnerability to breakdowns, stability, and opportunities for participants.
3 MATERIALS AND METHODS
3.1 Data collection
Entities within the network include project owners, project developers, and other stakeholders integral to issuing and trading nature-based CO2 emission certificates. Rather than pre-grouping these entities, we identified them based on their roles within the network. Relationships, or edges, are defined as instances where one entity relies on another to issue or trade nature-based CO2 emission certificates on blockchain platforms. This was operationalized as a one-mode network with undirected, binary and unweighted ties. The primary data source for this analysis is the ECOTA database, which catalogues organizations developing blockchain-based carbon tokenization solutions (Roesgen et al., 2023).
From this database, we extracted a subset focusing specifically on nature-based credits, excluding organizations unrelated to the carbon market, however including organizations that provide technological solutions related to nature-based credits. Organizations whose activities do not align with the traditional carbon market were not included in the analysis. Specifically, we excluded those that do not utilize CO2-based accounting or rely on donations rather than market mechanisms for funding. Additionally, companies employing technology-driven reduction methods were omitted due to their substantial differences from nature-based solutions. Likewise, we excluded initiatives focused solely on the aviation industry, given its unique regulatory framework and limited integration with the VCM, as well as firms specializing in insetting solutions, which target emission reductions within their own supply chains.
The list of companies included in the database was expanded with additional entries following verification of each project if they met the specified requirements. (The number of companies ranges between 77 and 117 depending on the network analyzed, see number of nodes in Table 1). The data collection period took place between January and July 2024. Additionally, we followed research-based imputation, and we considered projects referenced in the available academic literature. In the case of selected organizations, we focused on two aspects: the type of blockchain and the named partners. The selection of the companies was necessitated for both conceptual and methodological reasons. Conceptually, the market is underpinned by the principle of carbon-based accounting. While this approach is frequently a subject of debate, it currently serves as an institutionalized prerequisite for market entry in its extant form, thus mandating our adherence to this norm. Methodologically, the analysis becomes problematic when dealing with networks whose boundaries are not adequately defined. In this context, we regarded the utilization of blockchain technology and the participation in (or association with) the carbon market as defining parameters for these boundaries.
TABLE 1 | Basic, descriptive network properties.	Network properties	Company network (with isolates)	Company network (without isolates)	Blockchain network	Shared blockchain network
	N nodes	88	77	117	88
	N ties	103	103	197	385
	N isolates	11	—	0	42
	Density	0.03	0.04	0.03	0.1
	Centralization	0.114	0.126	0.155	0.332
	Local clustering	0.25	0.25	0.27	0.86
	Global transitivity	0.15	0.15	0.14	0.79
	N components	19	8	2	44
	N components (>1)	8	8	2	2
	% biggest component	58.25	58.25	53.3	11.17
	N detected communities (Louvain)	25	14	10	46
	Modularity (Louvain)	0.616	0.616	0.563	0.2


The validation of the data used for network analysis was conducted in multiple stages. The available data were verified through online accessible sources (such as company websites and social media pages). Additionally, for those companies where contact information was available, we reached out to request personal validation of the data regarding the used blockchain and partners. As with any data collection process, it is important to acknowledge the potential limitations of the database. Projects in very early stages, those associated with non-blockchain-based companies, or those with non-English websites were more likely to be excluded from the database. However, organizations omitted due to limited disclosure of their blockchain infrastructure–often resulting from these characteristics–would likely appear in the network as isolates or very low-degree nodes. Including such peripheral actors might extend the tail of the degree distribution and slightly reduce the average network density, but it would leave the identity and relative ranking of the highly connected hubs unchanged. Conversely, the likelihood of having missed a genuinely central player is small. Firms that already maintain many ties have strong incentives to be visible on the market. In other words, the most probable omissions sit at the margins of the graph and are unlikely to alter the structural patterns on which our conclusions rest.
3.2 Data analysis
This study employs both descriptive and inferential methods specifically designed for network data, addressing the inherent interdependence of network data. Descriptive methods include quantifying network properties and describing node positions using some commonly applied whole network and node-based metrics. These computations were performed using the igraph R package (Csardi and Nepusz, 2006). To assess the importance of specific ties in the network, we calculated the edge-betweenness measure for each type of tie. Inferential methods were employed to make statistically valid comparisons while accounting for the non-independence of network data. Group comparisons of node properties (e.g., degree centrality) and edge properties (e.g., edge-betweenness) were conducted using permutation tests implemented in the rcompanion R package (Mangiafico and Mangiafico, 2017).
Permutation tests are necessary in network analysis as traditional parametric tests assume independence among observations, an assumption violated in network data where relationships among nodes are interdependent. To explore the overlap between different types of ties within the same network, we used the Jaccard index, which ranges from 0 (no overlap) to 1 (complete overlap). The statistical significance of the overlap, described in terms of correlation of the presence or absence of ties between two sets of ties on the same set of actors, was assessed using the quadratic assignment procedure (QAP). QAP is particularly suited for network data as it preserves the structure of the network during hypothesis testing (Borgatti et al., 2022). Finally, we employed multiple regression quadratic assignment procedure (MRQAP) for binary outcomes (presence or absence of a tie) to investigate specific research questions in greater detail. MRQAP-based methods, implemented in the sna R package (Butts, 2008), do not model the network structure explicitly as exponential random graph models, but are appropriate for our research questions as they allow the testing of multiple mechanisms within the network while preserving its structural properties. For visualization, we used Python version 3.12.7 along with the following packages: pandas, numpy, networkx, and matplotlib.
4 RESULTS
4.1 Networks
Defining the network required careful consideration of whether blockchains should be included as part of its structure. While their exclusion was supported by the argument that blockchains do not clearly meet the characteristics typically associated with companies and are difficult to conceptualize as traditional partners due to their decentralized, open-use nature, their inclusion was supported by the assumption that their role in ecosystem organization and the formation of the network structure is significant. Importantly, their inclusion in the network analysis is based on their observable embeddedness in relational patterns among companies, rather than on any normative assumptions about their value, success, or performance. However, to address this dual perspective, we analyzed two networks in parallel–one including blockchains and one excluding them. Furthermore, we developed a third, alternative network that does not reflect formal partnerships but instead derives connections from the shared use of a blockchain. This alternative network served exclusively to explore the structure of blockchain-driven relationships, showing the structure of the company network if it was entirely based on shared blockchain usage. The basic network properties are shown in Table 1.
The analysis involved examining the following networks:
	1. “Company network”: A network of companies that does not consider the blockchains connected to these companies as partners. (It was constructed by taking out the nodes that are blockchains from the network N = 29).
	2. “Blockchain network”: A network of companies where the associated blockchains are included as partners.
	3. “Shared blockchain network”: A network of companies that is not based on existing partnerships but assumes latent connections between companies using the same blockchains.

The descriptive result reveals that the company network and the blockchain network have a similarly low density (around 0.03), indicating sparse connections relative to the number of possible ties. This is in contrast when the network of shared blockchain is considered, where 10% of possible ties exist. In the company network and the blockchain network, centralization, local and global clustering are low in absolute values, suggesting that there are no great variation in the number of ties that actors have in the network and the low tendency for triadic closure - the tendency of two nodes to be connected if they both have ties to the same third node, respectively. This reflects a sparse and decentralized network structure, where companies do not form tightly knit groups or extremely well-connected actors. Those structural characteristics are rather different for the network of shared blockchain, that is more centralized and highly transitive. The blockchain network has two connected components, while the company network has eight components. The largest component is slightly bigger in the company network, covering 58.3% of nodes, compared to 53.3% in the blockchain network, while in the shared blockchain network it includes only 11.7% of nodes.
This indicates that while the company and the blockchain networks have overall low connectivity, there is a core group of companies maintaining a significant portion of the network’s connectedness, while the opposite is the case for the shared blockchain network. The Louvain community detection algorithm detected more communities in the company network than in the blockchain network, with modularity scores indicating a clearer community structure in the company network. This implies that despite low transitivity (triadic closure) networks - especially company networks - display some community structure. That is not the case for the shared blockchain network that, based on modularity score, has no clear community structure. Further analyses were done for the network of companies without isolates (nodes that have at least one connection).
4.1.1 Centralization and transitivity in comparison to random networks
For most social networks, regardless of the type of ties, it is expected that they do not show a random structure (Newman and Park, 2003) due to their self-organizing nature. Centralization reflects an uneven distribution of ties, where some companies play a relatively more central role in the network. Transitivity reveals that companies are more likely to form connections through mutual partners than would occur randomly. The centralization and transitivity of the company network were significantly higher than those observed in 10,000 random networks with the same number of nodes and ties. The 95% confidence intervals for the distribution of centralization and transitivity in the random networks were 0.03–0.07 and 0.00–0.06, respectively. This indicates that the network exhibits a stronger tendency for ties to be unevenly distributed across nodes (centralization) and for two companies connected to the same third company to also be connected to each other (transitivity) compared to what would be expected in a random graph (see Figure 1).
[image: Network graph showing interconnected nodes labeled with names such as Carbonlink, Ripple, and SushiSwap among others. Lines connect various nodes, indicating relationships or collaborations between them. Green dots represent each node.]FIGURE 1 | Network of companies without isolates.Overall, the findings suggest that the structure of blockchain-based VCM is not random, but rather that there is an organizing principle according to which companies establish relationships with each other.
4.1.2 Comparing edge-betweenness of blockchain and non-blockchain ties
We examined whether ties involving blockchains (see Figure 2 – blue nodes) were more important for network connectivity than other ties by calculating the edge betweenness of each edge in the network - as an indicator of ties’ importance for maintaining network connectivity. We then compared the average edge betweenness of ties connected to blockchains with that of other ties. Higher edge betweenness indicates that a larger number of shortest paths between any two nodes pass through a given tie. On average, ties connected to blockchains had higher edge betweenness than ties between companies (103 vs 85.3, respectively), suggesting that blockchain ties are more central to the network’s connectivity. To assess whether this difference could have occurred by chance, we conducted 1,000 permutations and found that the observed difference was not statistically significant (p = 0.092). In other words, while blockchains may have a greater integrative role, the effect is not strong enough to conclude a definitive structural advantage.
[image: A network diagram displaying interconnected nodes labeled with various names, including Chia Network, Polygon Labs, and Carbonlink. Nodes are colored blue and green, linked by lines representing connections, illustrating a complex web of relationships.]FIGURE 2 | Blockchain based network (blue nodes - blockchains, green nodes - companies).4.2 Node classification
4.2.1 Correlations between centralities measures
From the perspective of network formation, the most central nodes can fulfil different functions (or roles) within the structure. For example, the node with the most connections is not necessarily the same one that ensures connectivity between different parts of the network. Nevertheless, in the case of the network we examined, these functions were strongly correlated.
Table 2 shows that four centrality measures (betweenness, closeness, clustering, and eigenvector) correlate moderately to highly with the simplest measure of centrality: degree centrality (the number of ties a node has). To classify nodes into different groups based on their centrality, we chose to use degree centrality and eigenvector centrality. While degree centrality reflects the number of a node’s direct connections, eigenvector centrality accounts for both the number of connections and the importance of the nodes to which it is connected. Nodes connected to other highly central nodes have higher eigenvector centrality scores. We combined these two measures by calculating their average to construct a contingency table with four quadrants, representing four types of nodes in the network (see Figure 3):
TABLE 2 | Spearman’s correlations between centralities measures in the companies network.		Degree	Between	Closeness	Constraint	Clustering	Eigen vector
	Degree		0.93	0.82	−0.99	0.71	0.77
	Between			0.74	−0.95	0.45	0.64
	Closeness				−0.80	0.68	0.97
	Constraint					−0.63	−0.73
	Clustering						0.75


[image: Scatter plot showing Eigenvector values on the y-axis and Degree on the x-axis. Data points are distributed with a concentration near lower degrees. A red vertical dashed line is at Degree 2.5, and a blue horizontal dashed line is at Eigenvector 0.25.]FIGURE 3 | Scatterplot of degree and eigenvector centralities for companies showing four quadrants based on mean values.4.2.1.1 Quadrant 1: “Peripheral nodes” (low degree and low eigenvector)
Companies in this quadrant have limited direct connections and are not well-connected to influential nodes. They occupy peripheral positions in the blockchain-based network, which may limit their access to information and opportunities. Although we refer to them as peripherals from a network structure perspective, more than half of the analyzed companies belonged to this group. These may include new entrants, smaller participants, or actors for whom the significance of blockchain technology remains peripheral within their network strategy. A great example of the latest group is EcoRegistry, an established market participant and a multi-chain platform operating since 2018. Additional examples include Carbify or Alberami, based on the information received during the validation process, the companies primarily focus on environmental rather than technological aspects when seeking partnerships.
4.2.1.2 Quadrant 2: “Local connectors” (high degree and low eigenvector)
Participants in this category have many direct connections but are not well-linked to influential nodes. They serve as local connectors, maintaining strong activity and visibility within specific clusters or subgroups. While their influence on the broader network may be limited, they are critical for fostering collaboration and supporting information flows within their immediate surroundings. In terms of structural role, these companies are considered unique, with only four of them present in the sample. They may also provide redundancy and resilience to the network by connecting fewer central nodes. In this group, a good example is Biocarbon Standard, which has been operating since 2019 and was among the first to issue tokenization guidelines for carbon credits. Their network is extensive, however, in terms of their role in the blockchain-based carbon market, they primarily function as a classic standard-setting entity. They connect companies, which use their standards. Rather than focusing on technological solutions, their mission is to establish and maintain market integrity.
4.2.1.3 Quadrant 3: “Strategic bridges” (low degree and high eigenvector)
These companies have fewer direct connections but are linked to highly influential nodes. Their position suggests they act as strategic bridges, indirectly accessing key resources and information through their connections to central players. They are the second smallest group in the sample with five companies. Despite their relatively low direct connectivity, they can exert influence by leveraging their proximity to influential actors, making them valuable intermediaries or brokers in the network. As a good example, Vlinder can be mentioned, which is engaged in the development of high-quality nature-based credits and has been referenced as a partner by several centrally positioned blockchain projects.
4.2.1.4 Quadrant 4: “Key hubs” (high degree and high eigenvector)
These companies are the most influential nodes in the blockchain-based network. They not only have a large number of direct connections (high degree) but are also connected to other influential nodes (high eigenvector centrality). As key hubs, they play a central role in maintaining network cohesion, facilitating the flow of information, and acting as gatekeepers for resources or opportunities. Their position allows them to exercise significant strategic influence over the network. A common characteristic among them is their primary focus on supporting innovation in the carbon market through technological advancements. This includes credit tokenization (e.g., Toucan, Moss), supply chain innovation (e.g., Regen Network), decentralized data solutions (e.g., dClimate), and the development of new types of marketplaces for carbon credits (e.g., Senken, Thallo) and related financial vehicles (Solid World, KlimaDAO). The five companies with the highest degree and eigenvector centralities are shown in Tables 3.
TABLE 3 | Top five ranked companies with the highest degree and eigenvector centralities.	Rank by degree	Node	Degree	Rank by eigen vector	Node	Eigen vector
	1	Toucan	12	1	Toucan	1
	2	KlimaDAO	11	2	Regen Network	0.77
	2	Regen Network	11	3	KlimaDAO	0.76
	4	Solid World	9	4	Solid World	0.67
	5	MOSS, Thallo	8	5	OFP	0.58


4.2.2 Network of shared blockchains and its overlap with partnership networks
A key question of our research was whether the network of relationships among companies present in the market is “blockchain-dependent” - that is, whether companies using the same infrastructure are more likely to establish partnerships with each other. We constructed the “latent network” of companies such that a tie was assigned between two companies if they shared the same blockchain, otherwise, no tie was assigned. This resulted in a network with 384 ties. The networks of shared blockchains (latent network) and partnerships (company network) had 30 overlapping ties, with a Jaccard index of 0.065. Since the Jaccard index only considers present ties when estimating similarity, we also used a quadratic assignment procedure (QAP)-based correlation to assess similarity, accounting for both present and absent ties. Based on 20,000 permutations, the QAP correlation coefficient was 0.11 (p < 0.0001), indicating a small but significant association between the presence or absence of partnership ties and the sharing or non-sharing of the same blockchain. In other words, the small but significant QAP correlation suggests a weak association between shared blockchain usage and partnership ties.
Additionally, we examined whether the 30 overlapping ties were more important for network connectivity in the partnership network than the non-overlapping ties. While overlapping ties had a higher average edge betweenness (61 vs 59.5), the difference was not statistically significant (p = 0.881, based on 1,000 permutations). Based on the results, companies deployed on the same blockchain are more likely to collaborate, but in a sparse network that does not translate to many overlapping blockchain and collaboration ties, and they do not play a significant role in the overall structure and connectivity of the network. In other words, the underlying blockchain infrastructure is not the only mechanism creating the network structure. Other factors, such as shared principles, geographical proximity, or alignment in target markets, may also drive the formation and evolution of network connections.
4.2.3 Predicting partnership ties between companies
The database contained a limited number of variables that could explain the structure of relationship formation besides common blockchain infrastructure. As a derived variable, we examined the methods companies use for tokenization. The “legacy” attribute of a company refers to the tokenization of credits issued under classic standards, while “native” attribute refers to companies that use the individual issuance of credits. We run five progressively more complex MRQAP models to predict the likelihood of two companies to be partners. The results are shown in Table 4.
TABLE 4 | MRQAP results of five models. Dependent variable: having a partnership tie in the network of companies.	Predictors	Model 1	Model 2	Model 3	Model 4	Model 5
	Intercept	Est.	−3.012***	−3.28***	−3.715***	−4.023***	−4.057***
	OR.	0.04	0.038	0.024	0.018	0.017
	Legacy homophily	Est.	−0.97***	−0.948***	−0.78***	−0.665**	−0.588*
	OR.	0.379	0.387	0.459	0.514	0.555
	Native homophily	Est.		0.297	0.214	0.338	0.344
	OR.		1.346	1.239	1.402	1.41
	Shared neighbor	Est.			1.879***	1.736***	2.207***
	OR.			6.544	5.677	9.087
	Shared blockchain	Est.				0.953***	0.886***
	OR.				2.595	2.424
	Similarity in contacts	Est.					−2.599
	OR.					0.074


Est., Estimate; OR, odds ratio; ***, p value < 0.001; **, p value < 0.01; *, p value < 0.05.
The intercept is consistently negative across all models and statistically significant (p < 0.001). This indicates that in the absence of other predictors, the baseline likelihood of a tie existing is very low, as reflected by the small odds ratios close to 0. The “legacy homophily” predictor refers to the pair of nodes where both use the same standardization method (legacy), and it has a consistently negative and significant effect on tie formation across all models. This suggests that two companies with this standardization method have a reduced likelihood of forming a partnership tie with each other. While the effect weakens slightly across the models, the consistent significance implies that homophily in legacy as a standardization method has a robust inhibitory effect on tie formation. The “native homophily” predictor refers to pairs of firms that have native standardization method and is included starting in Model 2. However, it is not statistically significant in any model (p > 0.05), suggesting that two companies that use the native method are not more or less likely to form a tie. This finding is consistent across all models. However, it is important to note, that the number of companies employing native tokenization was low in the network, which limits the possibility of detecting less strong tendencies.
The shared neighbor parameter indicates whether two companies have one or more companies with which both have a partnership. The parameter is added in Model 3 and is significant in Models 3 to 5 (p < 0.001). Its strong positive estimates (e.g., in Model 3 and Model 5) indicate that having a shared neighbor substantially increases the likelihood of a tie. The shared blockchain parameter is introduced in Model 4 and signifies a pair of companies that have the same blockchain. This parameter is also significant (p < 0.001) and the positive estimates and odds ratios indicate that sharing blockchain information promotes tie formation, though the effect size is smaller than for the shared neighbor parameter. The similarity in contacts is measured with Jaccard similarity of contacts for each pair of companies, where a higher value indicates a higher similarity of contacts. This predictor appears only in Model 5, and it is not statistically significant (p = 0.081). Although the estimate is negative, there is no evidence that similarity in contacts affects tie formation.
As a conclusion we can state that shared neighbors have the strongest effect, highlighting the importance of indirect connections in facilitating partnerships. Shared blockchains also significantly increase the likelihood of partnerships, though the effect is smaller. Conversely, the legacy standardization method has a robust negative effect, suggesting that companies using this method are less likely to form ties with each other. Neither the homophily in native standardization method nor similarity in contacts were significantly associated with the existence of a partnership tie, suggesting their limited role in shaping network connections.
4.2.4 Association between sharing a blockchain and having similar contacts in the network
Additionally, the QAP correlation (based on 20,000 permutations) showed no significant association between sharing a blockchain and having similar contacts in the network (p = 0.37). This implies that two companies using the same blockchain are not more likely to have the same partners. This result aligns with our previous finding regarding low overlap between shared blockchain network and partnership network.
4.2.5 Comparison of centrality of companies with different standardization procedures
To explore how differences in standardization methods relate to variations in network positions, we examine the average degrees of companies categorized as using legacy, native, mixed, or unclassified approaches. The highest average degree was observed in the Mixed group (6.00), followed by the Legacy group (5.0), a group with missing information labeled “None” (1.65), and the Native group, which had the smallest average degree (1.50). A one-way ANOVA, based on 1,000 permutations, revealed significant differences in average degree among companies with different standardization procedures (χ2 = 25.3, p < 0.001). This finding aligns with the earlier observation that legacy companies are less likely to form partnerships, contributing to their relatively lower connectivity in the network. A detailed comparison between the groups is presented in Table 5.
TABLE 5 | Pairwise permutations test between each group.	Nodes	P Value	Adjusted p value
	Legacy vs. Mixed	0.787	1
	Legacy vs. None	0	0
	Legacy vs. Native	0.021	0.126
	Mixed vs. None	0.032	0.192
	Mixed vs. Native	0.141	0.846
	None vs. Native	0.86	1


5 DISCUSSION
5.1 Choices of blockchain infrastructure and tokenization approach
One of the primary challenges for market participants is the selection of blockchain infrastructure for protocol deployment. The blockchain ecosystem is still in its early stages, marked by fragmentation and the coexistence of numerous platforms. This diversity forces participants to make strategic decisions concerning interoperability and alignment with specific ecosystems. While interoperability solutions, such as blockchain “bridges,” can facilitate interactions between different infrastructures, they introduce added costs, dependencies, and risks (Zhang et al., 2024). Thus, decisions regarding blockchain infrastructure go beyond technical considerations, influencing how participants connect and collaborate within the broader network. Our study shows that these infrastructural choices affect the formation and dynamics of relationships in blockchain-based VCMs, embedding them within broader network structures. Nevertheless, our findings challenge the notion that blockchain inherently unifies market participants. Based on our analysis, the blockchain-based VCM ecosystem exhibits low network density, and no single blockchain infrastructure dominates. Instead, the network emerges as a decentralized and diverse ecosystem where technological tools serve as enablers rather than drivers of connectivity.
Although platforms like Polygon, Ethereum, and Celo are among the most frequently used, the absence of a dominant blockchain hub underscores the decentralized nature of the market. Notably, the network structure does not support treating any blockchain platform as central; their presence shows only a weak association with partnership patterns and limited impact on interconnectivity. Emphasizing individual platforms as structurally distinct or dominant may therefore misrepresent the decentralized, relationship-driven nature of the ecosystem. This decentralization is further evidenced by the low overlap between partnership networks and shared blockchain affiliations, suggesting that collaborative relationships, rather than technological alignment, are the primary drivers of connectivity. However, when absent ties are considered using QAP analysis, our finding suggests that there is still a statistically significant, albeit weak, relationship between the blockchain affiliation and companies’ partnership. The role of blockchain infrastructure in coordinating activities within the network is nuanced. Instead, market participants often connect through shared partners rather than aligning around a single blockchain. The limited impact of blockchains is presumably influenced by the fact that most companies strive for a multi-chain infrastructure, which places bridge-providers in a central role.
In addition to the choice of blockchain infrastructure, an equally critical consideration is how carbon credits are tokenized. Two dominant approaches have emerged: “legacy tokenization,” which digitizes credits issued under established standards (e.g., Verra, Gold Standard), and “native tokenization,” which leverages blockchain-native processes for issuance. These approaches have distinct implications for network configuration. Legacy tokenization, while benefiting from the credibility of traditional standards, is constrained by regulated frameworks, as illustrated by Verra’s prohibition on tokenizing its credits (Verra, 2022). In contrast, native tokenization bypasses traditional frameworks, offering transparency and efficiency but facing trust deficits among buyers due to its departure from established procedures. Interestingly, projects utilizing native tokenization tend to have shorter supply chains, as they often consolidate multiple functions within a single entity, reducing the number of partnerships required. In contrast, legacy tokenization projects integrate into existing systems and may even add layers of complexity. These differences are reflected in the nature of partnerships, legacy projects often engage in competitive relationships with one another, whereas native projects lean toward cooperative connections. The difference demonstrates that companies adopting different tokenization methods might follow distinct relationship-building strategies. In short, while legacy tokenization benefits from established market trust and regulatory recognition, it is constrained by existing frameworks that may hinder innovation. Conversely, native tokenization offers greater transparency and efficiency through blockchain’s inherent features but faces challenges related to buyer trust and regulatory uncertainty. These trade-offs present distinct risks, and how the market will evaluate these contrasting advantages and disadvantages over time remains unclear, as the VCM ecosystem is still evolving and not yet settled.
5.2 Roles within the network
Applying principles of social network analysis to blockchain-based carbon markets reveals key insights into the interplay between tokenization strategies and network structures. Marketplaces, and bridge providers naturally exhibit high connectivity due to their central roles in facilitating interactions and enabling interoperability. However, clear distinctions emerge between legacy and native tokenization projects. Legacy tokenization initiatives typically form a larger number of connections but maintain a cautious distance from competitors to preserve market share. This approach reflects their strategic positioning as new entrants seeking to establish a foothold in a competitive landscape. Conversely, native tokenization projects often have fewer connections but maintain ties with core network players, reflecting a streamlined approach that consolidates multiple functions. These projects appear to capitalize on their independence from traditional frameworks. At the same time, their positioning may reflect broader market trends, including resistance from established players in traditional carbon markets.
Overall, participants in blockchain-based VCM networks can be categorized into four “roles” based on their connectivity and influence, each offering strategic opportunities for network positioning. Key Hubs are the most connected and influential actors, shaping network cohesion and resource flows. To maintain their dominance, they must carefully manage their centrality to avoid becoming bottlenecks while fostering broad collaboration. Strategic Bridges, despite having fewer direct connections, leverage their links to highly influential nodes to act as intermediaries, mediating relationships and facilitating collaboration, which adds significant value to the network. Local Connectors, active within specific clusters, play a critical role in fostering local collaboration and information flow, but strengthening ties with Key Hubs can amplify their influence beyond their immediate network. Finally, Peripheral Nodes, often smaller actors or new entrants with limited connections, can improve their integration by forming strategic partnerships with central players, allowing them to access resources and opportunities. Or they remain in a peripheral role in the blockchain-based market and primarily considers other factors - such as environmental aspects - in its connectivity strategy. These roles provide actionable insights for participants seeking to navigate and optimize their positions in the blockchain-based VCM ecosystem.
5.3 Implications and recommendations
In light of network theory, our findings on the structure of the blockchain-based VCM lead to several strategic considerations. We propose these considerations as practical implications and recommendations for market stakeholders. First, market participants should prioritize collaboration over technological alignment because our findings show that shared blockchain infrastructure alone has only a weak influence on partnership formation. Instead, connectivity within the ecosystem is more strongly shaped by relational factors and strategic alliances. To strengthen resilience and operational efficiency, actors could invest in relationship-building mechanisms such as shared governance frameworks, industry consortia, and data interoperability protocols that encourage cooperation across organizational and technological boundaries. Furthermore, due to the continued existence of a fragmented, multi-chain landscape, organizations are advised to adopt flexible, multi-chain strategies and engage with interoperability providers not only for technical integration but also as central coordination nodes that can facilitate wider ecosystem connectivity.
Second, the tokenization strategy plays an important role in shaping organizational behavior and market dynamics. The choice between legacy and native tokenization strategies should be made with a clear understanding of how these models influence compliance, credibility, supply chain design, partnership scope, and trust-building. Companies pursuing native tokenization could proactively address buyer skepticism through third-party audits, transparency standards, and open data initiatives to close the trust gap and drive adoption. Conversely, legacy tokenization projects could consider ways to increase operational efficiency and avoid overreliance on restrictive institutional frameworks that possibility impede innovation. Policymakers and standard-setting bodies could further evaluate the risks and benefits of these models and provide clearer guidance on acceptable practices, especially regarding the intersection of on-chain and off-chain verification and ensuring data integrity across frameworks.
Third, stakeholders should recognize the importance of their strategic positioning within the network. Our role-based network analysis shows that actors can adopt different positions, such as Key Hubs, Strategic Bridges, Local Connectors, or Peripheral Nodes, depending on their objectives and capabilities. Rather than aspiring to centrality for its own sake, organizations should tailor their approach. For example, smaller or emerging actors can improve their integration and visibility by forming targeted alliances with key hubs or acting as bridges between sub-networks. At the same time, central actors must avoid becoming bottlenecks by encouraging open standards and inclusive governance. However, continuous monitoring of evolving network structures and market dynamics will be essential for all participants seeking to adapt and thrive in this fast evolving and changing ecosystem. Ultimately, strategic decisions regarding blockchain infrastructure, tokenization, and network role must be made in coordination, not in isolation, to unlock the full potential of blockchain-based carbon markets.
Finally, the role-based distinctions made in this study have more than just practical value. They also contribute to theory by extending social network theory to the under-explored context of blockchain-based environmental markets. Previous studies on blockchain in carbon markets have focused on technical capabilities or policy integration, rather than how actor positions are shaped by–and shape–technological and institutional arrangements. By mapping structural roles in a decentralized, multi-chain setting, our findings advance the theoretical understanding of how coordination, power, and innovation diffuse in digitally mediated environmental governance.
6 CONCLUSION
The rapid evolution of blockchain-based voluntary carbon markets (VCMs), particularly for nature-based CO2 emission certificates, raises critical questions about how ecosystem participants and market entrants navigate the complexities of infrastructure and procedural decision-making. These questions lie at the heart of our research, which explores how blockchain infrastructure choices and tokenization methods influence the network structure of this emerging market. Blockchain technology is often touted for its transformative potential in addressing persistent inefficiencies in traditional market structures. Our research did not extend to examining whether the innovations often promised by blockchain technology - such as transparency, efficiency, and pricing - have been realized in the analyzed projects. However, an analysis of the market structure suggests that for companies offering native tokenization, the consolidation of functions has led to shorter supply chains. In the long term, the trust shown in these solutions and the strengthening of their market position may serve as evidence that the innovations they provide are not only viable but also valuable for the carbon market. However, until now buyer-side readiness for such innovations remains uncertain, as trust - historically anchored in the reputation of certifying bodies - must now be cultivated through the perceived integrity of decentralized systems. This shift represents a significant educational challenge with no assured outcome. Conversely, when standardized credits are tokenized, the supply chain may become more transparent without necessarily being simplified, reflecting the complexities of adapting blockchain solutions to established frameworks.
The blockchain-based VCM ecosystem comprises a range of participants - including project owners, certification bodies, blockchain platforms, and carbon credit marketplaces - each occupying distinct roles within the network. Whether as Key Hubs, Strategic Bridges, Local Connectors, or Peripheral Nodes, these roles influence the capacity of participants to shape market activities and collaborate effectively. Entities such as standards, registries, and bridge providers benefit from extensive connections, enabling collaboration and interoperability, which confer a competitive edge. In contrast, “closed system” protocols derive strength from their independence, minimizing reliance on external actors and mitigating vulnerabilities. These differing strategies underscore the diversity of approaches within the ecosystem, shaped by organizational goals and specific market contexts.
From a methodological perspective, our study demonstrates the value of network analysis as a tool for understanding the structural dynamics of blockchain-based VCMs. This approach provides a detailed overview of market configurations, shedding light on the strategic roles of different entities and the factors shaping their relationships. By adopting a network perspective, this study offers valuable insights for academics and practitioners aiming to navigate this rapidly evolving field. Nonetheless, our research has several limitations that future studies should address. First, it does not examine the end-user perspective on carbon credits, nor does it incorporate economic performance metrics, firm-level data, or market share data. Therefore, it cannot make claims about the success or efficiency of the (blockchain-based) VCM. Second, the dynamic nature of blockchain-based VCM partnerships - characterized by continuous formation, reconfiguration, and dissolution - poses a challenge, requiring ongoing monitoring of network structures to ensure the relevance and applicability of insights. Additionally, this study focuses solely on the blockchain-based segment of the broader carbon market. This necessarily excludes entities operating outside the blockchain ecosystem, including numerous buyers. However, this limited scope should not be interpreted as an evaluative judgment of the entire VCM landscape. Future research could adopt longitudinal approaches to better capture the evolution of these networks over time and should potentially include other relevant attributes of the actors (e.g., performance data, token transfer flow, age of the company, location, etc.) in the analysis. Furthermore, comparative analyses between blockchain-based and traditional carbon markets could help clarify whether distinct governance or network structures are associated with measurable differences in outcomes such as liquidity, transparency, or transaction efficiency. Investigating buyer-side attitudes toward blockchain-based VCMs, particularly regarding trust and transparency, could provide critical insights for market practitioners. Finally, exploring how blockchain technology can integrate more seamlessly with existing standards and regulatory frameworks would help bridge the gap between innovation and market readiness, fostering broader adoption and trust in these systems.
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