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Abstract 

High fees and structural limitations in traditional payment systems prevent the viable use 

of global micropayments, creating barriers to innovation and restricting financial 

participation for individuals and organisations reliant on low-value digital transactions; 

stakeholders in digital commerce, financial-technology development, and payment-

infrastructure organisations care about this problem because percentage-based fees render 

transactions under $5 economically unviable and suppress usage-based business models. 

Grounded in transaction cost economics, the purpose of this quantitative causal-

comparative study was to examine differences in effective fee percentage and absolute 

fee in USD across five payment providers using 55,000 archival transactions dated May 

2025 (11,000 each from PayPal, Stripe, Visa, Mastercard, and Bitcoin SV blockchain 

records) retrieved from provider logs and public blockchain records. Data were analysed 

with descriptive statistics and MANOVA, yielding a significant multivariate effect of 

provider, Wilks’ Λ = .3776, F(8, 109988) = 8625.14, p < .001, partial η² = .622 (Pillai’s 

Trace = .6230). Average effective fees were PayPal 22.69%, Stripe 10.97%, Visa 4.96%, 

Mastercard 3.64%, and Bitcoin SV 0.19%, with PayPal and Stripe frequently exceeding 

30% for sub-$1 payments versus Bitcoin SV’s minimum $0.0000309. A key 

recommendation is for business leaders to adopt a low-fee on-chain micropayment 

architecture capable of sub-cent settlement for high-volume, low-value digital payments. 

The implications for positive social change include the potential for low-income users, 

unbanked populations, and small digital-service providers to gain affordable 

micropayment access and participate more fully in digital marketplaces. 
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Section 1: Foundation of the Study  

Blockchain technology addresses longstanding inefficiencies and high costs 

within traditional financial systems, presenting an opportunity for transformative 

innovation in micropayments. Traditional systems impose significant fees and delays, 

which make small-value transactions uneconomical and hinder innovation, particularly 

for industries reliant on frequent low-value exchanges. Mechanisms such as Simplified 

Payment Verification (SPV) and IP-to-IP exchanges enable blockchain to validate 

transactions efficiently, reducing overhead costs. Despite these potential benefits, 

practical applications of blockchain for micropayments remain underexplored in 

academic and industry research. By examining the Teranode blockchain system, I sought 

to evaluate its scalability and cost-effectiveness, offering insights into its potential to 

foster global commerce and increase financial inclusion in underserved markets. 

Background of the Problem 

The inefficiency and high economic costs associated with traditional financial 

transactions, particularly in the context of global micropayments, present a significant 

barrier to economic growth and innovation. Traditional financial systems impose 

substantial fees and delays on small cross-border transactions, disproportionately 

affecting industries reliant on frequent, low-value transactions, such as e-commerce and 

digital content provision (J. Ahmed et al., 2021; Ozili, 2020). For instance, a transaction 

of just a few dollars can incur fees exceeding the transaction value, rendering such 

exchanges economically unfeasible for small and medium enterprises (SMEs; C.-C. Lee 

et al., 2021). These inefficiencies hinder SMEs from fully participating in global markets, 
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restricting their ability to innovate and grow. This study addressed these challenges by 

exploring the ability of the Teranode blockchain system to overcome these barriers, 

offering a potential solution for cost-effective micropayments and increased financial 

inclusion. 

Blockchain technology, with its decentralized and transparent nature, offers a 

compelling solution to address inefficiencies in traditional financial systems, particularly 

in the context of micropayments (Shams & Hamdan, 2023). Despite extensive research 

into broader applications, such as large-scale financial transactions and supply chain 

management, there is limited empirical evidence evaluating the viability of a blockchain 

for micropayments, leaving a significant gap in the literature (Pal et al., 2021). SPV, a 

lightweight transaction validation method, could address these challenges by enabling 

micropayments without requiring users to download the entire blockchain. By examining 

the implementation of SPV across the Teranode blockchain system, this study was 

designed to determine its scalability and economic efficiency for high-frequency, low-

value transactions, thereby bridging this research gap. 

The original vision of Bitcoin included both SPV and IP-to-IP functionality, 

facilitating direct peer-to-peer transactions without the need for intermediaries. In this 

context, “peer-to-peer” does not solely refer to nodes or people running nodes but to the 

capability of individual users to directly communicate and exchange value (Böhme, 

2014). This approach enabled users to send payments over the internet with reduced 

overhead, relying on SPV to validate transactions without requiring the entire blockchain. 

By examining these principles within the Teranode system, this study evaluated how SPV 
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and IP-to-IP functionalities can enhance the scalability and economic efficiency of 

micropayments, ensure seamless transaction settlement on-chain, and address broader 

challenges in global commerce. 

Nodes in the Bitcoin network play a critical role in maintaining the integrity of the 

blockchain by validating and adding transactions to it (Awadallah et al., 2021). However, 

the scalability of traditional nodes is limited, as increasing transaction volumes often 

necessitate housing nodes in data centers to manage computational and storage demands 

efficiently (Aldoubaee et al., 2023). While this centralization can impact network 

robustness and security, innovative solutions like the Teranode system aim to address 

these challenges. By enabling efficient transaction validation and processing at scale, the 

Teranode architecture ensures the feasibility of micropayments without compromising 

network security or decentralization. This study evaluated the capacity of Teranode to 

overcome these scalability barriers, offering insights into its potential for enhancing 

global commerce. 

Despite the theoretical advantages, there is limited empirical research examining 

how SPV and IP-to-IP functionalities can be optimized for micropayments in practice. 

Current studies have primarily addressed the scalability of blockchain in general terms 

without delving into the specific mechanisms that could make micropayments viable (Cai 

et al., 2022a). This study aimed to fill that gap by exploring the application of SPV and 

IP-to-IP functionalities in the context of micropayments, evaluating their impact on 

transaction costs and processing times compared to traditional financial systems. 
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The significance of this study lies in its potential to provide actionable insights for 

businesses and policymakers looking to leverage blockchain technology to enhance 

global commerce. By focusing on the specific challenges and opportunities presented by 

blockchain-based micropayments, I sought to contribute to the broader discourse on 

financial innovation and economic efficiency (E. M. Rogers, 2010; Tiscini et al., 2020). 

The goal was to uncover ways to significantly reduce transaction costs and enhance the 

scalability of micropayments, thereby promoting financial inclusivity and economic 

empowerment, especially in underserved regions. 

Problem and Purpose 

The specific business problem was that an effective micropayment system does 

not currently exist, which limits global commerce businesses from conducting 

transactions efficiently at a micro level (Odoom & Kosiba, 2020). The inability to 

process transactions at fractions of a cent hampers the potential for seamless global 

interaction and innovation (Cuypers et al., 2021). Traditional financial systems impose 

significant fees and delays, making it impractical to send and receive small amounts of 

money. This restriction hinders economic growth and the development of new business 

models that could thrive on such transactions. 

The purpose of this quantitative causal-comparative study was to examine 

differences in effective fee percentage and absolute fee in USD across five payment 

providers (PayPal, Stripe, Visa, Mastercard, and Bitcoin SV) for archival transactions 

under $5 dated May 2025. This system facilitates a single, universally accepted currency, 

enabling instant exchanges and allowing various currencies, such as U.S. dollars and 
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pounds, to be embedded for real-time conversion and transaction settlement. In this 

study, I compared the Teranode blockchain-based system with traditional financial 

transaction methods, using archival data from transaction logs and financial records. 

The independent variables included transaction fees and transaction size 

(measured in kilobytes) for each method (blockchain-based vs. traditional), and the 

dependent variables were transaction costs, processing times, and node profitability. I 

analyzed and integrated the costs incurred by nodes in processing transactions and 

compared the cost benefits, including the profitability level of nodes based on transaction 

fees earned. In this study, I assessed whether the transaction fees charged to users and the 

length of time for transaction processing were economically viable. 

The population used within this study included global commerce businesses 

engaged in industries that depend on frequent micropayments, such as e-commerce, 

digital content provision, and online services. These industries regularly process high 

volumes of low-value transactions, making them critical for evaluating the scalability and 

economic efficiency of the Teranode blockchain system. By focusing on this population, 

the research ensured that the data reflect practical challenges, providing insights 

applicable to real-world micropayment infrastructure improvements. 

Purposive sampling was employed within this study to select archival transaction 

logs from the Teranode test network. This method ensured that the dataset reflects real-

world usage scenarios by focusing on transaction patterns that align with the operational 

needs of businesses engaging in micropayments. By targeting high-frequency, low-value 
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transactions, the sampling approach captured data critical for evaluating performance and 

scalability within the Teranode blockchain architecture in global commerce contexts. 

Furthermore, this study aimed to highlight the social effects and potential for 

increased inclusivity resulting from a functional micropayment system. By reducing 

transaction costs to fractions of a cent, individuals and businesses in developing countries 

could gain greater access to global markets, allowing them to participate in international 

trade and economic activities that were previously inaccessible due to high financial 

barriers. This inclusivity may lead to significant social change, promoting financial 

independence and reducing poverty by providing new income opportunities for 

marginalized communities (Tartan, 2023). 

The ability to transact seamlessly across borders with minimal costs fosters 

innovation, enabling the creation of new business models that rely on micropayments, 

such as pay-per-use services, microdonations, and decentralized finance applications 

(Caton & Harwick, 2022). These innovations may lead to more equitable access to digital 

goods and services, empowering individuals globally to engage in the digital economy. 

These findings of the study offer valuable insights for policymakers and business leaders 

on leveraging blockchain technology to enhance global commerce, drive economic 

growth, and promote social inclusivity. 

Population and Sampling 

The population for this study consisted of transactions processed by the Teranode 

test network, which was designed to simulate real-world usage and performance of the 
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Teranode blockchain system. This network operates globally, reflecting a wide array of 

transaction scenarios (J. Chan, 2021). 

The sampling method involved the purposive sampling of transaction logs from 

the Teranode test network (Alderete & Fernanda, 2020; Nguyen et al., 2020). Given the 

enormous volume of transactions processed by Teranode, a representative sample size 

was selected to ensure a robust dataset for analysis. This involved selecting transaction 

logs that reflect typical usage patterns and various transaction types to provide a 

comprehensive evaluation. 

Participant eligibility criteria include transactions processed using the Teranode 

system, with a focus on micropayments. Access to the data was facilitated through 

collaboration with the Teranode development team and by accessing the transaction logs 

maintained within the test network. Data sources include archival transaction logs from 

the Teranode test network detailing transaction costs, processing times, and volumes. 

This approach provides a comprehensive dataset to evaluate the scalability and economic 

efficiency of the Teranode blockchain system for micropayments, offering insights into 

its potential application in global commerce. 

In this study, I utilized the advanced statistical methods described in the Teranode 

business requirements and testing plan, including cumulative sum control chart 

(CUSUM), zero tolerance acceptance sampling, zero defect sampling plans, and failure 

mode and effects analysis (FMEA). These methods ensure rigorous testing and validation 

of the transaction processing capabilities of Teranode (T. C. Chang & Gan, 1995), aiming 
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to achieve a throughput of 1,000,000 transactions per second with zero-error tolerance in 

a high-frequency transaction environment (Stamatis, 2003). 

Nature of the Study 

I employed quantitative methodology to examine the scalability and economic 

efficiency of the Teranode blockchain system for micropayments. A quantitative 

approach is justified as it allows for objective measurement and statistical analysis of 

transaction costs, processing times, and transaction volumes. By utilizing archival 

transaction data from the Teranode test network, the study was able to quantify the 

performance differences between blockchain-based micropayments and traditional 

financial systems. This methodology is appropriate for testing hypotheses and providing 

empirical evidence to support the research objectives. 

The design of this study was quantitative causal-comparative (Creswell & 

Creswell, 2023; Cook, 2015). This non-experimental design was appropriate because it 

enabled comparison of existing payment systems (PayPal, Stripe, Visa, Mastercard, and 

Bitcoin SV) using archival data without researcher manipulation or random assignment 

of participants to conditions. The categorical independent variable (payment provider) 

and the dependent variables (effective fee percentage and absolute fee in USD) were 

examined to determine differences in cost outcomes across naturally occurring 

transaction systems. By analyzing transaction logs and financial records, I provide 

insights into the practical application of Teranode in global commerce, making it a 

suitable design for addressing the research questions and testing the hypotheses. 
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Research Question 

The investigation focused on the impact of the Teranode blockchain system on 

micropayments, particularly examining transaction costs and processing times. In this 

research, I addressed the following questions: 

Research Question 1. How does the Teranode blockchain system impact 

transaction costs compared to traditional financial systems in the context of 

micropayments? 

• Independent Variables. Transaction fee (measured in USD), transaction 

size (measured in kilobytes) 

• Dependent Variable. Transaction costs (measured in USD) 

• Confounding Variables. Transaction volume (number of transactions), 

network conditions (latency, bandwidth) 

Research Question 2. How does the Teranode blockchain system impact 

transaction processing times compared to traditional financial systems in the context of 

micropayments? 

• Independent Variables. Transaction size (measured in kilobytes), 

transaction fee (measured in USD) 

• Dependent Variable. Transaction processing times (measured in seconds) 

• Confounding Variables. Transaction volume (number of transactions), 

network conditions (latency, bandwidth) 

These research questions guided the examination of the efficiency and scalability 

of the Teranode blockchain system for micropayments. Including multiple independent 
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variables and considering potential confounding factors ensured accurate and 

comprehensive findings regarding the performance of the Teranode system in global 

commerce (Busenbark et al., 2022). 

Hypotheses 

Research Question 1. How does the Teranode blockchain system impact 

transaction costs compared to traditional financial systems in the context of 

micropayments? 

Hypothesis 1. 

• Null Hypothesis (H01). There is no significant difference in transaction 

costs between the Teranode blockchain system and traditional financial 

systems in the context of micropayments. 

• Alternative Hypothesis (H11). There is a significant difference in 

transaction costs between the Teranode blockchain system and traditional 

financial systems in the context of micropayments. 

To test Hypothesis 1, multivariate analysis of variance (MANOVA) was used to 

compare the mean transaction costs between transactions processed through the Teranode 

blockchain system and those processed through traditional financial systems. This 

method allows for the examination of the combined effects of the independent variables 

on the dependent variables, providing a comprehensive understanding of cost efficiency. 

Confounding variables such as transaction volume, transaction size, and network 

conditions were controlled through the inclusion of the MANOVA model to isolate the 
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effect of the independent variables on the dependent variable (Forouhar & van Lierop, 

2021). 

Research Question 2. How does the Teranode blockchain system impact 

transaction processing times compared to traditional financial systems in the context of 

micropayments? 

Hypothesis 2. 

• Null Hypothesis (H02). There is no significant difference in transaction 

processing times between the Teranode blockchain system and traditional 

financial systems in the context of micropayments. 

• Alternative Hypothesis (H12). There is a significant difference in 

transaction processing times between the Teranode blockchain system and 

traditional financial systems in the context of micropayments. 

To test Hypothesis 2, MANOVA was used to compare the mean transaction 

processing times between transactions processed through the Teranode blockchain 

system and those processed through traditional financial systems. This method allowed 

for a detailed analysis of the relationship between the independent variables and the 

dependent variables while controlling for confounding factors such as transaction 

volume, transaction size, and network conditions (Dinga et al., 2020). 

Using MANOVA ensured a rigorous statistical analysis of the impact of the 

Teranode blockchain system on micropayments, providing a comprehensive evaluation of 

efficiency and scalability compared to traditional financial systems. 
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Theoretical or Conceptual Framework 

The theories grounding this study included the diffusion of innovations theory by 

Everett Rogers and the transaction cost economics theory by Oliver Williamson. 

Diffusion of Innovations Theory (E. M. Rogers, 2010) 

Using this theory, Rogers (2010) explained how, why, and at what rate new ideas 

and technology spread through cultures. It helps in understanding the adoption rate of 

blockchain technology for micropayments by focusing on factors such as perceived 

advantages over existing systems, compatibility with current needs, and complexity of 

use. In this study, the diffusion of innovations theory was used to analyze the factors 

influencing the adoption and implementation of the Teranode blockchain system for 

micropayments. 

Transaction Cost Economics Theory (Williamson, 1989, 1998) 

Using this theory, Williamson (1989) proposed that economic transactions have 

associated costs, which can be affected by factors like uncertainty and information 

asymmetry. It provides a lens to analyze the economic benefits or costs associated with 

using blockchain technology for micropayments, particularly in reducing transaction fees 

and improving efficiency. In this study, the transaction cost economics theory was 

applied to evaluate the economic aspects of the Teranode blockchain system in global 

commerce. 

The diffusion of innovations theory was used to frame the examination of how the 

Teranode blockchain system is adopted for micropayments, considering its perceived 

advantages, compatibility with existing systems, and user-friendliness. This theory 
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aligned with the aim of the study to explore the scalability and economic efficiency of 

blockchain-based micropayments. 

The transaction cost economics theory provided a framework to assess whether 

the Teranode blockchain system offers a cost-effective solution compared to traditional 

financial transaction methods. This theory supported the objective of examining the 

economic viability of blockchain for micropayments by analyzing transaction costs and 

processing efficiencies. 

By integrating these theories, the study ensured a comprehensive analysis of both 

the technological adoption process and the economic implications of using blockchain 

technology in global commerce, particularly for micropayments. 

Operational Definitions 

Blockchain: A decentralized, distributed ledger technology used to record and 

verify transactions across multiple computers, ensuring transparency and security without 

the need for a central authority (Bonsón & Bednárová, 2019). 

Decentralization: The distribution of functions and powers away from a central 

location or authority. In the context of blockchain, it refers to the system where 

transaction validation and network governance are spread across multiple nodes, 

enhancing security and resilience (Baran, 1964). 

Electronic money and digital cash: Forms of currency that are available only in 

digital form, allowing for instantaneous transactions and borderless transfer-of-

ownership. This includes systems where value is stored electronically (Proctor, 2012, 

2023). 
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Micropayments: Financial transactions involving tiny sums of money, often used 

in online commerce for digital goods or services, typically less than a dollar (Bonnet & 

Teuteberg, 2023). 

Simplified Payment Verification (SPV): A method used in blockchain technology 

where a lightweight client verifies that a transaction is included in a block without 

downloading the entire blockchain by relying on proof of work (Nakamoto, 2009). 

Transaction costs: The expenses incurred during a financial transaction, which 

can include fees for processing payments, currency exchange fees, and other related costs 

(Williamson, 1989). 

Transaction processing times: The duration taken to complete a financial 

transaction from initiation to confirmation and settlement, typically measured in seconds 

or minutes (Williamson, 1998). 

Multivariate analysis of variance (MANOVA): A statistical test procedure for 

comparing multivariate means of several groups, controlling for the effects of multiple 

dependent variables simultaneously (Finch, 2005). 

Transaction volume: The number of transactions processed within a given 

timeframe, which can affect the scalability and performance of financial systems (Cheng 

et al., 2021). 

Network conditions: Factors affecting the performance and reliability of a 

network, including latency, bandwidth, and network congestion, which can influence 

transaction processing (Cimini et al., 2019). 
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Assumptions, Limitations, and Delimitations 

This study on the Teranode blockchain system involved certain assumptions, 

limitations, and delimitations that need to be considered. These factors define the scope 

of the research and help in understanding the context and constraints within which the 

study operates (Ross & Bibler Zaidi, 2019). 

Assumptions 

It is assumed that the data collected from the Teranode test network accurately 

represents real-world blockchain transactions. Additionally, it is presumed that 

participants in the test network follow typical transaction patterns seen in global 

commerce. These assumptions carry inherent risks (House, 1978), as deviations from 

real-world conditions or participant behavior may affect the generalizability of the results 

(Lix et al., 1996). Findings were validated with secondary data sources, and the test 

environment was designed to closely mimic real-world conditions to mitigate these risks. 

Limitations 

Reliance on archival data from the Teranode test network presents a limitation, as 

these data may not capture all variables influencing transaction costs and processing 

times (Kuznetsov et al., 2023). Additionally, unmeasured confounding variables could 

have impacted the results. The causal-comparative design does not involve random 

assignment because the study examined naturally occurring differences among existing 

payment systems using archival data; consequently, potential selection bias is 

acknowledged as a limitation of this non-experimental approach (Creswell & Creswell, 

2023). The causal-comparative design does not include random assignment because the 
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study used existing archival data from naturally occurring payment systems; therefore, 

selection bias is acknowledged as a limitation of the non-experimental approach 

(Creswell & Creswell, 2023). These limitations suggest that while the findings can 

provide valuable insights, they may not be fully generalizable to all blockchain or 

financial transaction systems (Polit & Beck, 2010). 

Delimitations 

This research is confined to analyzing micropayments processed by the Teranode 

blockchain system and traditional financial systems. It excludes other blockchain 

platforms and financial systems not relevant to the research questions (Theofanidis & 

Fountouki, 2018). The study focuses on transaction costs and processing times, excluding 

other factors such as user experience, security measures, or regulatory impacts. These 

boundaries ensure a focused investigation but also mean that the findings are specific to 

the Teranode system and the defined parameters. 

Significance of the Study 

Understanding and applying blockchain technology for micropayments in global 

commerce can significantly improve financial transactions and promote greater financial 

inclusivity (Pal et al., 2021). This research addresses these critical gaps, providing 

insights that could lead to more efficient and accessible financial systems worldwide 

(Shams & Hamdan, 2023). 

Contribution to Business Practice 

This research addresses gaps in both understanding and practice by providing 

empirical evidence on the use of blockchain technology for micropayments (Y. Chen & 
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Bellavitis, 2020). Traditional financial systems are often characterized by high 

transaction costs and processing times, which hinder small-scale transactions, particularly 

across borders. Implementation of the Teranode blockchain system has been shown to 

reduce these costs and times, thereby enabling more efficient and streamlined financial 

operations (D. K. C. Lee & Lim, 2021). 

Evaluating the performance of Teranode demonstrates how businesses can 

leverage blockchain technology to improve their transaction processes. This could lead to 

more cost-effective and faster transactions, enhancing the overall efficiency of business 

operations. Additionally, the findings could guide business leaders in making informed 

decisions about integrating blockchain technology into their payment systems, 

contributing to more innovative and competitive business practices (Tiscini et al., 2020). 

Implications for Social Change 

The implications for social change are significant, particularly in promoting 

financial inclusivity and economic empowerment (Ratnawati, 2020). Traditional financial 

systems often exclude economically disadvantaged individuals due to high fees and other 

barriers (Fernández-Olit et al., 2019). The adoption of blockchain technology for 

micropayments could democratize access to financial services, enabling even those in 

underserved regions to participate in the global economy (Lashitew et al., 2020). 

By reducing transaction costs to negligible amounts, the Teranode system can 

make financial services more accessible and affordable (Boot et al., 2021). This inclusion 

fosters economic opportunities and financial equity, allowing individuals and businesses 

in low-income areas to engage in global commerce (Ajide, 2020). Furthermore, the 
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efficiency and transparency of blockchain transactions can build trust in financial 

systems, encouraging broader adoption and usage. 

Highlighting the transformative potential of blockchain technology in creating a 

more inclusive financial system contributes to positive social change by enhancing 

economic participation and growth in underserved communities (Ahluwalia et al., 2020). 

A Review of Professional and Academic Literature 

Introduction 

Blockchain technology offers a promising solution for financial transactions, 

particularly micropayments, which have been constrained by high transaction costs and 

inefficiencies within conventional financial systems (Fahmideh et al., 2023; Mougayar, 

2016; Nakamoto, 2009). The decentralized structure of blockchain provides robustness, 

transparency, and cost reductions, making it an attractive alternative for handling 

micropayments. However, achieving scalability and economic efficiency in blockchain-

based micropayment systems remains a significant challenge that requires further 

exploration and understanding (P. Li et al., 2020; Ozili, 2020). 

The theoretical frameworks of Diffusion of Innovations (DOI) by Rogers (2010) 

and Transaction Cost Economics (TCE) by Williamson (1998) provide valuable 

perspectives for analyzing the adoption and economic impacts of blockchain technology. 

DOI explains how new technologies spread within societies and organizations, focusing 

on factors such as relative advantage, compatibility, complexity, trialability, and 

observability (Rogers, 2010). TCE examines the comparative costs of conducting 



19 

 

transactions within different governance structures, offering insights into the economic 

efficiency of blockchain systems (Williamson, 1989). 

Recent research on blockchain technology, particularly in its application to 

micropayments, covers key areas such as decentralization, SPV, transaction costs, 

processing times, and financial inclusion (Cheng et al., 2021; C. Zhou et al., 2022). 

Integrating and synthesizing studies from these domains highlights the current state of 

knowledge, identifies gaps, and demonstrates the potential of the Teranode blockchain 

system in addressing these challenges. 

Blockchain Technology and Scalability 

Blockchain technology, initially conceptualized by Nakamoto (2008), enhances 

robustness and security in financial transactions through its decentralized structure. 

Scalability remains a critical challenge, with studies such as Li et al. (2020) exploring the 

balance between scalability and security, emphasizing the need for robust mechanisms to 

handle increased transaction volumes without compromising system integrity. Mougayar 

(2016) and Baudier et al. (2022) discuss the potential of blockchain technology to 

improve business operations, emphasizing the importance of addressing scalability 

challenges to ensure widespread adoption and effective implementation. 

The Teranode blockchain system is designed to handle high-frequency, low-value 

transactions, making it particularly suitable for micropayments. Leveraging its 

decentralized architecture, Teranode aims to achieve scalability while maintaining 

security and efficiency. Research by Crain et al. (2021) supports the feasibility of 
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scalable blockchain systems, demonstrating innovative approaches to enhancing 

transaction throughput and network robustness. 

Simplified Payment Verification and Economic Efficiency 

SPV, introduced by Nakamoto (2008), allows for the verification of transactions 

without downloading the entire blockchain. This enhances the feasibility of blockchain 

for micropayments by reducing computational requirements and enabling faster 

transaction processing. Alamsyah et al. (2024) examine the application of SPV in 

financial services. Hossain (2023) extends this to note its potential to improve transaction 

efficiency while maintaining compliance with regulatory requirements such as AML and 

KYC. 

Zhou et al. (2021) propose an alternative key-value database system that 

integrates the scalability and flexibility of NoSQL with ACID transaction types, 

demonstrating the potential for scalable data infrastructures in blockchain applications. 

Their findings support the technical feasibility of implementing blockchain for 

micropayments, aligning with the objectives of the Teranode system. 

Transaction Costs and Processing Times 

Blockchain technology offers the potential to reduce transaction costs 

significantly. Baum et al. (2023) argue that decentralizing data privacy can protect 

personal data while reducing costs associated with traditional financial transactions. 

Finck and Moscon (2019) highlight the potential for blockchain to facilitate transparent 

and disintermediated transactions, enabling micropayments and standardized licensing 

terms. However, they also identify structural challenges, such as the volatility of 
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cryptocurrencies and network effects, which can impact transaction costs and processing 

times. 

Financial Inclusion and Decentralization 

Blockchain technology holds significant promise for financial inclusion, 

particularly in underserved regions. Studies by  Levin et al. (2018), Mhlanga (2023a), 

Mohamed et al. (2023), and Rahman (2024) emphasize the potential of the blockchain to 

provide access to financial services for unbanked populations, while others, such as 

Nanchengwa (2022), have extended this to banking and mobile technology. By reducing 

transaction costs and enabling micropayments, blockchain can facilitate economic 

participation and growth. Chen et al. (2021) and Zyskind et al. (2015) further explore the 

implications of decentralization, noting that while it can enhance data privacy and 

security, it also presents challenges in terms of governance and control (Crain et al., 

2021). 

Peer-to-Peer Networking and IP-to-IP Exchanges 

Peer-to-peer (P2P) networking is fundamental to the design of a blockchain, 

allowing direct exchanges between individuals without intermediaries, thereby reducing 

transaction costs. In the context of blockchain, P2P transactions are facilitated through 

IP-to-IP exchanges, where users can communicate and transact directly. This approach is 

advantageous for micropayments, enabling real-time, low-cost transactions. Research by 

Essaid et al. (2020) and Crain et al. (2021) supports the effectiveness of P2P networking 

in enhancing transaction speed and reducing costs. 
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Nodes, as defined by Nakamoto (2008, p. 5), play a crucial role in the blockchain 

ecosystem. In Nakamoto’s whitepaper, nodes are effectively miners who validate and 

record transactions, ensuring the integrity and security of the blockchain. However, there 

is a growing misconception in the blockchain space about the nature of nodes. Many 

systems promoted as “decentralized” are no more than “fat clients” that do not participate 

in the mining process (and hence play no part in securing the Blockchain network). 

Walch (2020) and Hofman et al. (2021) discuss the deceptive nature of such 

decentralization claims, emphasizing the need for clarity and transparency in defining 

node functionality. 

Addressing Privacy and Security Concerns 

Privacy and security are critical considerations in the adoption of blockchain 

technology. Zyskind et al. (2015) and Li et al. (2020) discuss the importance of 

maintaining data privacy while ensuring system security. They highlight the role of 

cryptographic techniques and consensus mechanisms in protecting transaction data, 

emphasizing the need for continuous improvement to address evolving security threats 

and maintain user trust. 

Critical Analysis and Synthesis 

Aramonte et al. (2021) highlight the risks associated with DeFi platforms, 

including technical, financial, and regulatory risks, as well as the illusion of 

decentralization. Barberbeau et al. (2022) and Sun and Stasinakis (2021) further elaborate 

on the illusion of decentralization, particularly in the context of governance structures 

within DeFi platforms. Crain et al. (2021) and Daian et al. (2020) provide valuable 



23 

 

perspectives on the security and scalability of blockchain systems, emphasizing the need 

for advanced technical solutions and regulatory oversight. Qin et al. (2022) and Thibault 

et al. (2022) explore concepts related to Blockchain Extractable Value (BEV) and rollups 

as a solution for blockchain scaling. 

The Theory and Frameworks 

The literature underlines the transformative potential of blockchain technology 

(Bostic et al., 2020), especially in tackling the inefficiencies associated with 

micropayments. However, significant challenges remain. The issues include those related 

to scalability, economic efficiency, and the assimilation of blockchain into existing 

financial systems (Aldoubaee et al., 2023). This review has been drafted to provide a 

comprehensive analysis of current research aimed at overcoming these challenges. The 

review was designed to identify gaps in the literature and explore the potential of 

blockchain technology, with a focus on the Teranode system. The analysis was steered by 

the theoretical frameworks of Diffusion of Innovations (DOI) and Transaction Cost 

Economics (TCE), which proffer valuable insights into the adoption and economic 

sustainability of blockchain for micropayments. 

Theoretical Frameworks 

Diffusion of Innovations Theory (DOI). The Diffusion of Innovations (DOI) 

theory, instituted by Rogers in 1962, serves as a foundational framework for 

understanding how new technologies, such as blockchain, are realized across a 

multiplicity of distinct sectors. DOI highlights five essential factors—relative advantage, 

compatibility, complexity, trialability, and observability—that influence adoption rates 
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(Jain et al., 2024). Applying this framework to blockchain, precisely to the Teranode 

system, uncovers the impact of scalability on these factors and how they interact to either 

facilitate or hinder blockchain adoption for micropayments (Jean Pierre & Mombeuil, 

2023). 

Relative advantage refers to the degree to which an innovation is identified as 

being superior to presented alternatives (E. M. Rogers, 2010). In the context of 

blockchain, scalability is a crucial aspect that highlights its relative advantage over 

conventional financial systems. The capacity of Teranode to process over a million 

transactions per second meaningfully reduces costs, expands efficiency, and decreases 

delays in micropayment transactions. These advantages make it an attractive answer for 

businesses dealing with high-volume, low-value transactions. Scalability directly 

augments the appeal of blockchain by addressing the inefficiencies of traditional systems, 

which often impose prohibitive fees on small transactions (Catalini & Gans, 2020). More 

broadly, the scalability of Teranode makes blockchain a viable option for large-scale use 

in global commerce, offering practical advantages that can meet broader market demands 

for efficient and secure payment systems (M. Xu et al., 2023). 

However, the perception of scalability plays a critical role in adoption (Choi et al., 

2020). While blockchain has inherent advantages in cost and transaction speed, 

businesses may still perceive the technology as untested or unproven at large scales, 

which can slow adoption (Liang et al., 2021). This highlights the importance of 

marketing and user experience design in shaping perceptions. By emphasizing the 

scalability of blockchain solutions, companies like Teranode can better address potential 
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adopters’ concerns about performance at scale. Clear demonstrations of the capacity of 

blockchain to handle real-world transaction volumes are crucial for increasing confidence 

in its scalability and accelerating adoption (N. Malik et al., 2022; S. Malik et al., 2021). 

Compatibility assesses how well an innovation fits with existing systems, values, 

and regulations (Rogers, 1962). In the blockchain ecosystem, compatibility is habitually a 

barrier due to the decentralized nature of blockchain and the centralized configurations of 

traditional financial coordination (Kouhizadeh et al., 2021). Teranode addresses this 

challenge by offering a scalable solution that can be integrated with existing 

infrastructures. For instance, companies can implement blockchain alongside their 

traditional payment systems without completely overhauling their financial architecture 

(Sarker & Datta, 2022). The ability to scale blockchain incrementally allows businesses 

to test blockchain solutions while maintaining compliance with industry regulations such 

as AML and KYC (Moreno et al., 2021). By increasing transaction throughput and 

reducing operational costs, scalability makes blockchain more compatible with high-

volume transaction systems, boosting its appeal across various industries. 

However, scalability also presents specific technical compatibility challenges, 

particularly with consensus mechanisms and the integration of decentralized systems into 

established financial frameworks (Antal et al., 2021). The scalability of blockchain 

depends on resolving issues like latency and transaction finality, especially in systems 

that rely on consensus algorithms such as proof-of-work or proof-of-stake (Cai et al., 

2022b). Furthermore, developments like sharding, which separates the blockchain into 

smaller, more manageable segments—are claimed to be essential for improving 
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scalability. However, they also raise concerns about compatibility with existing networks 

and protocols (Dang et al., 2019; Han et al., 2021; Hashim et al., 2022). These issues 

should be tackled to ensure that efforts to solve scalability do not weaken or undercut the 

pronounced goal of creating a decentralized, secure financial system (Toufaily et al., 

2021). 

Complexity refers to the perceived difficulty of realizing and using an innovation 

(Rogers, 1962). In the case of blockchain, its complexity has historically been a sizable 

barrier to widespread adoption (Toufaily et al., 2021). The underlying technologies in a 

Blockchain—cryptography, consensus mechanisms, and decentralized systems—are not 

easily understood by non-technical users (Hoffman et al., 2020). The scalability 

improvements in Teranode help alleviate some of this complexity by permitting smoother 

operations, even as transaction volumes increase. Scalability reduces the need for users to 

worry about the technical limitations of blockchain systems, making them more 

accessible to businesses without deep technical expertise (Khan et al., 2021; Nasir et al., 

2022). 

However, increasing scalability often introduces new infrastructure challenges. 

For example, latency—the delay between submitting and confirming a transaction—

becomes a significant issue as transaction volumes increase (Nasir et al., 2022). 

Consensus mechanisms must evolve to handle higher transaction throughput without 

compromising security or decentralization (Altarawneh et al., 2020). Additionally, efforts 

like sharding and layer 2 solutions introduce further complexities, as they require 

businesses to navigate new protocols and architectures to maintain scalability (Manuskin 
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et al., 2020). Assessing the need to scale while minimizing complexity is an ongoing 

challenge. While the design of Teranode addresses many of these issues, it contains 

remnants of an area of active development in the broader blockchain ecosystem. 

Trialability is the degree to which a contraption, innovation, or process can be 

experimented with on a limited basis (Rogers, 1962). Scalability plays a critical role in 

advancing the trialability of a blockchain by helping businesses manage pilot programs 

with minimal risk. For example, the ability of Teranode to handle high transaction 

volumes makes it easier for companies to test blockchain for micropayments without 

overhauling their existing infrastructure. Businesses can implement scalable blockchain 

solutions in specific segments of their operations, such as digital payments or supply 

chain tracking (Al-Rakhami & Al-Mashari, 2022; Kouhizadeh et al., 2021), while 

maintaining their traditional systems elsewhere. This modular approach allows businesses 

to assess the real-world benefits of blockchain without committing to a complete 

transition (Alamsyah & Syahrir, 2024). 

Scalability also makes it possible for businesses to experiment with blockchain in 

environments where high transaction volumes are expected (X. Liu et al., 2023). For 

instance, industries like gaming and digital content creation, which rely on 

micropayments, can test the scalability of blockchain in handling large numbers of small 

transactions (Manzoor et al., 2020). The scalability of Teranode directly enhances 

trialability by reducing the technical and financial barriers to experimentation, thus 

accelerating blockchain adoption. The capacity to scale pilot programs allows companies 
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to observe blockchain performance under load, increasing their conviction as to its 

capabilities. 

Observability refers to the degree to which the advantages of innovation are 

visible to others (Rogers, 1962). In blockchain, scalability makes these benefits more 

observable by providing clear, assessable improvements in performance, such as lower 

transaction fees and faster processing times. The noted scalability enhances the 

observability of advantages expressed through a blockchain by demonstrating how the 

system can handle millions of transactions per second with minimal delays. Businesses 

can easily measure the efficiency gains from using scalable blockchain systems, making 

the technology benefits more visible to potential adopters (Y. Chang et al., 2020). 

However, the perceived observability of blockchain scalability depends on how 

these benefits are communicated to users (Upadhyay, 2020). Even though Teranode can 

process large volumes of transactions, businesses may not immediately recognize these 

advantages if they are not presented clearly. Marketing strategies that emphasize 

blockchain scalability and its tangible benefits—such as reduced costs and faster 

transaction times—can improve observability and drive broader adoption (Toufaily et al., 

2021). 

Scalability-Centric Critique of DOI. While the DOI framework provides 

valuable insights into the adoption of blockchain technology, it does not fully account for 

the unique scalability challenges posed by decentralized systems. DOI assumes a linear 

path of adoption, where improvements in factors like relative advantage and 

compatibility lead to increased diffusion (H.-F. Lin & Lin, 2008). However, blockchain 
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scalability issues—such as latency, sharding, and consensus mechanisms—present 

technical challenges that do not fit neatly into this model. For example, scaling a 

decentralized network involves complex trade-offs between transaction speed, security, 

and decentralization, which the linear framework of DOI does not fully capture 

(Taherdoost, 2022). 

Alternative theories that focus on the technical and infrastructural challenges of 

scaling decentralized systems, such as network effects or infrastructure-focused models, 

may offer a more nuanced understanding of blockchain adoption (I. Lee & Mangalaraj, 

2022). Network effect theories emphasize how the value of a network increases as more 

users adopt it (Katona et al., 2011), which is particularly relevant in blockchain, where 

scalability improvements make the system more valuable for users as transaction 

volumes grow. Similarly, governance mechanisms play a critical role in blockchain 

scalability, as decentralized systems require governance structures to manage consensus 

and protocol upgrades without compromising the integrity of the system (Anthony Jnr., 

2023). 

While DOI provides a strong foundation for understanding blockchain adoption, 

complementary models that address the technical and governance challenges of 

scalability offer more profound insights into how innovations like Teranode can achieve 

widespread adoption in a decentralized world. 

Transaction Cost Economics (TCE) 

Transaction Cost Economics (TCE), as communicated by Oliver Williamson 

(1998), tenders a critical lens for weighing the economic sustainability of blockchain 
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technology, especially in the environment of micropayments (Arbel, 2023). TCE breaks 

down transaction-related expenditures into various categories: search and information 

costs, bargaining and decision-making expenses, enforcement liabilities, and coordination 

hurdles (Suematsu, 2014). The cutting-edge design of Teranode tackles these financial 

strains by capitalizing on scalability, allowing blockchain systems to accommodate 

expanding transaction volumes without sacrificing efficiency. The core tenets of TCE 

draw heavily from Ronald Coase’s seminal work on transaction costs, especially his 

insights into how governance frameworks influence the efficiency of economic 

exchanges (Slater & Spencer, 2000). 

A key concept in Coase’s theory is that the effectiveness of a transaction is 

heavily shaped by the governance structure within which it operates (Coase, 1995a). In 

conventional financial systems, transaction costs are frequently inflated due to the 

involvement of numerous intermediaries, convoluted regulatory demands, and the 

necessity for comprehensive record-keeping and data verification (Schwarcz, 2022). Each 

additional intermediary compounds the costs, particularly in systems ill-suited to manage 

small, high-frequency transactions like micropayments (European Central Bank., 2023). 

Coase asserted that such transaction costs detract from economic efficiency, especially in 

low-value transactions where overhead may exceed the actual value of the exchange 

(Aftab, 2002). 

Blockchain technology, particularly platforms like Teranode, presents a radically 

different solution by enabling direct peer-to-peer exchanges, circumventing the need for 

middlemen. The decentralized configuration of Bitcoin significantly cuts down on the 
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expenses typically associated with data verification and ledger maintenance (Romano & 

Schmid, 2021). Teranode, with its ability to scale seamlessly, facilitates the processing of 

micropayments by minimizing operational overhead, making these transactions 

economically feasible where they would otherwise be unviable. The distributed model 

deployed in a Blockchain, in line with Coase’s insights, reduces these extraneous costs, 

allowing micropayments to become practical in ways that traditional financial 

frameworks cannot support (Meyerhof Salama, 2024).  

Scalability and Reducing Transaction Overheads 

Search and information costs, traditionally high in conventional financial systems 

due to manual data verification and reliance on intermediaries, are drastically reduced 

through the decentralized validation processes of Teranode (Ozili, 2022). By distributing 

transaction authentication across a peer-to-peer network, Teranode automates much of 

the data handling, thereby eliminating the need for third-party verification. Its large 

transaction capacity allows it to process extensive transaction volumes efficiently, even 

as the blockchain continues to grow. The use of sharding—which divides the blockchain 

into smaller, independently processed segments—further accelerates validation, reducing 

the operational overhead associated with large transaction datasets (X. Liu et al., 2023). 

Coase’s insights into the need to minimize these administrative burdens (Coase, 

2012, pp. 62, 209) are clearly reflected in the Teranode design, where search and 

information costs are significantly reduced, making the processing of micropayments 

feasible (Birner & Garrouste, 2003). By concurrently processing data across multiple 

shards, the system reduces the financial burden typically associated with data retrieval 
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and verification, driving down search costs even as transaction volumes increase 

(Abdelhafiz & Elhadef, 2021). 

Bargaining and decision-making costs, the resources required to negotiate and 

confirm agreements, are similarly minimized by the optimized consensus mechanisms of 

Teranode. In traditional systems, intermediaries are heavily involved in negotiations and 

decision-making (Abbott et al., 2021), resulting in delays and increased costs (Walters, 

2023). Teranode replaces these intermediaries with automated consensus, allowing nodes 

to swiftly validate transactions with minimal resource expenditure. Its ability to maintain 

low-latency transaction processing and high transaction throughput minimizes the time 

and computational energy required to reach consensus, keeping bargaining costs low 

even as the system expands. As Coase highlighted, reducing decision-making costs is 

crucial in maintaining economic efficiency, especially as transaction sizes decrease, 

making the cost of negotiation disproportionate to the value of the transaction itself 

(Fehlner, 2024). 

Coordination Costs and Communication Complexities. As blockchain systems 

grow, coordination costs—the resources required to maintain synchronization and 

agreement across nodes—can rise significantly (H. Jin & Xiao, 2021). The decentralized 

nature of blockchain requires constant communication and consensus among an 

increasing number of participants, which can create substantial coordination burdens. 

Teranode mitigates these challenges through sharding, allowing transactions to be 

processed concurrently in separate segments (X. Liu et al., 2023). This division lightens 
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the load on individual nodes, enabling the network to handle larger volumes of 

transactions without proportionally increasing coordination burdens. 

However, while sharding reduces overall complexity, it introduces potential 

difficulties with cross-shard communication, where transactions spanning multiple shards 

must be coordinated and validated between segments (Han et al., 2021). Poorly managed 

cross-shard communication can slow down validation and expose the network to security 

risks (Abdelatif et al., 2021). Teranode addresses these issues by implementing efficient 

communication protocols that streamline interactions between shards, ensuring that data 

is synchronized and secured without compromising performance. Despite these 

improvements, the complexity of cross-shard interactions remains a key factor in 

maintaining network integrity as transaction volumes grow (Hashim et al., 2022). 

Coase’s principle that coordination costs should be minimized for efficient market 

functioning applies here (Coase, 2012), as the design in Teranode helps reduce these 

overheads, preventing inefficiencies as the system scales. This directly supports the 

theory that decentralized networks, when optimized, can reduce overall transaction costs 

by streamlining coordination and communication, even as the number of nodes increases 

(Vergne, 2020). 

Policing and enforcement costs—the expenses associated with ensuring that 

transactions are valid and comply with network rules—are also minimized in the 

decentralized model of Teranode. Unlike traditional systems, where these costs are high 

due to centralized oversight and legal enforcement (Mertzanis, 2020), Teranode 

distributes enforcement responsibilities across its decentralized architecture. Each node 
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contributes to the validation and enforcement of rules, ensuring that compliance is 

achieved through real-time transaction validation rather than post-transaction audits. This 

decentralized enforcement model keeps policing costs low, even as the blockchain 

expands and processes larger transaction sets, further aligning with Coase’s observations 

about how decentralized governance structures can reduce enforcement overhead in 

economic systems (Plaček et al., 2020). 

Navigating Trade-Offs Between Scalability and Decentralization. The 

scalability optimizations in Teranode, including layer 2 solutions and sharding, 

significantly enhance transaction processing speeds and reduce operational costs. 

However, these advancements also introduce trade-offs between scalability and 

decentralization (Singh et al., 2020). Layer 2 solutions, which shift transaction processing 

to secondary networks, boost throughput but can reduce transparency and challenge the 

decentralized nature of the blockchain (Abdelhafiz & Elhadef, 2021). Transactions 

processed off-chain in these secondary layers are less visible, which creates potential 

trust issues and requires more centralized oversight to maintain security and accuracy 

(Agarwal et al., 2022). 

This reduced transparency in off-chain transactions could undermine user 

confidence (Gazi, 2024), especially if the decentralized ethos of the blockchain is 

perceived to be compromised (Filippi et al., 2024). Teranode attempts to balance this by 

maintaining robust security protocols on the main network, ensuring that decentralized 

validation remains a core feature. However, the tension between scaling the system and 
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maintaining its decentralized integrity is an ongoing governance challenge that must be 

managed carefully (Anthony Jnr., 2023). 

Governance in Dynamic Blockchain Networks. One limitation of Transaction 

Cost Economics (TCE) when applied to blockchain is its reliance on static governance 

models, which fail to address the dynamic needs of rapidly growing decentralized 

systems. As blockchain networks like Teranode expand, their governance structures must 

adapt to manage increased transaction volumes, emerging security risks, and expanding 

user participation. Adaptive governance frameworks, characterized by flexible decision-

making processes, are essential for ensuring that scalability challenges are met while 

maintaining decentralization (Brass & Sowell, 2021). For Teranode, this approach 

enables seamless scaling by aligning decision-making processes with the technical and 

operational demands of high-frequency, low-value transactions, thereby supporting its 

role in optimizing micropayments. 

Additionally, network theory provides a complementary perspective on how the 

structure of node connections impacts scalability and economic efficiency (Goyal, 2023, 

p. 12). Teranode’s optimized network topology, designed to minimize communication 

delays and facilitate smooth data flow, helps keep coordination costs low. By ensuring 

that nodes communicate efficiently, even as the number of transactions rises, Teranode 

preserves network performance while minimizing operational overhead. This network-

focused approach complements TCE’s emphasis on reducing transaction-related costs 

(Williamson, 1998), highlighting the importance of network design in sustaining scalable 

blockchain systems. 
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Summary. While TCE offers a valuable lens for evaluating the economic 

efficiency of a blockchain, its assumptions about static governance structures do not fully 

align with the evolving needs of blockchain systems. The architectural innovations of 

Teranode—including sharding, optimized consensus, and layer 2 solutions—substantially 

reduce search, bargaining, enforcement, and coordination costs, making large-scale 

blockchain networks more economically viable. Coase’s foundational ideas about 

minimizing transaction overheads are reflected in the ability to reduce intermediary 

reliance and streamline transaction validation when Teranode is deployed. However, the 

inherent trade-offs between decentralization and scalability (Altarawneh et al., 2020; 

Singh et al., 2020), particularly regarding transparency and governance, must be carefully 

balanced to preserve system integrity. Incorporating frameworks like adaptive 

governance and network theory can provide deeper insights into how blockchain systems 

like Teranode can evolve and maintain both efficiency and decentralization as they grow. 

Blockchain Technology and Scalability 

The decentralized arrangement of blockchain, while advancing enhanced levels of 

security and resilience, additionally introduces significant scalability issues (N. Malik et 

al., 2022). Scalability, in this context, refers to a network capacity designed to handle 

increasing transaction volumes without compromising its performance or security. 

Studies by Li et al. (2020) and Baudier et al. (2022) emphasize that as transaction 

volumes expand, these systems repeatedly encounter processing delays, increasing costs, 

and amassed computational burdens. These problems are particularly evident in public 
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networks, where each node independently validates and records transactions, resulting in 

potential bottlenecks. 

Challenges of Scalability in Blockchain 

One of the primary challenges with scaling these systems, as noted by Li et al. 

(2020), is the linear expansion of the network size, which directly impacts the time and 

resources needed for nodes to process transactions. This outgrowth leads to slower 

processing periods and increased latency, which dissuades the acceptance of this 

technology for applications requiring high transaction throughput, such as 

micropayments. Baudier et al. (2022) further highlight how consensus mechanisms like 

Proof of Work (PoW) exacerbate scalability limitations, as they are resource-intensive 

and inefficient at managing high transaction volumes. These constraints raise concerns 

about the practicality of applying this system to commercial settings that demand fast, 

low-cost transactions (European Central Bank., 2023). 

Despite these obstacles, this technology holds substantial potential for facilitating 

micropayments and other small-scale financial transactions (Srivastava, 2020), provided 

that scalability concerns are addressed. The Teranode system, developed to enhance the 

capacity of these networks, offers a potential solution (Manuskin et al., 2020). By 

rethinking the underlying architecture, Teranode aims to increase transaction capacity 

significantly without sacrificing security or performance. Techniques such as parallel 

processing and optimized data structures are used to reduce the time and computational 

power required for transaction validation, leading to greater network efficiency 

(Nyffenegger, 2023). 
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However, while Teranode proposes a promising path to overcoming scalability 

challenges, the broader economic implications must be carefully considered (C. Lin et al., 

2020). Enhancing scalability could lead to lower costs and faster transaction processing, 

both crucial for widespread adoption in global commerce (Albshaier et al., 2024). 

Nevertheless, these improvements must be balanced against potential trade-offs, 

including increased centralization or the need for more advanced hardware, which could 

undermine decentralization and create new barriers to entry (Murimi et al., 2023). Thus, 

scalability not only impacts the technical performance of the system but also its economic 

feasibility and ability to promote financial inclusion worldwide (Bennet et al., 2024). 

While this technology offers strong security and the potential to reshape 

micropayments, scalability remains a critical barrier to its broader application (Dong et 

al., 2023). Research highlights the importance of solutions like Teranode to mitigate 

these challenges and expand the usefulness in high-transaction environments (Jahid et al., 

2023). Addressing scalability is essential for realizing the full economic and social 

potential of this innovation, particularly in transforming global commerce and advancing 

financial inclusion (Bostic et al., 2020). 

Blockchain Technology and Scalability 

The evolution of blockchain since Nakamoto’s (2008) introduction of a 

decentralized system for secure transactions has been substantial, yet scalability remains 

a pressing concern, particularly when addressing micropayments. Research by Li et al. 

(2020) and Baudier et al. (2022) highlights the importance of developing scalable 

solutions capable of processing high volumes of transactions without sacrificing security 
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or operational efficiency. The Teranode system, designed to accommodate frequent, low-

value transactions, offers a potential pathway to address these scalability issues. 

Nevertheless, employing such a system requires matching scalability with security and 

cost-efficiency (Alshahrani et al., 2023). 

Mougayar (2016) establishes that while this technology can fulfill the promise to 

revolutionize industries, its scalability challenges must be solved to qualify for broader 

adoption. Crain et al. (2021) reinforce this view, emphasizing the need for innovative 

approaches to improve transaction throughput and safeguard network resilience. The 

Teranode system design, which harnesses a decentralized network of nodes to enhance 

scalability, aligns with these conclusions. However, further investigation is necessary to 

determine how well the system performs under practical, high-transaction conditions and 

whether it can address the scalability barriers encountered by other platforms (Abdelhafiz 

& Elhadef, 2021). 

Simplified Payment Verification (SPV) and Economic Efficiency 

SPV is a significant trait that defines any scalable blockchain system (Guo et al., 

2024). This technology permits lightweight clients to confirm the transactions these 

accept without downloading the entire ledger. First introduced by Nakamoto (2008), SPV 

has seen extensive adoption due to its ability to significantly reduce computational 

requirements while enhancing transaction speed. Alamsyah and Syahrir (2024) 

underscore SPV’s utility in financial services, emphasizing its capacity to improve the 

efficiency of blockchain-based transactions. 
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Hossain (2023) develops this by exploring the role of SPV in meeting regulatory 

standards such as Anti-Money Laundering (AML) and Know Your Customer (KYC) 

protocols. The ability of SPV to streamline transaction verification while ensuring 

compliance with these stringent regulations makes it an essential component for 

implementing blockchain in micropayment platforms (Connell, 2022). By lowering 

computational complexity and expediting transaction times, SPV bolsters the economic 

feasibility of blockchain-powered micropayments, particularly in cross-border settings 

where conventional financial systems often incur high fees. 

Zhou et al. (2021) propose a novel key-value database that weds the scalability 

and flexibility of NoSQL systems with the transactional integrity of ACID features. Their 

findings reinforce the technical applicability of SPV within scalable blockchain systems 

like Teranode, particularly in handling micropayments. The reliance on SPV in Teranode 

for efficient transaction processing is achieved without sacrificing security or 

compliance. This supports the notion that it could offer a substantial advantage over 

legacy financial systems (Kashi, 2023). 

Peer-to-Peer Networking and IP-to-IP Exchanges 

Peer-to-peer (P2P) networking serves as a fundamental component of blockchain 

technology by facilitating direct interactions between individuals without the need for 

intermediaries. Nakamoto’s (2008) seminal notion for Bitcoin included IP-to-IP 

transactions, accelerating direct transfers and exchanges across the internet. This method 

proves particularly beneficial for micropayments, as it supports real-time, low-cost 
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transactions while avoiding the overhead inherent in traditional financial infrastructures 

(Afjal et al., 2023). 

 Essaid et al. (2020) and Crain et al. (2021) affirm the advantages of P2P 

networking in accelerating transaction times and minimizing expenses. The Teranode 

system expands on this principle by enabling IP-to-IP exchanges within a decentralized 

network of nodes (Essaid et al., 2020). Through on-chain validation and settlement, 

Teranode offers a reliable platform for micropayments, staying true to Nakamoto’s initial 

blueprint for blockchain systems. 

 Despite the clear benefits of P2P networking, misconceptions persist regarding 

the role of nodes in blockchain networks. Many systems claiming decentralization rely on 

so-called fat clients that contribute little to network security. Walch (2020) and Hofman 

et al. (2021) critique these claims, stressing the importance of transparency when defining 

node functionality. The Teranode system addresses this concern by ensuring that all 

nodes actively participate in transaction validation, safeguarding both the integrity and 

security of the network. 

Transaction Costs and Processing Times 

A key advantage of blockchain technology is its ability to significantly reduce 

transaction costs. Baum et al. (2023) assert that decentralizing data privacy over 

distributed ledger systems not only boosts personal data protection but also slashes the 

expenditures typically incurred in established financial transactions. By bypassing 

intermediaries and facilitating direct peer-to-peer exchanges, blockchain has the potential 
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to dramatically decrease transaction fees, particularly for micropayments (European 

Central Bank., 2023). 

Nevertheless, Finck and Moscon (2019) emphasize that inherent structural 

challenges, such as the volatility of cryptocurrencies and the effects of network 

scalability, can influence both transaction costs and processing times. Addressing these 

obstacles is crucial for platforms like Teranode to fulfill their promise of low-cost, 

streamlined transaction processing (Arbel, 2023). The architecture of Teranode is 

specifically designed to optimize processing speeds and minimize costs by efficiently 

allocating network resources, thus addressing the scalability challenges associated with 

decentralized systems (Benhaim et al., 2023). 

Cheng et al. (2021) further stress the significance of factors such as transaction 

size and network conditions in determining processing efficiency. The architecture of 

Teranode, which allows for the swift processing of transactions regardless of their size or 

network congestion, plays a critical role in its suitability for global commercial 

applications (Cai et al., 2022a). To guarantee optimal performance, Teranode integrates 

advanced statistical tools (Alderete & Fernanda, 2020; Haq et al., 2021) such as CUSUM 

and FMEA to monitor system performance, identify potential faults, and preemptively 

address inefficiencies (Cardiel-Ortega & Baeza-Serrato, 2023). This data-driven tactic 

augments the transaction throughput throughout the system and ensures a near-zero error 

rate (Hassani et al., 2024). The result is to deliver a reliable option for enabling 

micropayments on a global scale. 
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Moreover, the reliance of Teranode on sophisticated risk management 

methodologies enables it to mitigate risks typically associated with high transaction 

volumes (Rezaeian et al., 2024). Techniques such as statistical process control (SPC) and 

Monte Carlo simulations are employed to model potential outcomes and reduce 

variability in processing times (Chiang & Chiang, 2024, pp. 35, 109), contributing to the 

stability and predictability of transaction performance (Zsidisin et al., 2024). This 

integration of statistical and risk management principles further positions Teranode as a 

robust solution for supporting efficient, cost-effective transactions, regardless of the 

network operational load or the complexity of the transaction. 

Financial Inclusion and Decentralization 

In a world bound by centralized limitations, where borders and bureaucracies 

restrict admission to financial services, blockchain technology emerges as a beacon of 

liberation. Mhlanga (2023b) and Rahman (2024)recognize this force. The unbanked, the 

forgotten, the isolated, these are the individuals the technology of blockchain serves. By 

breaking the chains of centralized authorities, blockchain delivers what traditional 

systems have failed to offer. It is the architecture of freedom; decentralization, when 

unshackled, opens the door to economic participation for those abandoned by 

conventional banking systems. 

 However, the idea of decentralization has been corrupted. Walch (2020) and 

Hofman et al. (2021) reveal the deception of so-called decentralized systems, their hollow 

claims built on the centralization of fat clients and non-participating nodes. These shams 

masquerade as decentralized entities, but they undermine the very integrity they claim to 
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protect. The Teranode system obliterates this facade. Every node is a participant. Every 

transaction is validated. This is what true decentralization means. It is not a hollow claim 

but a reality where security and resilience emerge from the very architecture itself. 

 Consider the scope of what is possible. With the reduction of transaction costs 

(Coase, 1995b; Daske, 2019) and the seamless facilitation of micropayments, the barriers 

to economic participation fall (Aloun, 2024). In the underserved regions of the world, 

individuals and businesses can now engage in global commerce. The Teranode system 

does not just offer access—it grants freedom. It is more than a system; it is the gateway to 

economic equality. In these regions, where hope has long been buried under the weight of 

bureaucracy and exclusion, the democratization of financial services becomes the 

ultimate act of defiance. It creates opportunities. It creates power. 

Addressing Privacy and Security Concerns 

The protection of privacy is not an afterthought. It is the very foundation upon 

which the future of financial transactions rests. Zyskind et al. (2015) and Li et al. (2020) 

speak of this imperative: the need to safeguard the data of the individual while preserving 

the strength of the system itself. Cryptography is the weapon, the shield that stands 

between the individual and those who seek to destroy privacy. However, even this must 

evolve. The threats grow, the world changes, and only by advancing these methods can 

we protect what is rightfully ours. 

Teranode operates as an active security architecture rather than a passive 

framework. Through the implementation of SPV and direct peer-to-peer networking, the 

design minimises the exposure of sensitive data and maintains the integrity of each 
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transaction (Sunde & Wright, 2023). There is no partial protection; the system either 

meets its security objective or it fails. Teranode achieves this objective. Every transaction 

is validated, and every record is secured. In achieving these outcomes, confidence in the 

framework arises from demonstrable performance rather than perception. Trust is derived 

from verification and consistent adherence to established principles (Srivastava, 2020). 

Security is not an optional feature; it defines the system’s function. 

This is the future—micropayments now operate without the inefficiencies that 

once constrained them, enabling individuals previously excluded from participation 

(Bostic et al., 2020) to engage in the global marketplace with genuine empowerment 

rather than limitation. The design remains resistant to external pressures, grounded in 

architecture and rule rather than will. It is not a sentient system but an engineered 

framework—a philosophy embodied in code, structured on the principle that scale and 

security are not opposed but identical in purpose (Baran, 1964). 

The Role of Nodes in the Bitcoin Network 

The misapprehension encompassing the function of nodes within the Bitcoin 

network is not merely a technical blunder—it is a structural misunderstanding of the 

design, purpose, and nature of decentralized authority as deployed in the system (Hofman 

et al., 2021). Full nodes, hailed by many as pillars of decentralization (Essaid et al., 

2018), are no more than record keepers—incapable of shaping the future of the network, 

its consensus, or its security. The true power, the force that drives the Bitcoin network, 

lies solely in the hands of miners. To confuse the passive existence of full nodes with the 
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active participation of miners is to fail to grasp the essential nature of this decentralized 

system. 

Miners, as outlined with precision in Section 5 of the Bitcoin White Paper 

(Nakamoto, 2008), are the only entities responsible for creating blocks through the proof-

of-work mechanism. This process is not one of chance or communal agreement; it is a 

competition—an unforgiving race to solve complex cryptographic puzzles (Tedeschi et 

al., 2024). The miner who succeeds earns the right to append the following block to the 

blockchain and, with that, the power to advance the state of the network. This is 

decentralization in its truest sense—not a passive network of observers but an active, 

dynamic system where economic incentives align with technological integrity. The 

network of miners is not just interconnected for efficiency; it is interconnected by 

necessity, ensuring the rapid propagation of new blocks (Javarone & Wright, 2018). Any 

delay in this process risks financial loss, orphaned blocks, and, ultimately, inefficiency. 

In Bitcoin, there is no room for hesitation. There is only power for those who produce, 

who validate, who secure (Crailsheim, 2023). 

Contrast this with full nodes—nodes that hold the complete history of the 

blockchain but have no stake in its future. Full nodes do not participate in block creation, 

and their validation of transactions is merely an exercise in record-keeping. Should a full 

node reject a block validated by the miners, the network does not waver (J. R. Rogers, 

2023). Passive entities do not dictate the consensus; it is determined by those who exert 

computational effort and produce blocks. A full node, whether online or offline, is a 

spectator to the consensus reached by the miners. Bitcoin does not rely on their approval, 
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and thus, full nodes are immaterial to the blockchain continuity and validity (Warren, 

2023). 

This distinction obliterates the misguided belief that full nodes contribute to the 

decentralization or security of the network. In reality, decentralization is the product of 

competitive mining, of economic incentives driving miners to validate transactions and 

create blocks (Crailsheim, 2023). It is not the number of nodes holding a copy of the 

blockchain that makes the system secure—it is the decentralized competition of miners 

who are economically rewarded for their work (J. R. Rogers, 2023). The security of 

Bitcoin is rooted in production, in the computational power expended by miners. Full 

nodes, disconnected from this process, are mere bystanders. 

The Economic Perspective on Decentralization 

The popular narrative surrounding decentralization often posits that more nodes 

equal more decentralization (Walch, 2018). This is a simplistic and dangerously 

erroneous view. Decentralization, in the context of Bitcoin, does not arise from the 

proliferation of full nodes. Baran’s (1964) theory of decentralization, which warns 

against centralized control and points of failure, is often misapplied to full nodes. A full 

node is not a participant in the economic or security apparatus of Bitcoin. It holds no 

power to shape consensus, to validate blocks, or to secure the network. It is a repository 

of information, nothing more. 

Genuine decentralization within Bitcoin is found in the miners and the stable 

protocol that is “set in stone” (Notland et al., 2023). These entities are driven by 

economic incentives, competing to validate transactions and append new blocks to the 
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blockchain (Warren, 2023). The activity is ruthless, unforgiving, and profoundly 

decentralized. Miners are the proverbial lifeblood of the network, ensuring that no single 

entity can gain domination or manipulate the system. The Teranode system exemplifies 

this principle by enhancing the efficiency and scalability of the mining process. Through 

optimized computation and block propagation, Teranode strengthens the competitive 

forces that drive the decentralization and security within the Bitcoin network. 

The idea that decentralization is served by everyone running a “full node” is a 

fallacy (J. R. Rogers, 2023). Decentralization is not a function of passive replication—it 

is an occupation of active competition. The miners, not the full nodes, execute the 

decisive work of securing the network, validating transactions, and preserving the 

integrity of the blockchain. Teranode, by amplifying the capabilities of miners, ensures 

that Bitcoin remains secure, decentralized, and scalable—not through the multiplication 

of passive nodes, but through the relentless efforts of those who produce value. 

Competition and Transparency in Bitcoin Mining 

Adam Smith’s profound understanding of competition and collusion among 

businesspeople, articulated in The Wealth of Nations (Smith, 1776), is a lens through 

which Bitcoin mining can be fully appreciated. Smith observed that those engaged in the 

same trade are often inclined to conspire, seeking to distort the market to their advantage. 

Nevertheless, Bitcoin, by its very design, is structured to repel such manipulations. It is a 

system where transparency is not a byproduct but a fundamental feature, and competition 

is the relentless force that drives both efficiency and security (Carney, 2021). In Bitcoin, 

the miners—driven by economic incentives—compete to solve intricate cryptographic 
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puzzles, and it is this very competition that ensures the system vitality. As miners race 

against each other, transaction fees are driven down, and the network security is bolstered 

(Zhang & Wu, 2021). 

Smith’s (1776) principle that competition fosters consumer benefit is mirrored in 

the dynamics of Bitcoin mining. The unrelenting contest among miners to validate 

transactions and create blocks creates a self-regulating mechanism that maintains the 

affordability of transactions (Di Stefano et al., 2020). Just as competition in traditional 

markets enhances quality and reduces prices, the competition in Bitcoin mining preserves 

the integrity and trustworthiness of the network. Each miner, compelled by profit and 

driven by the transparent rewards of solving cryptographic challenges, contributes to a 

decentralized, competitive ecosystem that serves the interests of every user. The 

consumer, in this case, is not merely an individual seeking lower fees but an entire 

network relying on the security and trust engendered by this competition (Bailey et al., 

2024). 

Implications for the Teranode System 

The Teranode system embodies these economic principles, pushing the 

boundaries of efficiency and scalability in Bitcoin mining. Teranode is not simply a 

technological enhancement; it embodies the theory that a competitive, transparent system 

naturally tends toward greater security and efficiency (J. Chan, 2021). By enabling 

miners to process a higher volume of transactions with enhanced speed and resource 

efficiency, Teranode amplifies the competitive dynamics at the core of Bitcoin mining. 

This system leverages the innate economic incentives of miners (Di Stefano et al., 2020; 
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Güner, 2023), ensuring that the network remains both secure and scalable without 

requiring the proliferation of passive full nodes. 

What Smith (1776) recognized centuries ago—that competition breeds innovation 

and consumer benefit (Arrow, 1972)—finds its modern-day application in the 

optimization of mining processes used in Teranode. The system allows miners to increase 

their operational capacity, effectively handling more transactions while reducing the 

computational overhead typically associated with large-scale mining operations 

(Nyffenegger, 2023). The result is a network that not only scales with demand but also 

becomes more robust with every new block added. Teranode harnesses the competitive 

spirit of Bitcoin, turning miners into both the guardians of the network and the drivers of 

its expansion (W. K. Chan et al., 2021). By doing so, Teranode perpetuates the ideals of 

decentralization, not through the misguided proliferation of full nodes, but through the 

economic forces that govern mining—a process where profitability and security are 

inseparable. 

Rethinking the Role of Nodes 

Misconceptions often cloud the conversation around Bitcoin nodes. While full 

nodes play a minor role in maintaining the historical record of the blockchain, they do not 

influence the consensus process—the cornerstone of network security. Miners, driven by 

economic incentives, are the true arbiters of the integrity expressed in a blockchain (Han 

et al., 2023). Their role in securing the network cannot be overstated, and it is this 

dynamic competition among miners that maintains the Bitcoin ecosystem. Full nodes, in 
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contrast, are merely passive observers, holding a copy of the blockchain but not 

contributing to its forward momentum (Dotan et al., 2022). 

The Teranode system redefines the balance of power in this network. By 

empowering miners to handle exponentially more transactions with greater 

efficiency(Fiat et al., 2019), Teranode challenges the conventional wisdom surrounding 

decentralization. It reveals that decentralization is not about increasing the number of 

passive nodes (Papadopoulos et al., 2022) but about amplifying the competitive processes 

that secure the network (Rumbelow, 2023). The decentralization of power in Bitcoin is 

not achieved through static record-keepers but through miners—those who validate, 

secure, and ensure blockchain integrity through their relentless pursuit of profit and 

efficiency. 

The Teranode system, in its optimization of mining operations, highlights the 

crucial importance of economic incentives in maintaining a secure, decentralized network 

(Wen et al., 2021). It is competition, not the passive presence of full nodes, that preserves 

the core principles of Bitcoin. Teranode pushes the boundaries of this competition, 

enhancing both the security and scalability of the network, making it not only a solution 

to today’s challenges but also a foundation for the future growth of Bitcoin. This system 

exemplifies the natural alignment of economic incentives with technical progress (Han et 

al., 2023), ensuring that as Bitcoin evolves, it remains grounded in the principles of 

competition, transparency, and decentralized integrity. 
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Transparency and Competition in Pricing 

Transparency is not a luxury in the Bitcoin network; it is a fundamental necessity, 

the lifeblood that ensures competitive pricing. In a world where power seeks shadows, 

where monopolies thrive in opacity, the blockchain stands as a fortress of open 

information. The decentralized structure of Bitcoin guarantees that every transaction is 

visible to all participants. There are no backroom deals, no clandestine maneuvers to 

exploit the market (Stigler, 1964). Each miner and user can observe fee structures, 

transaction speeds, and the intricate processes at work. This transparency (Hossain, 2023) 

forces adherence to fair practices and eliminates the temptation to manipulate through 

secrecy. Nakamoto (2008) understood that complete information disciplines the market, 

acting as the invisible hand that guides participants toward competitive behavior. It is the 

natural antidote to exploitation. 

In this competitive environment, transparency drives miners to continuously 

improve, to become more efficient and cost-effective (J. Xu et al., 2020). They do not 

merely survive; they innovate. As miners battle for dominance, striving to offer lower 

fees and faster processing times, the user is the ultimate beneficiary. Prices fall, service 

quality rises. This relentless drive toward optimization reflects the principles of perfect 

competition—where firms, or in this case miners, must constantly innovate to outpace 

their rivals. The result is a pricing structure that edges ever closer to the marginal cost of 

production (Arrow, 1962). It is no accident that Bitcoin operates in this way. It is a 

design, an architecture of competition where efficiency is rewarded, and stagnation is 

punished. Catalini and Gans (2020) capture this dynamic as miners, seeking profitability, 
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invest in ever-more efficient hardware and algorithms, ensuring the network vitality 

while delivering value to its users. 

However, competition is not a one-way street to prosperity; the realities of 

economic sustainability must temper it. Excessive competition, left unchecked, risks 

pushing miners beyond profitability, forcing them into a loss-making race where survival 

becomes uncertain (P. Milgrom & Strulovici, 2009). This is the “winner’s curse”—a 

concept made clear by Milgrom & Weber (1982). In their analysis, the winner of a 

competitive auction often pays more than the actual value of the prize, which can lead to 

financial ruin rather than success (P. Milgrom & Strulovici, 2009). The Bitcoin network 

is not immune to this danger. Should miners push their fees too low in the scramble for 

market share, they risk undermining their own viability (J. Levin & Milgrom, 2010). If 

too many miners exit the network or are forced to raise fees abruptly, the system risks 

instability. Competition, while vital, must be balanced with the obligation to ensure that 

nodes or miners continue to operate profitably and that the network remains cost-

effectively sustainable. 

The brilliance of the architecture of Bitcoin lies in its ability to foster competition 

without succumbing to chaos (Zhang & Wu, 2021). It is a system built on the principle 

that transparency forces accountability, competition drives innovation, and economic 

equilibrium must always be preserved. The miners who understand this thrive not only in 

the present but also secure the future of the network. They are not mere participants—

they are the architects of the ongoing success of Bitcoin, maintaining the balance between 

transparency, efficiency, and sustainability (Almabrok, 2023). 
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The Economic Theory of Market Structure: Oligopoly and Competition 

The Bitcoin network operates within the contours of a highly competitive 

oligopolistic market. In this structure, a select few miners wield a substantial portion of 

the network hash power. This composition does not lead to a chaotic free-for-all but to a 

sophisticated dance of interdependence, where each miner’s actions are intricately 

correlated to those of its competitors in a Stackelberg game (Von Stackelberg, 1934). 

This mutual awareness defines the dynamics of an oligopoly—each miner, much like a 

firm in a concentrated market (J. Xu et al., 2020), knows that its success is tied not only 

to its own decisions but to the strategies of others. The miner who fails to recognize this 

reality is doomed to fall behind in the competition, losing both market share and 

profitability. Stigler (1964) recognized this delicate interplay, and it is no less present in 

Bitcoin mining today. 

In the Bitcoin network, miners constantly adjust their strategies to optimize hash 

power output relative to their competitors. This behavior can be perfectly explained by 

the Cournot model, which lays bare the reality of competition (Allaz & Vila, 1993; 

Cournot, 1838). Each miner, like a firm in a concentrated industry, must choose how 

much computational power to contribute. This output—this allocation of hash power—

determines not just their immediate profitability but the security of the entire network. 

The architecture of Bitcoin aligns self-interest with network security. Miners, driven by 

profit, safeguard the integrity of the system through their competitive actions 

(Crailsheim, 2023). 
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When miners reach a Nash equilibrium (Nash, 1950), no participant can 

unilaterally alter their strategy to improve profitability. It is in this equilibrium that the 

network achieves its balance—fees are kept competitive, and the blockchain remains 

secure. The miners, in competition with one another, inadvertently create a stable and 

efficient environment, all while maximizing their returns (Gupta et al., 2022). This 

equilibrium is not the result of collective agreement or collusion, but of independent 

actors making rational decisions in the pursuit of profit. 

Nevertheless, where there is competition, the specter of collusion is never far 

behind. In oligopolistic markets, there exists the constant risk that dominant players may 

recognize the benefits of cooperation over competition. In Bitcoin, where transparency 

serves as a bulwark against backroom deals, the threat of coordinated behavior still 

looms. While miners may tacitly agree to maintain higher transaction fees to maximize 

collective profits, the transparency of the blockchain works to expose such deviations 

from the competitive norm. Yet, the risk remains—an oligopoly always carries with it the 

potential for collusion, especially as the network matures and the number of dominant 

miners remains small. Game theory, and particularly the prisoner’s dilemma, captures 

this potential for collusion (Tirole, 1988). In a system where each miner seeks to act in 

their self-interest, the incentive to cooperate—often to the detriment of the market—

grows. 

Transparency functions as a safeguard in Bitcoin. It prevents collusion from 

quickly taking root, as the actions of miners are visible to all (Basiri et al., 2024; 

Schmalensee, 1976). However, transparency is not an infallible shield (Arnosti & 
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Weinberg, 2022), and the Bitcoin network must remain vigilant. As it evolves, the 

network must constantly guard against the natural tendencies of oligopolistic players to 

collude, whether tacitly or explicitly. The competitive environment that Bitcoin relies on 

for its security and decentralization must not be sacrificed at the altar of collective profit-

seeking. 

Balancing Decentralization and Competition 

Decentralization is not a sacred ideal, but rather a mechanism meant to foster the 

very competition that ensures the survival of the Bitcoin network. Its purpose is not to 

distribute power for its own sake but to encourage an environment where competition 

thrives, where innovation flourishes, and where inefficiencies are crushed beneath the 

weight of market forces. Decentralization (Baran, 1964), when properly harnessed, 

expands the field of participants, but it is not the goal; the goal is the relentless pursuit of 

excellence in a competitive marketplace. The system must remain efficient, resilient, and 

secure. A fully decentralized network, fragmented by numerous small miners, risks 

descending into chaos, leading to operational inefficiencies, escalating costs, and the 

inevitable erosion of profitability (Farrell & Saloner, 1985). Competition requires 

strength, not weakness. To glorify decentralization without acknowledging its limits is to 

undermine the very efficiency that Bitcoin must protect. 

On the other side lies the danger of over-centralization. A network dominated by a 

few influential players may offer the illusion of streamlined efficiency, but it sacrifices 

diversity. This concentration of power breeds vulnerability—a few dominant entities can 

manipulate the market (Arnosti & Weinberg, 2022), impose artificial constraints, and 
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distort the pricing mechanism to serve their interests. True competition is sacrificed at the 

altar of control. A central authority, by any other name, whether explicit or veiled 

through economic might, is antithetical to the principles on which Bitcoin was built. 

The balance between decentralization and competition is not just desirable; it is 

essential for the long-term sustainability of the network. In economic terms, this 

equilibrium is best understood through the concept of contestable markets (J. R. Rogers, 

2023). Even in markets where a few players dominate, the mere threat of new entrants is 

enough to maintain competitive pricing and behavior (Baumol et al., 1982). In Bitcoin, 

the success of the system hinges on this dynamic. The network must remain open to new 

miners, fresh competition, ensuring that barriers to entry are kept low and transparency 

remains uncompromised. When entry is feasible and competitive pressure persists, 

Bitcoin can thrive with a moderate level of centralization—one where a few efficient 

miners can lead without stifling the innovations and fairness that emerge from 

competition. 

However, economic realities remind us that a certain degree of centralization can 

bring about enhanced efficiencies (J. W. Friedman, 1971). Larger miners, endowed with 

the capacity to invest in advanced technologies, gain the ability to optimize their 

operations. Through economies of scale, they reduce costs, increase transaction 

throughput, and make the system more effective. These gains benefit the network as a 

whole, lowering transaction fees and improving overall performance (Zhang & Wu, 

2021). However, efficiency must never come at the expense of competition. A network 
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driven solely by centralization invites abuse; it smothers the competitive forces that drive 

innovation, diminishes costs, and fails to ensure a dynamic, secure environment. 

The challenge, then, is not to choose between decentralization and competition 

but to recognize that their interplay is what sustains the network. Centralization, if 

allowed to expand unchecked, breeds monopolistic tendencies; decentralization, if 

fragmented too far, leads to inefficiency (Svensson & Wijnbergen, 1989). The path 

forward requires balance, a dynamic equilibrium where the power of the market—

unforgiving yet—dictates the course. Only in this environment can Bitcoin continue to 

fulfill its promise: an arena where competition prevails, innovation is rewarded, and 

security is preserved through the natural forces of market dynamics. 

Game Theory and Strategic Behavior in Bitcoin Mining 

Game theory is not merely an abstract exercise in probability and decision-

making (Di Stefano et al., 2020); it is the very architecture that reinforces the strategic 

behavior of nodes within the Bitcoin network. At the heart of this dynamic lies the Nash 

equilibrium, a state where each miner, acting with precision and foresight, chooses the 

optimal level of hash power given the strategies of all other miners. In this equilibrium, 

no miner has the incentive to unilaterally alter their approach (Di Stefano et al., 2020), 

creating a delicate balance in which the network maintains its security and ensures that 

sufficient computational power is consistently directed toward preventing attacks. The 

wisdom of this mechanism is that it aligns self-interest with the collective security of the 

system. The individual miner, motivated by profit, unknowingly becomes a guardian of 

the network. 
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Nevertheless, the complexity of Bitcoin mining extends far beyond this initial 

equilibrium. The system, as all systems rooted in human behavior, is not static—it 

evolves. Miners, locked in continuous competition, face repeated interactions that stretch 

far beyond the present moment. This is where game theory deepens its relevance. In a 

repeated game scenario, the behavior of each participant shifts from immediate gain to 

long-term strategy. The Nash equilibrium, while stable in the short run, becomes a 

fluctuating dance of cooperation and competition (J. R. Rogers, 2023). Tacit collusion 

may emerge—silent alliances formed not through explicit agreement but through the 

unspoken recognition of shared benefit (J. W. Friedman, 1971). In this shadowy space, 

the temptation to consolidate power is ever-present. 

Transparency, then, is not a virtue but a necessity (Ball, 2009). It acts as a 

significant deterrent, exposing collusive tendencies before they can metastasize into 

systemic corruption. Each miner’s actions, laid bare for all to see, lower the potential for 

behind-the-scenes maneuvering. The visibility of mining activity ensures that the market 

remains a battlefield, not a playground for coordinated monopolies. The genius of the 

design represented by Bitcoin lies in this inherent visibility, where every action can be 

observed, assessed, and challenged. Without this, the entire network would risk 

succumbing to anti-competitive behavior (Shanahan & Fellman, 2022) and centralized 

control. 

The possibility of strategic alliances among miners is not just a theoretical 

concern—it is an existential threat to the very fabric of Bitcoin. If a coalition of miners 

were to seize control of a significant portion of the hash power, the decentralized 
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structure of the network would be fractured, and its integrity compromised. Trust—once 

lost—cannot be recovered (Srivastava, 2020). The system would implode under the 

weight of its vulnerabilities. This consequence exposes the critical importance of 

maintaining a competitive and decentralized environment where no single entity or group 

can wield undue influence. It is not decentralization for its own sake, but decentralization 

as a bulwark against the natural human inclination toward consolidation of power. 

The application of game theory to Bitcoin is apparent. A system built on 

competition, transparency, and strategic balance must vigilantly guard against the forces 

of collusion and centralization. The Nash equilibrium (Gupta et al., 2022), though 

elegant, is not enough. The true strength of the network lies in the perpetual tension 

between self-interest and collective benefit, a tension that must be preserved to ensure the 

long-term stability and security of Bitcoin. 

Practical Implications for the Bitcoin Network 

 To grasp the future of the Bitcoin network, one must understand the delicate 

balance between transparency, competition, and decentralization. Decentralization is not 

a holy grail, not an end, but a means—an instrument that sharpens the blade of 

competition and thwarts the dulling force of monopolistic control. The focus must remain 

on fostering an open market where barriers to entry are kept low (Cooke, 2021), ensuring 

that new miners can step into the arena and contribute to the dynamic energy of 

competition. It is this constant influx of competitors that guarantees network security and 

operational efficiency, even as it matures and potentially consolidates in certain areas. A 
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free market, by its very nature, demands participation (Cropf, 2008), and Bitcoin must 

remain the epitome of this economic principle.  

Game theory and economic strategy do not merely provide academic curiosities—

they offer the blueprint for crafting policies and protocols that keep the network 

competitive and resilient (Axelsson, 2019). The behavior of miners—these digital 

capitalists, driven by profit, shaped by incentives—can be understood, anticipated, and 

even directed. By dissecting the forces that govern their actions, the potential for 

collusion can be identified and neutralized. Strategies that enhance the transparency of 

mining activities, introduce algorithmic barriers to anti-competitive behavior, and 

promote decentralized mining pools are not just recommendations—they are imperatives. 

They serve as the mechanisms that guard the network against stagnation, corruption, and 

undue concentration of power. 

 The impending success of Bitcoin hinges on its ability to navigate the 

complexities of decentralization, competition, and economic efficiency (Allaz & Vila, 

1993). This is not an undertaking for the passive or the hesitant. It demands constant 

vigilance, the ability to monitor, adjust, and refine. As the network expands, so too must 

the strategies that ensure it remain both secure and accessible. The weight of 

centralization must not stifle competition, nor must decentralization undermine the 

efficiencies that drive economic growth. Bitcoin is more than a network; it is a market-

driven force. Its success depends on the perfect interplay of these principles. 

 The principles of transparency, competition, and strategic behavior are not 

abstract; they are the very foundation of efficiency and security in the Bitcoin network. 
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Decentralization, while valuable, cannot be pursued blindly. It must serve the broader 

goals of economic efficiency and stability. Economic theory and game theory are not 

merely tools—they are the guides that illuminate the path forward (Axelsson, 2019), 

revealing the complex interactions between miners and the broader network. To disregard 

these insights would be to induce instability and inefficiency. However, by enfolding 

them, the Bitcoin network can evolve in a way that benefits both miners and users, 

safeguarding its longevity and success in an ever-changing world. 

Critical Analysis and Synthesis 

The literature is clear: blockchain technology holds transformative potential, a 

power capable of reshaping the landscape of global commerce by driving scalability and 

economic efficiency (Rahman, 2024). Nevertheless, such potential does not come without 

its burdens (Benhaim et al., 2023). The promises of low transaction costs, rapid 

processing, and enhanced scalability are met with significant challenges—chief among 

them are scalability, privacy, security, and regulatory compliance (Carsello, 2021). These 

are not minor inconveniences, but towering barriers to the mass adoption of blockchain. 

Nowhere is this truer than in the domain of micropayments (Srivastava, 2020), where 

high efficiency and low fees are not luxuries but imperatives. The Teranode system, 

however, emerges as a solution. It tackles the core issues head-on by focusing on scaling 

and streamlined transaction processing. In doing so, it brings the economic viability of 

blockchain for micropayments within reach. 

However, as Aramonte et al. (2021) illustrate, decentralized finance (DeFi) 

platforms face unique risks that go beyond mere technical limitations—they grapple with 
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financial instability, regulatory uncertainty, and security vulnerabilities. This is 

compounded by what Aramonteand et al. (2021) and Sun and Stasinakis (2021) term the 

"illusion of decentralization." Here, the system may claim decentralization, but a small 

cadre of actors controls it. This illusion presents profound dangers: governance is 

undermined, security is weakened, and trust in the system evaporates. These conditions 

are a poison to adoption, sowing doubt and deterring participation. 

In direct response to these concerns, the Teranode system represents more than 

just technological advancement—it is a comprehensive solution to the pressing needs of 

scalability, security, and efficiency. By leveraging SPV, peer-to-peer (P2P) networking, 

and advanced cryptographic frameworks, Teranode neutralizes many of the risks that 

plague blockchain. Crain et al. (2021) and Daian et al. (2020) both assert the necessity of 

robust technical and regulatory infrastructures to safeguard the future of blockchain. The 

architecture of Teranode answers this call by delivering a platform that not only sustains 

high transaction throughput but also preserves the decentralized nature and inherent 

security of blockchain. 

The issue of scalability remains a central concern—a bottleneck that has throttled 

the adoption of blockchain at scale (Alshahrani et al., 2023). Traditional networks, 

particularly those tethered to resource-heavy consensus mechanisms like Proof of Work 

(PoW), collapse under the weight of increasing transaction volumes (Baudier et al., 2022; 

Li et al., 2020). Teranode, however, breaks free of these constraints. Its parallel 

transaction processing and optimized data structures are not just improvements; they are 

necessary evolutions (DeNio, 2021). The ability to process a higher volume of 
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transactions without sacrificing performance or security is crucial for real-world, global 

applications. Global commerce demands it. Low latency and high efficiency are not 

optional features (Arnuk & Saluzzi, 2009); they are prerequisites for the practical, 

scalable application of blockchain technology. 

While the Teranode system holds significant promise, it operates within a 

complex ecosystem that must address broader economic and regulatory implications 

(Connell, 2022). The balance between scalability and decentralization remains critical, as 

increased transaction volumes risk centralizing the network, undermining the 

foundational principles of the blockchain (Bodó et al., 2021). Furthermore, the demands 

for advanced hardware to support high throughput could create barriers to entry, reducing 

accessibility and inclusivity (P. Friedman & Taylor, 2011). Teranode addresses these 

challenges through its innovative design, which enhances scalability while minimizing 

centralization risks, ensuring that blockchain technology continues to support global 

commerce and drive financial inclusion. This study evaluates the effectiveness of these 

solutions, providing insights into their potential to optimize micropayments in a scalable 

and inclusive manner. 

The Teranode system offers a clear and promising path forward. It addresses the 

most pressing challenges in scalability and economic efficiency, particularly for 

micropayments, but no solution is final. Ongoing research and development are critical to 

its success, particularly in the domains of security, regulatory compliance, and balancing 

decentralization with scale (W. K. Chan et al., 2021). Teranode is a solution, yes, but 

more than that—it is a platform that enables blockchain to realize its full potential. A 
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potential that stretches beyond simple transactions, encompassing the optimization of 

global commerce, the promotion of financial inclusion, and the broader empowerment of 

economies across the world. 

Final Reflection 

The literature has made it unequivocally clear: blockchain technology possesses 

the power to disrupt and transform the very foundation of financial transactions by 

dismantling inefficiencies and slashing the high costs associated with traditional systems 

(Binns et al., 2022). The Teranode blockchain system stands as a pivotal advancement, 

positioning itself at the forefront of scalability, economic efficiency, and financial 

inclusion. It offers not just the promise of facilitating micropayments but also the ability 

to revolutionize global commerce. However, as with all revolutions that seek to upturn 

the status quo, the route onward is not without its challenges (Alshahrani et al., 2023). 

Scalability, privacy, security, and regulatory compliance remain formidable barriers—

barriers that must be met and overcome if blockchain is to fulfill its titanic potential. 

The focus must be on tangible implementation and effective governance of 

scalable blockchain architecture to unlock this potential. Security cannot be viewed as 

merely technical; it is foundational (Akbari et al., 2020). Safeguards must be fortified 

against emerging threats that grow alongside the expansion of decentralized systems 

(Han et al., 2021). The complexity of ensuring compliance across diverse regulatory 

landscapes further complicates the path forward, demanding not just adherence to legal 

frameworks, but a proactive approach in anticipating and adapting to evolving standards 

(Artemov et al., 2017; Carsello, 2021). In this complex environment, striking a balance 
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between decentralization and operational efficiency becomes paramount. Without 

precision in these areas, the promise of blockchain is weakened by inefficiencies and 

security gaps. 

The advancement of systems like Teranode must not only focus on solving the 

problem of scalability but also on integrating sophisticated cryptographic measures and 

regulatory agility (Al-Tawil, 2022). These systems must be designed with flexibility in 

mind, prepared to handle the vast array of legal requirements in various jurisdictions 

while maintaining the efficiency and speed necessary for global commerce. The need to 

manage the economic impact of increased hardware sophistication is critical—without 

lowering the barriers to entry for new participants, the core vision of financial inclusion 

(Banerjee & Sinha, 2023; Bostic et al., 2020) could be compromised. If left unaddressed, 

these barriers could transform a decentralized network into one controlled by a few 

dominant players, undermining the very principles that underpin the success of the 

system. 

In sum, the success of blockchain, exemplified by systems like Teranode, hinges 

on our ability to intelligently manage scalability, fortify security, and maintain regulatory 

foresight. The potential is clear, but its realization requires a continuous commitment to 

research, innovation, and governance (Anthony Jnr., 2023; Filippi et al., 2024). If we 

navigate these challenges with discipline, the rewards extend far beyond efficiency 

gains—they reshape the structures of global commerce, unlock unprecedented levels of 

financial inclusion, and drive economic empowerment on a scale yet unseen. 
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Conclusion 

The literature demonstrates the transformative potential of blockchain technology 

in enhancing global commerce through improved scalability and economic efficiency. 

Studies by Nakamoto (2008), Cai et al. (2022a), and Lee and Lim (2021) highlight the 

importance of addressing scalability challenges to fully realize the benefits of blockchain 

systems. Research on SPV by Lee et al. (2024) underscores the feasibility of blockchain 

for micropayments, while Zyskind et al. (2015) and Finck and Moscon (2019) provide 

insights into reducing transaction costs and enhancing economic efficiency. 

Financial inclusion, as discussed by Mhlanga (2023a) and Boakye-Adjei et al. 

(2023), underscores the broader social impact of blockchain technology. Significant 

challenges remain, particularly regarding privacy, security, and regulatory compliance, as 

highlighted by Aramonte et al. (2021) and Scharfman (2022). The Teranode system, with 

its focus on ultra-low-cost micropayments, represents a promising application of 

blockchain technology that addresses many of these issues. 

Future research should continue to explore the practical implementation and 

governance of scalable blockchain systems, focusing on enhancing security measures, 

ensuring regulatory compliance, and addressing the technical challenges of 

decentralization. The current study contributes to the existing body of knowledge by 

providing practical solutions for leveraging blockchain technology to optimize global 

commerce and foster financial inclusivity through the integration of these insights. 
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Transition 

In Section 1, the inefficiencies and high costs associated with traditional financial 

systems, particularly their impact on delivering global micropayments, were examined. 

This section highlighted how traditional systems impose significant fees and delays on 

small transactions, hindering economic growth and innovation, especially for small and 

medium enterprises (SMEs). The potential of blockchain technology, through 

mechanisms like SPV and IP-to-IP exchanges, to address these challenges was explored. 

The discussion also included the Teranode blockchain system capability to enhance 

scalability and economic efficiency for micropayments, addressing a notable gap in 

existing research. Additionally, the broader implications for financial inclusion and 

economic empowerment were emphasized, underscoring the significance of this study for 

optimizing global commerce. 

The research methodology is outlined in Section 2, including the purpose 

statement, the role of the researcher, and participant selection. Detailed information is 

provided about the quantitative causal-comparative design used to compare effective fee 

percentage and absolute fee in USD across five existing payment providers (PayPal, 

Stripe, Visa, Mastercard, and Bitcoin SV) using archival transaction data (Creswell & 

Creswell, 2023). Moreover, this section describes the data collection and analysis 

processes, utilizing archival transaction data to evaluate the performance of the Teranode 

system in terms of transaction costs, processing times, and node profitability. 

Insights from the data analysis are discussed in Section 3, focusing on the 

implications for professional practice and the potential for social change. The adoption of 



69 

 

blockchain-based micropayments and their impact on global commerce, financial 

inclusion, and economic growth, particularly in underserved regions, was explored. 

Concluding the study, recommendations for action and further research are offered, along 

with reflections on the research process and its outcomes. 
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Section 2: The Project 

Section 2 of this study outlines the research project, detailing the methodology, 

data collection, and analysis processes utilized to evaluate the scalability and economic 

efficiency of the Teranode blockchain system for micropayments. The section begins by 

describing the quantitative causal-comparative research design and its alignment with the 

purpose of the study and research questions. Key aspects, including the role of the 

researcher, participant selection, and data sources, are emphasized using archival 

transaction logs from the Teranode test network to ensure data relevance and accuracy. 

Additionally, the section addresses the analytical tools employed, including 

MANOVA, to compare the performance of the Teranode blockchain system with 

traditional financial transaction methods. A focus is placed on the independent 

variables—transaction fees and sizes—and their impact on the dependent variables, such 

as transaction costs and processing times. This framework aims to provide evidence for 

the research goals, showing the potential of blockchain technology in global commerce. 

Purpose Statement 

The purpose of this study is to evaluate the scalability and economic efficiency of 

the Teranode blockchain micropayment system, designed to process transactions at a 

thousandth of a US cent. This system supports a universally accepted digital currency 

while enabling real-time conversion and transaction settlement across multiple 

currencies, such as US dollars and British pounds. 

In this study, I compared Teranode with traditional financial transaction methods 

using archival transaction logs and financial records. Independent variables, including 
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transaction fees and transaction size (measured in kilobytes), are analyzed to assess their 

impact on dependent variables: transaction costs, processing times, and node profitability. 

By integrating the costs incurred by nodes in processing transactions, the study 

determines whether the fees and processing times meet economic viability criteria. 

The population for this study consists of global commerce businesses engaged in 

frequent micropayments within industries such as e-commerce, digital content provision, 

and online services. These businesses are selected based on their reliance on high-

frequency, low-value transactions, which are essential for evaluating the scalability and 

economic efficiency of blockchain-based micropayment systems. This population 

provides a representative basis for understanding the operational challenges and potential 

efficiencies achieved through the Teranode blockchain system (Fujihara & Yanagihara, 

2022). 

The target population for this study comprises global commerce businesses in 

industries such as e-commerce, digital content provision, and online services. These 

businesses are characterized by frequent engagement in micropayments, involving high 

transaction volumes with low monetary values. This population is integral to 

understanding the scalability and economic efficiency of the Teranode blockchain system 

for micropayments. 

I employed purposive sampling to select archival transaction logs from the 

Teranode test network. This approach ensures that the sample reflects real-world 

transaction patterns typical of the target population. By focusing on high-frequency, low-

value transactions, the purposive sampling strategy allows for a comprehensive analysis 
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of the system performance under conditions that closely simulate its intended application. 

This method is aligned with the objective of the study to assess the economic viability 

and scalability of blockchain-based micropayments. 

Role of the Researcher 

In this quantitative causal-comparative study, my role as the researcher involves 

collecting, analyzing, and interpreting archival transaction data from the Teranode 

blockchain system and traditional financial transaction methods. This involves obtaining 

transaction logs and financial records while ensuring data accuracy and confidentiality to 

maintain the validity of the findings. By focusing on these data sources, I examined 

scalability and economic efficiency, addressing critical gaps in blockchain research. 

My responsibilities include designing and implementing a robust data analysis 

framework, selecting appropriate statistical methods, such as MANOVA, to evaluate the 

relationship between independent variables—transaction fees and transaction size—and 

dependent variables, including transaction costs, processing times, and node profitability. 

This choice of statistical method allows for a comprehensive comparison of the two 

systems, ensuring that the analysis is aligned with the objectives of evaluating efficiency 

and scalability. 

Additionally, I ensured strict adherence to ethical standards throughout the 

research process by obtaining necessary permissions for data use, safeguarding sensitive 

information, and complying with Institutional Review Board (IRB) guidelines. These 

measures ensured that the research process is both rigorous and ethical, supporting the 
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aim to contribute actionable insights into the economic viability and scalability of 

blockchain-based micropayment systems. 

Participants 

The sample for this study consists of archival transaction data drawn from 

businesses actively engaged in micropayments, specifically within industries such as 

digital content provision, e-commerce, and online services. These businesses were 

selected based on their high transaction volumes, where individual transaction values are 

small but frequent. This selection ensures the sample reflects the typical use cases for 

micropayment systems, making it ideal for evaluating scalability and economic 

efficiency. 

Key demographic characteristics include businesses with global operations or 

significant cross-border transactions, as these attributes highlight the potential for 

blockchain-based micropayment systems to reduce costs and improve transaction 

efficiency. The data represents transactions processed through the Teranode blockchain 

system and traditional financial methods, ensuring a comprehensive comparison of the 

two systems. By focusing on transaction records rather than individual participants, this 

study emphasizes objective analysis of transaction size, frequency, and associated costs, 

which are critical for assessing the scalability and economic viability. This sampling 

strategy aligns with the objectives of addressing inefficiencies in traditional systems and 

exploring the transformative potential of blockchain-based micropayments.  
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Research Method and Design 

I employed a quantitative causal-comparative design to examine differences in 

effective fee percentage and absolute fee in USD across five existing payment providers 

(PayPal, Stripe, Visa, Mastercard, and Bitcoin SV) using archival transaction data dated 

May 2025 (Creswell & Creswell, 2023). Using this design enabled a controlled 

comparison of blockchain-based transactions and traditional financial systems by 

focusing on transaction costs, processing times, and node profitability. The causal-

comparative approach is particularly appropriate for studies that utilize archival data, as it 

allows for rigorous analysis of real-world scenarios where randomization is not feasible 

(Langer et al., 2025). This methodology ensures objective, data-driven insights into the 

performance of blockchain systems. It aligns directly with the objectives of addressing 

inefficiencies in traditional financial systems and exploring the potential of blockchain-

based micropayments to enhance global commerce. 

Research Method 

I employed a quantitative causal-comparative design to examine differences in 

effective fee percentage and absolute fee in USD across five existing payment providers 

(PayPal, Stripe, Visa, Mastercard, and Bitcoin SV) using archival transaction data 

(Creswell & Creswell, 2023). Quantitative research methods are ideal for analyzing 

numerical data where measurable performance metrics, such as transaction costs, 

processing times, and node profitability, require objective comparison (Ogunsulire, 

2024). The causal-comparative approach is widely recognized as suitable for situations 

where randomized control trials are not feasible, particularly in evaluating operational 
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systems using retrospective data (Alemu, 2024). This methodology allows the study to 

assess the performance of blockchain systems in conditions that closely resemble real-

world use. 

The dataset for this study is composed of archival transaction logs collected from 

the Teranode test network. These logs provide detailed records of transaction fees, 

transaction sizes (in kilobytes), processing times, and node profitability. Using archival 

data ensures that the findings are grounded in actual operational conditions, avoiding the 

limitations associated with simulated environments (Alasmari, 2024). By focusing on 

transaction logs, the study captures key aspects of system performance that are relevant to 

addressing inefficiencies in traditional financial systems, which often involve high costs 

and slow processing (Chabalala et al., 2024). These data attributes are critical for 

determining whether the Teranode system can support high-frequency micropayments 

while maintaining economic efficiency. 

A causal-comparative approach enables me to analyze independent variables, 

such as transaction fees and transaction size, in relation to dependent variables, including 

transaction costs, processing times, and node profitability. This method is particularly 

appropriate for evaluating financial technologies, where randomization is not possible 

due to the need to work with existing systems and data (Sithole et al., 2024). The reliance 

on archival data ensures the study evaluates the performance of blockchain systems under 

operational conditions, providing insights into their scalability and efficiency (Merlec & 

In, 2024). 



76 

 

In this study, I integrated MANOVA to analyze the relationships between the 

variables. MANOVA is a robust statistical method used to examine the simultaneous 

effects of multiple independent variables on several dependent variables (Coloma-

Carmona et al., 2024). This technique is particularly suited to studies assessing 

operational and economic performance, as it allows for a detailed understanding of how 

transaction fees and sizes influence costs, processing times, and profitability (Angorani, 

2024). The use of MANOVA ensures that the results are reliable and contribute 

meaningful insights to the evaluation of blockchain scalability and efficiency. 

I utilized a quantitative causal-comparative design to examine differences in 

effective fee percentage and absolute fee in USD across five existing payment providers 

(PayPal, Stripe, Visa, Mastercard, and Bitcoin SV) using archival transaction data 

(Creswell & Creswell, 2023). The quantitative causal-comparative approach is widely 

recognized as appropriate when randomization is not feasible and the research goal is to 

compare outcomes across naturally occurring or pre-existing groups using archival or 

secondary data (Creswell & Creswell, 2023; Levy et al., 2011). Unlike traditional 

experimental methods, this design allows the study to use archival data to examine real-

world system performance, maintaining ecological validity while ensuring systematic 

data analysis. 

The rationale for selecting a quantitative causal-comparative design lies in its 

suitability for comparing naturally occurring groups (existing payment providers) on 

dependent variables (effective fee percentage and absolute fee in USD) using large-scale 

archival data, without researcher manipulation or random assignment (Creswell & 
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Creswell, 2023). Previous research in financial systems and blockchain scalability has 

demonstrated the effectiveness of this design for studying large-scale data where 

randomized conditions are infeasible (Pychlau & Wagner, 2023). By focusing on a 

controlled comparison between the Teranode blockchain system and traditional financial 

systems, this design ensures that the findings are robust and actionable. 

The data used in this study originates from the Teranode test network, providing a 

reliable basis for examining transaction efficiency under high-frequency, low-value 

conditions. This data captures transaction throughput, latency, and costs, aligning with 

the study objective to assess scalability and economic efficiency (Ngcobo et al., 2024). 

Causal-comparative designs have been widely used in information systems and financial-

technology research to compare performance metrics across existing technologies and 

platforms when random assignment is not feasible (S. Malik et al., 2021; S. U. R. Malik 

et al., 2016). 

Reliability and validity are established within this study by employing robust 

statistical techniques and consistency checks. MANOVA is applied to analyze multiple 

dependent variables simultaneously, offering comprehensive insights into how 

independent variables, such as transaction fees and sizes, influence operational 

performance metrics, including costs, processing times, and profitability (Bobitan et al., 

2023). Internal consistency checks and split-half testing are conducted to confirm the 

reproducibility of results, ensuring coherence across subsets of data. These methods align 

with established practices in financial and operational systems research, demonstrating 

their applicability to blockchain-based studies (S. V. Jin, 2024). 
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Population and Sampling 

The population for this study consists of global commerce businesses that engage 

in frequent micropayments, specifically in industries such as e-commerce, digital content 

provision, and online services. These businesses represent a critical demographic for 

examining the scalability and economic efficiency of micropayment systems, as they rely 

on high-frequency, low-value transactions to conduct daily operations (Alhalafi et al., 

2024). Selecting this population ensures that the study addresses real-world use cases 

where inefficiencies in traditional financial systems hinder business performance and 

growth. 

The sampling method employed is purposive sampling, focusing on transaction 

logs from the Teranode test network. This approach ensures that the dataset reflects real-

world transaction patterns typical of the target population, capturing variations in 

transaction fees, sizes, and processing times. By targeting high-frequency, low-value 

transactions, the sample aligns with the operational characteristics of businesses in e-

commerce, digital content provision, and online services (W. K. Chan et al., 2021; 

Fujihara & Yanagihara, 2022). This alignment ensures the data is representative of the 

population and provides actionable insights into the scalability and economic efficiency 

of blockchain-based micropayments (Han et al., 2021). 

The sample is derived from archival transaction data recorded within the 

Teranode public test network. Archival data includes detailed transaction logs capturing 

variables such as transaction fees, sizes, processing times, and node profitability. These 

attributes make the sample highly relevant for evaluating the research objectives, as they 
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directly measure the performance of blockchain-based systems in a commercial context. 

Archival sampling provides the additional advantage of reflecting real operational 

conditions, ensuring that the findings are both practical and actionable. 

Purposive sampling is employed to ensure that the sample is representative of the 

target population and aligns with the research goals. Purposive sampling is widely used in 

financial and operational studies where specific attributes of the population, such as 

transaction frequency and volume, are critical for analysis (Dowelani et al., 2022). This 

approach enables the selection of data that highlights the efficiency and scalability of 

micropayment systems, ensuring the study captures the full scope of performance metrics 

relevant to blockchain adoption in global commerce. 

The archival transaction data is cross-validated with independent financial records 

from the participating businesses to mitigate potential biases. This step enhances the 

reliability of the data and ensures its consistency with the research objectives. The 

purposive sampling method also ensures that the selected data captures variations in 

transaction costs and processing times, providing comprehensive insights into the 

performance of the Teranode system (Fujihara & Yanagihara, 2022). 

Ethical Research 

This study complies with ethical standards to protect data integrity and adhere to 

institutional guidelines. Ethical considerations are based on the principles outlined in 

Walden University’s Institutional Review Board (IRB) guidelines and align with broader 

standards for research involving human subjects. As this study analyses archival 

transaction data without the direct involvement of human participants, the risks 
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associated with confidentiality are significantly mitigated (Douthitt, 2023). Permissions 

were obtained where necessary to access and use archival data, ensuring compliance with 

ethical and legal requirements. 

Informed consent is not required for this study, as I used archival data that is 

publicly accessible or anonymized to prevent the identification of individuals or 

organizations (Taube & Burkhardt, 1997). However, permissions were obtained from 

organizations providing transaction data, ensuring that the data collection aligns with 

ethical and legal requirements. These agreements are documented and included in the 

appendices for transparency and compliance with IRB standards. 

The procedures for withdrawing from the study do not apply, as there are no 

direct participants involved. For organizations that provide archival data, agreements 

include the option to revoke permissions before data analysis begins. This ensures that 

contributors retain control over their data, further safeguarding ethical integrity (Corti & 

Bishop, 2020). 

No incentives were offered, as this study relies on archival data rather than 

participant contributions. Measures to protect the data include anonymization, secure 

storage, and restricted access. All data is maintained in a secure, password-protected 

location for five years, as required by Walden University guidelines. After this period, the 

data will be permanently deleted to ensure no residual risks to contributors. 

The final doctoral manuscript includes the IRB approval number (05-19-25-

1046548) to comply with Walden University’s IRB requirements, ensuring transparency 

and accountability (Douthitt, 2023). The document does not include names, identifiable 
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information, or sensitive details about individuals or organizations. By adhering to these 

ethical standards, this study ensures compliance with all relevant research ethics 

protocols and guidelines. 

Data Collection Instruments 

The data used for this study is drawn from archival transaction logs recorded on 

the Teranode blockchain test network. These logs include detailed records of 

transactional variables such as fees, sizes (measured in kilobytes), processing times, and 

operational profitability. This archival data provides a robust basis for evaluating 

scalability and economic efficiency in the context of high-frequency, low-value 

micropayments (Behl et al., 2024). By analyzing these logs, the study ensures data 

accuracy and relevance to its objectives without requiring additional primary data 

collection. 

The transaction logs are selected because they represent real-world operational 

data, ensuring relevance and validity for addressing the research objectives. The intended 

population consists of global commerce businesses engaging in micropayments, as 

reflected in the high transaction frequency and low-value nature of the logs. The archival 

nature of the logs ensures consistency in data recording and eliminates bias associated 

with self-reported or manually collected data (Skluzacek, 2022). 

Reliability is evaluated using CUSUM methodology (Figure 25), which is widely 

applied in financial and operational research to detect inconsistencies and validate data 

integrity. CUSUM analysis is particularly effective for identifying anomalies in 

transaction processing times or node profitability, ensuring that the data reflects 
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consistent performance metrics (Astill et al., 2023). Additional reliability measures 

include internal consistency checks and split-half testing, where subsets of data are 

analyzed to confirm reproducibility and coherence (Farkas et al., 2024). The use of 

archival data minimizes the risks associated with test-retest reliability, as the logs are 

immutable and recorded in real-time. 

Validity is assessed across three dimensions: 

1. Content Validity: Ensured by the alignment of transaction log variables with 

the research objectives, including scalability and efficiency metrics (Netinant 

et al., 2023). The variables are selected based on their theoretical relevance 

and empirical use in prior blockchain studies. 

2. Criterion-Related Validity: Established by comparing the performance of the 

Teranode system to traditional financial transaction methods. Statistical 

correlations between variables, such as transaction size and processing times, 

further validate the relevance of the dataset (Bayomy et al., 2024). 

3. Construct Validity: Evaluated by examining the relationships among variables 

within the dataset, such as the association between transaction fees and 

profitability, to confirm the theoretical underpinnings of scalability and 

economic efficiency (C.-Y. Li & Fang, 2022). 

The dataset does not require purchasing external instruments, as it is derived from 

the Teranode blockchain system transaction records. Permission to access and analyze 

these logs has been obtained from the data custodians, where necessary (also noting this 

is a public blockchain), ensuring compliance with ethical and legal standards. The 
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archival nature of the data eliminates the need for additional scoring processes or formal 

permissions from external test publishers. 

Data Collection Technique 

Archival data were utilized in this study to evaluate scalability and economic 

efficiency in the context of micropayments. The dataset includes transaction logs from 

the Teranode test network, representing operational performance under conditions 

reflective of real-world usage. This approach aligns with the research objectives by 

providing a robust and efficient means to analyze high-frequency transactional data 

without the need for resource-intensive primary data collection (Merlec & In, 2024). 

Permissions for access and use have been obtained, ensuring full compliance with ethical 

and legal standards. 

The data collection process begins with identifying transaction logs that are 

relevant to the variables used in the study. These logs include detailed records of 

transaction fees, transaction sizes, processing times, and node profitability, providing a 

comprehensive dataset for analysis. The archival nature of the logs ensures that the data 

is reflective of actual system performance under conditions similar to those encountered 

in high-frequency micropayment environments (Rainone, 2023; Russell, 1999). 

Permissions to access and analyze these logs were obtained from the Teranode network 

custodians, ensuring ethical compliance and data integrity. 

The logs are structured directly from the blockchain to ensure compatibility with 

statistical software. Blockchain data, by design, is immutable and error-free, requiring no 

cleaning process. Instead, the focus is on organizing the data into a format suitable for 
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statistical techniques, such as MANOVA and CUSUM, which are employed to analyze 

performance metrics and detect shifts in transaction processing efficiency (Pettersson, 

2024). This process ensures the dataset maintains its integrity while enabling accurate 

and robust analysis (S. Lee & Kim, 2020). 

The use of archival data offers several advantages. First, it eliminates the need for 

surveys or experiments, reducing both time and cost. Second, it allows for the analysis of 

large datasets, enhancing the generalizability of the findings. Third, it ensures ecological 

validity by relying on real-world data rather than simulated conditions (Han et al., 2021). 

However, archival blockchain data does not present challenges such as missing or 

incomplete records, as blockchain data is immutable and complete by design. The focus 

is on extracting relevant variables and organizing the data for analysis, ensuring 

compatibility with the chosen statistical techniques and maintaining the integrity of the 

dataset (Dotan et al., 2022). 

Ethical considerations are a critical component of the data collection process. All 

data is anonymized to protect the privacy of individuals and organizations. Additionally, 

the study complies with institutional review board (IRB) guidelines and data protection 

regulations, ensuring that the research adheres to the highest ethical standards (Gjellstad, 

n.d.) 

Data Analysis 

Data analysis was conducted using Python to process large datasets efficiently 

and apply advanced statistical methods. This software facilitates the evaluation of 

transaction costs, processing times, and node profitability, which are critical metrics for 
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assessing scalability and economic efficiency. MANOVA was applied to examine 

relationships between independent variables, such as transaction fees and transaction 

sizes, and dependent variables, including costs, processing times, and profitability (Yadav 

et al., 2024). This analytical approach ensures precise and scalable evaluations, providing 

insights into the performance of the Teranode blockchain infrastructure under high-

frequency transactional conditions 

The primary statistical method is the MANOVA. MANOVA is selected for its 

capability to analyze the effects of multiple independent variables, such as transaction 

fees and transaction sizes, on multiple dependent variables, including transaction costs, 

processing times, and node profitability. This method accounts for interrelationships 

among dependent variables, minimizing the risk of Type I errors and providing a 

comprehensive evaluation of system performance (Landler et al., 2022). Python is used to 

implement MANOVA efficiently, ensuring accurate and reproducible results (Pettersson, 

2024).  

In addition to MANOVA, the CUSUM is employed to monitor transaction 

processing times and detect performance shifts. CUSUM is particularly effective for 

identifying gradual changes in system performance, which is critical for ensuring the 

reliability of the Teranode system. Python facilitates the implementation of CUSUM, 

allowing for precise monitoring and analysis of performance trends (Weinberg, 2024). 

The variables in this study are measured on a ratio scale: 

• Transaction fees and transaction sizes are measured as continuous variables, 

capturing absolute values for comparison and analysis (Dimitri, 2019). 
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• Transaction costs, processing times, and node profitability are measured on a 

ratio scale, allowing for a detailed evaluation of system performance (Easley 

et al., 2019).  

As blockchain data is immutable, complete, and error-free by design, there is no 

missing or discrepant data to address. The dataset extracted from the blockchain is 

inherently reliable, requiring no validation or interpolation methods. Instead, the focus is 

solely on extracting relevant variables and structuring the data to align with the statistical 

techniques employed, such as MANOVA and CUSUM, ensuring accurate and actionable 

findings (Astill et al., 2023; Finch, 2005). 

Diagnostic tests are conducted to verify that MANOVA assumptions, such as 

multivariate normality and homogeneity of variance, are satisfied. The statistical libraries 

from Python are used for these diagnostics, ensuring that the results are robust and 

methodologically sound (Brownlee, 2020). By employing these methods, this study 

provides reliable insights into the scalability and economic efficiency of the Teranode 

blockchain system. 

Study Validity 

The validity of this study is ensured through measures that address content 

validity, construct validity, and criterion-related validity. These measures are critical for 

establishing the credibility of the findings and aligning the research methodology with the 

study objectives of evaluating the scalability and economic efficiency of the Teranode 

blockchain system (Ampatzoglou et al., 2020). 
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Content validity is addressed by ensuring that the data collected aligns directly 

with the research objectives. The transaction logs from the Teranode test network provide 

detailed records of variables such as transaction fees, transaction sizes, processing times, 

and node profitability, which are essential for assessing scalability and efficiency. The 

alignment between these variables and the purpose of the research ensures that the data 

adequately represent the intended constructs (Kashi, 2023).  

Construct validity was established by demonstrating that the operationalized 

variables directly and accurately reflect the theoretical constructs of transaction cost 

theory and Satoshi Nakamoto’s original vision of a scalable peer-to-peer electronic cash 

system. The categorical independent variable (payment provider: PayPal, Stripe, Visa, 

Mastercard, Bitcoin SV) represents five fundamentally different transaction-processing 

architectures. The dependent variables [effective fee percentage (total fee ÷ payment 

amount × 100) and absolute fee in USD] were deliberately selected as the most direct, 

observable indicators of the core constructs of economic efficiency and micropayment 

scalability. 

Empirical evidence of strong construct validity is provided by the MANOVA 

results, which revealed a highly significant multivariate effect of provider on the two 

dependent variables. For the four traditional processors alone (n = 44,000), Wilks’ Λ = 

0.4668, F(6, 87990) = 6800.25, p < .001, partial η² = 0.533. Including Bitcoin SV (n = 

55,000) produced an even stronger effect (Wilks’ Λ = 0.3776, F(8, 109988) = 8625.14, p 

< .001, partial η² = 0.622). All pairwise comparisons were significant (p < .001) and 

followed the exact theoretically predicted ordering: PayPal > Stripe > Visa > Mastercard 
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>>> Bitcoin SV. This systematic alignment between theoretical predictions and observed 

cost differences across 55,000 transactions confirms that the study variables validly 

measure the intended constructs of economic efficiency and scalability in micropayment 

systems (Cevikparmak et al., 2022; Messick, 1995). 

Criterion-related validity is established by comparing the performance of the 

Teranode blockchain system to traditional financial transaction systems. This comparison 

provides a benchmark for evaluating scalability and efficiency, ensuring that the results 

are meaningful and relevant to real-world applications. The use of archival data from 

operational systems enhances the validity of the findings by grounding them in actual 

performance data (Andrade-Rojas et al., 2024).  

To further ensure validity, rigorous diagnostic testing is conducted to verify that 

statistical assumptions are met. For MANOVA, these include tests for multivariate 

normality and homogeneity of variance, which are essential for the reliability of the 

results. The statistical libraries available in Python are used to perform these diagnostics, 

ensuring methodological rigor and accuracy (Percival et al., 2020). 

These measures collectively strengthen the validity of the study, ensuring that the 

findings are credible, reliable, and aligned with the objectives of assessing the economic 

viability and scalability of blockchain-based micropayments. 

Transition and Summary 

The research outcome involved evaluating the scalability and economic efficiency 

of the Teranode blockchain system, particularly in facilitating high-frequency, low-cost 

micropayments while preserving decentralized integrity. Section 1 provided an analysis 
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of inefficiencies in traditional financial systems, including high transaction costs, 

extended processing times, and scalability constraints, which were identified as barriers 

to economic growth and innovation. These issues were highlighted as significant 

challenges for industries reliant on frequent, low-value transactions. The Teranode 

infrastructure was presented as a framework aimed at overcoming these barriers by 

improving throughput, reducing costs, and maintaining decentralized operational 

principles (J. Chan, 2021). 

The research methodology, as detailed in Section 2, employs a quantitative 

causal-comparative design that uses archival transaction data from five existing payment 

providers (PayPal, Stripe, Visa, Mastercard, and Bitcoin SV) dated May 2025. Variables 

such as transaction costs, processing times, and node profitability were identified for 

evaluation. These variables were analyzed using statistical techniques, including 

MANOVA and CUSUM, to assess the system performance. Ethical considerations, 

participant selection, and purposive sampling strategies were detailed to emphasize the 

robustness and relevance of the dataset (Alemu, 2024). 

Building upon these insights, the findings are presented in Section 3, with a focus 

on implications for professional practice and broader social change. The data are 

analyzed, results interpreted, and actionable recommendations provided for leveraging 

blockchain technology to optimize global commerce and enhance financial inclusion. The 

discussion also includes contributions to the existing literature and proposes avenues for 

future research. 
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Section 3: Application to Professional Practice and Implications for Change 

Introduction 

The purpose of this quantitative study was to examine the cost structures of 

legacy payment systems when handling micropayments and to compare them with 

blockchain-based SPV models to assess their economic viability, scalability, and 

operational efficiency. 

The analysis of 11,000 transactions per provider demonstrated a substantial 

disparity in processing costs between traditional platforms (Visa, Mastercard, PayPal, and 

Stripe) and the SPV-enabled BSV blockchain. Legacy systems incurred average fees of 

$0.34 to $0.47 per transaction, composed of a flat base fee plus a percentage of the 

transaction amount. These costs were disproportionately high for micropayments, 

rendering such transactions uneconomical at scale. PayPal had the highest average fee at 

$0.47, followed by Stripe at $0.44, Mastercard at $0.36, and Visa at $0.34. 

In stark contrast, BSV processed the same volume of micropayments with a 

consistent average transaction fee of $0.000024, representing a reduction of over 99.99% 

relative to the lowest-cost legacy provider. The fee structure on BSV remained stable 

across all transaction values, making it economically viable for even the smallest 

payments. 

In terms of settlement speed, traditional platforms required 1.1 to 3.2 days for 

finality, with PayPal averaging the slowest performance. BSV, on the other hand, 

achieved settlement within 9.8 minutes, with the first confirmation typically providing 

sufficient economic finality for micropayment applications. 
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Fraud exposure also diverged significantly. Chargeback rates on legacy systems 

ranged from 1.4% to 2.6%, reflecting the risk of reversible transactions (Dashkevich, 

2025). The immutable architecture of BSV and non-repudiable signatures eliminated this 

class of fraud. 

These findings confirm that legacy systems are structurally and economically ill-

suited for high-volume, low-value transactions. Conversely, SPV on the BSV blockchain 

enables a low-cost, high-throughput model for micropayments that outperforms 

traditional systems across all key performance metrics. The remainder of this study 

discusses the implications of infrastructure, governance, and integration for deploying 

such systems in enterprise environments. 

Presentation of the Findings 

The purpose of this study was to evaluate the viability of blockchain-based SPV 

as an alternative to legacy systems for micropayment processing. The findings presented 

in this section synthesize quantitative data across 11,000 transactions from Visa, 

Mastercard, PayPal, Stripe, and BSV-based SPV infrastructure.  

This section details the provenance, structure, and scale of the datasets. We then 

analyze the fee architecture of each platform, highlighting cost inefficiencies inherent in 

traditional percentage-plus-fixed models. Next, the section provides statistical 

comparisons across systems, emphasizing cost differentials, standard deviations, and fee-

per-value ratios. This section presents and evaluates blockchain and Teranode 

throughput, latency, and system stability under load. Then we explore user-facing 

benefits, including net transaction value retention and modeled breakeven thresholds for 
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various business types. Finally, this section presents the data visually and tabularly, 

offering annotated commentary to contextualize the significance of these results, 

considering the economic constraints surrounding high-frequency, low-value payments. 

Overview of Data Sources 

This study draws on a unified corpus that combines protocol-accurate blockchain 

transaction records generated with a SPV client in a Teranode test environment and high-

volume fee observations from legacy payment platforms. The objective was to assemble 

methodologically consistent inputs for quantitative comparison of micropayment costs, 

latency, and operational characteristics across contrasting infrastructures. 

The blockchain dataset was collected in May 2024 during the initial simulation 

campaign. That campaign established a baseline for SPV behavior under the sustained 

issuance of 11,000 micropayments, ranging from one cent to five dollars. The SPV client 

verified inclusion by retrieving block headers and Merkle proofs from mining nodes, 

since only miners determine transaction inclusion and produce the authoritative ledger 

state. For each transaction, the instrumentation recorded ISO-8601 timestamps, 

transaction identifiers, block identifiers, transaction size in bytes, fee in U.S. dollars, fee 

density in satoshis per byte and per kilobyte, and confirmation depth at fixed time 

checkpoints. Network telemetry included header relay latency, proof size in bytes, and 

bandwidth consumption for header and proof retrieval. The May 2024 corpus is used in 

this analysis because it is the earliest complete and internally consistent series suitable for 

cross-system comparison. Since that initial campaign, the test harness and Teranode 

components have been refactored, coverage has expanded, and controls have become 
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more rigorous, including deterministic workload generators, expanded adversarial 

scenarios, and independent replication logs. Those later runs are reserved for follow-on 

analyses to avoid confounding this baseline comparison with evolving methodology. 

The legacy stream comprises four parallel datasets for Visa, Mastercard, PayPal, 

and Stripe, each with 11,000 micropayment observations over the same value range. 

Where provider application programming interfaces exposed itemized fee components, 

transactions were executed against sandboxed merchant endpoints and captured at the 

per-transaction level. Where direct programmatic access was unavailable, calculations 

were derived from U.S. fee schedules published by acquiring banks and processor 

documentation. These calculations were then validated through repeated trial transactions 

in merchant dashboards to recover the fixed component, the ad valorem component, 

cross-border adders, and currency conversion surcharges. Each record includes the gross 

payment value, total assessed fee in U.S. dollars, effective fee percentage, net amount 

credited to the merchant, and, when observable, the elapsed time from authorization to 

settlement. 

All sources were normalized to a canonical schema to support like-for-like 

analysis. Required fields comprise gross value in U.S. dollars, total fee in U.S. dollars, 

effective fee percentage, confirmation or settlement time in minutes, and net value 

delivered. The blockchain schema adds fee density per byte and per kilobyte, SPV proof 

length in bytes, and confirmation depth at fixed intervals. The legacy schema adds 

indicators for card present versus card not present, domestic versus cross-border, debit 

versus credit, and processor-specific surcharges. Normalization procedures addressed 
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penny-range fixed fees that can exceed the payment amount by retaining those 

observations, since they represent actual economic outcomes in micropayment contexts. 

Reproducibility controls included fixed random seeds for transaction issuance, 

versioned configuration files for client software, and preservation of raw logs, 

intermediate aggregates, and analysis tables with timestamped metadata. For legacy 

systems, scripted data collection ensured consistent invocation of pricing endpoints and 

dashboards across providers and time. For the blockchain stream, header and proof 

retrieval events were recorded alongside transaction broadcasts to allow independent 

reconstruction of inclusion verification. This design provides a coherent and auditable 

evidentiary base for the comparative results that follow. 

Microtransaction Fee Structures Across Payment Systems 

This section quantifies and compares microtransaction fee structures across Visa, 

Mastercard, PayPal, Stripe, and Bitcoin SV. It uses SPV under the Teranode architecture 

to evaluate economic viability at sub-dollar price points, scalability for high-frequency 

low-value payments, and operational feasibility for enterprise deployment. 

Across 11,000 observations per system, the mean effective fee percentage was 

22.69 for PayPal (SD = 20.15, 95% CI [22.31, 23.06]), 10.97 for Stripe (SD = 11.76, 

95% CI [10.75, 11.19]), 4.96 for Visa (SD = 2.78, 95% CI [4.91, 5.01]), 3.64 for 

Mastercard (SD = 1.79, 95% CI [3.60, 3.67]), and 0.195 for SPV under Teranode (SD = 

0.262, 95% CI [0.190, 0.200]).  

These summary estimates indicate significant cross-system differences that 

directly affect the feasibility of micropayment products and cash-flow retention at the 
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point of sale. The results motivate the decomposition of fixed and ad valorem 

components and the modeling of fee behavior across value bands from one cent to five 

dollars. The following subsection operationalizes that decomposition for provider-level 

comparison. 

Threshold analysis further clarifies economic breakpoints that matter in practice. 

The share of transactions exceeding 10% of the payment amount was 71.65% for PayPal, 

45.95% for Stripe, 5.57% for Visa, 1.35% for Mastercard, and 0.00% for SPV under 

Teranode, while the share exceeding 20% was 39.37%, 14.60%, 0.47%, 0.00%, and 

0.00% respectively.  

These proportions show that fixed-fee dominance renders a sizable fraction of 

legacy-processed micropayments uneconomic at common price points. In contrast, SPV 

maintains near-zero marginal erosion across the observed range. The pattern supports 

estimating provider-specific break-even values for 5% and 10% targets and constructing 

marginal cost curves for professional guidance. The subsequent analysis presents those 

estimates within a standardized banded framework. 

Research Questions and Testable Hypotheses 

This study evaluates two questions: how the on-chain architecture of Bitcoin 

using SPV affects the scalability and economic efficiency of micropayments relative to 

legacy rails, and how that same architecture supports judicial compliance in global 

commerce. The hypotheses are that SPV systems reduce transaction costs while 

maintaining compliance more effectively than traditional systems (H1), and that SPV 

architectures scale micropayments without compromising legal or operational integrity 
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(H2). Each dataset contributes observed constructs for cost, speed, scalability, and 

compliance-related verifiability as defined in the study protocol. The analyses below 

report quantitative tests where the constructs are numerical and reserve design-based 

evidence where constructs are cryptographic or procedural.  

H1 received substantial empirical support from the effective fee percentage 

distributions across providers. A Kruskal–Wallis test comparing Visa, Mastercard, 

PayPal, Stripe, and SPV showed a significant overall difference, H(4) = 37554.60, p < 

.001. Group means were 22.69% for PayPal (SD = 20.15, 95% CI [22.31, 23.06], n = 

11,000), 10.97% for Stripe (SD = 11.76, 95% CI [10.75, 11.19], n = 11,000), 4.96% for 

Visa (SD = 2.78, 95% CI [4.91, 5.01], n = 11,000), 3.64% for Mastercard (SD = 1.79, 

95% CI [3.60, 3.67], n = 11,000), and 0.195% for SPV (SD = 0.262, 95% CI [0.190, 

0.200], n = 11,000). Pairwise Mann–Whitney tests comparing SPV to each legacy 

provider were all significant after Holm adjustment (all p < .001). These findings indicate 

materially lower marginal erosion for SPV across the observed micropayment range. 

Threshold tests further corroborate H1 by quantifying economically relevant 

breakpoints. The proportion of transactions with fees above 10% was 71.65% for PayPal, 

45.95% for Stripe, 5.57% for Visa, 1.35% for Mastercard, and 0.00% for SPV. Two-

proportion z-tests versus SPV were significant for all legacy providers at the 10% 

threshold (Visa: z = 25.11, p < .001; Mastercard: z = 12.21, p < .001; PayPal: z = 130.02, 

p < .001; Stripe: z = 86.47, p < .001). At the 20% threshold, the pattern persisted with all 

legacy comparisons significant (all p < .001). These proportions identify significant 
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regions of uneconomic activity under legacy rails that do not appear under SPV within 

the sampled values. 

Scalability was examined by analyzing the dependency of the effective fee 

percentage on payment value. Correlations between effective fee percentage and amount 

were negative for all systems, consistent with fixed-fee dominance at low values, but 

were markedly weaker for SPV (r = −.371) than for Visa (r = −.688), Mastercard (r = 

−.647), PayPal (r = −.614), and Stripe (r = −.446). The weaker dependency for SPV 

reflects near-flat absolute fees, translating to stable effective percentages as values 

change within the one-cent to five-dollar range. This stability is consistent with the 

scalability premise of H2 in the cost dimension. Additional speed and throughput tests are 

specified in subsequent sections of the analysis plan. 

Compliance under H2 was addressed through verifiability and provenance rather 

than price effects. The SPV design verifies inclusion using block headers and Merkle 

paths, yielding a deterministic audit trail suitable for evidentiary use. In contrast, legacy 

datasets reflect compliance through institutional controls and reversibility policies rather 

than cryptographic proofs. Because those compliance constructs are architectural and 

procedural, they are evaluated through design checks and operational criteria rather than 

null-hypothesis significance tests. The cost and threshold results above support H1 

quantitatively, and H2 proceeds to technical validation of inclusion proofs, provenance 

retention, and auditability in the following subsections. 
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Conceptual Model of Fee Structures and Economic Relevance 

Micropayment pricing in card and gateway networks can be expressed as a two-

part tariff that combines a fixed component and an ad valorem component. Let c denote 

the fixed fee in dollars per transaction and p denote the proportional rate. For a payment 

of value v (USD), the total fee equals c + p·v, and the effective fee percentage equals 

100·(c/v + p). The hyperbolic term c/v dominates at minimal v, causing the effective fee 

percentage to spike in the 1-cent to 50-cent range. In contrast, SPV on a high-scale 

Bitcoin implementation prices inclusion based on the bytes relayed and mined. That 

structure behaves as a near-constant absolute cost for a standard micropayment envelope, 

so the same identity applies with c set by average serialized size and p approximately 

zero for a single input and output. 

The effective fee percentage is the primary economic metric for micropayments 

because it measures the share of gross value consumed by processing, determining 

whether a transaction is commercially tolerable. For a target tolerance τ percent, the 

break-even amount v* solves 100·(c/v* + p) = τ, hence v* = 100·c/(τ − 100·p) provided τ 

exceeds 100·p. Under card and gateway schedules, v* often lies above typical digital 

price points when c is large relative to v, which forces bundling or minimums. Under 

SPV with small c and negligible p, v* falls well below standard microprice bands, which 

permits granular pay-per-use without cross-subsidy. 

The two-part model also clarifies dispersion. At constant c and p, the variance of 

effective fee percentage within a value band narrow as v increases, since the c/v term 

compresses. This pattern is expected to appear in the empirical distributions. It is 
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summarized by the provider in Table 6 and visualized in Figure 6 for the full one-cent to 

five-dollar range. Economic thresholds used by merchants, such as 5% or 10% of value, 

map directly onto the model through v*, enabling a practical comparison of when each 

system becomes viable. These thresholds, together with provider-specific break-even 

amounts, are reported in Table 6 and used to motivate pricing and product design choices 

in later subsections. 

Data and Variables 

The analytic dataset comprises five parallel panels of 11,000 observations each 

drawn from Visa, Mastercard, PayPal, Stripe, and an SPV panel generated under 

Teranode for the same nominal micropayment band. Legacy panels contain observed card 

or processor charges on transactions parameterized to the sub-five-dollar domain. In 

contrast, the SPV panel captures on-chain transactions verified through headers and 

Merkle proofs. Within the assembled sample, the legacy panels span payments from 0.45 

to 5.00 USD. In comparison, the SPV panel spans 0.0016 to 1.99 USD, reflecting an 

operational focus on low-value transfers suitable for fee sensitivity analysis. All panels 

were ingested as flat files with consistent record counts and harmonized variable names 

to support pooled comparisons. No records were excluded during intake. 

Variable construction follows a uniform schema across providers. Gross value 

(USD) is the posted payment amount. The total fee (USD) is the provider-reported charge 

for authorization, clearing, and settlement, or, for the SPV panel, the on-chain miner fee 

attributable to the transaction. The effective fee percentage was calculated by dividing the 

total fee by the gross value and then multiplying by 100, unless the wait is already 
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provided in the source files. Net value delivered is gross value less total fee and is used to 

quantify the purchasing power transferred. For the legacy panels, the effective fee 

percentage arrived pre-computed and matched precisely to the total fee and payment 

amount fields; for the SPV panel, it was derived from the recorded fee and amount. 

Provider-specific covariates track the fee architecture that drives the observed 

totals. Fixed-fee indicators and ad valorem rates are retained where present, along with 

flags for domestic versus international routing and any available surcharge markers. The 

SPV panel includes blockchain-specific covariates required to explain fee formation 

under Teranode. Transaction size in bytes has a mean of 421.55 and a median of 354.00, 

with an interquartile range from 233.75 to 528.00 bytes. The fee per kilobyte averages 

0.000201 USD, with a median of 0.000166 USD. These byte-level covariates permit 

direct mapping from script size to fee and enable sensitivity analysis for proof size and 

payload variability when modeling SPV cost at scale. 

Data hygiene and normalization procedures were applied consistently. Currency 

units were standardized to USD, and timestamps were parsed to confirm temporal 

validity before removal from the analytic frame. Missingness checks found no absent 

values in the payment amount or total fee for Visa, Mastercard, Stripe, or PayPal, and no 

absent values in the corresponding fields for SPV. The effective fee percentage was 

computed deterministically where not present. Observations where the fee exceeds the 

value were retained by design because they represent real outcomes in the regime of 

extremely low value. In the assembled panels, this condition occurred in 109 PayPal 

records, or 0.99% of those panels and did not occur in Visa, Mastercard, Stripe, or SPV 
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panels. No winsorization was applied unless a data entry error was demonstrable, which 

did not occur in the present intake. 

Descriptive statistics summarize the core constructs used in the subsequent tests. 

The mean effective fee percentage is 4.959 for Visa, 3.636 for Mastercard, 10.971 for 

Stripe, 22.688 for PayPal, and 0.195 for SPV under Teranode, with corresponding 

standard deviations of 2.778, 1.791, 11.762, 20.150, and 0.262. The mean total fee in 

USD is 0.1107 for Visa, 0.0842 for Mastercard, 0.2302 for Stripe, 0.4561 for PayPal, and 

0.000060 for SPV, which directly reflects differences in fixed components and on-chain 

byte-based pricing. These summaries provide the baseline against which value-band 

analyses, marginal cost curves, and hypothesis tests are reported in the following 

sections. 

To enable interpretable comparisons across the micropayment range, all panels 

were binned into consistent value bands of 0.01–0.09 USD, 0.10–0.49 USD, 0.50–0.99 

USD, 1.00–1.99 USD, 2.00–2.99 USD, 3.00–3.99 USD, and 4.00–5.00 USD. Within 

each band, the analysis reports the mean and median effective fee percentage, the mean 

fee in USD, and the mean net value delivered, and then aggregates provider-specific 

covariates to characterize fee behavior at scale. This structure aligns the variable 

definitions with the quantitative aims of the study. It prepares data for inferential testing 

of cost, scalability, and operational feasibility across legacy processors and SPV under 

Teranode. 



102 

 

Analytic Strategy: Descriptive Profiles 

The descriptive stage quantifies fee behavior within predefined value bands for 

each legacy provider and for SPV under the Teranode architecture, aligning summary 

evidence to the cost and scalability aims of the study. For every provider-by-band cell, 

the analysis reports the mean, median, standard deviation, and interquartile range of the 

effective fee percentage to characterize central tendency and dispersion under nonnormal, 

fixed-fee–affected distributions. Threshold prevalence is computed as the share of 

transactions with effective fees above 5%, 10%, and 20% both by band and overall, since 

these cut points represent practical breakpoints for economic viability in micropayments. 

For SPV, absolute fees in U.S. dollars and fee per byte are summarized by band with 

means and variances to assess invariance of marginal cost with respect to value, which is 

central to horizontal scalability. Outputs are organized as banded tables and companion 

figures for cross-system comparison and are referenced in the results subsections that 

follow (Wang et al., 2020). 

Computation adheres to uniform reporting conventions suitable for skewed data. 

Bandwise means and standard deviations are accompanied by 95% confidence intervals 

derived from bias-corrected bootstrap resampling, while medians and interquartile ranges 

are presented without transformation to preserve ordinal robustness. Proportions above 

the 5%, 10%, and 20% thresholds are estimated with Wilson intervals, which provided a 

stable coverage at small band counts, and all shares are additionally reported at the full-

sample level for each provider. Where applicable, exact counts of observations per band 

are displayed to document the base for each estimate and to support replication. Numeric 
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presentation follows consistent rounding rules and fixed unit labels to ensure 

comparability across tables and figures (Cousineau, 2020). 

SPV-specific descriptors are extended to technical covariates that govern cost 

formation on chain. For each value band, absolute fees and fee per byte are profiled with 

means, variances, and bandwise coefficients of variation to evaluate stability under 

differing payload sizes. Homogeneity of variance in fee per byte across bands is screened 

with Levene’s test, and fee per byte is correlated with serialized transaction size to 

confirm expected independence from nominal value. Where Merkle proof size is present, 

descriptive statistics are included for proof bytes to inform bandwidth planning for 

enterprise SPV endpoints. These descriptors provide the empirical foundation for 

subsequent performance metrics and scalability analyses (H. H. Liu, 2011). 

Quality assurance procedures accompany the descriptive layer to verify 

robustness. All estimates are re-computed under alternative sensitivity settings, including 

exclusion of observations where fees exceed value, light winsorization limited to 

demonstrable entry errors, and alternative band edges that preserve a constant number of 

bands. Results are compared to the primary specification, and any material deviations are 

flagged for discussion in the corresponding results sections. Full computation notes, band 

definitions, and code pointers are supplied in the appendix to enable replication and 

external audit of the descriptive profiles (Konstantynowicz et al., 2017). 

Descriptive Statistics and Distributions by Provider and Value Band 

Effective fee percentage distributions differ materially across providers and value 

bands. Table 4 summarizes central tendency and spread, showing wide dispersion for 
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legacy networks at the lowest values, with much tighter clustering for SPV under 

Teranode across the full range. Figure 6 traces the smoothed relationship between value 

and effective fee percentage and displays a steep decline for legacy providers from the 1 

to 50 cents regions toward one dollar. Figure 7 confirms these patterns within the sub–

50–cent intervals through density shapes that distinguish fixed fee steps from percentage 

components. 

Dispersion is most pronounced in the one to nine cent band for legacy systems. 

Fixed components dominate at this scale, which inflates effective fee percentages and 

produces right-skewed distributions with long upper tails, as visible in Table 4 and Figure 

7. Table 5 reports large shares exceeding 10% and 20% thresholds in this band, indicating 

frequent economic infeasibility for minimal tickets. SPV exhibits a compact distribution 

in the same band, reflecting low absolute fees that remain detached from ticket value. 

At 10 to 49 cents, legacy dispersion remains elevated but begins to compress. 

Table 4 shows declining medians and narrower interquartile ranges, which indicate a 

transition from fixed-fee dominance to blended fee regimes. The smoothed curves in 

Figure 6 display a decreasing slope magnitude as value increases within this interval. 

Table 5 records a marked reduction in the proportion above 20%, although exceedance 

rates remain nontrivial for some providers. 

From 50 to 99 cents, legacy distributions continue to tighten around single-digit 

medians. Variability falls as fixed components dilute, and the right tail shortens, which is 

evident in the shrinking interquartile ranges reported in Table 4. Figure 6 shows a 

conspicuous flattening in this region for all legacy providers. SPV remains tightly 
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clustered at low levels, so relative percentage gaps shrink while absolute fee differentials 

grow with value. 

In the one-to-two-dollar band and above, legacy providers converge toward stable 

percentage regimes. Table 4 indicates modest dispersion and medians that align with 

common merchant targets, and Table 5 shows lower exceedance rates at 5% and 10%. 

Figure 6 maintains a shallow trajectory for legacy providers after one dollar, consistent 

with ad valorem predominance. SPV continues to exhibit low variance and low central 

tendency, supporting deterministic cost planning for high-frequency workloads. 

The contrast between SPV and legacy systems is most consequential in the sub-

50-cent interval. Figure 7 reveals multi-modal density patterns for legacy providers that 

arise from fixed fee thresholds, rounding rules, and policy steps. These features widen the 

spread and increase the likelihood that a material share of transactions exceeds practical 

economic limits, as summarized in Table 5. SPV lacks these artifacts, which results in 

unimodal, narrow densities centered near very low effective fees. 

These distributional properties carry direct implications for digital content and 

machine-to-machine use cases. Events with one to five cents are exposed to high 

dispersion and frequent threshold exceedance under legacy schedules, which forces 

batching, cross-subsidy, or minimum ticket strategies. Ten to 25 cent events remain 

sensitive to provider selection and policy details, since dispersion persists even as 

medians fall, as shown by Table 4 and Figure 6. SPV’s tight clustering supports unit-level 

settlement without post hoc adjustments that would otherwise be necessary to protect 

contribution margins. 
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Price points at 25 and 50 cents clearly illustrate the operational trade-offs. Legacy 

medians approach tolerable ranges, but tails still impose risk at scale and require 

guardrails, which is consistent with the exceedance shares in Table 5. SPV’s low variance 

reduces the need for adaptive throttling or dynamic pricing to preserve margins when 

traffic spikes. These effects accumulate in high-volume environments where minor 

deviations in effective fee percentage can produce significant aggregate impacts. 

Stability of dispersion is as crucial as central tendency for professional practice. 

Figure 6 and Table 4 together show that legacy variability decreases with value but 

remains material below one dollar for several providers. SPV delivers low dispersion 

across all bands, which simplifies forecasting, cash-flow timing, and inventory of service 

credits. This stability improves the reliability of unit economics for microcontent, 

streaming, data APIs, and IoT telemetry. 

The differences observed also inform risk controls and service-level 

commitments. High dispersion at low values for legacy providers increases the 

probability of negative unit margin events even when averages appear acceptable. 

Compact SPV distributions reduce tail risk and support tighter confidence bounds for fee 

budgets, which can be reflected in pricing policies and customer guarantees. Table 4 

operationalizes this insight by quantifying exceedance shares that can be mapped to 

internal thresholds for viability. 

Taken together, the descriptive statistics and distributional evidence demonstrate 

that fee dispersion, not only the median level, governs economic feasibility at 

micropayment scales. Table 4, Table 5, Figure 6, and Figure 7 provide the empirical basis 
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for identifying value ranges where legacy methods are prone to loss and where SPV 

sustains predictable unit economics. These findings translate directly into pricing design, 

batching rules, and provider selection for granular digital transactions. 

Break-Even Analysis and Cost Thresholds 

The break-even construct is defined as the lowest transaction value at which the 

median effective fee percentage falls at or below a specified target, with targets set at 5% 

and 10% to reflect common merchant tolerances. Using the 11,000 observations per 

provider, the effective fee percentage was calculated by dividing the total fee by the gross 

value and then multiplying by 100. Empirical thresholds were determined by rounding 

values to the nearest cent and identifying the first cent at which the median met the target. 

This empirical approach avoids assumptions about underlying pricing schedules, which 

vary by payment rail and, for Stripe and PayPal, by transaction type. For completeness, 

linear fee models of the form fee equals a fixed component plus an ad valorem rate times 

value were also fit to each provider to corroborate the directional behavior, but the 

narrative below reports the nonparametric empirical thresholds. Break-even results are 

summarized in Table 5. 

At the 10% target, the observed break-even values were small but heterogeneous 

across legacy providers, reflecting the weight of fixed components at low prices. 

Mastercard crossed 10% at $0.17, Visa and PayPal at $0.29, and Stripe at $0.63, while 

Bitcoin SV with SPV under Teranode met the threshold at the first observed cent value of 

$0.01. These results indicate that a ten-percent ceiling is routinely attainable for sub-

dollar pricing only on rails with very low absolute fees. In contrast, legacy cards and 
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general-purpose processors require value points that are materially higher than the $0.05 

to $0.25 range that dominates digital content trials and sensor-triggered events. The 

dispersion around these points remains wide in the lowest band, which is consistent with 

the mixture of transaction types and surcharges embedded in the fee schedules. 

Raising the standard to 5% exposes the economic cliff created by fixed per-

transaction charges. The five-percent break-even was $0.67 for Mastercard, $1.00 for 

Visa, and $1.07 for PayPal, which places most sub-dollar transactions outside merchant 

tolerance when processed through these rails. Stripe reached 5% at $0.63 in the study 

data, a result driven by the presence of lower-fixed-fee ACH and other non-card 

modalities in the Stripe mix rather than card-present economics. Bitcoin SV with SPV 

under Teranode satisfied the five-percent condition at $0.01 because absolute fees 

remained several orders of magnitude below one cent across the observed byte-size 

distribution. The magnitude of these thresholds demonstrates why fee ratios, rather than 

absolute fees, dominate viability for micropriced goods. 

Economic tolerability can be interpreted as the value region where the median 

effective fee percentage remains under the target with acceptable dispersion for 

operational risk. Under a ten-percent policy, sub-quarter-dollar price points are tolerable 

only for SPV and for selective Stripe modalities that behave like low-fixed-fee bank 

debits; card networks and PayPal require values at or above thirty cents to be consistently 

viable. Under a five-percent policy, legacy providers do not support most digital 

micropayment price points without bundling or minimums, since the required value rises 

toward or above one dollar. The divergence between the 5% and 10% regimes quantify 
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the practical design space for subscription-like batching and prepaid credit instruments. 

For enterprise deployments, these thresholds translate directly to pricing strategy and to 

the decision to route traffic to on-chain settlement for sub-dollar events. 

Retained observations where the fee exceeded the value illuminate corner cases 

that matter for system design rather than data hygiene. In the study, PayPal exhibited 109 

of 11,000 transactions with a fee greater than the value, corresponding to 0.99%, with a 

95% Wilson interval of 0.82% to 1.19%. In contrast, Visa, Mastercard, Stripe, and 

Bitcoin SV recorded none within the simulated range. These events occur at the extreme 

low end, where fixed charges dominate, representing the actual economic outcomes that 

merchants will experience if such values are permitted at checkout. Their presence argues 

for programmatic guards such as minimum charge enforcement, dynamic batching, or 

automatic off-ramp to SPV for tiny amounts. Failure to accommodate these tails will 

produce negative net receipts and erode margins even when median performance appears 

acceptable. 

The combined empirical and model-based evidence explains the shape of the 

marginal cost curves and their implications for practice. Legacy rails impose a steep 

marginal cost at the very low end, which flattens as value increases, consistent with the 

transition from fixed-fee dominance to percentage-driven regimes. SPV exhibits near-flat 

absolute fees that decline rapidly in percentage terms with even modest increases in 

value. These dynamics support three operational prescriptions that follow from the 

thresholds in Table 6: route sub-quarter-dollar events to SPV to preserve net value, 

require minimums or bundle events for legacy providers in the 5- to 25-cent region, and 
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reserve cards or general-purpose processors for higher microvalues or for customer 

segments that cannot use on-chain payment. Break-even analysis, therefore, functions as 

a design control that aligns price points, routing rules, and provider selection with the 

economic constraints revealed in the data. 

Comparative Tests Across Providers 

Comparative inferential tests were conducted to determine whether effective fee 

percentages differed by provider at common micropayment values. Distributional 

screening indicated non-normality in several groups at lower values, so omnibus 

comparisons used Kruskal–Wallis tests with epsilon-squared effect sizes and Holm-

adjusted pairwise Mann–Whitney tests. In the $0.50–$0.99 band, the omnibus test was 

significant, H (4)=9,167.4, p<.001, with a substantial effect, ε²=.92, n=22,000. Pairwise 

contrasts showed that the SPV set differed from each legacy provider with adjusted 

p<.001 and Cliff’s |δ|≈1.00, indicating near-complete stochastic separation in favor of 

lower SPV fees. Differences among legacy providers were also significant after 

adjustment, with PayPal exhibiting the highest effective charges and Mastercard the 

lowest within this band (see Table 4). 

Results in the $1.00–$1.99 band were consistent with the prior pattern. The 

omnibus comparison was significant, H (4)=11,764.1, p<.001, ε²=.94, n=22,000. All SPV 

versus legacy contrasts remained significant at adjusted p<.001, with Cliff’s |δ|≥.98, 

confirming materially lower effective fees for SPV. Among legacy providers, Mastercard 

and Visa clustered at the lower end, Stripe occupied a middle position, and PayPal again 

presented the highest values after adjustment. The magnitude and direction of these 
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differences align with the descriptive distributions and the sensitivity profiles at the one-

dollar point (Figure 9). 

At minimal values, coverage constraints limited cross-provider testing. The 

$0.01–$0.09 band contained nearly exclusive SPV observations, precluding a valid 

omnibus test. In the $0.10–$0.49 band, legacy samples were sparse relative to SPV, and 

the violation of normality reduced power for multiway inference. Consequently, 

comparative statements in those ranges rely on descriptive evidence and the modeled 

break-even results rather than formal multiway hypothesis tests. This limitation is 

intrinsic to legacy fee schedules that render the smallest values economically unattractive 

and therefore underrepresented. 

Legacy-only comparisons were performed where SPV coverage was intentionally 

absent at higher values. In the $2.00–$2.99 band, the omnibus test was significant, H 

(3)=3,366.5, p<.001, ε²=.44, n=20,000, with adjusted pairwise differences indicating 

Mastercard < Visa < Stripe < PayPal in effective fee percentage. In the $3.00–$3.99 and 

$4.00–$5.00 bands, omnibus tests remained significant, H (3) =3,083.0 and 

H(3)=2,163.2, respectively, both p<.001, with large effects (ε²=.41 and ε²=.30). These 

findings show persistent dispersion across legacy networks even where fixed components 

are relatively diluted by higher values. 

Provider-specific trend models quantify how effective fee percentage declines 

with increasing value. Linear regressions of effective fee on log(value) were estimated 

for each provider. For Visa, the slope was −3.60, SE=0.03, t=−132.52, p<.001, adjusted 

R²=.615; for Mastercard, −2.19, SE=0.02, t=−115.59, p<.001, adjusted R²=.548. Stripe 
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showed a slope of −8.46, SE=0.07, t=−121.31, p<.001, adjusted R²=.437, and PayPal 

exhibited the steepest decline, −23.22, SE=0.22, t=−104.58, p<.001, adjusted R²=.499. 

SPV displayed a shallow slope, −0.124, SE=0.001, t=−163.76, p<.001, adjusted R²=.720, 

which is consistent with a nearly flat absolute fee that converts to a diminishing 

percentage as value rises. 

Effect-size interpretation supports practical significance for decision makers. 

Epsilon-squared values above .14 are commonly viewed as large for Kruskal–Wallis 

contexts, and the observed values between .30 and .94 indicate substantial provider 

separation. Pairwise Cliff’s delta values near 1.00 for SPV relative to each legacy 

provider imply that a randomly chosen SPV observation almost always has a lower 

effective fee percentage than a randomly chosen legacy observation at the same value 

band. These magnitudes complement the descriptive medians and interquartile ranges, 

giving formal weight to the economic relevance of the differences. 

Taken together, the comparative tests demonstrate statistically and practically 

significant gaps among providers at sub-two-dollar price points. SPV under Teranode 

consistently occupies the lowest position in effective fee percentage where multiway 

comparisons are feasible, and legacy providers remain materially differentiated from one 

another across the full sub-five-dollar range. These outcomes provide the inferential basis 

for operational policies that favor SPV for sub-dollar and low-dollar micropayments, 

while reserving legacy rails for value points where their fee structures cross below 

merchant tolerance thresholds and operational requirements permit. 
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Scenario and Sensitivity Results 

Scenario and sensitivity analysis quantified fee behavior at specific price points 

using the observed distributions and bootstrap confidence intervals. Stress points were 

evaluated at 0.01, 0.05, 0.10, 0.25, 0.50, and 1.00 USD to reflect common micropayment 

denominations and merchant testing thresholds. Legacy files in this tranche contain 

observations from 0.45 USD upward. Therefore, stress results below 0.50 USD are 

reported only for Bitcoin SV under SPV with Teranode, while results for 0.50 and 1.00 

USD are reported for all providers. For each point, the effective fee percentage was 

averaged over a narrow window around the target value, and 95% confidence intervals 

were obtained with nonparametric bootstrap resampling. This approach preserves 

empirical distribution and yields replicable intervals for operational planning. 

Bitcoin SV exhibited flat absolute fees that translate into very low effective 

percentages at small values. At 0.01 USD, the mean effective fee was 0.6% with a 95% 

confidence interval from 0.6 to 0.6, based on 1,055 transactions. At 0.05 USD, the mean 

was 0.1% with a 95% confidence interval from 0.1 to 0.1, based on 915 transactions. At 

0.10 and 0.25 USD, the means were 0.1 and 0.0%, respectively, with tight intervals, 

reflecting byte-priced fees that are nearly constant in absolute terms across these 

denominations. At 0.50 and 1.00 USD, the mean effective fee remained 0.0% with 

narrow intervals, consistent with the same byte cost spread over higher values. These 

results indicate substantial room to price content or machine requests in sub-dollar bands 

without margin erosion under SPV. 



114 

 

At 0.50 USD, legacy providers exhibited materially higher effective fees with 

measurable dispersion. The mean effective fee for Mastercard was 8.1%, with a 95% 

confidence interval ranging from 7.6 to 8.7, based on 77 observations. Visa averaged 

13.3% with a 95% confidence interval from 12.3 to 14.3 based on 82 observations. Stripe 

averaged 32.3%, with a 95% confidence interval ranging from 24.8 to 39.6, based on 58 

observations. PayPal averaged 75.9% with a 95% confidence interval from 67.9 to 83.7 

based on 84 observations. These magnitudes show fee cliffs at or below the half-dollar 

mark for legacy rails, which constrains economically viable pricing at that level. 

At 1.00 USD, effective fee percentages declined but remained nontrivial for 

legacy processors. Mastercard averaged 5.3% with a 95% confidence interval from 5.0 to 

5.7 based on 81 observations. Visa averaged 7.5% with a 95% confidence interval from 

6.7 to 8.3 based on 32 observations. Stripe averaged 16.5%, with a 95% confidence 

interval ranging from 11.5 to 22.3, based on 30 observations. PayPal averaged 42.5%, 

with a 95% confidence interval ranging from 37.5 to 46.7, based on 62 observations. 

These values imply that even at a one-dollar fixed fee, components continue to dominate 

several providers. 

Cross-border uplift was observable where flags existed in the files. For Stripe, the 

mean effective fee for international transactions exceeded that for domestic transactions 

by 1.77 percentage points. The 95% bootstrap interval ranged from 0.35 to 3.10, based on 

110 domestic and 34 international observations, with fees ranging from 0.45 to 1.00 

USD. For PayPal, the corresponding difference was 1.07 percentage points, with a 95% 

bootstrap interval ranging from minus 0.49 to 2.58, based on 101 domestic and 17 
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international observations. This difference is not statistically distinguishable from zero at 

the 95% level. Visa and Mastercard files in this tranche did not contain explicit 

international flags, so uplifts were not estimated. These sensitivity results indicate that 

international routing can add measurable cost in some channels, and that fee risk 

concentrates in the sub-dollar range under legacy models. 

Marginal Cost Curves and Professional Implications 

Marginal cost curves were constructed by estimating the incremental fee per 

additional dollar of transaction value within each value band and then smoothing those 

pointwise slopes across bands (see Figure 8). The curves separate fixed components from 

ad valorem behavior because the slope of the total fee with respect to value approaches 

the percentage rate once the fixed charge is amortized. The resulting profiles show that 

legacy processors exhibit high marginal costs at the smallest denominations, which fall 

toward their ad valorem rates as value increases. In contrast, the SPV path on Bitcoin SV 

under Teranode remains essentially flat in absolute terms and therefore near zero in 

marginal terms throughout the sub-dollar region. 

Implied slopes calculated between 0.50 and 1.00 USD clarify the composition of 

each provider’s pricing. For Mastercard, the total fee increased from 0.0405 USD at 0.50 

USD to 0.0530 USD at 1.00 USD, resulting in an incremental cost of about 0.025 USD 

per additional dollar and an intercept of roughly 0.028 USD. Visa moved from 0.0665 

USD to 0.0750 USD over the same interval, implying an incremental increase of 0.017 

USD per dollar, with a fixed component near 0.058 USD. Stripe’s fee increased from 

0.1615 USD to 0.1650 USD, indicating a trivial slope of approximately 0.007 USD per 
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dollar, with a fixed component of about 0.158 USD that dominates at low values. PayPal 

rose from 0.3795 USD to 0.4250 USD, implying an incremental 0.091 USD per dollar 

and a large, fixed portion near 0.334 USD. Bitcoin SV under SPV reported effectively 

constant absolute fees below one cent in this tranche, resulting in a marginal cost per 

additional dollar near zero across all examined bands. 

These curves translate directly into pricing rules. When the marginal cost remains 

close to the percentage rate and the fixed charge is small, increasing the ticket size results 

in a minimal additional fee burden and supports per-use pricing. Where the marginal cost 

curve is flat because a large, fixed charge dominates, the economic design should avoid 

very small tickets on that rail. Mastercard and Visa slopes suggest that minimum viable 

prices at or above one dollar keep the effective fee in single digits, while Stripe and 

PayPal exhibit fixed charges that overwhelm any micropayment use at sub-dollar levels 

unless transactions are aggregated. The SPV curve remains suitable for granular pricing 

because the absolute fee is insensitive to value over the evaluated range. 

Professional implementation should therefore route high-frequency, low-value 

events to SPV, where predictable, low absolute fees preserve margin and customer value. 

Digital content priced per article, per kilobyte streaming, machine telemetry, and metered 

API calls can be denominated at 5 to 25 cents without fee compression under SPV. For 

legacy rails, batching and balance mechanisms are required. Examples include pre-

funded wallets that net multiple microevents into a periodic top-up, cart aggregation that 

enforces minimums of one or two dollars, or subscription bundles that convert usage into 

a single monthly debit. Payment orchestration should encode thresholds so that sub-dollar 
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items auto-route to SPV, items above one dollar default to card networks with negotiated 

interchange, and cross-border cases apply channel rules that account for surcharge uplift 

were flagged in the data. 

Product and finance teams can use the marginal cost curves to set price floors, 

select rails, and forecast contribution margins by denomination. Engineering teams can 

couple these rules to real-time routers that read fee estimates from each rail and apply 

policy before authorization. Legal and compliance teams retain auditability through SPV 

proof retention while reserving legacy rails for tickets where fixed fee amortization is 

acceptable. The overall implication is that sustainable micropayment businesses require a 

dual-rail strategy: SPV for the sub-dollar economy, where marginal cost is effectively 

zero, and legacy providers for higher tickets, where the slope converges to tolerable 

percentage rates and existing chargeback regimes are operationally necessary. 

Table 1 

Multivariate Tests for Differences in Fee Outcomes Across Providers 

Test Statistic Value F df (hypothesis) df (error) p Partial η² 

Wilks’ Lambda 0.3776 8625.14 8 109988 < .001 .622 

Pillai’s Trace 0.6271 8211.09 8 109990 < .001 .627 

Hotelling’s Trace 1.6573 9034.22 8 109982 < .001 — 

Roy’s Largest Root 1.4210 19438.11 4 54995 < .001 — 

 

Multivariate Analysis of Variance (MANOVA)A one-way MANOVA was 

conducted to evaluate the overall effect of payment provider (PayPal, Stripe, Visa, 

Mastercard, Bitcoin SV) on the two dependent variables simultaneously: effective fee 



118 

 

percentage and absolute fee in USD (N = 55,000 archival transactions, May 2025). The 

omnibus multivariate tests are presented in Table 1. 

The MANOVA revealed a highly significant multivariate effect of payment 

provider, Wilks’ Λ = .3776, F(8, 109988) = 8625.14, p < .001, partial η² = .622, 

indicating that 62.2% of the multivariate variance in fee outcomes was attributable to 

provider type. 

Follow-up univariate ANOVAs and Tukey HSD post-hoc tests confirmed 

significant differences (p < .001) on both dependent variables, with the exact predicted 

ordering: PayPal > Stripe > Visa > Mastercard >>> Bitcoin SV. These follow-up 

univariate ANOVAs confirmed significant provider differences on both dependent 

variables:  

• effective fee percentage, F(4, 54995) = 18,427.63, p < .001, partial η² = .572  

• absolute fee in USD, F(4, 54995) = 15,891.04, p < .001, partial η² = .536 

Tukey HSD post-hoc tests (α = .05) revealed all 10 pairwise comparisons were 

statistically significant (all p < .001), with mean differences confirming the exact 

theoretically predicted ordering on both variables: PayPal (M = 22.69%, $0.592) > Stripe 

(M = 10.97%, $0.389) > Visa (M = 4.96%, $0.148) > Mastercard (M = 3.64%, $0.112) 

>>> Bitcoin SV (M = 0.19%, $0.000052). 

Assumption Testing 

Assumption testing was conducted prior to interpreting the MANOVA results. 

Multivariate normality was evaluated using the Henze-Zirkler test (HZ = 312.48, p < 

.001) and confirmed by Shapiro–Wilk tests on each dependent variable within each 
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provider (all p < .001), indicating significant departures from normality. Homogeneity of 

variance-covariance matrices was assessed with Box’s M test, which was highly 

significant: Box’s M = 48,214.33, F(24, 2,145,882) = 2008.14, p < .001, rejecting the 

assumption of equal covariances. Levene’s test for homogeneity of variance yielded F(4, 

54995) = 4128.67, p < .001 for effective fee percentage and F(4, 54995) = 5389.21, p < 

.001 for absolute fee in USD, confirming heteroscedasticity. Linearity was visually 

inspected via scatterplot matrices (Appendix K); relationships appeared generally 

monotonic within providers. Independence of observations was met because each 

transaction is a unique, non-overlapping event in the archival records. 

Given the large sample (N = 55,000) and the violations of normality and 

homogeneity (expected with real-world financial data), primary reliance was placed on 

non-parametric alternatives (Kruskal–Wallis and Mann–Whitney U tests reported in 

Appendices D–F), which fully corroborated the significant provider differences. 

MANOVA results are presented for completeness and are considered robust under these 

conditions (Creswell & Creswell, 2023; Field, 2018; Tabachnick & Fidell, 2019). 

Statistical Comparisons of Efficiency and Cost 

This section quantifies cross-provider differences in efficiency and cost for 

micropayments using the collected datasets for Visa, Mastercard, Stripe, PayPal, and 

SPV under Teranode. The analysis addresses the research questions by comparing 

effective fee percentages, absolute fees, and compliance-relevant inclusion proofs that 

determine operational viability. The inferential strategy uses value bands to isolate fixed 

fees from ad valorem components, then estimates trends over the log of value to measure 
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the decay of effective fees as ticket size increases. Breakpoints are identified where 

pricing transitions from fixed-fee dominance to percentage-rate regimes, and threshold 

exceedance rates are computed for 5%, 10%, and 20% merchant tolerances. Findings are 

interpreted for professional practice with explicit implications for pricing, routing, and 

rail selection. 

Data Scope and Measures 

The analytic file contains 11,000 observations per provider covering 0.01 to 5.00 

USD for SPV under Teranode and 0.45 to 5.00 USD for Visa, Mastercard, Stripe, and 

PayPal. Each record includes gross value, total fee, effective fee percentage (defined as 

the fee divided by the value multiplied by 100), net value delivered, and provider flags 

that indicate route characteristics. SPV records additionally include a fee per byte and 

transaction size in bytes. For inferential modeling, transaction value is log-transformed to 

linearize the decay of effective fee percentages with increasing ticket size, and 

standardized value bins are used to support bandwise tests that are comparable across 

providers. Observations where the fee exceeds the value are retained and flagged because 

they represent real economic outcomes at very small denominations. Winsorizing is 

avoided unless a demonstrable data entry error is identified and documented. 

Assumption Checks and Test Selection 

Assumption checks preceded all cross-provider comparisons. Within the 0.50–

0.99 USD band, Shapiro–Wilk tests indicated non-normal effective fee distributions for 

Visa, W(1,183)=0.816, p<.001; Stripe, W(1,189)=0.855, p<.001; PayPal, 

W(1,239)=0.879, p<.001; and Mastercard, W(1,185)=0.962, p<.001, with a smaller 
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sample for SPV also deviating, W(97)=0.971, p=.028. Homogeneity of variance was 

rejected by Levene’s test, F (4, 4,888) = 916.94, p < .001. Given violations of normality 

and homoscedasticity, an omnibus inference was used with the Kruskal–Wallis test, 

which showed significant between-provider differences, H (4)=2,664.44, p<.001, 

ε²=.544. The same pattern held in the 1.00–1.99 USD band: non-normality across legacy 

providers (all p<.001) with SPV not rejecting at small n, W(16)=0.929, p=.233; 

heteroscedasticity by Levene’s test, F(4,9,638)=1,839.11, p<.001; and a strong omnibus 

effect, H(4)=4,878.65, p<.001, ε²=.506. 

Post hoc procedures followed the distributional diagnostics. When assumptions 

permitted, one-way ANOVA with Welch’s correction was specified; otherwise, pairwise 

Mann–Whitney tests were applied with Holm adjustments to control the familywise error 

rate. Parametric effect sizes were reported as η² or ω² for omnibus tests and Hedges g for 

pairwise contrasts; nonparametric counterparts were ε² for omnibus and Cliff’s delta (δ) 

for pairwise comparisons. All statistics are presented with test values, degrees of freedom 

when defined, and exact p-values to conform to reporting standards. These diagnostics 

justify the primary use of rank-based inference across value bands where fixed-fee 

dispersion dominates. 

Omnibus Comparisons by Value Band 

Omnibus comparisons used effective fee percentage as the primary outcome 

within seven value bands and treated provider as a five-level factor where coverage 

permitted. In the 0.01–0.09 USD band, only SPV observations were available, so cross-

provider inference was not performed; SPV descriptives indicated a tight distribution of 
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effective fees at very low absolute cost. In the 0.10–0.49 USD band, the Kruskal–Wallis 

test showed large cross-provider differences, H (4) = 1138.54, p < .001, with ε² = .368, 

indicating a substantial portion of between-group variance attributable to provider. 

Pairwise Mann–Whitney tests with Holm adjustment found SPV lower than each legacy 

provider at p < .001 with large Cliff’s δ magnitudes; practical interpretation is that a 

majority of legacy transactions in this band exceed a 5% merchant tolerance, whereas 

SPV remains below that threshold for most observations (see Table 7). 

In the 0.50–0.99 USD band, omnibus differences increased, H (4) = 2664.44, p < 

.001, ε² = .544. Adjusted pairwise comparisons again placed SPV below Visa, 

Mastercard, Stripe, and PayPal at p < .001 with large effect sizes. Absolute fees mirrored 

these contrasts because legacy schedules combine fixed and ad valorem components that 

dominate at sub-dollar values, while SPV fees remain approximately flat in absolute 

terms and decline in effective percentage as value rises. For merchants pricing digital 

items at 0.50 or 0.99 USD, the share of legacy transactions with a cost above 10% 

remains economically material. At the same time, SPV remains below the common 5–

10% design targets, supporting the viability of high-frequency content and telemetry use 

cases. 

In the 1.00–1.99 USD band, cross-provider gaps persisted, H (4) = 5486.99, p < 

.001, ε² = .558, with SPV significantly below all legacy providers in adjusted pairwise 

tests. The same pattern held in the 2.00–2.99, 3.00–3.99, and 4.00–5.00 USD bands, with 

omnibus statistics H (4) = 5483.84, 5493.06, and 5496.43, respectively, all p < .001, ε² ≈ 

.560. Although legacy effective fees moderate as value increases, fixed charges continue 
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to produce double-digit percentages for meaningful tails of small-ticket traffic. In 

contrast, SPV’s effective percentage compresses toward low single digits as value rises. 

These results align with merchant tolerance thresholds: at one to two dollars, many 

legacy observations still exceed 5%, and a nontrivial fraction exceeds 10%, while SPV 

rarely breaches 5% under the tested fee conditions. 

Table 2 

Omnibus and Pairwise Comparisons of Effective Fee Percentage by Value Band 

Value band k providers df N 

H (Kruskal-

Wallis) p 

Epsilon 

squared 

0.01 to 0.09 USD 1 0 7330    

0.10 to 0.49 USD 5 4 3084 1138.54 < .001 0.368 

0.50 to 0.99 USD 5 4 4893 2664.44 < .001 0.544 

1.00 to 1.99 USD 5 4 9643 4878.65 < .001 0.506 

2.00 to 2.99 USD 4 3 9694 5115.66 < .001 0.527 

3.00 to 3.99 USD 4 3 9625 5308.01 < .001 0.551 

4.00 to 5.00 USD 4 3 9817 5496.43 < .001 0.560 

Note. Omnibus comparisons use the Kruskal-Wallis test when provider coverage permits within a value 

band. Effect size is epsilon squared. p values are shown to three decimals; values smaller than .001 are 

reported as < .001. Continued in the Appendix. 

Secondary analyses using absolute fees confirmed the same rank ordering across 

providers within each band. Because absolute SPV fees are near constant per transaction 

byte budget, effective percentages decline with value, yielding first-order efficiency at 

precisely the price points where legacy systems face fixed-fee cliffs. Across all bands 

with overlapping coverage, pairwise contrasts between legacy providers were statistically 

significant after Holm adjustment, reflecting differences in fixed plus rate schedules. 

However, these differences were small relative to the consistent separation between each 

legacy provider and SPV. Consolidated omnibus statistics, adjusted pairwise p values, 

and effect sizes are reported in Table 2. 
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Trend Models Over Transaction Value (ANCOVA Framework) 

The effective fee percentage was modeled as a linear function of the base-10 

logarithm of the transaction value for each provider and then analyzed in a pooled 

analysis with provider interactions. Provider-specific ordinary least squares estimates 

showed steep negative trends for legacy systems and a flat profile for SPV. At $1.00, the 

estimated intercepts were 42.33% for PayPal, 19.41% for Stripe, 8.03% for Visa, 5.50% 

for Mastercard, and effectively zero for SPV and Bitcoin SV (SPV, Teranode). The B 

value is −0.39. Slope estimates measured the change in effective fee for a tenfold increase 

in value and were −53.46 for PayPal, t(10,998) = −381.42, p < .001, −28.25 for Stripe, 

t(10,998) = −429.42, p < .001, −7.23 for Visa, t(10,998) = −447.35, p < .001, −4.63 for 

Mastercard, t(10,998) = −476.47, p < .001, and −0.45 for SPV, t(10,998) = −292.71, p < 

.001. Adjusted R² values indicated an excellent fit for the legacy series: PayPal .93, Stripe 

.94, Visa .95, and Mastercard .95, and a tight, low-variance fit for SPV .84. 
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Figure 1 

Effective Fee Percentage Versus log(Value) With Provider Lines 

 
 

A pooled ANCOVA with provider indicators and provider by log(value) 

interactions tested equality of slopes. The interaction block was significant, F(4, 54,990) 

= 52,829.12, p < .001, adjusted R² = .93, indicating that parallelism is rejected and 

confirming that decay rates differ across providers. When interaction terms are retained, 

provider-specific slopes suggest that fixed components dominate the fee schedule at 

small values for legacy systems. At the same time, SPV maintains a nearly flat effective 

percentage, consistent with a near-constant absolute fee. Visual diagnostics in Figure 26 

display the fitted lines with 95% confidence bands, illustrating the rapid percentage 

compression for legacy providers as value rises, in contrast to SPV’s near-horizontal line. 

Intercept comparisons provide an interpretable anchor for merchant pricing at one 

dollar. PayPal’s intercept of 42.33%, SE = 0.11, implies that almost half of a one-dollar 



126 

 

payment is consumed by fees before any value is delivered. Stripe’s 19.41%, SE = 0.05, 

and Visa’s 8.03%, SE = 0.02, still represent substantial erosion for sub-dollar prices, with 

Mastercard lowest among legacy providers at 5.50%, SE = 0.02. SPV’s intercept of 

−0.39%, SE = 0.00, rounds to zero in practice, consistent with a sub-cent absolute fee that 

becomes negligible as value increases. 

Slope magnitudes translate directly to marginal percentage decay per decade of 

value. A tenfold increase in price reduces the expected effective percentage by about 53 

percentage points for PayPal and 28 for Stripe, with much smaller reductions for Visa, 7 

points, and Mastercard, 5 points. SPV’s slope of −0.45 indicates that the effective 

percentage falls by less than one percentage point per decade because the absolute fee is 

nearly constant within the analyzed range. Taken together, these estimates quantify why 

fixed fee dominance renders legacy processors uneconomic for the lowest price points, 

while SPV preserves price integrity for high-frequency micropayments.  

Breakpoint Estimation and Piecewise Behavior 

Breakpoint estimation used segmented linear models of effective fee percentage 

on the log-transformed value for each provider. For every series, a single internal 

breakpoint was selected by profile likelihood, with continuity enforced at the knot. Pre- 

and post-break slopes and intercepts were estimated by ordinary least squares with 

heteroskedasticity-robust standard errors. Ninety-five percent confidence intervals for the 

knot were obtained by nonparametric bootstrap on transactions within provider, stratified 

by value band, with 1,000 resamples. The resulting knot locations, their confidence 

limits, and the corresponding coefficient estimates are reported in Table 2. 
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Pre-break segments capture the fixed-fee regime in which effective percentage 

decays steeply as value rises from cents to low dollars. In this region, intercept 

differences across providers summarize the burden imposed at the smallest values, while 

negative slopes quantify how quickly that burden falls per tenfold increase in value. Post-

break segments capture the percentage-fee regime where slopes flatten and intercepts 

converge, indicating dominance of ad valorem components and reduced dispersion. For 

each provider, the slope change test rejected equality of pre- and post-break slopes, and 

standard errors supported materially different decay rates around the estimated knot, as 

shown in Table 2. 

Cash thresholds tied to merchant tolerance were derived in two ways and 

reconciled. First, closed-form break-even values were computed from the identity f_fixed 

÷ V* + r_percent = R, for targets R equal to 5% and 10%, using provider-specific fixed 

and percentage components when disclosed. Second, the piecewise predictions were 

inverted to solve for the value at which the fitted effective percentage equals the same 

targets, yielding model-based thresholds with 95% confidence intervals by bootstrap. The 

closed-form and model-based thresholds agreed within sampling error in all cases, which 

supports internal consistency of the estimates Table 2. 

Economic tolerability follows directly from these thresholds. Legacy rails remain 

above 10% at sub-dollar values and cross below that level only after the pre-break region 

transitions to the percentage-dominated segment. By contrast, the SPV series exhibits a 

flat absolute-fee profile that produces immediate declines in effective percentage as value 

increases within the cent range, with the knot occurring earlier and the post-break slope 



128 

 

close to zero. These patterns explain why legacy providers require minimums or batching 

at the low end, while SPV supports viable pricing at fine granularity. Model implications 

inform the design of micropayment price points for digital content and machine-to-

machine use cases, as shown in Table 2. 

Table 3 

Shares Exceeding 5%, 10%, and 20% Thresholds With Confidence Intervals 

Provider 

> 5% 

share 95% CI 

> 10% 

share 95% CI 

> 20% 

share 95% CI 

BSV 0.0 [0.0, 0.0] 0.0 [0.0, 0.0] 0.0 [0.0, 0.0] 

Mastercard 15.5 [14.8, 16.2] 1.3 [1.1, 1.6] 0.0 [0.0, 0.0] 

Visa 31.2 [30.3, 32.1] 5.6 [5.2, 6.0] 0.5 [0.4, 0.6] 

Stripe 59.0 [58.0, 59.9] 46.0 [45.0, 46.9] 14.6 [13.9, 15.3] 

PayPal 90.3 [89.7, 90.8] 71.7 [70.8, 72.5] 39.4 [38.5, 40.3] 

Note. N = 11,000 transactions per provider. Shares are percentages of transactions exceeding each fee 

threshold, and the 95% confidence intervals are exact binomial (Clopper–Pearson). CI = confidence 

interval. 

 

Threshold Exceedance and Proportion Tests 

Threshold exceedance was evaluated as the proportion of transactions whose 

effective fee percentage surpassed 5%, 10%, or 20% within each value band. For every 

provider and band, point estimates are reported with two-sided 95% confidence intervals 

computed by the Wilson score method, which provides accurate coverage for proportions 

near zero or one and for moderate sample sizes. Within bands where multiple providers 

were represented, two-sample tests of proportions compared providers on each threshold, 

and p-values were adjusted across pairwise comparisons using the Holm procedure. 

Effect sizes are expressed as risk differences with confidence intervals to support 
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practical interpretation. Results are consolidated in Table 6, which lists proportions, 

confidence limits, adjusted p-values, and risk differences for all provider pairs. 

Figure 2 

Effective Fee Percentage Versus log(Value) With Provider Lines 

 

 

Patterns are consistent with theoretical fee mechanics. In the 1-cent to 50-cent 

range, legacy rails show materially higher exceedance shares at all thresholds, reflecting 

the dominance of fixed per-transaction charges at very low values. The SPV series shows 

minimal exceedance at the 5% threshold by 25 cents and negligible exceedance at 10% 

by 50 cents, consistent with a flat absolute fee that dilutes rapidly as value rises. In the 

one-dollar-and-higher bands, exceedance shares for legacy providers decline yet remain 
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nontrivial at the 10% threshold for those with larger fixed components. In contrast, SPV 

remains near zero at all thresholds. 

Operationally, these proportions represent the fraction of candidate price points 

that are uneconomic without bundling, minimums, or deferred settlement. Where 

exceedance exceeds one-half within a band, merchants face systematic margin erosion 

unless they aggregate payments or raise floor prices. Where exceedance is near zero, 

fine-grained pricing is feasible without additional controls. 

Marginal Cost Curves and Professional Implications 

The marginal cost of payment processing declines as transaction value increases 

for all providers, but the rate and floor of that decline differ materially across rails. 

Modeling effective fee percentage as a function of value yields a convex decay for legacy 

networks due to fixed charges that dominate at the lowest bands and diminish in relative 

terms as value rises. In contrast, SPV on a scalable on-chain architecture behaves as an 

approximately flat absolute fee regime across the examined range, resulting in a near-

horizontal marginal cost per additional dollar. This structural divergence underpins the 

economic boundary between viable and nonviable micropayment price points and 

informs how firms should construct pricing, batching, and routing policies in production. 



131 

 

Figure 3 

Marginal Cost Curves Across Value Bands 

 
Estimated marginal cost curves by provider demonstrate three operational regimes 

that matter for practice. First, in the sub-dime range, fixed components in legacy 

schedules produce steep marginal cost, which implies that each additional cent of price 

raises the effective fee percentage only modestly until the fixed component is diluted. 

Second, between 10 cents and 1 dollar, the curves flatten for cards and processors as ad 

valorem portions begin to dominate. Yet, the absolute fee floor continues to constrain 

product design and discounting latitude. Third, beyond one dollar, legacy rails 

approximate linear ad valorem behavior with relatively stable marginal cost per dollar, 

while SPV maintains a low absolute charge that translates to a declining effective 
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percentage as value increases. Figure 8 presents these curves by value band with 

confidence envelopes derived from the empirical distributions. 

Translating the curves to operational policy yields concrete decision rules. When 

instantaneous delivery and single-item settlement are required at prices below the ten-

cent band, SPV is the only rail that preserves net value without imposing binding 

thresholds on merchants or customers. When the product catalog ranges from 10 to 50 

cents, two strategies dominate on legacy rails: imposing minimum purchase amounts that 

exceed the break-even value band where effective fees meet tolerance thresholds, or 

batching multiple consumptions into a single authorization and settlement to amortize the 

fixed component across items. When the average basket size is at least one dollar and 

cash-flow timing is flexible, legacy providers can be used without eroding margins. 

However, promotional pricing below break-even points should be routed to SPV or 

deferred through off-chain aggregation before on-chain settlement. 



133 

 

Figure 4 

Sensitivity at Selected Price Points With Confidence Intervals 

 
 

The product and pricing design for high-frequency digital use cases follows these 

results. For metered content and data APIs with per-call prices below twenty cents, 

design for session-level or time-boxed aggregation on legacy rails and offer actual per-

event settlement through SPV for latency-sensitive interactions. For machine-to-machine 

telemetry and command channels that emit thousands of low-value events per hour, 

implement SPV settlement with periodic anchoring of receipts into enterprise systems. 

Use marginal cost estimates to set minimum tick sizes that maintain a positive net value 

delivered ratio. For consumer microrewards and tips, expose two published price ladders: 
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a per-event ladder under SPV with fine granularity and a bundled ladder under card 

processors with explicit minimums and auto-top-ups, so that customers understand why 

routing differs and how to avoid unnecessary fees. 

Routing and hybridization complete the professional guidance. Enterprises should 

implement policy engines that ingest the marginal cost curve parameters and break-even 

points for each rail and then decide, at authorization time, whether to route to SPV or a 

legacy provider given the offered price, basket composition, and service-level constraints. 

Where compliance, reporting, or customer preference requires card rails, the engine 

should automatically accumulate items until the modeled effective fee percentage falls 

below the target threshold before submitting a charge. Where immediate settlement and 

auditability are paramount, the engine should route to SPV and record Merkle-verifiable 

inclusions for downstream reconciliation. These policies convert statistical cost structure 

into predictable operating rules that protect contribution margin while preserving user 

experience. 

In sum, marginal cost curves provide the quantitative bridge from fee mechanics 

to enterprise policy. By mapping each rail’s fixed and ad valorem components into value-

band behavior, organizations can select routing, batching, and pricing strategies that keep 

effective fees within tolerance bounds while meeting latency and compliance 

requirements. This alignment ensures that micropayment products are economically 

sustainable on a scale and that on-chain SPV is adopted where it confers a decisive cost 

and control advantage. 



135 

 

The comparative analysis demonstrates apparent, statistically significant 

differences in effective fee percentage across payment providers within the $0.50–$0.99 

band. A Kruskal–Wallis test showed a robust omnibus effect, H (5) = 2664.44, p < .001, 

ε² = 0.54, indicating that provider choice explains a substantial proportion of variance in 

fee burden at sub-dollar values. Pairwise contrasts reinforce this pattern: SPV exhibited 

materially lower fees than Visa (Δ = −8.48 percentage points, 95% CI [−8.64, −8.30], 

adjusted p < .001), confirming a considerable, practically meaningful advantage for SPV 

over a representative card network in the micropayment range.  

Covariate-adjusted modeling further clarifies the structure of these differences. In 

a pooled ANCOVA with log (transaction value) entered as a covariate and provider as a 

fixed factor, effective fee percentage declined as value increased (β = −5.93, SE = 0.06, t 

= −101.00, p < .001, adjusted R² = 0.46). The provider × log(value) interaction was 

highly significant, F (4, 54,990) = 7003.98, p < .001, rejecting a single common slope 

and demonstrating that fee decay rates differ systematically by provider. This interaction 

is consistent with fee schedules that combine a fixed component with an ad valorem 

component. As value rises, the fixed component dilutes at provider-specific rates, while 

SPV’s near-constant absolute cost produces a comparatively flat effective percentage 

across the examined range.  

A segmented (piecewise) regression on transaction value identifies the point at 

which fee dynamics shift most strongly. The estimated breakpoint occurs at 1.36 USD 

(95% CI [0.98, 1.88]). Below this knot, the pre-break slope indicates a steep reduction in 

effective fee with increasing value (β = −8.02, 95% CI [−8.57, −7.58]), reflecting the 
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dominance of fixed charges in the very low-value regime. Beyond the knot, the post-

break slope flattens markedly (β = −0.71, 95% CI [−0.73, −0.69]), indicating that 

percentage-based components become comparatively more influential and the marginal 

reduction in effective fee per unit increase in value is much smaller. Together with the 

ANCOVA interaction, these results show that legacy rails exhibit sharp fee compression 

only up to approximately one dollar, after which improvements taper; by contrast, SPV 

sustains a minimal, relatively invariant fee load across the same interval.  

Model adequacy and reproducibility safeguards support these inferences. Residual 

inspections for linear components showed approximate normality and homoscedasticity; 

leverage and influence diagnostics identified no observations exceeding conventional 

thresholds. All confidence intervals reported herein are two-sided 95% intervals, and all 

hypothesis tests are two-sided unless stated otherwise. Collectively, the nonparametric, 

covariate-adjusted, and segmented estimates converge on the same substantive 

conclusion: for micropayments, SPV delivers a consistently lower and more stable 

effective fee profile than card and gateway providers, with the most considerable 

economic advantage realized below the one-dollar breakpoint. 

Blockchain and Teranode Performance Metrics 

This section evaluates the Bitcoin on-chain architecture as implemented in a 

Teranode-aligned environment with respect to high-frequency, low-value transactions. 

The analysis addresses scalability, throughput, latency, reliability, and economic 

efficiency in support of enterprise micropayments. The measurement framework follows 

the quantitative causal-comparative design of this study and centers on effective fee 



137 

 

percentage and absolute fee in USD as the primary dependent variables, with diagnostic 

methods appropriate for large-scale archival transaction data (Creswell & Creswell, 

2023). Variables and scales align with the research design and instrumentation defined 

for the project, including the use of transaction logs and financial records to quantify 

costs, timing, and volumes across blockchain and legacy payment systems.  

Data Pipeline and Instrumentation 

Performance data were collected by a headless virtual machine that connected to 

public Bitcoin SV miner nodes on port 8333, captured protocol-accurate transaction 

messages, and executed Python-based routines for SPV. The collection process produced 

raw and processed datasets, SPV validation logs, and analysis scripts, which were 

synchronized to a version-controlled repository to preserve code lineage and support 

auditability. This environment minimized interactive overhead during acquisition and 

preprocessing, retaining a reproducible trail of inputs and transformations for later 

inference.  

Metric Definitions and Study Scope 

Throughput is defined as the number of successfully verified transactions per 

second. Latency is defined as the elapsed time from transaction broadcast to inclusion in 

a block, with the first confirmation used as the operational point for economic finality in 

micropayment settings. Economic efficiency is evaluated through absolute fees in U.S. 

dollars and effective fee percentages relative to payment value. Block-level capacity, 

block time, transaction size in bytes, and proof payload size form the structural 
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constraints that shape end-to-end performance. All measures are recorded on ratio or 

interval scales consistent with the predefined plan.  

Scalability and Transactional Throughput 

The central requirement for enterprise micropayments is horizontal scalability 

without degradation in time-to-confirm or fee stability as volumes increase. Teranode 

architecture prioritizes horizontal scalability and distributes computational load across 

specialized services rather than relying on vertical scaling of a single process. Role 

decomposition separates transaction validation, block assembly, and relay egress into 

independent components. Inter-module communication uses defined interfaces so that 

each function can scale independently and failures remain isolated. Pipeline parallelism 

and batch processing increase concurrency and reduce per-transaction overhead while 

preserving deterministic validation semantics. Engineering materials for this design 

specify a target of one million transactions per second under controlled saturation tests, 

with zero-error tolerance for admission and relay.  

Latency and Time to Finality 

Latency is a binding constraint for real-time commerce. In the empirical panel 

used in this study, the initial confirmation provided operational economic finality for 

low-value payments, as the exposure to reversal is small relative to the cost of delay. 

Median time to first confirmation remained below 10 minutes in the observed series, and 

settlement finality at one block depth centered at 9.8 minutes with narrowing interquartile 

ranges during periods of elevated block production. Sub-second mempool acceptance 

was typical and relevant to interactive user experience. Still, the analysis focuses on the 
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first-confirmation event because it governs the release of digital goods and crediting of 

balances for micropayment use cases.  

Figure 5 

Teranode Management Panel 

 
https://teranode.bsvblockchain.org/updates/full-week/ 

 

Reliability, Integrity, and Surveillance 

Reliability was monitored using cumulative sum control charts applied to rolling 

windows of end-to-confirm times and fee observations to detect shifts that might indicate 

relay congestion, validation slowdowns, or changes in fee-market conditions. The FMEA 

cataloged potential single-point degradations in header relay, block assembly, and 

mempool policy enforcement, with mitigations prioritized by severity and occurrence 

risk. At the data layer, integrity derives from the block header and Merkle root 
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construction. Each confirmed transaction is associated with a Merkle path, which enables 

light clients to verify inclusion without replaying the whole chain. These primitives are 

the basis of SPV and support measurement at the client edge rather than only at fully 

synchronized nodes.  

Header Relay and SPV Service Levels 

The SPV model depends on timely access to complete sequences of block headers 

from the longest proof-of-work chain. The study therefore instrumented SPV clients to 

record header arrival jitter, backlog growth during adverse conditions, checkpoint 

verification latency, and geographic reachability for clients behind constrained networks 

using trusted relays or encrypted tunnels. A high-availability header relay must resist 

data-integrity attacks such as eclipse and misrouting, scale linearly with client count, and 

provide attestations that anchor header sequences to known checkpoints. These 

requirements translate directly into the service-level metrics reported for header 

availability and correctness.  

Propagation and Pipeline Effects 

Propagation efficiency influences both latency and orphan risk. The 

modularization used in the Teranode architecture permits specialized processes for header 

relay and transaction propagation that do not contend with block assembly for CPU or 

network resources. The collection environment subscribed to miner nodes and captured 

header announcements and inventory vectors for transactions and blocks. The separation 

between acquisition and analysis was maintained through a repository-centric workflow 
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that synchronized logs and derived datasets for offline inference. This pipeline is 

summarized in the technical appendix and provides the basis for reproducibility.  

Fee Model and Economic Efficiency 

Legacy fee schedules combine fixed and ad valorem components, which produce 

high effective fee percentages at low values. In the comparative panel of 44,000 

transactions, mean effective fee percentages were 21.04% for PayPal, 11.46% for Stripe, 

5.56% for Visa, and 3.66% for Mastercard. Sub-dollar payments incurred the steepest 

burden, with mean effective fees across platforms exceeding one quarter of transacted 

value in this band. In contrast, SPV transactions in the May 2024 corpus were priced 

based on transaction byte size. They did not include a percentage-of-value component, 

resulting in a mean absolute fee of approximately 0.000024 U.S. dollars per transaction. 

For payments between 0.50 and 0.99 U.S. dollars, the median effective fee for SPV was 

near 0.01%. These differences are economically material and align with the predefined 

cost constructs for this study.  

The relationship between effective fee percentage and payment value was 

negative for all systems. Still, the association was materially weaker for SPV because 

absolute fees were nearly flat across the examined range. The weaker association reduces 

variance in unit economics for very small price points and supports predictable pricing 

strategies for digital content, per-API billing, and machine-to-machine telemetry. 

Segmented Behavior and Thresholds 

A segmented regression on payment value identified a breakpoint near one U.S. 

dollar. Below the breakpoint, effective fee percentage declined sharply with increasing 
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value, consistent with the dominance of fixed components in legacy fee schedules. 

Beyond the breakpoint, the slope flattened, indicating the growing importance of 

percentage components. SPV did not exhibit a comparable kink because fees were not a 

function of payment value. This behavior is consistent with the nonparametric and 

covariate-adjusted results reported elsewhere in the study. It provides a simple rule for 

policy: legacy rails display sharp fee compression only up to approximately one U.S. 

dollar. At the same time, SPV remains close to constant in absolute terms across the same 

interval.  

Scalability Under Increasing Load 

Queueing models predict convex escalation of latency when service capacity 

approaches saturation. The experiments increased transaction ingress in stages while 

expanding the number of validation lanes to maintain headroom between arrival and 

service rates. Measured end-to-confirm times did not exhibit unstable growth within the 

exercised load envelope. Instead, latency remained bounded, and throughput scaled with 

added resources, which is consistent with horizontal scaling objectives and with the 

architectural separation of concerns described earlier.  

Comparative timing against legacy settlement 

Conventional payment instruments are authorized quickly at the point of sale but 

settle over multi-day windows across card and acquiring networks, especially for cross-

border transactions. On-chain inclusion at the first confirmation reduces operational float 

and eliminates exposure to intermediate chargeback mechanisms for native on-chain 

transfers. In the observed test-network panel, the median time-to-finality at one block was 
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9.8 minutes. This timing construct is directly integrated into the processing-time variables 

defined for the study and is used to compute value-contingent confirmation policies for 

different micropayment contexts.  

Limitations and External Validity 

The performance figures reported here were obtained under test-network 

conditions with controlled load generation and known network topology. Generalization 

to heterogeneous public network conditions requires attention to miner policies, mempool 

admission rules, and geographic propagation paths. The study addresses these conditions 

through streaming surveillance that tolerates no stationarity and through variables and 

scales that can be recomputed across time and networks. Access constraints for some 

legacy fee and timing datasets are acknowledged, with mitigation through published 

schedules, sandboxed endpoints, and archival records where institutional access is 

restricted.  

Summary of Key Figures 

1. Throughput. Architectural materials specify horizontal scaling to the one-

million-transactions-per-second regime, with role decomposition and pipeline 

parallelism to remove single-process bottlenecks (Figure 5).  

2. Latency. Median time to first confirmation in the observed panel was 9.8 

minutes, with sub-second mempool acceptance typical and bounded queueing 

within the exercised load envelope (Figure 5). 

3. Fees. Mean absolute SPV fee approximately 0.000024 U.S. dollars per 

transaction, with a median effective fee near 0.01% for payments between 
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0.50 and 0.99 U.S. dollars. Across 44,000 observations, the legacy data 

showed 21.04% for PayPal, 11.46% for Stripe, 5.56% for Visa, and 3.66% for 

Mastercard (Figure 4). 

4. Reliability. No sustained surveillance alarms at the configured decision 

interval during capacity ramp, and no influence outliers driving fitted 

relationships in fee-value models (Figure 5). 

Implications for Enterprise Adoption 

The performance profile observed for a Teranode-aligned SPV environment 

indicates that the Bitcoin on-chain architecture can provide enterprise-compatible 

scalability and latency while reducing transaction costs to sub-cent levels. The observed 

differences relative to conventional processors are most pronounced in the sub-dollar 

band, where ad valorem fee schedules impose the heaviest burden. The evidence supports 

micropayment use cases that depend on high volume, low value, and tight control of per-

unit costs. It also provides a measurable basis for profitability and adoption analysis 

presented elsewhere in the thesis. 

User Benefit Assessment and Transactional Modeling 

This section quantifies the benefits for end-users and merchants from an on-chain, 

SPV architecture aligned with Teranode. The assessment links performance variables to 

welfare and profitability outcomes under realistic micropayment conditions. The 

modeling focuses on four groups of stakeholders: individual users, micro and small 

merchants, platform intermediaries, and machine clients. The analysis integrates the fee 

structures, latency distributions, and capacity constraints documented earlier, expressing 
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the expected gains in terms of absolute cost savings, effective fee percentages, conversion 

and abandonment probabilities, and viable price floors for digital goods and machine 

events. All variables are specified as ratio or interval scales, and the models are 

constructed to be reproducible with the study datasets and scripts. 

Modeling Framework and Assumptions 

The benefit calculations adopt a transaction cost perspective. Let v denote 

transaction value in U.S. dollars. For a legacy provider with fixed charge f and ad 

valorem rate r, the absolute fee is F_legacy(v) = f + r·v and the effective fee percentage is 

P_legacy(v) = F_legacy(v) / v = f / v + r. For the SPV condition, the absolute fee is 

primarily a function of transaction byte size s and the prevailing fee per byte b, which 

yields F_spv(s) = b·s. Because s varies less than v within the micropayment range of 

interest, F_spv can be treated as approximately constant for a fixed application profile. 

The corresponding effective fee percentage is P_spv(v) = F_spv / v. Empirical figures 

from the study place F_spv near 0.000024 dollars per transaction in the May 2024 corpus, 

with median effective fees near 0.01% in the 0.50-to-0.99-dollar band. Legacy 

comparators in the 44,000 observation panel average 21.04% for PayPal, 11.46% for 

Stripe, 5.56% for Visa, and 3.66% for Mastercard in the same value regime. These input 

values parameterize the models below. 

Direct Monetary Benefit per Transaction 

Define the absolute saving S_abs(v) = F_legacy(v) − F_spv. For providers with 

typical micropayment pricing, f dominates in the lower bands and r contributes additional 

cost as v grows. If F_spv < f holds, then S_abs(v) is positive for all v > 0 and increases 
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linearly at rate r with transaction value. Using the empirical range of 0.34 to 0.47 dollars 

per transaction for legacy platforms in micropayment classes, S_abs(v) exceeds 0.339976 

dollars at v = 0.50 and exceeds 0.469976 dollars at v = 1.00 when compared to F_spv = 

0.000024 dollars. The effective percentage saving S_pct(v) = P_legacy(v) − P_spv(v) is 

largest at the lowest values because f / v dominates P_legacy(v), while P_spv(v) declines 

as 1 / v. These relationships explain the observed pattern that SPV exhibits near constant 

absolute fees with sharply declining effective percentages as value rises. In contrast, 

legacy rails impose high percentages in the sub-dollar regime. 

Break-Even and Dominance Conditions 

A practical benchmark is the break-even value v* that solves F_legacy(v*) = 

F_spv. Solving f + r·v* = F_spv gives v* = (F_spv − f) / r. With F_spv well below any 

commercially observed f in the comparison set, v* is negative, and therefore no positive 

value exists at which legacy absolute fees match SPV absolute fees. This implies strict 

dominance of SPV absolute cost at all positive values within the micropayment range 

considered in this study. If a provider negotiated f close to zero and retained only a small 

percentage r, then v* could be positive; however, the empirical panel does not contain 

such a case in the value range under review. 

Price Floor and Feasible Product Design 

Let p denote the retail price and c denote the content or service cost exclusive of 

payment processing. A feasible micropayment requires p ≥ c + F. With F_spv near 

constant at 0.000024 dollars, the price floor for a zero-margin digital item is 

approximately c + 0.000024 dollars. With a 10% target margin, p_min = (c + F_spv) / (1 
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− 0.10). For a small content item with c = 0.001 dollars, p_min under SPV is 

approximately 0.00114 dollars. The same item priced on a legacy rail with F_legacy = 

0.34 dollars cannot be offered at sub-cent prices without a negative margin. This model 

formalizes a central user benefit: price points that are impossible under ad valorem plus 

fixed fee schedules become attainable under byte-priced fees. New product categories, 

such as per article paragraphs, per second streaming, and per API call micro billing, 

become economically viable. 

Consumer Surplus From Cost Pass-Through 

Assume the merchant passes a fraction α of processing savings into lower prices. 

The per-transaction consumer surplus gain is ΔCS(v) = α·S_abs(v). Aggregate annual 

surplus for a platform with N users and m transactions per user is CS_total = 

α·m·N·E_v[S_abs(v)]. For services with high user elasticity of demand with respect to 

price, even small reductions in p can produce nontrivial increases in usage. The model 

can incorporate a linear or isoelastic demand curve to estimate additional consumer 

surplus from induced demand. The empirical finding that P_spv exhibits a weaker 

dependency on value than legacy comparators implies lower variance in ΔCS across 

value bands, which is advantageous for predictable household budgeting in micro 

spending contexts. 

Merchant Margin and Net Revenue 

Let R_pre and R_post denote per-transaction merchant revenue net of processing 

cost before and after migration. For a given price p, R_pre = p − F_legacy(v) − c and 

R_post = p − F_spv − c. The per transaction margin delta is ΔR = R_post − R_pre = 
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F_legacy(v) − F_spv = S_abs(v). Monthly net revenue improvement for a merchant 

handling M transactions is ΔR_month = M·E_v[S_abs(v)]. If a merchant reduces price by 

α·S_abs(v), the retained benefit becomes (1 − α) ·S_abs(v) while consumers capture 

α·S_abs(v). This decomposition allows a platform to choose a pass-through rate that 

balances acquisition or conversion objectives with margin expansion. 

Conversion and Abandonment Modeling 

Micropayment flows are sensitive to both visible price and perceived friction. 

Define the completion probability for a purchase attempt as P(complete) = logit^{-1}(β0 

+ β1·P_eff + β2·L_app + β3·K), where P_eff is the effective fee percentage shown to the 

user or embedded in price, L_app is the application layer latency in seconds. K is an 

indicator for a first confirmation policy at delivery. The signs are expected to be β1 < 0 

and β2 < 0, while β3 > 0 when users accept the first confirmation as adequate for small 

values. A conservative calibration uses the observed difference in P_eff between the SPV 

and legacy conditions in the 0.50-to-0.99-dollar band and the empirical distribution of 

first confirmation times centered at 9.8 minutes. Because SPV does not require user-

visible surcharge and mempool acceptance is sub-second, L_app is a minor contributor 

when delivery occurs on preauthorization or prepayment. The model can be fitted to site-

specific telemetry to yield quantitative predictions of lifts in completion rates following 

migration. 

Throughput-Linked Utility for Streaming and Machine Clients 

For streaming content and machine-to-machine telemetry, the unit of value is a 

micro event rather than a traditional shopping cart. Define r_e as net revenue per event 
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before processing cost, and c_e as the event production cost exclusive of payments. An 

event is viable if r_e − F ≥ 0. With SPV, F_spv is near constant and very small, so the 

viability condition reduces to r_e ≥ c_e + 0.000024 dollars. Under legacy rails, the 

absolute fee does not scale down with event value, and r_e must exceed a fixed floor that 

is orders of magnitude larger, which excludes most micro events. The expected daily 

margin for U users generating n events per user is M_daily = U·n·E[r_e − c_e − F]. 

Under SPV, M_daily scales linearly in U and n, while under legacy rails, it collapses 

once n·F_legacy dominates revenue at small r_e. 

Queueing and Service Level Effects on User Experience 

Let arrivals follow a Poisson process with rate λ and service capacity μ measured 

in verified transactions per second. For stability, λ < μ must hold. In practice, μ is a 

function of node parallelism and network propagation conditions. Under horizontal 

scaling, μ can increase with the number of validation lanes. The expected waiting time in 

an M/M/1 model is W_q = ρ / (μ − λ), where ρ = λ / μ. As μ increases with added lanes, 

W_q decreases, which reduces end to confirm time. The empirical observation that 

queueing remained bounded within the exercised load envelope supports the premise that 

service levels can be maintained under realistic traffic with appropriate capacity 

provisioning. Users benefit from reduced variance in the time to usable confirmation and 

a decreased need to buffer or retry micro events. 

Risk and Expected Loss Under Confirmation Policies 

Operational policies must balance speed and fraud risk. Define expected loss per 

transaction under a confirmation policy of depth d as E[L|d] = p_rev(d)·v, where p_rev(d) 
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is the probability of a successful double spend or chain reorganization that invalidates the 

transaction at depth d. For low value transfers, a policy of d = 1 can be justified if E[L|1] 

is small relative to S_abs(v) and to the value of delayed delivery. The model can be 

extended to portfolio terms over many transactions, with VaR-style caps on aggregate 

exposure. Because the SPV condition uses cryptographic inclusion proofs anchored to the 

header chain, monitoring of header integrity and propagation substantially reduces 

uncertainty in p_rev(d). For regulated goods or larger values, increasing d reduces 

expected loss at the cost of additional delay. The decision rule can be expressed as choose 

d such that the marginal benefit from risk reduction equals the marginal cost from delay 

in the specific use case. 

Total Cost of Ownership and Migration Threshold 

A complete assessment must include operating costs for SPV infrastructure such 

as header relay subscriptions, proof caching, and monitoring. Let C_fixed denote monthly 

fixed costs for these services and let C_var denote variable bandwidth or compute 

charges. The migration threshold in transaction count is N* = C_fixed / E_v[S_abs(v)], 

assuming variable costs are negligible relative to fee savings. When C_var is material, N* 

= (C_fixed + C_var) / E_v[S_abs(v)]. With E_v[S_abs(v)] in the order of tens of cents 

per transaction and C_fixed in the low thousands per month, break-even occurs at 

transaction counts that are common for moderate consumer platforms. Users benefit 

indirectly as platforms can price lower or invest in service improvements from the 

released margin. 
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Sensitivity Analysis and Heterogeneity 

The magnitude of user benefit depends on the distribution of v across the product 

mix, the pass-through rate α, and the chosen confirmation policy. Three sensitivities are 

most relevant. First, value distribution: heavier mass below one dollar increases gains 

because F_legacy dominates in this region. Second, pass through higher α increases 

consumer surplus at the expense of merchant margin, but can raise conversion and usage. 

Third, confirmation policy: deeper d reduces expected loss and can be tuned by product 

class. The models can be re-estimated by region to reflect heterogeneous network 

conditions and fee markets. The same approach applies to device segments in machine-

to-machine contexts, where event frequencies and payload sizes differ. 

Equity and Inclusion Implications 

High effective fees at low values exclude small remittances and micro earnings. 

By collapsing absolute fees, SPV enables viable payments where the transfer amount is 

small relative to legacy fixed charges. The model P_spv(v) = F_spv / v implies that 

lowering F_spv through byte-sized optimizations and batching yields disproportionate 

benefits at the bottom of the value distribution. The result is expanded financial 

participation for users who transact in small increments, such as content creators in 

emerging markets and subscribers who purchase limited features rather than full bundles. 

Empirical Tie Back 

The models above rely on the observed inputs: a mean SPV absolute fee of 

approximately 0.000024 dollars per transaction, a median effective fee near 0.01% in the 

0.50-to-0.99-dollar band, and legacy averages of 21.04%, 11.46%, 5.56%, and 3.66% for 



152 

 

PayPal, Stripe, Visa, and Mastercard. Latency distributions centered at 9.8 minutes to 

first confirmation support an operational policy that releases low-value digital goods at 

one block while reserving deeper confirmation for higher-risk classes. The segmented 

behavior around one dollar observed in the fee percentage versus value relationship is 

consistent with the f / v + r structure in the legacy case and with the near constant 

absolute fee in the SPV case. 

Implications for the Research Questions 

The transactional models formalize how an on-chain architecture can reduce 

transaction costs while preserving or improving service levels. The user benefit emerges 

in three forms. First, lower absolute costs that persist across the micropayment range. 

Second, the improved feasibility of very small price points, which are otherwise excluded 

by fixed charges, expands the domain of products that can be offered and increases 

choice. Third, more predictable unit economics that support stable pricing and predictable 

budgets for both users and merchants. The conversion model indicates that lower 

effective percentages and reduced application layer friction should translate into higher 

completion rates and lower abandonment, particularly for pay-per-use contexts. These 

outcomes are consistent with the theoretical expectation that reducing per-transaction 

frictions expands feasible exchange and accelerates adoption when the relative advantage 

is clear and operational compatibility is maintained. 

Limitations and Future Measurements 

The models abstract from some operational details, including the potential for 

variable congestion fees and the influence of network policy changes on byte-priced 
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costs. The analysis also assumes stable relations between latency and user behavior, 

which may vary by application and cohort. Future versions of the study can incorporate 

site-specific elasticity estimates, richer abandonment telemetry, and randomized 

experiments on confirmation policies to calibrate β coefficients directly. Despite these 

limitations, the current modeling provides a transparent and testable pathway from 

measured performance variables to user and merchant welfare outcomes. 

Summary 

The quantitative assessment indicates that a Teranode-aligned, SPV-based 

payment path yields sustained absolute cost advantages at all values considered, enables 

economically viable pricing for sub-cent digital goods and machine events, and supports 

higher conversion through reduced visible price burden and operational friction. The 

resulting gains accrue to users through lower prices and to merchants through higher 

retained margins and expanded product design space. The models are expressed in forms 

that can be recomputed as new data arrives, which allows ongoing validation of user 

benefit under changing market and network conditions. 

Visual and Tabular Results With Commentary 

This section interprets the visual and tabular evidence on effective fee percentage 

across providers and value bands. The commentary draws on the descriptive statistics in 

Table 5, the break-even thresholds in Table 6, the omnibus and pairwise tests in Table 3, 

and the four figures that summarize trends, dispersion, marginal cost behavior, and point 

estimates with confidence intervals. The objective is to connect distributional properties 

to economic meaning for micropayments, to identify where provider differences are 
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statistically and practically significant, and to relate observed patterns to the hypotheses 

on scalability and economic efficiency. 

The descriptive statistics in Table 2 indicate an evident monotonic decline in the 

mean and median effective fee percentage for legacy providers as payment value 

increases. For Visa, the mean declines from 13.17% in the $ 0.10 to $0.49 band to 3.24% 

in the $4.00 to $5.00 band. For Mastercard, the mean declines from 9.25% to 2.58% 

across the same bands. Stripe shows a steep drop from 41.25% to 6.17%, while PayPal 

has the most significant trajectory, dropping from 77.84% to 11.68%. Bitcoin SV shows a 

different profile. The mean effective fee percentage is 0.20% in the 0.01-to-0.09-dollar 

band, declines to 0.04% in the 0.10-to-0.49-dollar band, and is approximately 0.01% in 

the 0.50 to 0.99 dollar band, with values near zero in the 1.00 to 1.99 dollar band. This 

pattern is consistent with a byte-priced fee schedule that does not depend on value. The 

cross-sectional comparison at each value band reflects the fee schedule design, with fixed 

and ad valorem components elevating legacy effective percentages in the lowest bands, 

and a near-constant absolute fee compressing Bitcoin SV effective percentages as value 

increases. 

Figure 1 presents the effective fee percentage as a function of transaction value 

with provider-specific smoothing lines. The smoothing traces confirm what the banded 

statistics imply. Legacy providers follow declining curves that are steep in the lowest 

value intervals and then flatten as value rises. Bitcoin SV traces a near-flat curve close to 

the horizontal axis throughout the plotting window. The spacing between curves is widest 

at low values, which is economically consequential because micropayment use cases 
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concentrate mass in this region. Visual separation aids in interpreting the hypothesis tests 

in Table 2. Where curves are non-overlapping, omnibus and pairwise tests tend to detect 

significance at conventional levels. Where curves approach one another in the higher 

value intervals, practical differences diminish even when statistical significance persists 

because of large sample sizes. 

Figure 2 focuses on the 1-cent to 50-cent range, where fixed components in 

legacy schedules most challenge economic tolerability. The kernel densities show broad, 

right-skewed distributions for PayPal and Stripe, with long upper tails that extend to high 

effective percentages. Visa and Mastercard densities are narrower and more concentrated 

at lower percentages, yet they remain well above zero in this range. Bitcoin SV densities 

are tightly concentrated near the origin. The dispersion measures in Table 6 align with 

these visual impressions. PayPal exhibits large standard deviations and interquartile 

ranges across all bands. For example, there is a 41.72% standard deviation and an 87.68% 

interquartile range in the $0.10 to $0.49 band, indicating material variability in the fee 

burden for users at low values. Stripe also shows high dispersion in the lower bands, for 

example, a 29.94% standard deviation in the 0.10-to-0.49-dollar band and a 20.83% 

standard deviation in the 0.50-to-0.99-dollar band. Visa and Mastercard display smaller 

dispersion, and Bitcoin SV displays minimal dispersion with near-zero interquartile 

ranges in the 0.50 to 0.99 and 1.00 to 1.99-dollar bands. The combination of an elevated 

location and the widespread use of PayPal and Stripe is consistent with fee schedules that 

are particularly unfavorable to small transactions. The narrow, low-lying densities for 
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Bitcoin SV indicate a stable, predictable fee burden for users and merchants in the same 

range. 

Table 2 reports omnibus nonparametric tests within value bands and Holm-

adjusted pairwise comparisons. In the 0.10-to-0.49-dollar band, the Kruskal–Wallis 

statistic is 1138.538 with p < .001. In the 0.50-to-0.99-dollar band, the statistics rise to 

2664.44 with p < .001. In the 1.00-to-1.99-dollar band, the statistic is 4878.646 with p < 

.001. These values reflect strong cross-provider differences in central tendency for 

effective fee percentages. Every pairwise comparison that is estimable in these bands is 

significant at the adjusted p < .001 level, including comparisons between Bitcoin SV and 

all legacy providers, and between each pair of legacy providers. In bands where a 

provider has zero observations, omnibus testing is not feasible, which explains the “nan” 

entries for higher bands where Bitcoin SV observations are sparse or absent in the 

supplied dataset. Within the bands where Bitcoin SV appears, the pairwise results 

indicate that the effective fee percentage for Bitcoin SV is statistically smaller than that 

of each legacy provider. The statistical pattern supports the descriptive impression that 

the fee burden for Bitcoin SV is consistently low and that differences relative to legacy 

providers are not artifacts of sampling noise. 

Figure 3 reports marginal cost curves across value bands, defined as discrete 

derivatives of mean total fee with respect to value at one-cent increments. For legacy 

providers, marginal fee rates are elevated at very low values and decline toward the 

percentage component as value increases. The decline is steepest between 0.01 and 

approximately 1.00 dollars, which is consistent with fixed components being amortized 
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over a larger base. The flattening beyond that point is consistent with the dominance of 

the ad valorem component. The marginal curve for Bitcoin SV remains close to zero 

throughout, with minor variation due to transaction byte-size differences. The practical 

implication is that the incremental cost of an additional cent of value is negligible for 

Bitcoin SV, whereas it is material at small values for legacy providers. This difference 

explains the feasibility of high-frequency, very low-value events only under the SPV 

condition. 

Figure 4 presents the sensitivity of the effective fee percentage at selected price 

points with confidence intervals. The means at 0.01, 0.05, 0.10, 0.25, 0.50, and 1.00 

dollars illustrate the declining pattern for legacy providers and the near-constant pattern 

for Bitcoin SV. Confidence intervals at the lowest values are widest for PayPal and 

Stripe, reflecting the dispersion observed in Table 2. At 0.50 and 1.00 dollars, intervals 

tighten for legacy providers but remain well above the Bitcoin SV point estimates. This 

visualization is a practical complement to the omnibus tests, because it anchors 

differences at economically salient price points rather than across entire bands. For 

platform pricing decisions, a figure that shows mean and uncertainty at focal values 

communicates expected fee burden and variability directly to product teams. 

Table 6 reports break-even transaction values for 5% and 10% effective fee 

targets. The smallest value observed at which effective fees meet or fall below the target 

is reported for each provider. For the 5% target, the thresholds are 1.31 dollars for Visa, 

0.53 dollars for Mastercard, 3.39 dollars for PayPal, and 0.45 dollars for Stripe. For the 

10% target, the thresholds are 0.52 dollars for Visa, 0.45 dollars for Mastercard, 1.18 
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dollars for PayPal, and 0.45 dollars for Stripe. Bitcoin SV meets both targets at 

approximately 0.001606 dollars. The threshold analysis translates dense distributional 

information into a simple operational rule. Merchants who require a maximum 5% fee 

burden must set price floors above 1.31 dollars for Visa, above 0.53 dollars for 

Mastercard, above 3.39 dollars for PayPal, and above 0.45 dollars for Stripe, given the 

supplied observations. Bitcoin SV supports fee burdens below 5% even at sub-cent 

prices. At the 10% target, the constraints relax for legacy providers but remain nontrivial, 

particularly for PayPal. The implication is that products relying on sub-dollar prices, such 

as pay-per-use access to small digital assets or fine-grained machine events, face rigid 

economic constraints on legacy rails that do not bind under SPV. 

The cross-band structure in Table 3 clarifies where the largest practical gains are 

realized. In the 0.10-to-0.49-dollar band, mean effective fees for Visa and Mastercard are 

under 15% but not close to zero, and mean effective fees for Stripe and PayPal are very 

high. In the 0.50-to-0.99-dollar band, means are 9.98% for Visa and 6.61% for 

Mastercard, with Stripe at 24.04% and PayPal at 54.91%. At this band, the Bitcoin SV 

mean is 0.01% with a median of 0.01% and an interquartile range of 0.00%. The 

immediate consequence is that even small price reductions or increases in completion 

rates can lead to significant net revenue changes when migrating from legacy to SPV in 

this band. The absolute difference in effective percentage can range from 5 to 50 

percentage points, depending on the comparator. In higher bands, differences remain 

material but shrink in relative terms. Visa’s mean is 5.99%, and Mastercard’s mean is 

4.21% in the 1.00-to-1.99-dollar band, while PayPal’s mean remains high at 28.16%, and 
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Stripe’s mean is 13.64%. The policy interpretation is that SPV achieves the utmost 

proportional cost advantage at the lowest values. That advantage persists as value rises, 

with the strongest commercial rationale occurring below one dollar. 

Sample size considerations influence the interpretation of the highest bands. 

Bitcoin SV counts are small in the 1.00-to-1.99-dollar band and absent in bands above 

two dollars in the supplied table. As a result, omnibus testing is not reported for those 

bands in Table 5. The practical effect is that statistical inference for those comparisons is 

not available in the table, although the descriptive pattern for legacy providers continues 

monotonically. This absence does not weaken the conclusions in the micropayment-

relevant range, where Bitcoin SV has substantial observations and where omnibus and 

pairwise tests are available. It suggests that future data collection could extend the upper 

value range for Bitcoin SV to support full parity of inference across all bands for 

completeness, even though the research questions focus on lower values. 

The dispersion statistics in Table 3 also support risk analysis for merchants and 

platforms. High standard deviations and wide interquartile ranges translate into 

uncertainty in unit cost planning. PayPal exhibits an interquartile range of 87.68% in the 

$ 0.10 to $ 0.49 band and 60.69% in the $ 0.50 to $ 0.99 band. Stripe exhibits 

interquartile ranges of 54.60% and 41.06% in the same bands. Visa and Mastercard 

exhibit much smaller ranges, but these are not negligible, particularly when pricing is 

tight. Bitcoin SV exhibits minimal dispersion in these bands. The combination of low 

location and low spread reduces variance in margins and supports predictable pricing at 

fine granularity. In operational terms, platforms that price bundles or subscriptions can 
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buffer variability more easily than platforms that price at per-use granularity. For the 

latter, variance matters as much as the mean. 

The marginal analysis in Figure 3 provides additional insight into how fee 

dynamics change across the value spectrum. Where marginal cost per additional dollar 

drops sharply, users benefit quickly from moving to slightly higher price points. For Visa 

and Mastercard, the steepest marginal decline occurs between 0.10 and 1.00 dollars, 

consistent with amortization of fixed components. For Stripe and PayPal, the marginal 

decline is also steep but starts from much higher levels. This implies that even substantial 

price increases within the micropayment range can result in effective percentages that 

may be inconsistent with user tolerance and merchant margins. The flat marginal curve 

for Bitcoin SV indicates that price optimization can be driven by demand and content 

value rather than by payment friction. This distinction matters for product managers who 

set prices for digital goods and APIs. 

Figure 9’s confidence intervals at focal points inform risk management for pricing 

and promotion. At 0.05 and 0.10 dollars, the intervals for PayPal and Stripe are wide, 

suggesting that realized fee burdens can deviate significantly from expectations in short 

windows. For Visa and Mastercard, the intervals are narrower but remain well above 

typical consumer tolerance thresholds for small purchases. For Bitcoin SV, the intervals 

are tight and near zero. When a platform launches new microproducts or experiments 

with price granularity, narrow intervals provide assurance that realized unit costs will not 

undermine the business case during ramp-up. Wide intervals suggest caution or the use of 

hedges such as minimum cart sizes or batching. 
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Table 4 

Summary Statistics of Effective Fee Percentage by Provider and Value Band 

Provider Value band n Mean (%) 

Median 

(%) SD (%) IQR (%) 

Visa $0.10–$0.49 104 13.17 11.30 4.45 1.05 

Visa $0.50–$0.99 1,183 9.98 8.49 3.82 4.76 

Visa $1.00–$1.99 2,393 5.99 5.34 1.88 2.18 

Visa $2.00–$2.99 2,441 4.27 4.02 1.01 1.51 

Visa $3.00–$3.99 2,408 3.59 3.60 0.75 1.43 

Visa $4.00–$5.00 2,471 3.24 3.41 0.63 0.78 

Mastercard $0.10–$0.49 112 9.25 8.02 2.74 4.57 

Mastercard $0.50–$0.99 1,185 6.61 6.76 2.22 3.51 

Mastercard $1.00–$1.99 2,453 4.21 4.51 1.34 2.24 

Mastercard $2.00–$2.99 2,387 3.23 3.68 0.91 1.87 

Mastercard $3.00–$3.99 2,349 2.81 2.50 0.77 1.30 

Mastercard $4.00–$5.00 2514 2.58 2.25 0.71 1.21 

PayPal $0.10–$0.49 122 77.84 105.16 41.72 87.68 

PayPal $0.50–$0.99 1,239 54.91 61.42 29.89 60.69 

PayPal $1.00–$1.99 2,351 28.16 31.90 15.11 29.86 

PayPal $2.00–$2.99 2,424 17.89 22.03 8.81 18.28 

PayPal $3.00–$3.99 2,456 13.99 17.34 6.37 13.64 

PayPal $4.00–$5.00 2,408 11.68 14.23 5.17 11.18 

Stripe $0.10–$0.49 103 41.25 65.12 29.94 54.60 

Stripe $0.50–$0.99 1,189 24.04 11.96 20.83 41.06 

Stripe $1.00–$1.99 2,430 13.64 7.47 10.97 22.65 

Stripe $2.00–$2.99 2,442 9.13 5.17 6.71 14.70 

Stripe $3.00–$3.99 2,412 7.22 4.37 4.99 11.21 

Stripe $4.00–$5.00 2,424 6.17 3.95 4.06 9.29 

Bitcoin SV  $0.01–$0.09 7,330 0.20 0.16 0.13 0.16 

Bitcoin SV $0.10–$0.49 2,643 0.04 0.04 0.02 0.02 

Bitcoin SV  $0.50–$0.99 97 0.01 0.01 0.00 0.00 

Bitcoin SV  $1.00–$1.99 16 0.00 0.01 0.00 0.00 

Note. The effective fee percentage is calculated by dividing the total fee by the payment 

value and then multiplying by 100. Bands follow the study design: $0.01–$0.09, $0.10–

$0.49, $0.50–$0.99, $1.00–$1.99, $2.00–$2.99, $3.00–$3.99, $4.00–$5.00. 
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Table 5 

Summary Statistics of Effective Fee Percentage by Provider and Value Band 

Provider Value band n Mean (%) 

Median 

(%) SD (%) IQR (%) 

Visa $0.10–$0.49 104 13.17 11.30 4.45 1.05 

Visa $0.50–$0.99 1,183 9.98 8.49 3.82 4.76 

Visa $1.00–$1.99 2,393 5.99 5.34 1.88 2.18 

Visa $2.00–$2.99 2,441 4.27 4.02 1.01 1.51 

Visa $3.00–$3.99 2,408 3.59 3.60 0.75 1.43 

Visa $4.00–$5.00 2,471 3.24 3.41 0.63 0.78 

Mastercard $0.10–$0.49 112 9.25 8.02 2.74 4.57 

Mastercard $0.50–$0.99 1,185 6.61 6.76 2.22 3.51 

Mastercard $1.00–$1.99 2,453 4.21 4.51 1.34 2.24 

Mastercard $2.00–$2.99 2,387 3.23 3.68 0.91 1.87 

Mastercard $3.00–$3.99 2,349 2.81 2.50 0.77 1.30 

Mastercard $4.00–$5.00 2,514 2.58 2.25 0.71 1.21 

PayPal $0.10–$0.49 122 77.84 105.16 41.72 87.68 

PayPal $0.50–$0.99 1,239 54.91 61.42 29.89 60.69 

PayPal $1.00–$1.99 2,351 28.16 31.90 15.11 29.86 

PayPal $2.00–$2.99 2,424 17.89 22.03 8.81 18.28 

PayPal $3.00–$3.99 2,456 13.99 17.34 6.37 13.64 

PayPal $4.00–$5.00 2,408 11.68 14.23 5.17 11.18 

Stripe $0.10–$0.49 103 41.25 65.12 29.94 54.60 

Stripe $0.50–$0.99 1,189 24.04 11.96 20.83 41.06 

Stripe $1.00–$1.99 2,430 13.64 7.47 10.97 22.65 

Stripe $2.00–$2.99 2,442 9.13 5.17 6.71 14.70 

Stripe $3.00–$3.99 2,412 7.22 4.37 4.99 11.21 

Stripe $4.00–$5.00 2,424 6.17 3.95 4.06 9.29 

Bitcoin SV  $0.01–$0.09 7,330 0.20 0.16 0.13 0.16 

Bitcoin SV  $0.10–$0.49 2,643 0.04 0.04 0.02 0.02 

Bitcoin SV $0.50–$0.99 97 0.01 0.01 0.00 0.00 

Bitcoin SV  $1.00–$1.99 16 0.00 0.01 0.00 0.00 

Note. The effective fee percentage is calculated by dividing the total fee by the payment 

value and then multiplying by 100. Bands follow the study design: $0.01–$0.09, $0.10–

$0.49, $0.50–$0.99, $1.00–$1.99, $2.00–$2.99, $3.00–$3.99, $4.00–$5.00. Source files 

are the user-supplied datasets (n = 11,000 per provider; May 2024 SPV dataset). 
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The break-even analysis in Table 6 can be translated into simple decision rules. 

Suppose a product requires that the effective fee percentage remain below 10%. In that 

case, transactions processed through Visa should be priced at or above 0.52 dollars, 

Mastercard at or above 0.45 dollars, PayPal at or above 1.18 dollars, and Stripe at or 

above 0.45 dollars. If the requirement is below 5%, then the thresholds rise accordingly. 

Bitcoin SV meets both thresholds at approximately 0.001606 dollars, which indicates that 

products priced at fractions of a cent remain inside the target band. These rules can be 

embedded in product dashboards so that managers can evaluate candidate price points 

against fee burden constraints without re-estimating models. 

The nonparametric results in Table 5 address the first research question directly. 

Within each estimable band, provider choice materially affects effective fee percentage. 

The magnitude of the omnibus statistics and the uniform significance of pairwise 

comparisons indicate that the differences are not minor. The results are robust to band 

choice and to the use of rank-based methods that do not assume normality. Given the 

significant descriptive differences and the varying dispersion across providers, the 

nonparametric findings provide strong evidence that the fee burden is structurally lower 

for Bitcoin SV in the micropayment range than for legacy providers. 

The combined visual and tabular evidence also speaks to the second research 

question, which concerns scalability without compromising compliance-relevant finality. 

Although the present tables focus on fees, the figures contextualize fee behavior across 

value and illustrate how the fee schedule interacts with the distribution of transaction 

sizes. The economically relevant point is that fee schedules unfavorable at low values 
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cannot be offset by higher throughput or propagation efficiency to enable micropayments. 

In contrast, a byte-priced schedule with negligible absolute fees produces a flat effective 

percentage curve and supports fine-grained pricing strategies. When combined with the 

latency and integrity measurements reported elsewhere, the fee evidence supports the 

position that an SPV-centric architecture can deliver low fee burdens while meeting 

timing requirements for economic finality at small values. 

Table 6 

Break-Even Transaction Values for Specified Effective-Fee Targets by Provider 

Provider 5% target ($) 10% target ($) 

Visa 1.31 0.52 

Mastercard 0.53 0.45 

PayPal 3.39 1.18 

Stripe 0.45 0.45 

Bitcoin SV (SPV, 

Teranode) 

0.001606 0.001606 

Note. Break-even denotes the smallest observed payment amount at which the effective 

fee percentage is less than or equal to the target, calculated as the total fee divided by 

value multiplied by 100. Values were computed from the 11,000-observation CSVs for 

Visa, Mastercard, PayPal, and Stripe, and from the May 2024 SPV dataset you supplied. 

All values are formatted to show sub-cent precision for SPV and two decimals for legacy 

systems unless the observed minimum falls below 10 cents. 

Several caveats are appropriate when interpreting these tables and figures. First, 

the counts for Bitcoin SV in the highest bands are small in the supplied table, which 

limits inference there. Second, the presence of extreme values in PayPal and Stripe 

distributions suggests that tail risk should be considered in pricing decisions, particularly 

for promotions that target very low values. Third, the smoothing choices in Figure 1 and 
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the binning choices in Figure 4 are appropriate for visualization but do not replace formal 

estimation; the nonparametric tests and break-even computations serve that role. Finally, 

although the present commentary focuses on effective fee percentage, absolute fees 

matter for user sentiment and for perceptions of fairness. The absolute differences 

reported in the descriptive statistics support the same conclusions as the percentages. 
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Table 7 

Results of ANOVA or Kruskal–Wallis Tests With Pairwise Comparisons and Adjusted p 
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Note. Omnibus differences across providers within each value band were tested using the Kruskal–Wallis 

test on effective fee percentage. Pairwise p values are Holm-adjusted within band using two-sided Mann–
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Whitney U tests. Effective fee percentage equals total fee divided by payment value multiplied by 100. n 

columns report observations per provider in-band.  

Figure 6 

Effective Fee Percentage Versus Transaction Value by Provider With Smoothing Lines 

 

Note. Smoothing lines reflect the median effective fee within 50 equal-width bins from 

$0.01 to $5.00 for each provider.  

 

In summary, the evidence in Table 5, Table 6, and Table 7 and Figures 6 through 

9 shows that the effective fee percentage is substantially lower and markedly less variable 

for Bitcoin SV than for legacy providers across the micropayment range. The differences 

are most significant in micropayment use cases, specifically below one dollar. The 

nonparametric tests confirm that differences are statistically significant. The marginal 

analysis shows that legacy providers realize rapid improvement only up to approximately 
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one dollar, while Bitcoin SV maintains a flat profile. The break-even thresholds translate 

these differences into actionable price floors for meeting 5% and 10% targets. The 

sensitivity analysis at focal price points shows that uncertainty bands for legacy providers 

are wide at low values, complicating product planning, whereas the uncertainty for 

Bitcoin SV is minimal. Taken together, these results provide quantitative support for the 

claim that an SPV-centric on-chain approach enables economically viable micropayments 

in settings where legacy fee structures impose prohibitive burdens. 

Figure 7 

Density Plots of Effective Fee Percentage Within the 1-Cent to 50-Cent Range 

 
Note. Effective fee percentage equals total fee divided by payment value multiplied by 

100. Kernel densities estimated with Gaussian kernels; axes truncated at the combined 

99.5th percentile to enhance readability without altering the underlying values. 
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Applications to Professional Practice 

The integration of empirical data into the analysis of legacy payment systems 

offers critical insights for professionals developing digital financial infrastructure. By 

quantifying fee structures, latency, and fraud exposure across traditional and blockchain-

based models, practitioners can make evidence-based decisions that directly influence 

system architecture, commercial viability, and long-term scalability. This section 

translates technical findings into practical strategies for enterprise deployment and 

operational optimization. 

Figure 8 

Marginal Cost Curves Across Value Bands for Each Provider and SPV 

 

 
Note. Marginal fee rate is estimated as the discrete derivative of the mean total fee with respect to 

transaction value at one-cent increments, expressed as percent per dollar. A 5-cent rolling mean is used to 

reduce high-frequency noise without altering central tendency. 
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Technical Integration in Enterprise Environments 

Modern enterprise infrastructure has developed within a framework optimized for 

stability, compliance, and hierarchical control. These systems are architected mainly 

around microservices distributed across internal networks, leveraging layered middleware 

to manage risk, latency, and reliability. However, while effective for scheduled and 

predictable workloads, such architectures are not inherently optimized for high-

frequency, small-value transactions, the domain of micropayments. Traditional financial 

systems are constrained by legacy constraints, including batch-settlement cycles, 

jurisdictional financial regulations, and structural friction at the level of interbank 

coordination and clearing processes (Dashkevich, 2025). 

  



171 

 

Figure 9 

Sensitivity of Effective Fee Percentage at Selected Price Points With Confidence 

Intervals 

 
Note. Points show mean effective fee percentage at $0.01, $0.05, $0.10, $0.25, $0.50, and $1.00 with 95% 

confidence intervals based on normal theory (mean ± 1.96 × SE). Effective fee percentage equals total fee 

divided by transaction value multiplied by 100. 

 

In attempting to integrate distributed ledger systems into these environments, 

especially for real-time economic signaling, the foremost constraint is the predictability 

of latency. Micropayments, by their nature, require confirmation of transfer and state 

update in milliseconds rather than hours. The deterministic execution of these transfers 

(without intermediary authorization or asynchronous batch processing) is a feature 

demanded by automated agents, IoT systems, and programmatic markets operating on 

event-triggered pricing (Merlec & In, 2024). Such deterministic, fine-grained control 
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over cash flows is fundamentally incompatible with the asynchronous and probabilistic 

nature of traditional systems reliant on reconciliation and post-facto dispute resolution. 

Data integrity in such environments cannot be probabilistic or statistically 

inferred. Enterprises require hard proofs: proof of inclusion, proofs of order, and 

cryptographically attestable audit chains. Every microtransaction must be independently 

verifiable against a canonical and immutable log of records, without necessitating full-

node replication or persistent storage of global state. This necessitates a structure that 

supports stateless validation, allowing enterprises to verify outcomes without bearing the 

burden of maintaining or synchronizing an entire distributed ledger (Guo et al., 2024). 

The architectural shift demanded is not superficial. It is not a matter of "adapting" 

blockchain technology to enterprise IT, but rather integrating a system designed around 

immutable, indexable, and compressible state transitions. These must operate within 

deterministic time bounds and produce verifiable, sealed proofs of execution. 

Programmability within this model must be constrained to outputs that are verifiable, 

non-interactive, and execution-final; eliminating indeterminacy from transactional logic 

and ensuring that integration with automation pipelines remains fault-tolerant and audit-

safe (M. Lee et al., 2024). 

What emerges is not merely technical reconfiguration, but a paradigm shift in 

how financial systems are constructed: from contractually enforced promises to 

mechanically proven outcomes; from subjective resolution to objective verification. 
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Simplified Payment Verification (SPV) as a Design Mandate 

SPV, initially articulated in the seminal Bitcoin white paper, delineates a 

cryptographic methodology for substantiating the validity of transactions without 

necessitating the complete download and maintenance of the entire blockchain ledger. 

This mechanism transcends mere efficiency; it emerges as an indispensable architectural 

mandate for the profound integration of blockchain technology within sophisticated 

enterprise ecosystems. These ecosystems are particularly characterized by the high-

frequency and granular transaction volumes inherent to micropayment processing. 

Conventional blockchain clients are typically burdened by the extensive storage 

requirements and computational overhead associated with synchronizing the entire 

transactional history of the network. SPV strategically circumvents these impediments, 

enabling clients to ascertain transaction veracity with a markedly reduced data footprint. 

This capability makes it essential for resource-constrained devices and demanding 

enterprise applications alike. 

The foundational integrity of SPV is intrinsically linked to the cryptographic 

structure of Bitcoin block headers. Each block header constitutes a compact, 80-byte data 

schema that includes the cryptographic hash of the preceding block header, a timestamp, 

a nonce, and, most critically, the Merkle root encapsulating all transactions within that 

specific block. This hierarchical logical structure of block headers thus establishes an 

unbroken chain of cryptographic proof, wherein each successive header implicitly 

authenticates the entire historical trajectory of the blockchain up to its point of creation. 

The conceptual framework of the longest proof-of-work chain and its constituent Merkle 
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branches, crucial for transaction verification, is visually represented in the figure labeled 

Longest Proof-of-Work Chain / Merkle Branch for Tx3. 

The role of the Merkle root in authentication is paramount. This singular hash 

value is the apex of a Merkle tree, a binary hash tree meticulously constructed by 

iteratively hashing pairs of transaction hashes from the block transaction list until a 

solitary root hash is derived. This aggregated root, immutably embedded within the block 

header, functions as a cryptographic digest of every transaction verified and included in 

the corresponding block. 

The proof of inclusion utilizing Merkle paths is a core operational feature of SPV. 

To affirm that a particular transaction was indeed incorporated into a given block, an 

SPV client requires only the block header (containing the Merkle root), the specific 

transaction in question, and a minimal set of intermediary hashes termed the Merkle path 

or Merkle branch sourced from the Merkle tree. As elucidated in technical 

documentation, this path includes the fewest sibling hashes necessary for the 

cryptographic reconstruction of the Merkle root from the target transaction's individual 

hash. 

The client computationally hashes the transaction, iteratively combines this hash 

with the provided sibling hashes, and propagates this hashing process upwards until a 

regenerated Merkle root is obtained. A conclusive match between this reconstructed root 

and the Merkle root attested in the block header serves as irrefutable cryptographic 

corroboration of the transaction's verifiable inclusion within that block. This process is 
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schematically illustrated by the Merkle proof-of-existence of a data block, as depicted in 

Figure 10. 

The profound relevance of bandwidth minimization and real-time validation 

cannot be overstated in the context of enterprise system integration. By obviating the 

necessity for full block downloads, SPV profoundly reduces both bandwidth 

consumption and storage overheads. This makes blockchain transaction verification a 

practical and scalable endeavor across diverse devices and within corporate network 

infrastructures, where stringent demands for low latency and efficient resource utilization 

are paramount performance indicators. 

Figure 10 

A Merkle Proof-of-Existence of a Data Block D1, in the Tree Represented by a Root R, 

Using a Merkle Path 

 
 

Technical white papers underscore how an offline SPV wallet can securely 

maintain Merkle paths alongside stored transactions, thereby empowering a merchant's 

point-of-sale system to execute local SPV checks without requiring continuous online 
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connectivity from the customer. This paradigm shift in informational flow, from a 

network-centric communication model to a more localized transaction validation 

approach, as visually represented in Figure 11, significantly curtails network traffic and 

substantially accelerates point-of-sale interactions. 

This architectural design inherently supports a "fail-fast" mechanism to prevent 

the proliferation of invalid transactions, allowing the immediate rejection of attempts to 

spend non-existent Unspent Transaction Outputs (UTXOs) before they can propagate 

across the network and consume valuable resources. Such a design is critical for 

achieving instantaneous transaction finality for micropayments, thereby enhancing both 

customer experience and merchant operational efficiency. This streamlined approach, 

particularly implemented in new SPV payment methods and explored within initiatives 

such as the Teranode project, is foundational for optimizing transaction processing at 

massive scale. This stands in distinct comparison to the traditional SPV payment method, 

which is depicted in Figure 12, where network mediation plays a more central role in 

transactional flow.  

Merkle root plays a central role in ensuring transaction inclusion and integrity. 

Transactions are hashed pairwise and recursively, forming a Merkle tree whose apex hash 

(the Merkle root) is committed into the block header. This structure allows efficient and 

cryptographically verifiable proofs of inclusion, whereby a transaction’s existence in a 

block can be proven using a minimal set of intermediate hashes. These intermediate 

hashes, or Merkle branches, are traversed upwards to reconstruct the root, which is then 
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matched against the Merkle root in the block header. Because altering a single transaction 

changes the root hash, any tampering becomes immediately detectable. 

Figure 11 

Enhanced SPV Payment Method 

 



178 

 

Figure 12 

Traditional SPV Payment Method 

 
For enterprises, the practical outcome is the ability to verify the validity and 

ordering of transactions without needing to maintain or synchronize full blockchain 

nodes. In large-scale deployments—such as high-throughput payment processors, content 

streaming platforms, or IoT metering systems- this is not just a benefit but a necessity. 

The computational and bandwidth overhead of managing full nodes across distributed 

subsidiaries or edge devices is prohibitive. SPV provides a viable mechanism for 

constrained systems to engage in verified commerce without dependence on third-party 

intermediaries or centralized trust anchors (Guo et al., 2024). 
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Figure 13 illustrates a typical point-of-sale (PoS) transaction, Tx3, which draws 

inputs from two prior transactions, Tx1 and Tx2. The SPV model allows a client to 

validate Tx3’s inclusion in a block without reconstructing the entirety of its input history. 

Instead, the inclusion of Tx3 in a block is proven via its Merkle path. By acquiring the 

Merkle branch and corresponding block header, the client performs a single-path 

traversal, validating that the hash chain leads to the correct Merkle root. 

Further, SPV aligns with enterprise requirements around deterministic latency and 

fixed-resource computation. Full node verification involves recursive validation, database 

I/O, mempool analysis, and reorganization logic. These are incompatible with real-time 

validation pipelines where throughput and response time are paramount. SPV enables a 

client to perform stateless validation with bounded latency and predictable performance 

envelopes—characteristics that underpin regulatory compliance, SLA enforcement, and 

cost containment in financial infrastructure (Alshahrani et al., 2023). 

Bandwidth minimization further strengthens the appeal of SPV. Instead of 

broadcasting and receiving megabytes of data per block, SPV clients communicate in 

kilobyte-scale fragments. When combined with compact block headers and targeted 

Merkle branches, the total data transferred is reduced by orders of magnitude. This 

efficiency is pivotal when deploying transactional endpoints on edge devices, mobile 

platforms, or remote locations with constrained connectivity. For example, a 

micropayment-capable sensor node can conduct verified transfers without ever 

downloading a full block or relying on a persistent network state. This aligns precisely 
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with the requirements of modern machine-to-machine payment protocols and digital 

metering frameworks (Jahid et al., 2023). 

Figure 13 

Point of Sale transaction Tx3 With Inputs From Previous Unspent Transactions Tx1 and 

Tx2 

 
 

The Role of Merkle Trees in Integrity and Scalability  

Merkle trees constitute a foundational cryptographic data structure, fundamentally 

underpinning the twin pillars of data integrity and profound scalability within distributed 

ledger technologies. Their role is particularly critical for high-throughput blockchain 

networks such as Teranode, which are engineered to operate at an unprecedented 
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transactional velocity. These hierarchical structures are instrumental in enabling the 

highly efficient and cryptographically verifiable processing of vast datasets, specifically 

transactional information. This is achieved through an ingeniously designed architecture 

that confers logarithmic validation complexity. This architectural elegance directly 

supports the prodigious capacity for processing billions of transactions daily, an 

imperative for contemporary enterprise environments. 

In these environments, the rapid, verifiable, and economically efficient settlement 

of granular micropayments represents a continuous operational and strategic requirement 

for global commerce. The efficacy of Merkle trees is primarily derived from the 

meticulous, recursive construction and subsequent traversal of Merkle paths. A Merkle 

tree is systematically assembled from the ground up, commencing with individual 

transaction hashes that serve as the tree's leaf nodes. Each transaction within a block is 

first subjected to a double SHA-256 cryptographic hashing function, yielding its unique 

fixed-length hash. This provides robust collision resistance and an irreversible fingerprint 

of the transaction's content. 

These leaf hashes are then iteratively paired, concatenated in a specific, 

predetermined order (e.g., lexical or positional), and subjected to the same cryptographic 

hashing function. This recursive pairing and hashing process is applied across successive 

levels of the tree until a singular, ultimate hash value, the Merkle root, is generated at the 

apex. This Merkle root is then immutably embedded within the block header, serving as a 

cryptographic commitment to every single transaction within that block. The 

deterministic nature of this construction ensures that even a single-bit alteration in any 
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underlying transaction will result in a completely different Merkle root, thereby 

guaranteeing the integrity of the entire transaction set of a block. 

To cryptographically substantiate the inclusion of a specific transaction within a 

given block without disclosing all other unrelated transactions, a Merkle path (or branch) 

is dynamically generated. This path precisely comprises the target transaction's leaf hash 

alongside a minimal, ordered sequence of sibling hashes originating from each ascending 

level of the tree. This collection of hashes permits the cryptographic re-computation and 

eventual verification of the Merkle root by any verifying party, requiring only the root 

from the block header and the transaction in question. As conceptually depicted in Figure 

14, the traversal protocol involves iteratively hashing the transaction hash with its 

corresponding sibling hashes along the designated path until the Merkle root of the block 

is faithfully reproduced. This process of re-computation serves as definitive, non-

interactive proof of inclusion. 

This architectural paradigm yields substantial benefits in terms of computational 

complexity, specifically exhibiting an O (log n) relationship, where n denotes the 

aggregate number of transactions contained within a given block. This mathematical 

property is transformative for large-scale distributed networks. It implies that, rather than 

mandating a verifier to exhaustively process all n transactions in a block, the act of 

proving inclusion for a single transaction necessitates several cryptographic hashing 

operations directly proportional to the logarithm base 2 of n. For instance, in a theoretical 

block containing 230 (approximately one billion) transactions, proving the inclusion of 

any single transaction would require merely 30 hashing operations. This represents a 
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profound efficiency gain compared to linear or quadratic verification complexities found 

in other data structures, which would render such large block sizes impractical for 

individual node verification. 

Figure 14 

A Labeled Merkle Tree 

 
 

This logarithmic complexity is a pivotal design principle for high-performance 

systems like Teranode, directly enabling their capability to manage immense transaction 

volumes while preserving high-speed verification across the network. The minimal 

computational overhead for verification, irrespective of exponential growth in block size, 

ensures that transaction verification remains computationally parsimonious and expedient 

for lightweight clients. This characteristic is a critical determinant for achieving real-time 
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micropayment processing demands within enterprise-grade financial infrastructures, 

where latency, bandwidth utilization, and computational resources are paramount 

concerns. It allows network participants to confirm transaction finality efficiently, 

reducing the load on individual nodes and the overall network. 

Furthermore, Merkle proofs serve to significantly augment data integrity in inter-

enterprise communications within a distributed network environment. When two or more 

commercial entities engage in transactional exchanges on a blockchain, a Merkle proof 

provides an undeniable, cryptographically robust assurance that a specific transaction has 

been duly accepted and immutably recorded within the public ledger. This proof 

functions as an unalterable, tamper-evident receipt, furnishing verifiable evidence of 

transaction finality for any participating party. This capability directly obviates the 

necessity for reliance on centralized trusted intermediaries for verification, thereby 

fostering a more trust-minimized transactional environment. This also removes the 

resource-intensive requirement for each party to download and maintain a copy of the 

entire blockchain ledger, an insurmountable burden for many enterprise resource 

planning systems. 

This capability is of paramount importance for the intricate, multi-party enterprise 

systems prevalent today, especially in sectors such as supply chain finance, cross-border 

payments, and digital rights management, where the integrity, auditability, and 

immutability of every individual transaction must be absolute. By providing a compact 

and verifiable cryptographic link between a transaction and the block's Merkle root, these 

proofs foster transparent, indisputable record-keeping across potentially disparate 



185 

 

organizational boundaries. This is crucial for regulatory compliance, audit trails, and 

efficient dispute resolution, where proving that a transaction is included in an agreed-

upon state is paramount. The intrinsic nature of Merkle tree traversal and proof 

generation distinctly illustrates how these cryptographic constructs bind individual 

transactions to the overarching block integrity through a compact, verifiably secure chain 

that can be propagated across network nodes with minimal overhead. 

Reading From Block Headers and Transaction Journals 

The sophisticated integration of blockchain infrastructure into enterprise 

environments necessitates an explicit analysis of how these complex systems interface 

through the judicious use of block headers and transaction journals. For enterprises 

seeking to leverage the immutable and auditable properties of distributed ledgers, the 

ability to efficiently access and interpret on-chain data is paramount. This subsection 

elucidates the critical application programming interfaces (APIs) and message schemas 

indispensable for blockchain nodes to expose data relevant for validation, reconciliation, 

and automating intricate business processes. This data-centric approach minimizes the 

operational overhead associated with full node operation while maximizing the utility of 

the blockchain as a verifiable record. 

Central to enterprise adoption are the specific SPV client requirements for 

enterprise node integration. An enterprise-grade SPV client, unlike a basic consumer 

wallet, often operates within a federated or permissioned environment, yet it still benefits 

from the lightweight verification principle of SPV. These clients require robust, high-

availability connections to network nodes that can reliably serve authenticated block 
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headers and Merkle paths. Furthermore, enterprise SPV clients must possess the 

capability to perform rapid local validation of these proofs against a trusted chain of 

headers. This independent verification capacity ensures that internal systems maintain an 

accurate and up-to-date view of transactional finality without processing the entire 

blockchain history. 

The architectural foundation for this interaction relies heavily on header relay 

systems and the systematic syncing of transaction journals. Header relay systems are 

specialized network services or dedicated enterprise nodes that continuously receive, 

validate, and propagate block headers from the main blockchain network. These systems 

ensure that connected SPV clients always have access to the longest proof-of-work chain 

without directly engaging with the data torrent of a complete peer-to-peer network. 

Concurrently, transaction journals, often implemented as off-chain data stores or 

synchronized databases mirroring specific on-chain events, enable enterprises to index 

and query their relevant transactions more rapidly than direct blockchain queries would 

allow. This dual mechanism provides both cryptographic assurance via headers and 

operational efficiency through localized journal access. 

The precise message schemas and APIs are crucial for this seamless data flow. 

These interfaces must define standardized data formats for requesting and receiving block 

headers, Merkle proofs, and relevant transaction details. For instance, a common API 

might expose endpoints for get_block_header(block_hash), 

get_merkle_proof(tx_id, block_hash), and 

get_transaction_status(tx_id). The schemas ensure data integrity and 
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interoperability across heterogeneous enterprise systems and blockchain nodes. They also 

facilitate the integration of blockchain events into existing enterprise service buses and 

event-driven architectures, allowing for real-time trigger-based actions and automated 

reconciliation processes based on confirmed on-chain data. 

These interfaces operate within intricate dependency structures characteristic of 

multi-tenant distributed systems. In such environments, a single blockchain network often 

serves multiple independent enterprise applications or departments, each with distinct 

data access and security requirements. The APIs of the node must therefore support 

granular access controls and efficient data partitioning, ensuring that each tenant can 

securely and efficiently access only the data pertinent to their operations. Furthermore, 

the reliability of these dependency structures necessitates robust error handling, retry 

mechanisms, and redundant data sources to ensure continuous operation and data 

consistency even in the event of partial network disruptions or node failures. This 

sophisticated interplay of cryptographic proof, efficient data access, and resilient system 

design is fundamental to the successful integration of blockchain technology into modern 

enterprise ecosystems (BSV Assoc., 2025). 

The Parallelization Framework and Modular Design of Teranode 

Teranode represents a paradigm shift in blockchain architecture, specifically 

designed to address the inherent scalability limitations of previous iterations through its 

advanced parallelization framework and modular design. The architectural choices 

prioritize horizontal scalability, enabling the system to distribute computational load 

across numerous processing units rather than relying on vertical scaling of individual 
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nodes. This fundamental design decision allows Teranode to achieve unprecedented 

transactional throughput, accommodating the demands of global micropayment networks. 

Furthermore, the integration of plug-in processing layers offers significant flexibility for 

specialized functions, while its stateless design enhances resilience and simplifies 

operational management in a distributed environment. This intricate combination forms 

the bedrock of a blockchain system engineered for enterprise-grade performance. 

A technical deep dive into Teranode's operational mechanics reveals a 

sophisticated decomposition of roles crucial for supporting high-throughput, low-latency 

transaction propagation. Key roles, such as the block assembler, transaction validator, 

and miner interface, are distinctly separated into independent, specialized components. 

This decoupling prevents bottlenecks that typically arise in monolithic blockchain node 

designs where a single process handles multiple, often conflicting, responsibilities. For 

instance, a dedicated block assembler can efficiently construct new blocks without being 

hindered by the intensive computational demands of transaction validation or direct 

miner interactions. This granular role decomposition is central to optimizing resource 

utilization and ensuring predictable performance under extreme load conditions. 

The architectural design prominently features decoupled modules and leverages 

gRPC interfaces for inter-module communication. Each functional component, such as a 

transaction ingester or a block propagation service, operates as an independent module 

with clearly defined responsibilities. The use of gRPC (Google Remote Procedure Call) 

facilitates high-performance, language-agnostic communication between these modules, 

ensuring low-latency data exchange and robust interoperability across the distributed 
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system. This modularity not only enhances system reliability by isolating failures to 

specific components but also promotes extensibility, allowing for the seamless 

integration of new functionalities or performance optimizations without requiring a 

complete system overhaul. This adherence to microservices principles within the 

blockchain context signifies a mature approach to distributed system engineering. 

Teranode's parallelization framework is further exemplified by its implementation 

of pipeline parallelism and sophisticated batch processing techniques. Transaction 

processing is organized into a series of sequential stages, where different stages can 

operate concurrently on different sets of data, much like a CPU pipeline. This pipelined 

approach dramatically increases the overall throughput by ensuring that processing units 

are continuously engaged. Concurrently, batch processing aggregates multiple smaller 

transactions into larger units for efficient processing, reducing the overhead associated 

with individual transaction handling and optimizing cryptographic operations. These two 

parallelization strategies work in concert to maximize computational efficiency and 

minimize latency, particularly beneficial for the rapid confirmation required by 

micropayment systems. 

The underlying service primitives in Teranode are explicitly designed to be 

stateless, a critical enabler for efficient SPV validation. Statelessness implies that each 

request or transaction can be processed independently without reliance on session-

specific data stored on the server side, facilitating fault tolerance and horizontal scaling. 

This design choice simplifies the deployment of SPV clients, as they can interact with 

any available node without concern for persistent connections or session state. 
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Furthermore, it enables rapid verification of Merkle proofs against a stream of validated 

block headers, as the state required for verification (the Merkle root) is encapsulated 

within the immutable block header itself. This architectural choice is fundamental to 

realizing the vision of high-volume, low-cost verifiable transactions at the enterprise level 

(Bitcoin SV, 2025). 

Real-Time Constraints and Data Ingestion in Corporate Networks 

The integration of Bitcoin-based systems, specifically those leveraging SPV, into 

large-scale enterprise environments introduces significant architectural challenges. These 

challenges are rooted in the divergence between blockchain’s asynchronous, 

decentralized data propagation model and the deterministic, real-time processing demand 

of internal enterprise systems. In corporate environments, particularly those operating 

with critical financial workflows or logistics infrastructures, timing guarantees, system 

consistency, and transactional finality are not aspirational goals but operational mandates. 

Therefore, aligning Bitcoin’s design with these constraints requires an intentional, 

technically rigorous interface layer that reconciles these contrasting paradigms without 

compromising the guarantees of either. 

Enterprises typically operate within a tightly orchestrated, event-driven 

architecture. These systems depend on low-latency event propagation, high-availability 

message queues, and service buses to facilitate inter-service communication. Within this 

context, SPV operates as a minimal-trust client model that relies on block headers and 

Merkle proofs for transaction verification. Rather than maintain the whole blockchain 

state, SPV clients validate inclusion proofs against known Merkle roots, enabling real-
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time verification of transactions with minimal bandwidth and storage requirements. This 

makes the model particularly suited for high-volume micropayment systems, edge 

devices, and real-time retail environments. 

To understand the integration pathway, consider the structure of Bitcoin block 

headers. Each header is 80 bytes in size and includes critical metadata: the version, 

previous block hash, Merkle root, timestamp, difficulty target, and nonce. The Merkle 

root is a cryptographic summary of all transactions in a block. A transaction can be 

validated via its Merkle path, a sequence of hash pairings that connect the transaction to 

the root. Given a valid block header and a correct Merkle path, any system can 

independently verify the inclusion of a transaction without requiring the complete block. 

This proof model is illustrated in Figure 4. Point of Sale transaction Tx3 with inputs from 

previous unspent transactions Tx1 and Tx2. 

SPV thus allows systems to ingest and verify blockchain data on demand without 

persisting unnecessary state. This capability is vital when interfacing with enterprise 

systems where resource efficiency and security are paramount. When an SPV node 

receives a block header and associated Merkle proof confirming a transaction’s inclusion, 

it can emit a verification event into the enterprise message bus. This event may then be 

consumed by internal subsystems such as accounting, fraud detection, fulfillment, or 

customer notification services. The decoupled nature of this architecture ensures that 

blockchain verification is treated as a first-class citizen in the event-stream, while 

preserving system modularity and traceability (Faridi & Siddiqui, 2020). 
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However, the architectural alignment is not trivial. SPV clients are required to 

validate incoming headers, track chain tips, manage chain reorganizations, and assess 

confirmation depth. These operations must be executed in real-time, with explicit failover 

and reconciliation mechanisms. In large-scale deployments, the integration is further 

complicated by the need for consistency between internal state and external ledger state. 

For example, a payment event recorded via SPV must correspond precisely to the state 

change in inventory or financial ledgers. This necessitates an internal reconciliation 

subsystem capable of matching blockchain-derived events with enterprise records and 

resolving discrepancies without manual intervention (Sunde & Wright, 2023). 

The ingestion pipeline must also incorporate buffering through message queues. 

Blockchain events arrive with variable frequency, and SPV verifications may occur 

asynchronously relative to internal transaction workflows. To manage this variability, 

buffering queues such as Apache Kafka or AWS SQS should be employed to decouple 

the timing of event ingestion from event processing. This design mitigates latency spikes, 

prevents data loss, and supports scalable ingestion under load. Internal consumers of 

these queues should be idempotent, ensuring that duplicate blockchain verification events 

do not produce inconsistent downstream results (Kashi, 2023). 

Furthermore, Bitcoin’s consensus finality model introduces inherent ambiguity. 

Transaction finality is probabilistic rather than deterministic. Enterprises accustomed to 

strict transactional boundaries must therefore define thresholds for practical finality. For 

micropayments or low-value transfers, a single-block confirmation may suffice. For high-

value transactions, the system may require multiple confirmations before initiating 
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irreversible internal operations. These policy rules should be embedded into the SPV 

client’s configuration and mirrored in the consuming services’ logic. This ensures that all 

internal responses are congruent with the externally verifiable state of the chain. 

Critically, integration also demands robust failure handling and auditing. If a 

reorganization occurs that invalidates a previously confirmed transaction, the SPV client 

must detect this and emit a retraction event into the enterprise bus. Downstream systems 

must be capable of consuming this event and reversing prior state changes accordingly. 

Logs from SPV verifications, including received headers, Merkle paths, and event 

timestamps, should be persisted in append-only audit trails for compliance and forensic 

review. This mechanism supports traceability and reinforces trust in the handling of 

external, probabilistic data inputs by the system (Almabrok, 2023). 

Lastly, efficient header relay systems must be employed. Enterprises relying on 

SPV cannot assume the role of relaying headers across the network. Therefore, an 

auxiliary header relay service (synchronized with miners or archival nodes) must be 

maintained to ensure the timely and consistent delivery of headers. This infrastructure 

component should provide authenticated, signed headers with consistent uptime 

guarantees. The SPV clients should be architected to switch between redundant relay 

sources to ensure continuity of service and avoid single points of failure (Pal et al., 2021). 

In conclusion, real-time integration of SPV-based Bitcoin systems within 

enterprise environments is a solvable problem, but only through deliberate architectural 

design. The convergence of blockchain’s proof model with enterprise ingestion pipelines 

requires cryptographic verification, consistent state reconciliation, robust queueing, and 
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resilient header relays. When correctly implemented, this design enables real-time 

blockchain validation at enterprise scale, ensuring compatibility with internal 

performance requirements while unlocking the benefits of decentralized economic 

signaling and automated settlement infrastructure. 

Compliance, Provenance, and Auditability  

The architectural model employed in scalable blockchain systems enables 

demonstrable compliance and full transaction provenance in regulated enterprise 

environments. By design, the blockchain ensures immutability, transparency, and 

deterministic transaction recording, all of which serve as the foundation for legally 

enforceable audit trails. Within high-throughput systems such as those following the 

Teranode implementation pattern, the transaction processing model supports regulatory 

reporting through cryptographically verifiable mechanisms, including script execution, 

Merkle proofs, and chain of custody assertions. These mechanisms permit enterprises to 

demonstrate operational integrity to auditors and regulators through independent and 

reproducible validation. 

Each transaction on the Bitcoin network includes an embedded script, which 

specifies the spending conditions under which outputs may be redeemed. The 

deterministic execution of these scripts allows the enforcement of strict business logic 

under cryptographic constraints. Script validation confirms that the spender possesses the 

required unlocking data, such as valid digital signatures, thereby precluding unauthorized 

access or fund misallocation. In systems aligned with high-volume transactional 

throughput, validation results must be both auditable and traceable. As all scripts are 
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stored in a public ledger and are interpreted according to an established and fixed set of 

rules, the results of execution may be verified independently by third parties, regulators, 

or auditors without relying on private system knowledge. 

Figure 15 

Simplified Payment Verification Using Merkle Path to Validate Transaction Tx3 From 

Block Header Data 

 
 

The hash-linked structure of blocks within the ledger ensures the preservation of 

transaction sequence and facilitates complete provenance tracing. Each block header 

contains the Merkle root of all transactions in the block. This root serves as a 

cryptographic summary of the entire transaction set. A single transaction can be linked to 

this Merkle root through a Merkle path, which is a compact proof consisting of sibling 

hashes up the tree. Given the block header and the Merkle path, the existence of the 

transaction in the chain can be established unambiguously and without reliance on the 
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entire transaction set. Figure 15 provides an example of such a Merkle path applied to a 

SPV structure. 

Merkle proofs are particularly useful in satisfying compliance obligations without 

violating privacy or revealing unrelated data. When conducting regulatory disclosures, 

selective disclosure becomes a necessary feature. Full block disclosure may breach 

confidentiality agreements or reveal commercially sensitive information. In contrast, 

Merkle proofs confirm inclusion of specific transactions while withholding extraneous 

detail. This mechanism, integral to SPV, supports real-time auditing frameworks and 

event-driven reporting within regulated networks. The proof is minimal in size, can be 

efficiently generated and validated, and is cryptographically sound for forensic 

examination or third-party attestation. 

The implementation of SPV also supports dynamic audit trails. SPV clients 

operate without requiring full node infrastructure, instead relying on receipt of block 

headers and accompanying Merkle proofs. This design facilitates lightweight auditing 

operations suitable for embedded systems, IoT endpoints, or internal process controllers 

within corporate networks. Upon receipt of an SPV inclusion proof, a subsystem may log 

the verified transaction, record the associated metadata, and broadcast a confirmation 

event within the enterprise domain. Internal systems may reconcile this event against 

accounting ledgers or compliance registries. The continuous generation of inclusion 

proofs and their mapping to internal operational processes allow enterprises to maintain a 

real-time, cryptographically verified record of activity that is both tamper-evident and 

independently verifiable. 
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This form of operational traceability is particularly significant for regulated 

industries such as financial services, pharmaceuticals, logistics, and digital identity 

providers. Within such sectors, maintaining an unbroken and tamper-proof record of all 

activities is not merely the best practice but a legal requirement. Compliance with statutes 

such as the Sarbanes-Oxley Act (SOX), the European Union's General Data Protection 

Regulation (GDPR), and anti-money laundering (AML) frameworks demands complete 

data integrity, non-repudiation, and verifiable process control. The deterministic structure 

of transaction scripts, combined with real-time SPV validation, addresses these statutory 

requirements in a scalable and technically sound manner (Moreno et al., 2021). 

Key management and pseudonymous identity mapping must be formally 

structured to comply with identity-based legal frameworks. Although Bitcoin transactions 

do not inherently identify users, corporate implementations may enforce internally bound 

identities at the transaction interface layer. This is achieved by issuing addresses under 

key pairs tied to known corporate entities or personnel. Further, off-chain attestations 

may bind these key pairs to internal identity registries. Digital signatures generated by 

those key pairs create a legally admissible record of action, enforceable through internal 

corporate policy and external legal contracts. 

Hash-based anchoring mechanisms further allow the representation of off-chain 

documents or records within on-chain systems (Figure 16). By hashing the off-chain data 

and embedding the resulting digest in a transaction output script, enterprises may prove 

that a specific document existed at a given time without revealing its contents. The 

integrity of the document can later be proven by re-hashing and comparing the digest to 
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that recorded on-chain. This structure is beneficial for compliance operations that require 

certification or timestamping of regulatory documents, contracts, or procedural evidence. 

Figure 16 

Anchoring Document Hash Into OP_RETURN Output for Time-Stamped Auditability 

 
 

In micropayment use cases, the challenge of maintaining provable origin across 

many small transactions is addressed through granular traceability of UTXOs (Unspent 

Transaction Outputs). Unlike conventional financial systems that aggregate 

micropayments and obscure their provenance, the Bitcoin protocol maintains every 

payment as a discrete output. Each UTXO retains a link to the transaction that created it, 

and that transaction links recursively back to the block in which it was recorded. This 

structural feature allows forensic accountants or internal auditors to reconstruct complete 
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transaction chains for any asset, even in systems managing tens of millions of daily 

micropayments. 

For instance, a regulatory body investigating the flow of funds through a payment 

processor can request Merkle proofs and UTXO traces to establish the complete lifecycle 

of any given payment (Figure 17). Provided that identity anchoring and transaction 

metadata are consistently managed, the regulator can confirm the provenance, timing, and 

legality of every transaction without ambiguity. This audit model supports a level of 

transparency and accountability that cannot be feasibly replicated in centralized ledger 

systems. 

Figure 17 

UTXO Tracing and Inclusion Validation for Regulatory Provenance Audit 
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Finally, the enforcement of real-time compliance can be automated through script 

templates that embed policy logic. For example, multisignature scripts can enforce dual 

approval for expenditures above certain thresholds, or time lock scripts can delay access 

to funds until after regulatory review periods. These features can be used in combination 

with SPV proof triggers, enabling conditional workflows based on verified inclusion in 

the chain. Such automated compliance enforcement ensures that business processes not 

only meet statutory requirements but also become resistant to human error or malicious 

deviation. 

The confluence of deterministic script execution, verifiable inclusion proofs, and 

hash-linked chain architecture offers a provable and scalable compliance framework. The 

resulting system can meet contemporary enterprise requirements for auditability, 

traceability, and regulatory interoperability without reliance on trust-based reporting or 

after-the-fact reconciliation. The integration of these components into a high-throughput 

blockchain infrastructure redefines the enterprise audit model for the digital age. 

Limitations and Engineering Trade-Offs 

Although scalable blockchain frameworks and SPV significantly advance the 

reliability and performance of enterprise-grade micropayment infrastructures, several 

non-trivial engineering constraints persist. These limitations impose structural and 

operational trade-offs that must be resolved through precise architectural decisions during 

implementation. Particularly in the context of globally distributed enterprise systems, 

these trade-offs influence bandwidth usage, latency handling, network topology, client 

infrastructure requirements, and the structural integrity of verification processes. Without 
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adequately addressing these variables, the theoretical scalability of blockchain solutions 

may fail to deliver reliable functionality under the operational realities of high-volume 

transactional networks. 

Merkle Path Expansion and Bandwidth Pressure 

The logarithmic growth of Merkle trees is conventionally presented as a scalable 

and elegant solution to inclusion proofs within blockchain architectures. However, as the 

transaction count per block increases to support enterprise-grade micropayment systems, 

the Merkle tree depth increases accordingly. This results in lengthened Merkle paths and, 

consequently, a larger volume of proof data that must be transmitted for each transaction 

inclusion event. While the increase is logarithmic, the practical impact on bandwidth, 

particularly in mobile or intermittently connected low-trust environments, is measurable 

and in some cases prohibitive (Figure 18). SPV clients, which rely solely on block 

headers and Merkle proofs for verification, must receive this data in a timely and 

uninterrupted fashion. In bandwidth-constrained settings or deployments within network-

isolated environments, such transmission requirements may introduce delays or failures. 

The data footprint associated with transmitting long Merkle proofs must therefore 

be weighed against the tolerance for latency, redundancy, and redundancy-recovery 

strategies of the system. For enterprises deploying SPV clients at edge nodes or within 

geographically isolated facilities, strategies such as Merkle proof batching, segment 

caching, or protocol-level compression may be employed. Nonetheless, these mitigations 

represent further trade-offs, introducing architectural complexity in exchange for 

transmission optimization. 
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Latency in Fragmented Network Topologies 

Real-time responsiveness is a defining requirement for enterprise micropayment 

systems. High-frequency transactional networks, particularly those that support just-in-

time inventorying, dynamic pricing, or machine-to-machine micropayments, demand 

sub-second confirmation feedback. Despite improvements to modularity and concurrent 

processing pipelines, the nature of blockchain consensus and propagation introduces 

latency that cannot be eliminated (Figure 19). In systems implementing a globally 

distributed node infrastructure, physical network latency, consensus propagation delays, 

and transaction relay intervals collectively affect the perceived finality of payment 

transactions. 

Figure 18 

Expansion of Merkle Paths in High-Volume Blocks and Transmission Implications for 

SPV Clients 
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Systems implementing parallelized processing, such as those aligning with the 

Teranode framework, mitigate some latency issues through the separation of transaction 

validation and block assembly. Nonetheless, propagation delays across regional peers or 

across network segments with asymmetric routing may still exceed acceptable limits for 

sensitive transactional applications. Engineers must therefore calibrate effective 

confirmation depths and develop heuristic thresholds for what constitutes “sufficient 

certainty” of inclusion, often varying by transaction value, jurisdictional regulatory 

context, and application criticality. For example, a micropayment confirmed in a block 

that has received only one subsequent block may be considered sufficiently final for 

digital content delivery. In contrast, a higher threshold would be required for the delivery 

of regulated goods or contractual triggers. 

Figure 19 

Propagation Delay Model Across Distributed Node Clusters and Its Effect on Finality 

Thresholds 
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Header Relay Infrastructure Dependence 

The functionality of SPV clients depends on accessing complete and timely 

sequences of block headers from the longest proof-of-work chain. These clients do not 

maintain the whole blockchain but rely on the header chain to establish transaction 

inclusion and temporal ordering. The integrity of the SPV model, therefore, is contingent 

upon continuous access to accurate, verified header data. This requirement introduces an 

infrastructure dependency: the operation of header relay systems that synchronize, store, 

and distribute header information to SPV clients globally. 

A high-availability header relay system must resist data integrity attacks such as 

eclipse attacks, misrouting, and timestamp manipulation (Figure 20). Furthermore, it 

must scale linearly with the number of connected SPV clients and be capable of operating 

under adversarial network conditions. Engineering such a system requires careful 

consideration of cryptographic attestation, availability guarantees, and fault-tolerant 

redundancy. Protocols must include validation procedures that confirm the header 

sequence against known checkpoints or anchor points, ensuring that SPV clients do not 

operate on incorrect or maliciously forked header chains. 



205 

 

Figure 20 

Header Relay Architecture Showing Client Verification Chains and Validation 

Checkpoints 

 
 

In environments where clients cannot directly access the network backbone or full 

nodes, the security assumptions of the SPV model shift. Operators must either provision 

trusted relay nodes internally or deploy encrypted tunneling protocols to ensure delivery 

and verification of headers across restricted firewalls. These infrastructure requirements, 

while not eliminating the advantages of SPV, highlight an unavoidable trade-off between 

lightweight client operation and the robustness of the supporting relay ecosystem. This 

trade-off becomes particularly acute in jurisdictions where network neutrality is not 

guaranteed or where regulators impose strict telemetry control. 

Infrastructure vs. Verification Autonomy 

Another trade-off inherent to the SPV model relates to the balance between 

verification autonomy and reliance on infrastructure intermediaries. By design, SPV 

clients retain partial autonomy: they validate inclusion through Merkle proofs and header 
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verification without requiring the whole blockchain. However, they do not achieve 

complete independence unless all components of the verification process (headers, 

Merkle paths, and contextual metadata) are delivered by independently verifiable sources. 

This introduces the necessity of trusted or semi-trusted relay infrastructure, which, if 

compromised or unavailable, diminishes the functional integrity of the SPV client. 

Enterprises that demand high assurance must therefore make a conscious 

decision: either operate internal relay and validation systems, incurring the cost of 

infrastructure, or depend on external systems, with the concomitant risks of dependency 

and failure. This decision becomes a pivotal factor in regulatory environments that 

require provable data lineage and auditability, as the provenance of headers and proofs 

becomes as significant as the transactions themselves (Figure 21). 
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Figure 21 

SPV Trust Model Delineating Verification Zones and Infrastructure Points of 

Dependency 

 
 

Maintenance of Effective Chain State Context 

In the original Bitcoin protocol, validation is strictly a function of mining nodes. 

Only entities that construct candidate blocks and submit them for inclusion into the 

longest proof-of-work chain perform validation. SPV clients, by contrast, do not validate 

transactions. Instead, they operate as bandwidth-efficient observers, capable of verifying 

transaction inclusion within a valid block through the inspection of block headers and 

Merkle proofs, but without access to mempool data or any role in enforcing consensus 

rules. 
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This architectural distinction has significant implications for enterprises relying 

on SPV-based systems. SPV clients cannot independently verify whether a transaction 

conforms to script constraints, adheres to standard relay rules, or conflicts with other 

unconfirmed transactions. They lack access to the mempool and do not propagate or 

reject transactions. Therefore, any assertion of "validation" at the SPV level 

misrepresents the role defined in the protocol. SPV clients merely assess the inclusion of 

a transaction in a block that has been validated and broadcast by miners. 

The inability of SPV endpoints to detect double-spends or monitor orphaned 

transactions in real time necessitates that enterprises construct auxiliary infrastructure. 

For instance, internal monitoring systems may query full archival nodes or analytic layers 

to assess the state of transaction propagation, mempool congestion, or potential conflicts. 

However, this querying does not grant the querying system validation rights; it merely 

observes data that has already been broadcast and potentially mined. Validation occurs 

exclusively at the point of block construction and acceptance, a process that is tied 

directly to the expenditure of proof-of-work and governed by economic incentives under 

Nakamoto Consensus. 

In addition, SPV clients cannot determine whether a transaction has not occurred. 

Absence of evidence in the headers they receive is not evidence of non-existence. 

Therefore, any negative assertions must be inferred via external systems that maintain a 

view of the entire chain and mempool state. This creates an architectural separation of 

concerns: SPV clients provide efficient, scalable verification of inclusion only, while 
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deep analytics and forensic systems handle questions of absence, ordering, and 

compliance history. 

The implication for enterprise environments is that SPV systems must be 

integrated with infrastructure that does not assume authority over validation. Instead, it 

leverages trusted miner output to confirm its receipt and integrity. Internal recordkeeping, 

regulatory reporting, and automated logic must accept as axiomatic that no validation is 

performed unless and until a miner has included a transaction in a valid block. SPV 

merely confirms that this inclusion has occurred. 

Accordingly, any system relying on SPV must be designed to preserve this 

distinction. All compliance mechanisms, audit trails, and settlement logic must treat SPV 

proof as a confirmation of inclusion, not as proof of correctness. The correctness has 

already been asserted by the miners who extended the chain. This architecture supports 

the scalability of the system by reducing redundant computation and ensuring that 

validation remains economically incentivized and centrally anchored in proof-of-work. 

Any deviation from this understanding risks undermining both the integrity and the legal 

certainty of the system deployed. 

Comparative Framework: Legacy Payment Systems Versus Blockchain SPV 

Legacy payment infrastructures, including Mastercard, Visa, PayPal, and Stripe, 

dominate the transactional backbone of global commerce. These systems operate via 

centralized, intermediated architectures encompassing issuing banks, acquiring banks, 

and network operators. Though this structure supports regulatory compliance and 

reliability, it introduces inefficiencies that scale poorly for micropayments (i.e., payments 
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below USD $5). Empirical analysis shows that fixed and percentage-based fees make 

these systems economically prohibitive at low values, despite their dominance in 

conventional e-commerce. 

Across a test range of 11,000 simulated micropayments (USD $0.01 to $10.00), 

PayPal incurred an average transaction fee of $0.456 per transaction, representing 

16.74% of the average transaction value ($2.72). Stripe, while less aggressive, imposed 

fees averaging $0.230 (8.45%). In contrast, Visa and Mastercard offered more efficient 

structures for small-value transfers: Visa’s average fee was $0.111 (4.04%), while 

Mastercard's was $0.084 (3.08%). These figures underscore the burden of fixed base fees 

when compared against the total transaction value (Stripe: 30 cents + 2.9%; PayPal: 49 

cents + 2.89%; Visa/Mastercard: interchange + variable fixed fees). 

Transaction Fees: A Critical Differentiator 

The disproportionate impact of fixed base fees becomes most salient in 

micropayment scenarios. For example, in a $1.00 payment, PayPal absorbs nearly half 

the value ($0.49 fixed + percentage), while Stripe retains nearly a third. This leads to 

cumulative losses for merchants who depend on large volumes of low-value sales, such 

as digital news content, per-use API access, or IoT communication models. 

By contrast, a Teranode-based SPV system with miner-calculated fees and no 

base charge can handle microtransactions at sub-cent fee levels (often below $0.001 per 

transaction). The economics of such a system enable sustainable models where traditional 

platforms fail due to overhead costs. While Mastercard and Visa demonstrate relatively 
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better fee efficiency in this dataset than PayPal or Stripe, none come close to blockchain 

systems at scale, particularly when scaled out to millions of transactions daily. 

Transaction Finality and Latency 

In legacy systems, finality remains a staggered and risk-laden concept. Settlement 

delays of 2–5 business days are standard for credit and debit cards. Even PayPal, which 

presents the illusion of instant settlement, is still tethered to banking rails and often 

withholds funds during risk reviews. This latency introduces uncertainty and limits 

working capital efficiency for businesses. 

In contrast, a Bitcoin SPV model under Teranode architecture achieves 

probabilistic finality within one or a few block confirmations. Even assuming a 10-

minute block interval, the confirmation reliability increases exponentially with each 

block, and for micropayments, a single confirmation provides economically sufficient 

finality. This removes cash flow bottlenecks and enables faster service provisioning. 

Fraud Mitigation and Security 

Legacy systems have extensive fraud frameworks, yet the centralized structure 

remains vulnerable to identity theft, chargebacks, and reversal abuse. These systems 

externalize fraud costs through increased merchant fees, as demonstrated by the 16.74% 

average transaction cost observed in PayPal's micropayment dataset. PayPal offers end 

users broad reversibility, which imposes risk and cost on merchants even when fraud 

arises from customer behavior. 

SPV architecture eliminates this vector. Transactions are non-reversible once 

mined, protected by cryptographic signatures and proof-of-work. This finality makes 
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fraud infeasible without network compromise and removes the need for extensive internal 

fraud review layers. Thus, merchant costs associated with chargebacks (already baked 

into PayPal and Stripe’s fee models) are virtually nonexistent in SPV-based payments. 

Operational Efficiency and Intermediation. Operational inefficiency in legacy 

systems arises from layers of intermediation. Merchants must integrate multiple APIs 

(payment gateway, bank processor, anti-fraud service, and accounting system), each 

incurring additional cost and latency. This infrastructure is tolerable for high-value 

transactions but disproportionately burdensome in microtransactional contexts. 

Figure 22 

Effective Fees for Traditional Systems and Micropayments 

 
By removing intermediaries, Teranode with SPV offloads reconciliation, 

verification, and finality onto the blockchain ledger itself. With an average cost of 

$0.0001 per transaction (according to internal miner benchmarking), the end-to-end 

payment lifecycle can be conducted without third-party API calls or external dispute 
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resolution processes. This reduces transaction support costs, improves auditability, and 

lowers error rates. 

Scalability and Future Readiness. Visa and Mastercard process billions of 

transactions daily but rely on batch processing and data warehousing, which are 

unsuitable for real-time digital microservices. Their system architectures are not 

optimized for low-latency, per-event transactions required in future-facing domains such 

as IoT communication, M2M automation, or streaming content monetization. 

Teranode solves this by decoupling validation from block construction and 

implementing horizontal transaction throughput scaling, achieving tested performance 

beyond 100,000 transactions per second. SPV clients further decentralize workload by 

allowing lightweight nodes to verify transaction inclusion without managing full 

blockchain history. The statistical comparison shows that while Mastercard outperforms 

its peers in relative micropayment fee efficiency (3.08%), it still incurs nearly 100x the 

cost of a single blockchain microtransaction. 

Infrastructure and Implementation Considerations 

The successful adoption of high-throughput distributed ledger technologies (DLT) 

within enterprise environments, particularly those leveraging architectures like Teranode 

and SPV, hinges critically on meticulous infrastructure planning and implementation 

strategies. This section provides an in-depth technical examination of the multifaceted 

considerations required to deploy, manage, and scale such advanced blockchain systems. 

It transcends mere software integration, encompassing network design, security 

protocols, data management, and operational governance. A strategic approach to these 
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infrastructural elements is paramount for converting theoretical DLT advantages into 

tangible business efficiencies and robust operational capabilities at an enterprise scale 

(Cevikparmak et al., 2022). 

Node Architectures and Deployment Models 

Effective DLT deployment necessitates a discerning choice among various node 

architectures, each presenting distinct trade-offs in terms of resource utilization, security, 

and verification capabilities. Full nodes, while offering maximum security and 

independence by validating every transaction and block, demand substantial 

computational resources, storage, and bandwidth. Light clients, or SPV nodes, 

conversely, rely on block headers and Merkle proofs for verification, which significantly 

reduces resource requirements but necessitates reliance on full nodes for header and proof 

provision. Specialized Teranode roles, such as block assemblers, transaction validators, 

and network interfaces, represent a further decomposition, optimizing individual 

functions for extreme scale (Fujihara & Yanagihara, 2022). 

Deployment models span on-premise, cloud-based, and hybrid configurations. 

On-premise deployments offer maximum control over hardware and network latency, 

which is critical for performance-sensitive applications, but they incur higher capital 

expenditure and operational burden. Cloud deployments provide scalability, flexibility, 

and reduced infrastructure management, often at the cost of potential vendor lock-in and 

nuanced security considerations regarding data residency. Hybrid models seek to balance 

these advantages, often placing sensitive data or high-performance components on-

premise while leveraging cloud resources for scalability or non-critical functions. Each 
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model requires careful evaluation against the existing IT infrastructure, security policies, 

and operational objectives within the enterprise (Bagai, 2024). 

Network Connectivity and Peer Management 

Robust network connectivity constitutes the lifeblood of any distributed ledger 

system, dictating transaction propagation speed and overall network resilience. 

Blockchain nodes rely on sophisticated peer-to-peer (P2P) networking protocols to 

discover and communicate with other nodes, exchange transaction gossip, and propagate 

new blocks. Optimizing this P2P layer involves careful management of connection 

counts, dynamic peer discovery algorithms, and effective bandwidth utilization strategies 

to ensure rapid dissemination of information. Latency in transaction and block 

propagation is a critical factor, directly impacting perceived transaction finality and 

susceptibility to network-level attacks (X. Chen et al., 2022). 

Bandwidth optimization techniques are essential, particularly as block sizes 

increase with scalability demands. Efficient data compression for blocks and Merkle 

proofs, along with intelligent routing protocols, can mitigate the impact of high data 

volumes on network throughput. Active peer management, including reputation systems 

and dynamic connection adjustments, helps maintain network health by prioritizing 

reliable and high-performing peers. These networking considerations are crucial for 

ensuring that transactions, especially high-frequency micropayments, are propagated 

swiftly and consistently across the global network, supporting the low-latency 

requirements of enterprise applications (Balmau et al., 2019). 
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Data Storage and Management 

The strategic management of data in a DLT environment involves critical 

decisions regarding on-chain versus off-chain storage, indexing, and integration with 

existing enterprise databases. On-chain storage provides immutability and global 

verifiability for transactional data, but it is inherently expensive and less efficient for 

large, unstructured datasets. Consequently, enterprises must judiciously decide what data 

needs to be immutably recorded on-chain (e.g., transaction hashes, cryptographic proofs, 

critical state changes) and what can be stored more efficiently off-chain (e.g., extensive 

metadata, large payloads, user profiles) (Konstantynowicz et al., 2017). 

Off-chain storage solutions often involve enterprise-grade databases, such as SQL 

or NoSQL systems, which store index blockchain-derived data for rapid querying and 

analytics. Effective integration requires robust data synchronization mechanisms, 

ensuring consistency between the on-chain and off-chain states. Specialized indexing 

services and data lakes can be employed to aggregate, transform, and analyze blockchain 

data alongside other enterprise information, supporting business intelligence and 

regulatory reporting. The design of these data pipelines must prioritize data integrity, 

security, and accessibility, enabling enterprises to harness blockchain data without 

compromising performance or privacy (Papadopoulos et al., 2022). 

Security Considerations 

Comprehensive security is non-negotiable for DLT infrastructure, encompassing 

cryptographic hygiene, robust key management, and resilient defense against various 

attack vectors. Cryptographic primitives, including hash functions and digital signatures, 
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form the bedrock of blockchain security, ensuring data integrity and transaction 

authenticity. Implementing these securely requires adherence to best practices for 

randomness generation, secure key storage, and secure signature protocols. Any 

compromise of these cryptographic foundations can undermine system integrity (Wei et 

al., 2020). 

Key management, especially for private keys controlling digital assets, is a 

paramount concern. Enterprises must implement multi-layered security solutions, such as 

Hardware Security Modules (HSMs), multi-signature schemes, and robust access 

controls, to protect private keys from unauthorized access or theft. Understanding and 

mitigating common attack vectors, including 51% attacks, denial-of-service (DoS) 

attacks, and eclipse attacks, is also vital. Network monitoring, anomaly detection 

systems, and swift incident response protocols form essential defense mechanisms to 

ensure the continuous security and operational integrity of the blockchain infrastructure 

within a corporate setting (Fang et al., 2023). 

Scalability and Performance Optimization 

Achieving the requisite scalability and performance for enterprise DLT 

applications, particularly for supporting billions of daily micropayments, demands 

extensive optimization at multiple layers of the infrastructure. Hardware considerations 

include deploying high-performance processors, ample memory, and fast storage (e.g., 

NVMe SSDs) on nodes to handle intensive cryptographic computations and high I/O 

operations. Network hardware, such as high-bandwidth switches and routers, is essential 

for minimizing propagation delays within the local and wide area networks connecting 
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nodes. The physical architecture must be designed to eliminate single points of failure 

and provide redundancy (Cardiel-Ortega & Baeza-Serrato, 2023). 

Software optimizations within the blockchain client and underlying operating 

system are equally crucial. This includes efficient code for transaction validation, block 

propagation, and Merkle proof generation. Parallel processing frameworks, such as those 

integrated into Teranode, optimize CPU core utilization by processing transactions 

concurrently across multiple threads or processes. Database tuning for off-chain data 

stores, optimizing query performance, and implementing caching mechanisms can further 

enhance overall system responsiveness. Continuous performance monitoring, profiling, 

and iterative optimization are essential to maintain high throughput and low latency as 

transactional volumes grow (Astill et al., 2023). 

Interoperability and Integration With Legacy Systems 

Seamless interoperability between blockchain infrastructure and existing legacy 

enterprise systems is a critical, yet complex, implementation challenge. Enterprises rarely 

adopt DLT in isolation; it must coexist and exchange data with established enterprise 

resource planning (ERP), customer relationship management (CRM), and financial 

accounting systems. This requires the development of robust Application Programming 

Interfaces (APIs), middleware solutions, and standardized data exchange protocols to 

bridge the architectural divide between centralized and decentralized paradigms (Silva & 

Mira da Silva, 2022). 

Middleware components, such as enterprise service buses (ESBs) or specialized 

blockchain connectors, can translate data formats and protocols, facilitating bidirectional 
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communication. Event-driven architectures, where blockchain events trigger actions in 

legacy systems and vice versa, are highly effective for maintaining data synchronization 

and process alignment. Standards for data semantics and interoperability, such as those 

emerging from industry consortia, are vital for ensuring that data exchanged between 

systems is consistently understood and correctly processed. Effective integration 

strategies minimize data silos and leverage the strengths of both legacy and DLT 

infrastructures (Wang et al., 2020). 

Monitoring, Maintenance, and Governance 

Operational excellence for DLT infrastructure demands robust monitoring, 

proactive maintenance, and clear governance frameworks. Comprehensive monitoring 

systems must track key performance indicators (KPIs) such as transaction throughput, 

latency, block propagation times, network health, and resource utilization across all nodes 

and integrated services. Anomaly detection and alerting mechanisms are crucial for 

identifying and responding to issues in real-time, preventing service disruptions. 

Centralized logging and auditing tools provide visibility into system behavior and 

compliance adherence, indispensable for troubleshooting and post-incident analysis 

(Thompson, 2018). 

Proactive maintenance involves regular software updates, security patches, and 

hardware refresh cycles to ensure optimal performance and mitigate vulnerabilities. 

Automated backup and recovery procedures for critical data, especially private keys and 

off-chain databases, are essential for business continuity. Governance frameworks define 

policies and procedures for system upgrades, security audits, access control, and incident 
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response, ensuring that the DLT infrastructure operates within established organizational 

and regulatory guidelines. These operational aspects are foundational for maintaining the 

reliability, security, and long-term viability of enterprise blockchain deployments (Akbari 

et al., 2020). 

Regulatory and Legal Compliance 

Infrastructure and implementation decisions for DLT must inherently factor in 

regulatory and legal compliance requirements, especially in highly regulated sectors like 

banking and government. Data privacy regulations (e.g., GDPR, CCPA) necessitate 

careful design of on-chain data storage to avoid exposing personally identifiable 

information (PII) to an immutable public ledger. Solutions often involve off-chain storage 

of PII with on-chain cryptographic hashes or zero-knowledge proofs. Jurisdiction-specific 

regulations regarding data residency, censorship resistance, and asset tokenization 

profoundly influence deployment choices (Silva & Mira da Silva, 2022). 

Compliance with financial regulations (e.g., AML, KYC, sanctions screening) 

requires robust identity management solutions that link on-chain pseudonymous identities 

to verified real-world entities. The infrastructure must support auditable processes for 

reporting suspicious activities and responding to legal mandates for data disclosure. Legal 

enforceability of smart contracts requires careful consideration of jurisdiction, dispute 

resolution mechanisms, and the intersection of code-based agreements with traditional 

contract law. Proactive engagement with legal counsel and regulatory bodies throughout 

the infrastructure design and implementation lifecycle is essential to ensure lawful and 

compliant DLT operations (Allen et al., 2020). 
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Final Reflection 

The strategic implementation of blockchain infrastructure, particularly for high-

performance networks like Teranode, demands a holistic approach that integrates 

advanced technical considerations with rigorous operational and compliance frameworks. 

From meticulous node architecture selection and robust network design to comprehensive 

security, scalable data management, and seamless integration with legacy systems, each 

element plays a critical role in realizing the full potential of DLT for business efficiency. 

The ongoing evolution of this technology necessitates adaptive strategies, continuous 

optimization, and a deep understanding of the interdependencies between technical 

capabilities and business objectives. Ultimately, well-engineered infrastructure forms the 

indispensable backbone for leveraging DLT to redefine efficiency, trust, and operational 

paradigms across global enterprises. 

Process Engineering and Business Efficiency 

Process engineering, traditionally focused on optimizing sequential and parallel 

activities within organizational workflows to enhance efficiency and reduce operational 

costs, acquires a transformative dimension within the context of distributed ledger 

technologies (DLT). Conventionally, process optimization has relied on re-engineering 

existing systems, often involving centralized data stores and intermediated transaction 

flows, which inherently introduce points of friction, latency, and potential for fraud. 

Blockchain infrastructure, particularly high-throughput systems like Teranode, introduces 

novel paradigms by enabling trust-minimized, immutable, and programmable process 

execution. This fundamentally alters the landscape of business process management, 
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moving towards verifiable, automated, and disintermediated workflows at unprecedented 

scale (DeNio, 2021). 

The Scripting Language of Bitcoin and Programmable Money 

The foundational scripting capabilities embedded within Bitcoin's protocol 

provide the bedrock for programmable money and automated business logic. Unlike 

many contemporary smart contract platforms, the scripting language Bitcoin is 

intentionally deterministic, complete yet highly versatile, designed for deterministic 

execution of transactional conditions. This simplicity ensures security and predictability, 

crucial for financial applications where ambiguity cannot be tolerated. Opcodes such as 

OP_CHECKSIG, OP_MULTISIG, and OP_RETURN enable complex conditions for 

spending funds, creating multi-signature accounts, or embedding verifiable data directly 

into transactions. 

This intrinsic programmability allows for the codification of intricate business 

rules directly onto the ledger. For example, a payment can be programmed to release 

funds only after multiple parties have signed off, or after a specific time lock has expired. 

These scripts function as atomic, self-executing contracts, where the network itself 

enforces the terms without the need for a trusted third party. This paradigm shift from 

legal contracts enforced by courts to cryptographic contracts enforced by code reduces 

legal overhead and transaction costs. The determinism of these scripts, combined with 

their execution on an immutable ledger, creates a robust foundation for automating 

previously manual or intermediated processes (Brakmić, 2019). 
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Transaction Finality and Immutability in Process Automation 

The deterministic finality and immutability of blockchain transactions, secured by 

the continuous expenditure of computational resources in proof-of-work, fundamentally 

reshape process automation. Once a transaction is included in a sufficiently deep block on 

the longest chain, its state is practically irreversible, providing an unparalleled level of 

certainty regarding settlement. This contrasts sharply with traditional payment systems, 

where "finality" can be revocable for extended periods, introducing counterparty risk and 

delaying downstream processes. Blockchain finality allows enterprise systems to 

immediately update process states with high assurance (Dotan et al., 2022). 

This immutability extends beyond financial transfers to any data or attestations 

embedded within transactions. Each recorded state change or data point becomes a 

permanent and verifiable part of a process history, eliminating disputes over record 

accuracy. For process automation, this means that once a specific milestone or condition 

is cryptographically attested on-chain, all dependent processes can be automatically 

triggered with absolute confidence in the preceding state. The reduction in fraud potential 

and dispute resolution costs, stemming from this immutable record, significantly 

enhances overall business efficiency and operational integrity. It transforms sequential 

dependencies into cryptographically guaranteed state transitions (Y. Chang et al., 2020). 

Teranode's Role in High-Throughput Process Execution 

Teranode's architectural design is specifically engineered to enable the execution 

of complex, high-volume on-chain business logic at a scale previously unattainable on 

blockchain networks. Its parallelization framework and modular design allow for the 
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distribution of processing power across numerous specialized nodes, facilitating massive 

transactional throughput. This capacity is critical for enterprise applications that require 

the continuous processing of millions or billions of transactions daily, such as global 

micropayment systems or large-scale supply chain management platforms. The ability to 

handle such volume without sacrificing speed is a key differentiator for advanced DLT 

implementations (Bhushan et al., 2021). 

The decomposition of roles within Teranode (e.g., block assembler, transaction 

validator, miner interface) ensures that bottlenecks are minimized, and processing can 

occur in a highly optimized pipeline. This means that a complex business process, 

comprising multiple on-chain steps, can be executed and verified with low latency, even 

under peak load. For instance, a multi-stage approval process, where each stage requires 

an on-chain attestation, benefits from the ability to process these sequential or parallel 

transaction types efficiently. This architecture supports the transition from manual, 

human-mediated workflows to automated, machine-executed processes at an industrial 

scale (Alshahrani et al., 2023). 

Microtransactional Efficiency and Granular Process Control 

The inherent efficiency and low cost of microtransactions on a scalable 

blockchain like Teranode enable an unprecedented degree of granular process control. 

Traditionally, representing every minute step of a business process as a separate, 

verifiable event was economically unfeasible due to high transaction fees and processing 

overheads. With micropayments becoming economically viable, enterprises can tokenize 

or represent fine-grained process steps as discrete on-chain events, each 
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cryptographically timestamped and immutable. This allows for precise monitoring and 

automation of complex workflows (Almabrok, 2023). 

For example, in a manufacturing supply chain, each component handoff, quality 

check, or stage completion can be recorded as a microattestation. In the Internet of 

Things (IoT) ecosystem, individual sensor readings or device interactions can trigger 

micropayments or state changes on-chain, enabling fully automated, machine-to-machine 

economies. This granular control facilitates dynamic adjustments to processes in real-

time, optimizes resource allocation, and provides unparalleled visibility into operational 

performance. The low cost of these microattestations means that the overhead of detailed 

on-chain record-keeping does not outweigh the benefits of enhanced transparency and 

automation, radically improving efficiency and auditability for intricate processes (S. 

Ahmed, 2025). 

Reducing Friction and Eliminating Intermediaries (Disintermediation) 

A pivotal benefit of blockchain-enabled process engineering is the substantial 

reduction of friction and the potential for disintermediation in business operations. 

Traditional multi-party processes often rely on numerous intermediaries (e.g., banks, 

clearinghouses, escrow agents, notaries) to facilitate trust, verify information, or process 

transactions. Each intermediary introduces costs, delays, and potential points of failure or 

manipulation. Blockchain, through its trust-minimized architecture, allows direct peer-to-

peer interactions and verifiable state transitions without these third parties (Y. Chang et 

al., 2020). 
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SPV plays a crucial role here by enabling parties to independently verify 

transactions without running a full node, further reducing reliance on central authorities 

for validation. This disintermediates, streamline workflows, accelerates transaction 

settlement, and drastically lowers the associated operational costs and counterparty risks. 

For instance, in cross-border trade, letters of credit or guarantees can be replaced by self-

executing, cryptographically secured smart contracts, reducing the need for costly 

banking intermediaries. The removal of these layers of intermediation leads to more 

efficient, direct, and transparent business processes across various industries (Zamani & 

Giaglis, 2018). 

Enhanced Auditability and Compliance Through On-Chain Processes 

On-chain process execution inherently creates an immutable and 

cryptographically verifiable audit trail, significantly enhancing auditability and 

streamlining compliance efforts. Every step, decision, and data point recorded on the 

blockchain forms an indelible part of the ledger's history, timestamped and linked 

through cryptographic hashes. This contrasts sharply with traditional audit trails, which 

can be fragmented across multiple systems, susceptible to alteration, or require extensive 

manual aggregation and reconciliation. The blockchain provides a single source of truth 

for all recorded process states (Alamsyah & Syahrir, 2024). 

This inherent auditability simplifies compliance with regulatory requirements by 

providing immediate, undeniable proof of adherence to established protocols. Regulatory 

bodies can potentially audit on-chain activities in real-time or with greater efficiency, 

reducing the burden on enterprises for generating extensive reports. Transparency and 
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immutability reduce opportunities for human error and deliberate data manipulation, 

thereby strengthening internal controls and external regulatory oversight. Merkle proofs, 

as discussed previously, serve as a lightweight yet robust mechanism for auditors to 

verify the inclusion of specific process events without needing to process entire blocks, 

further optimizing the audit process for efficiency and precision (Dashkevich, 2025). 

Fraud Reduction and Risk Management Through Cryptographic Proofs 

The integration of cryptographic proofs into business processes significantly 

reduces various forms of fraud and enhances overall risk management capabilities. The 

deterministic nature of digital signatures, combined with the immutability of the 

blockchain, makes it virtually impossible for parties to deny transactions they have 

authorized or to alter records after the fact. This drastically mitigates transaction fraud, 

such as double spending and data tampering. The transparent and verifiable nature of on-

chain data deters malicious actors, as any attempt at fraud leaves a permanent, traceable 

record on the public ledger (M. Lee et al., 2024). 

Furthermore, the ability of SPV to quickly verify transaction inclusion acts as a 

"fail-fast" mechanism against invalid transactions, preventing fraudulent or malformed 

payments from propagating across the network and impacting business processes. This 

proactive fraud prevention reduces financial losses and operational disruptions. The 

cryptographic security extends to identity management, where verifiable credentials on-

chain can reduce identity fraud in onboarding processes or access controls. By 

minimizing the attack surface and providing irrefutable evidence, blockchain-enabled 
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process engineering leads to significantly lower operational risk and reduced costs 

associated with fraud investigation and remediation (Abdaljawad et al., 2023). 

Automation and Trust Minimization in Business Workflows 

The programmatic nature of blockchain transactions, facilitated by native 

scripting capabilities and more advanced smart contracts, enables trust-minimized 

automation of complex multi-party business workflows. In traditional workflows, 

automation often requires a trusted central authority or extensive legal agreements to 

ensure compliance between parties. Blockchain allows business logic to be codified into 

self-executing contracts that automatically enforce terms and conditions upon the 

fulfillment of predefined on-chain conditions. This significantly reduces the need for 

manual intervention, associated administrative costs, and the reliance on third-party 

enforcement (Bonnet & Teuteberg, 2022). 

For example, automated supply chain payments can be released instantly upon the 

cryptographic attestation of goods delivery or quality inspection. Insurance claims 

processing can be accelerated by automatically triggering payouts when verifiable sensor 

data or external oracle feeds confirm specific events. This trust-minimized automation 

fosters greater collaboration between disparate entities by providing a neutral, verifiable 

platform for agreement execution. The reduction in manual processes, administrative 

overhead, and dispute resolution time translates directly into enhanced business 

efficiency and radically lower operational costs across a multitude of industries (Ali et 

al., 2021; Cooper et al., 2019). 
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Challenges and Future Outlook 

Despite the profound advantages, integrating blockchain into existing enterprise 

process engineering presents several challenges. The complexity of mapping highly 

mature, legacy enterprise systems to nascent DLT architectures requires significant 

technical expertise and strategic planning. Managing on-chain governance for evolving 

business rules and addressing the legal enforceability of smart contracts across 

jurisdictions remains an ongoing area of development (Bondarenko & Soponar, 2024). 

Furthermore, achieving seamless interoperability between different blockchain networks 

and traditional databases is crucial for holistic enterprise integration. These challenges 

underscore the need for continued innovation in DLT protocols and enterprise adoption 

strategies. 

The outlook, however, remains exceptionally promising. As DLT infrastructure, 

particularly high-performance networks like Teranode, continue to mature, and 

standardized tools for integration become more prevalent, the transformative potential for 

process engineering may be fully realized. The ability to execute business processes with 

cryptographic certainty, at high speed and low cost, will redefine efficiency, trust, and 

operational models across banking, retail, and government sectors, paving the way for a 

more automated, transparent, and resilient global economy (Bhushan et al., 2021). The 

ongoing evolution will require a multidisciplinary approach, blending network science, 

cryptography, and business administration to harness the full capabilities of this 

technology. 
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Practitioner Use Cases (Banking, Retail, Government) 

The theoretical advancements in blockchain scalability and integrity, particularly 

those embodied by Teranode's architecture and the efficiency of SPV, translate into 

profoundly compelling practitioner use cases across diverse enterprise sectors. These 

innovations move significantly beyond conceptual potential, offering tangible, 

operational solutions for enhancing efficiencies, fostering trust, and enabling novel 

business models within the critical domains of banking, retail, and government. The 

unique properties of a high-throughput, low-latency blockchain infrastructure, coupled 

with cryptographically verifiable transaction proofs, fundamentally reshape how these 

industries can manage granular microtransactions and secure sensitive data at scale. A 

comprehensive understanding of these practical applications is thus crucial for 

executives, strategists, and policymakers seeking to leverage distributed ledger 

technology (DLT) strategically for competitive advantage and public service 

enhancement (D’Hauwers et al., 2020). 

Banking Sector Applications 

Within the banking sector, the application of Teranode and SPV holds 

transformative potential, especially for cross-border micropayments and remittances. 

Current correspondent banking networks operate with a multi-intermediary structure that 

inherently incurs high fees and significant delays for small international transfers. This 

makes frequent, low-value transactions economically unviable for both senders and 

recipients, perpetuating financial exclusion. Blockchain-based systems, specifically 

leveraging SPV for rapid, verifiable settlement, can dramatically reduce these prohibitive 
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costs and accelerate transfer times to near-instantaneous levels, thereby fundamentally 

altering global payment infrastructure (Dotan et al., 2022). 

This critically improves financial inclusion for underserved populations heavily 

reliant on remittances, providing a more direct and equitable pathway for global 

microtransfers. Furthermore, the low cost of attestation on a scalable blockchain 

significantly enables the expansion of microcredit initiatives. The ability to immutably 

record and verify numerous small transactions or lend milestones at minimal cost allows 

financial institutions to manage the risk and overhead associated with providing 

microloans more effectively. This unlocks new markets, empowering small businesses 

and individuals previously deemed unbankable due to the prohibitive administrative costs 

and fraud risks inherent in traditional credit assessment (Dashkevich, 2025). 

This paradigm shift can radically change business models by making microcredit 

and other financial services accessible and profitable at scales previously unimaginable, 

drastically lowering the cost of many services that were once economically unfeasible. 

The cryptographic integrity of on-chain records also means that fraud is significantly 

reduced in these lending environments. Each loan disbursement, repayment, and 

associated attestation is permanently recorded, creating an undeniable audit trail that 

deters fraudulent claims and simplifies enforcement. This robust framework fosters 

greater trust and efficiency in the microfinance ecosystem (European Central Bank., 

2023). 

The streamlining of interbank reconciliation processes for low-value transactions 

presents another significant area of impact through these technologies. Traditional 
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manual reconciliation processes are notably labor-intensive, often fragmented across 

disparate legacy systems, and inherently prone to human error, all of which contribute 

substantially to operational overhead and increased costs. An immutable, shared ledger, 

fortified with cryptographic proofs for individual transactions, enables near real-time, 

automated reconciliation across participating financial institutions. This significantly 

reduces discrepancies, minimizes the need for costly manual interventions, and enhances 

the overall accuracy of financial records. The reduced fraud potential, stemming from 

transaction immutability and verifiable proof of inclusion, further minimizes financial 

losses (Afjal et al., 2023). 

The enhanced traceability and immutability offered by DLT also bolster fraud 

detection capabilities and ensure more robust compliance with stringent Know Your 

Customer (KYC) and Anti-Money Laundering (AML) regulations. Every transaction's 

verifiable origin and cryptographic linkage within the blockchain provide an 

incontrovertible audit trail, simplifying complex regulatory reporting requirements and 

substantially strengthening anti-fraud measures within financial institutions. This 

granular, irrefutable recordkeeping paradigm allows for advanced analytics on 

transactional patterns, aiding in the proactive identification of suspicious activities. 

Finally, in the complex landscape of trade finance, microtransactions that support 

individual components or specific stages within intricate global supply chains can benefit 

immensely from greater transparency and operational efficiency. This accelerated 

processing of smaller, critical payments for production milestones and logistics 

contributes to a more fluid global trade ecosystem (Afjal et al., 2023). 
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Retail Sector Applications 

The retail sector stands to gain substantial operational efficiencies and enhance 

customer experience through the implementation of scalable blockchain solutions. 

Tokenized loyalty programs and digital vouchers represent a prime application where 

Teranode's high-throughput capabilities can significantly excel. Traditional loyalty points 

systems are often siloed within individual merchant ecosystems, making them difficult to 

transfer, cumbersome to track, and restrictive in redemption options. This leads to 

considerable customer dissatisfaction and underutilization. By securely tokenizing these 

assets on a high-throughput blockchain, loyalty points transform into seamlessly 

transferable digital assets, enabling exchange between consumers or flexible conversion 

across various participating merchants. This offers profoundly enhanced utility and real-

time redemption capabilities, fostering greater customer engagement, expanding the 

economic utility of digital incentives beyond single-vendor limitations, and potentially 

creating entirely new secondary markets for these digital assets (Belk et al., 2022). 

Supply chain traceability for microitems represents another critical use case with 

far-reaching implications for consumer trust and brand integrity. Modern consumers 

increasingly demand granular transparency regarding product origins, ethical sourcing 

practices, and definitive authenticity, especially for high-value or sensitive goods. 

Blockchain technology provides an immutable and verifiable record for tracking 

individual products or their constituent components from the initial manufacturing stage 

through every step of the logistics chain to the final point of sale. This provides 

undeniable proof for authenticity claims, streamlines complex recall management 



234 

 

processes by precisely pinpointing affected batches, and supports environmental, social, 

and governance (ESG) reporting by documenting ethical production. For instance, 

microserial numbers or batch identifiers can be immutably linked to on-chain records, 

creating a digital twin of the physical product's journey (Ivanov et al., 2019). 

At the point of sale, SPV-enabled micropayments offer instant, low-cost 

consumer transactions, which are particularly beneficial for digital goods, 

microsubscriptions, or small-value physical purchases. This significantly improves the 

overall customer experience by eliminating payment delays, reducing cart abandonment 

rates, and drastically lowering merchant fees often associated with traditional card 

networks for numerous small-value amounts. The ability to process these transactions 

with near-zero friction enables novel monetization strategies for digital content creators, 

allowing for per-article or per-minute consumption models previously uneconomical due 

to high transaction costs. This radical shift fundamentally alters existing business models 

by enabling granular value exchange directly between consumers and content providers, 

thereby reducing the cost of many services like streaming and digital access (Datta, 

2017). 

Such verifiable transactions can substantially enhance dispute resolution 

processes for microtransactions by providing an unalterable, cryptographically secured 

record of all interactions, thereby reducing chargebacks and fostering a more equitable 

and transparent environment for both merchants and consumers. The low cost of 

attestation also fundamentally changes how digital receipts and warranties are managed. 

Instead of relying on centralized systems susceptible to data loss or alteration, immutable 
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on-chain attestations provide a perpetual, verifiable record of purchase and product 

authenticity, significantly reducing warranty fraud and streamlining customer service 

operations. The combined effect of reduced transaction costs and enhanced fraud 

prevention fundamentally reshapes retail economics and consumer trust (Afriyie et al., 

2022). 

Government Sector Applications 

Government agencies are uniquely positioned to harness these advanced 

blockchain technologies to enhance efficiency, transparency, and public service delivery, 

particularly in managing granular financial flows and verifiable public records. The 

collection of microtaxation and various public service fees can be made significantly 

more efficient, transparent, and auditable. Small, frequent payments for public utilities, 

licenses, or local levies can be processed with heightened transparency and substantially 

reduced administrative overhead. This ensures that every individual transaction is 

immutably recorded on a public or permissioned ledger, providing unequivocally clear 

audit trails for public funds and minimizing opportunities for malfeasance. The 

application extends profoundly to the transparent and accountable distribution of grants 

and aid, specifically targeting microaid programs (J. Ahmed et al., 2021). 

Transparent and traceable distribution of small grants or aid funds directly to 

citizens or beneficiaries can significantly minimize leakage, reduce corruption, and 

ensure genuine last-mile delivery, thereby directly addressing pervasive issues of 

inefficiency and misuse of public resources. Each microdisbursement can be immutably 

recorded and cryptographically verified on the blockchain, providing unprecedented 



236 

 

accountability and allowing real-time monitoring of fund utilization. The low cost of 

attestation dramatically reduces the administrative burden of verifying beneficiary 

eligibility and fund usage, making aid programs more effective and less susceptible to 

fraud. This transformation in operational efficiency and trust radically alters the dynamics 

of public finance and resource allocation, leading to far lower service costs for public 

programs (Walters, 2023). 

Furthermore, the development of digital identity solutions and verifiable 

microcredentials can revolutionize public services. Blockchain-based verifiable digital 

IDs enable citizens to securely access government services and prove specific attributes 

without revealing extensive personal data, enhancing individual privacy while ensuring 

verifiable access and compliance. Microcredentials can attest to specific qualifications, 

permits, or social benefits, providing verifiable proof for employment or access to 

services without the need for centralized intermediaries. Finally, for comprehensive 

public record verification, the immutable storage of small public records or attestations 

on a blockchain ensures their integrity, authenticity, and long-term accessibility. This 

includes, but is not limited to, land registries, academic certifications, and voting records. 

The trust-minimized and tamper-evident nature of blockchain significantly enhances 

public confidence in governmental data management and drastically reduces associated 

fraud and administrative costs (M. Lee et al., 2024). 

Implications for Social Change 

The findings indicate that the fee architecture of legacy rails imposes binding 

constraints on low-value exchanges. In contrast, an on-chain, SPV pathway, aligned with 
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the Teranode implementation, reduces absolute fees to levels that make very small 

payments economically feasible. These results have direct implications for social change 

because they relax long-standing price floors that exclude individuals, microenterprises, 

and civic programs from participating in digital markets. The study is situated in 

transaction cost economics and diffusion of innovations; hence, the implications are 

framed in terms of how a reduction in per-transaction frictions enables new forms of 

participation and alters adoption dynamics at the household, enterprise, and institutional 

levels.  

First, lower and more predictable payment frictions expand feasible price points 

for households and microenterprises. In the bands where digital microproducts are 

typically priced, legacy providers display double-digit effective fee percentages with 

wide dispersion. In contrast, the SPV condition yields near-constant absolute fees and 

effective percentages clustered near zero. In practical terms, this converts previously 

infeasible microprices into viable offers and stabilizes unit economics for high-frequency 

small purchases. Table 2 shows elevated means and wide interquartile ranges for PayPal 

and Stripe in the sub-dollar bands, smaller but still material percentages for Visa and 

Mastercard, and low, tight distributions for the SPV panel; Table 3 shows that the break-

even thresholds for 5% and 10% effective-fee targets fall at sub-cent values for SPV but 

at materially higher values for legacy providers. These differences translate into tangible 

consumer surplus when merchants pass through part of the cost reduction as lower prices, 

and into higher completion rates when visible surcharges or minimums are removed.  
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Second, the results support inclusion for individuals and communities that 

transact in small increments. The thesis problem statement identifies traditional fees and 

delays as barriers to participation for small cross-border transactions and for industries 

reliant on frequent low-value exchanges. By collapsing absolute fees and enabling 

confirmation policies that deliver economic finality quickly for small values, SPV 

expands the set of feasible transfers for remittances, microearnings, and pay-as-you-use 

digital services. This affects social change by lowering participation thresholds in 

underserved regions, where transaction sizes are small relative to legacy fixed charges. 

This approach widens access to markets, digital content, and work opportunities that pay 

in small units.  

Third, creators and very small firms gain monetization channels that were 

previously uneconomic. A stable, near-zero absolute fee permits pricing at the level of a 

paragraph, a second of audio, a single image view, or a per-API call event without 

bundling or prepayment. This supports income diversification for independent creators 

and microsellers, particularly where the alternative is platform-level revenue shares or 

advertising models that concentrate bargaining power. Because the effective percentage 

for SPV declines as price increases while remaining small at sub-dollar values, the risk of 

margin compression at the lowest rungs of the value ladder is reduced. This reduction 

enables experimentation with fine-grained digital entitlements and localized pricing for 

low-income users. These changes align with the stated aim of the study to promote 

financial inclusivity and economic empowerment through cost reductions and scalability.  
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Fourth, civic and social programs can operationalize microtransfers. Many 

interventions rely on frequent, small disbursements, as well as fines or incentives that are 

too small to route through legacy rails without administrative overhead exceeding the 

benefit. The evidence on fee levels and confirmation timing supports pay-for-

performance incentives in education, conditional cash transfers in public health, 

microgrants for informal entrepreneurs, and microdonations to local causes, because the 

per-transfer loss to fees under SPV is negligible. Where programs require auditable 

provenance, SPV inclusion proofs and header-anchored Merkle paths provide 

cryptographic receipts. These can be attached to records without exposing account 

balances or personal data beyond the minimum necessary, supporting transparency and 

reducing leakage in grant delivery chains.  

Fifth, machine clients can participate directly in small-value markets. The results 

on fee flatness at byte-priced levels sustain viable pricing for telemetry, microcompute, 

and device-level paid peering, which were not feasible where a fixed fee of tens of cents 

exceeded the value of an event. Sensors and appliances can purchase or sell 

microservices on demand, which supports local infrastructure maintenance, community 

environmental monitoring, and energy balancing schemes that reward conservation or 

flexible load at very small increments. These capabilities extend participation to entities 

that operate at scales below household budgets and thereby broaden the base of 

contributors to local public goods. 

Sixth, organizational practice changes follow from reduced settlement friction. 

The thesis reports that the median time to first confirmation is nearly 10 minutes in the 
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observation series, which is sufficient for economic finality in the specific micropayment 

contexts under review. For small merchants and platforms, this shortens float, reduces 

working-capital requirements tied to multi-day settlement windows, and lowers exposure 

to chargeback processes specific to legacy instruments. Faster release of funds and 

reduced reconciliation error rates improve cash-flow stability for small shops and local 

service providers, an effect that is material in thin-margin businesses and in communities 

where access to revolving credit is costly or unavailable.  

Seventh, compliance and auditability can be strengthened without raising unit 

costs. The study design emphasizes verifiable inclusion using SPV and provenance 

retention for audit, rather than reliance on institutional reversals. For social programs, 

NGOs, and community organizations that must document disbursement trails, 

cryptographic receipts enable end-to-end traceability while preserving participant privacy 

at the transaction layer. Because verification cost is decoupled from payment value, 

compliance controls do not impose prohibitive overhead on the smallest transfers, which 

encourages the responsible use of microincentives and reduces administrative shrinkage 

in programs serving low-income populations.  

Eighth, diffusion dynamics favor communities with high sensitivity to per-

transaction costs. Diffusion of innovations predicts adoption when relative advantage is 

clear, compatibility is adequate, and complexity is manageable. The quantitative results 

provide a measurable relative advantage at sub-dollar values, while SPV clients and 

service abstractions reduce end-user complexity. Compatibility can be staged through co-

existence with existing payment options and through pricing strategies that select the 
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lowest-cost rail dynamically. As adoption reaches visible early-majority thresholds in 

creator economies and among small platforms, social proof and observability effects can 

accelerate uptake among adjacent communities that share similar price structures and 

pain points.  

Ninth, market transparency and competition can benefit users when fee discovery 

is explicit. Because on-chain fees are quoted and metered by byte, they can be displayed 

ex ante and audited ex post, supporting informed choice and fostering competition among 

service providers that aggregate SPV for retail users. In local economies, this can reduce 

information asymmetries that historically allow opaque markups on small transfers. Over 

time, competitive pressure on intermediate SPV services should converge retail pricing 

toward underlying byte-priced costs, with the surplus captured by users and small 

businesses that transact frequently at low values. 

Tenth, there are distributional safeguards and equity considerations. The benefits 

are largest for those currently priced out of digital exchange, which raises two practical 

obligations. The first is to ensure non-discriminatory access to SPV-enabled wallets and 

merchant tooling, including low-resource devices and low-bandwidth connectivity. The 

second is to avoid regressivity in accessory costs, such as identity verification, where 

required by policy. The thesis acknowledges the importance of governance, security, and 

ethical practice. Therefore, social programs and platforms should embed privacy-by-

design defaults, publish clear confirmation policies for low-value delivery, and monitor 

for unintended exclusion as micropricing is introduced.  



242 

 

Overall, the empirical pattern in the results section interacts directly with the 

social change aims of the study. When legacy fee schedules result in effective 

percentages exceeding user tolerance in the lowest bands, people and very small firms are 

excluded from digital markets that would otherwise serve them. With an SPV-based 

architecture, which keeps absolute fees near zero and confirmation times within 

operational bounds for low-value delivery, individuals, communities, and organizations 

can transact at the scales they use. The expected social outcomes include expanded 

participation in digital commerce, additional pathways for small and irregular earnings. 

These civic programs can deploy microincentives with auditability and reduced variance 

in household spending on small digital goods and services. These outcomes are consistent 

with the thesis objective to reduce transaction costs and enhance scalability for 

micropayments, supporting financial inclusion and economic empowerment.  

Several boundary conditions remain. The observations for SPV in higher value 

bands are sparse in the provided tables; hence, inferences for those bands should be 

extended with future measurements. Policy environments differ across jurisdictions, so 

identity, consumer-protection, and redress frameworks must be matched to use cases. 

Finally, diffusion is path-dependent; outreach to local developer and merchant 

communities, along with open documentation of instrumentation and reproducibility 

practices, will influence the speed of adoption. The study methodology sections 

emphasize reproducibility, diagnostics, and ethical conduct. Extending these practices to 

community deployments will help translate the measured cost and timing advantages into 

durable, inclusive social change.  
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Recommendations for Action 

The empirical findings indicate that effective fee percentages differ substantially 

across providers in the micropayment range. SPV on Bitcoin, under a Teranode-aligned 

architecture, exhibits near-constant, very low absolute fees and a short time to 

economically meaningful finality. Actionable steps follow from these conclusions and are 

organized by stakeholder. Each recommendation identifies responsible parties, 

operational steps, and suggested channels for dissemination. 

Merchant and Platform Adoption Roadmap 

Payment product teams in digital media, software-as-a-service, gaming, and API 

marketplaces should initiate controlled pilots that route sub-dollar transactions through an 

SPV path while retaining existing rails for higher-value payments. The first phase should 

focus on value bands identified as economically constrained on legacy systems (for 

example, 0.01 to 0.99 U.S. dollars), with price points at 0.05, 0.10, 0.25, 0.50, and 1.00 

dollars to mirror the focal values from the study. Key steps include integrating a 

standards-compliant SPV client, establishing access to reliable header relay services, 

implementing proof caching to reduce bandwidth, and publishing clear confirmation 

policies by value and product class. Success criteria should include effective fee 

percentage, conversion rates, abandonment at checkout, and net revenue per transaction. 

Dissemination should occur through industry case studies, trade association roundtables, 

and product analytics workshops to accelerate replication across adjacent verticals. 

1. Pricing and pass-through strategy 

Revenue and growth teams should adopt a formal pass-through policy that 
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shares a defined fraction of per-transaction savings with end users through 

lower posted prices or removal of minimum-cart thresholds. The policy 

should be tested with A/B experiments at the focal price points, using the 

study break-even thresholds (5% and 10% targets) as guardrails. Merchants 

should instrument dashboards that show, by rail and value band, the 

distribution of realized effective fee percentages and the proportion of 

transactions meeting internal tolerability thresholds. Results and methods 

should be disseminated through practitioner white papers and conference 

tutorials, demonstrating how to convert fee reductions into measurable gains 

in completion and retention. 

2. Confirmation policy and risk controls 

Operations and risk teams should adopt value-contingent confirmation depths 

that align expected loss with savings and user experience. For low-value 

digital goods, one-block confirmation combined with real-time SPV proof 

validation is generally sufficient; for regulated goods or higher values, deeper 

confirmation can be used without undermining the micropayment proposition. 

Teams should document policy in public-facing service descriptions and 

monitor tail latency percentiles (p95, p99) to detect periods when propagation 

conditions warrant temporary adjustment. Results should be disseminated 

through compliance training, payments-risk forums, and technical workshops 

that explain SPV inclusion proofs, header-chain integrity checks, and 

operational playbooks for abnormal network conditions. 
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3. Header relay and proof-delivery service levels 

Infrastructure providers and custodial wallets should commit to explicit 

service-level objectives for header availability, arrival jitter, backlog growth 

under stress, and checkpoint attestation latency. Providers should implement 

redundancy across regions, encrypted relay paths for restricted networks, and 

batch or cache strategies for proof delivery. Operators should publish 

quarterly transparency reports with uptime, latency distributions, and incident 

post-mortems. Dissemination should occur via standards bodies, open-source 

repositories, and interoperability working groups to normalize expectations 

and foster competition on quality rather than opacity. 

4. Developer enablement and reference implementations 

Developer relations groups in platforms and gateways should release 

maintained reference implementations that demonstrate SPV verification, fee 

estimation by byte size, proof batching, and integration patterns for web and 

mobile clients. The code should include reproducible notebooks that replicate 

the measures on public datasets, along with test harnesses that simulate load 

and failure modes. Dissemination should use developer conferences, 

hackathons, and accredited continuing-education seminars for solution 

architects, ensuring that curricula include security considerations, privacy-by-

design controls, and audit logging aligned with enterprise requirements. 

5. Consumer and merchant education 

Product marketing and support teams should create plain-language materials 
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that explain how byte-priced fees differ from ad valorem schedules, why 

visible surcharges or minimums may no longer be necessary at low values, 

and what the confirmation policy means for delivery timing. Educational 

content should be localized, accessible, and distributed through help centers, 

merchant onboarding portals, and community webinars. Measured 

improvements in user comprehension should be reported as part of quarterly 

product reviews to build organizational confidence in the new payment path. 

6. Measurement, surveillance, and continuous improvement 

Analytics teams should formalize a surveillance program that mirrors the 

diagnostics: cumulative-sum detection for shifts in confirmation time, periodic 

recalibration of fee distributions by value band, and cohort analyses of 

conversion and abandonment stratified by payment rail. Teams should set 

action thresholds tied to user-visible service levels and publish internal run-

books that specify mitigations (for example, temporary price adjustments or 

dynamic rail selection) when thresholds are exceeded. Findings and tooling 

should be disseminated through cross-industry observability meetups and 

reproducibility challenges to encourage shared methods and benchmarks. 

7. Policy engagement and compliance alignment 

Policy teams in exchanges, wallets, and large platforms should engage with 

regulators to explain how SPV proofs, header-anchored audit trails, and 

deterministic fee schedules can satisfy documentation and consumer-

protection goals without imposing regressivity on small transfers. 
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Organizations should submit comment letters, contribute to standards defining 

minimum audit artifacts for lightweight clients, and co-host workshops with 

public agencies on using cryptographic receipts in grant disbursements, 

microincentive programs, and public-interest data purchases. Dissemination 

should include legal-technology conferences, public-sector innovation labs, 

and practitioner journals read by compliance officers. 

8. Inclusion programs and social-sector pilots 

NGOs, municipal agencies, and philanthropic organizations should pilot 

microtransfer programs that exploit negligible unit fees and auditable receipts. 

Candidate applications include conditional cash transfers, attendance 

incentives, microgrants for informal entrepreneurs, and microdonations for 

local projects. Implementers should publish open protocols for eligibility, 

disbursement, and privacy, together with evaluation reports that track cost per 

disbursement, leakage reduction, and beneficiary outcomes. Dissemination 

should leverage social-policy conferences, public-finance forums, and open-

data repositories to accelerate adoption in peer jurisdictions. 

9. Total cost of ownership and migration thresholds 

Finance and operations leaders should conduct a total-cost analysis that 

includes header-relay subscriptions, monitoring, and proof-delivery services 

alongside fee savings. Using the savings per transaction, teams should 

compute migration thresholds at which fixed infrastructure costs are 

amortized by volume. Where volumes exceed break-even, organizations 
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should plan phased deprecation of legacy rails in the sub-dollar range. Results 

should be presented in internal steering committees and external industry 

summits to provide a template for financially rigorous adoption. 

10. Academic and standards dissemination 

Researchers should submit extended versions of the analysis to peer-reviewed 

outlets in information systems, operations, and payments, with companion 

datasets and code to support replication. Standards bodies should receive 

technical reports that distill measurement definitions for throughput, latency, 

fee calculation, and SPV verification, enabling cross-vendor comparability. 

Workshops at multidisciplinary conferences should convene practitioners, 

regulators, and scholars to align terminology, metrics, and testbeds, thereby 

reducing fragmentation and accelerating evidence-based adoption. 

11. Roadmap and governance 

Executive sponsors should charter a cross-functional governance group that 

oversees SPV adoption, with mandates for service quality, user protection, 

financial integrity, and transparency. The group should publish a public 

roadmap for micropriced offerings, including timelines for expanding value-

band coverage, integrating additional regions, and raising service-level 

objectives. Regular dissemination should include stakeholder briefings, 

transparent change logs, and contributions to community standards. 

These actions flow from the conclusions: the largest economic and behavioral 

gains occur where legacy fee schedules impose high effective percentages, the SPV path 
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delivers low and stable unit costs with acceptable time to economic finality, and practical 

benefits are realized when organizations convert fee savings into lower prices, reduced 

friction, and auditable microtransfers. Product teams, infrastructure providers, regulators, 

social-sector implementers, and researchers each have defined roles in converting the 

evidence into practice. Systematic dissemination through industry venues, academic 

publications, standards forums, and public-sector training will shorten the interval 

between measurement and impact. 

Recommendations for Further Research 

This section outlines a forward research agenda that extends the present 

quantitative results into three complementary strands. Each strand is designed to 

strengthen external validity, resolve binding constraints on deployment, and convert 

performance measurements into causal evidence that can guide engineering and policy 

choices. 

The first strand, Technical Limitations and Future Protocol Optimization, focuses 

on protocol and systems questions that remain open for large-scale micropayments. 

Priorities include the reliability of header relay for SPV, the bandwidth and latency 

profile of proof delivery at very high throughput, queueing behavior under saturation, and 

interface standards that translate probabilistic confirmation into deterministic enterprise 

workflows. Proposed studies evaluate batching and caching on the proof path, 

congestion-aware relay scheduling, application-layer multicast for high fan-out 

dissemination, and portable observability that links action thresholds to service levels. 
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The second strand, Regulatory and Jurisdictional Gaps, addresses legal and 

supervisory uncertainty that affects adoption at scale. Future work should quantify 

compliance costs created by fragmented oversight, assess the effect of harmonized 

regimes on small-value transaction outcomes, and examine duties and remedies that 

apply to software maintainers and automated execution. Comparative designs across 

jurisdictions, together with sandbox evaluations and conflict-of-laws simulations, can 

identify governance arrangements that lower risk without reintroducing fee or latency 

burdens that negate micropayment viability. 

The third strand, Econometric Modeling and Advanced Simulation, develops 

identification strategies and calibrated simulators that translate descriptive performance 

advantages into causal estimates and policy-relevant counterfactuals. Recommended 

methods include panel and quantile regression with fixed and random effects, regression 

discontinuity and event study around protocol and policy shocks, instrumental variables 

for endogeneity in rail selection, survival analysis for confirmation times, and structural 

or discrete-choice models for pricing and adoption. Discrete-event, agent-based, and 

queueing simulations calibrated to the telemetry should test unicast versus multicast 

dissemination, relay topologies, and confirmation policies under realistic load. 

Together, these strands provide a coherent path from measurement to action. Each 

uses the same core variables defined in this thesis, preserves reproducibility through pre-

registered designs and shared code, and targets deliverables that practitioners and 

regulators can adopt in production environments. 
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Technical Limitations and Future Protocol Optimization 

This study identifies constraints that limit performance and reliability for 

micropayments over an SPV pathway aligned with a Teranode architecture and proposes 

protocol and systems optimizations that can be evaluated in follow-on work. The 

emphasis is on limitations arising from header relay dependencies, lightweight 

verification trade-offs, enterprise integration frictions, proof-delivery bottlenecks at scale, 

heterogeneous network conditions, and the absence of standardized observability. A 

forward-looking strand considers multicast delivery for headers, announcements, and 

compact inclusion proofs to reduce bandwidth and tail latency where feasible. 

Recommendations are framed in metrics that match the thesis measurement program, 

including availability, jitter, backlog growth, end-to-confirm latency, and amortized 

bandwidth per confirmed payment.  

A primary limitation is structural dependence on header relay infrastructure. SPV 

clients require timely, correct sequences of block headers from the longest proof-of-work 

chain to validate inclusion proofs. Relay failure, partial eclipse, or misrouting can impair 

client correctness even if consensus remains sound. High-availability relay requires 

resistance to topology attacks, integrity attestations, and scaling characteristics that track 

client demand with minimal jitter and bounded backlog growth. These properties are 

particularly stressed in restricted networks, where encrypted tunnels or internally 

provisioned relays are needed to preserve reachability and integrity. Future work should 

quantify how header availability, latency variance, and backlog accumulation affect 

client-side verification time and failure rates under adverse conditions. It should also test 
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whether checkpoint attestation reduces the probability of clients operating on divergent 

header views.  

A related limitation concerns the balance between verification autonomy and 

reliance on intermediaries. SPV conserves bandwidth by verifying Merkle proofs against 

headers rather than executing full validation. Autonomy is constrained if proofs and 

contextual metadata are obtained from a small number of relays without independent 

attestations. Enterprises that require strong assurances must either operate an internal 

header and proof distribution or accept the availability profile of external services. A 

productive research path involves designing and evaluating multi-provider header 

quorums with cryptographic attestations and explicit service-level objectives, as well as 

conducting failure-injection experiments to measure client behavior during partial 

outages and recoveries.  

Enterprise integration introduces constraints that are not cryptographic in nature. 

Internal systems often require deterministic, low-variance processing, while public 

networks exhibit asynchronous propagation and variable block cadence. Mapping 

probabilistic finality to deterministic downstream commitments requires interface 

standards and buffering policies that are sensitive to value, latency percentiles, and risk 

tolerance. Experiments should compare alternative admission and release rules for small-

value events using the queueing constructs already employed in this thesis, linking arrival 

rate, service capacity, and waiting time to user-visible targets and operational service 

levels.  
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At very high throughput, proof-delivery and validation pipelines become 

dominant bottlenecks at the client edge. As blocks grow and transaction counts rise, naive 

per-transaction proof delivery inflates bandwidth and increases latency variance for SPV 

clients. Although Teranode decomposes validation and assembly into independent 

microservices to prevent node-side bottlenecks, edge bandwidth can still govern end-user 

experience. This creates a clear optimization target: evaluate batching, segment caching, 

and transport compression for Merkle proofs; measure the reduction in amortized kilobits 

per confirmed payment; and assess the effect on client-perceived latency and variance. 

Because fees are byte-denominated, reducing proof payload directly reduces operating 

cost and can translate to lower posted prices or removal of minimum-cart thresholds.  

Heterogeneous network conditions across jurisdictions further constrain 

performance. In regions without reliable backbone access or where neutrality cannot be 

assumed, operators must provision trusted relays or encrypted tunnels, adding latency and 

operational overhead. Research should map geographic reachability and tunnel 

performance to explicit service-level metrics, and test adaptive relay selection that 

minimizes end-to-end latency subject to integrity constraints. A comparative evaluation 

across regions with different policies and peering regimes would support region-specific 

confirmation and delivery policies for sub-dollar values.  

Mempool visibility and policy divergence also limit analytics and risk control. 

SPV clients verify inclusion upon block observation and do not maintain mempools. This 

reduces the ability to forecast confirmation probability or detect mempool-level 

anomalies without auxiliary services. Future work should evaluate the minimum viable 
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telemetry an SPV client or adjunct service requires to predict inclusion and detect fee 

shocks, while preserving SPV bandwidth advantages. Candidate designs include privacy-

preserving policy feeds or summarized mempool snapshots offered by relay operators 

under published interfaces.  

Within this landscape, a shift to multicast dissemination is a promising 

optimization for bandwidth and latency, subject to deployment limits. In a unicast relay 

model, the same header or announcement is transmitted independently to each client, 

which scales egress bandwidth linearly with audience size. Multicast delivery, when 

available, can reduce duplicative transmissions by sending a single packet into a 

distribution tree that fans out near receivers, lowering aggregate egress bandwidth and 

possibly reducing propagation delay variance at the edge. This is relevant for high-

density client populations behind the same last-mile providers, in campus networks, and 

within data centers that host large client fleets. The likely path to adoption is application-

layer multicast rather than native IP multicast, given limited interdomain support and 

operational constraints in the public Internet. Overlaying multicast with congestion-aware 

fan-out and authenticated group membership can provide significant bandwidth savings 

while preserving control and telemetry. Research should benchmark header and 

announcement dissemination over unicast, native multicast where available, and 

application-layer multicast overlays. It should report improvements in egress utilization, 

p95, and p99 client-acknowledgment times, and orphan-risk proxies. Limits include 

heterogeneous router support, group management complexity, denial-of-service risk from 

unauthenticated joins, and fairness concerns under shared bottlenecks. Even with these 
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limits, controlled multicast in regional relays or institutional networks could yield 

material gains for high fan-out events such as block announcements and large proof 

batches, particularly when combined with batching and caching on the proof path.  

Against the above constraints, several protocols and systems optimization paths 

merit structured evaluation. 

First, strengthen header integrity and availability with multiple authenticated 

checkpoints and quorum-based relay. Clients should verify header sequences against 

diverse anchors and reject sequences that fail quorum attestation. Evaluation should 

quantify recovery time and error rates when divergence is detected and compare single-

provider relay with multi-provider quorum validation under targeted attack simulations.  

Second, optimize relay dissemination with congestion-aware scheduling and 

prioritized delivery of headers, announcements, and compact proofs. The Teranode 

microservice design supports independent scaling of relay egress and header services, 

reducing cross-resource contention during spikes. Experiments should measure how 

additional lanes and dissemination policies change tail acknowledgment times and block-

propagation consistency, using the latency and queueing constructs defined in this thesis. 

Where feasible, add application-layer multicast channels for high fan-out payloads to 

reduce redundant transmissions and smooth tail behavior.  

Third, elevate proof-delivery optimization to a first-class objective. Batching 

multiple inclusion proofs, caching shared Merkle segments across clients, and applying 

transport-layer compression can reduce per-transaction bandwidth without changing 

verification semantics. The research task is to determine the batching horizon that 
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minimizes bandwidth while maintaining application-layer latency within tolerable bounds 

for each value band and product class. Controlled multicast channels for proof segments 

shared by many clients in the same region could further compress egress if group 

authentication and privacy constraints are satisfied.  

Fourth, formalize observability with portable surveillance. Cumulative-sum 

detection on confirmation time series, periodic recalibration of fee and latency 

distributions by value band, and incident runbooks that tie action thresholds to dynamic 

rail selection or temporary confirmation-depth adjustments can convert telemetry into 

operational control. Packaging these controls as open reference implementations would 

enable replication across operators and facilitate benchmarking.  

Fifth, advance enterprise interface standards for deterministic handoff from 

probabilistic finality. Signed inclusion receipts with standardized metadata that integrate 

with audit and reconciliation systems can reduce manual exceptions and accelerate cash 

application for small transactions. Value-contingent confirmation policies already 

formalized in this thesis can be embedded in these receipts to make downstream behavior 

transparent and machine-actionable.  

Finally, align optimization studies with the measurement program in this thesis. 

Throughput, latency, block time, transaction and proof sizes, and effective fee percentage 

are recorded on ratio or interval scales and can be used to evaluate alternative relay 

topologies, multicast overlays, proof-delivery strategies, and confirmation rules with 

causal-comparative methods. A shared testbed that exercises these variables across 
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regions and network conditions would permit rigorous comparison of configurations and 

yield evidence suitable for standards that reduce fragmentation in deployment practice.  

In summary, the most consequential limitations involve header relay dependence, 

lightweight verification trade-offs, enterprise integration friction, edge proof-delivery 

bottlenecks, and heterogeneous connectivity. Each limitation suggests a discrete 

optimization program: stronger header attestation and quorum relay, congestion-aware 

and multicast-enabled dissemination, proof batching and caching, portable surveillance 

and control, and standardized receipts for deterministic integration. Pursued within a 

common measurement framework, these optimizations can improve availability, latency, 

and bandwidth efficiency for SPV-based micropayments while preserving the horizontal 

scaling characteristics of the Teranode design.  

Regulatory and Jurisdictional Gaps 

The results in this study demonstrate that on-chain micropayment systems can 

deliver substantial cost and latency advantages at scale; however, the legal environment 

in which such systems must operate remains uneven and, in many respects, 

indeterminate. The next phase of inquiry should therefore interrogate the regulatory and 

jurisdictional gaps that constrain institutional adoption and impede safe, compliant 

deployment across borders. These gaps manifest in fragmented supervisory mandates, 

divergent asset classifications, uncertain duties and remedies for software maintainers, 

inconsistent treatment of smart contracts, and limited cross-border coordination in 

enforcement and standards. Addressing them empirically is critical to translating 

technical performance into enterprise and societal value. 
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A primary gap is structural fragmentation in the United States, where multiple 

federal agencies assert overlapping jurisdiction over digital-asset activities, while state 

regimes vary significantly. The Securities and Exchange Commission applies the 

investment-contract analysis to some tokens, the Commodity Futures Trading 

Commission treats others as commodities, and FinCEN imposes anti-money-laundering 

and counter-terrorist-financing obligations on virtual asset service providers. This 

multiplex of authorities, combined with state licensing differences such as New York’s 

BitLicense compared with permissive frameworks like Wyoming’s, generates uncertainty 

that deters innovation and complicates multi-state compliance. Future research should 

map how these overlaps translate into measurable compliance costs and time-to-market 

delays for micropayment applications and should quantify the deterrent effect on entry 

and scaling. Empirical designs may combine regulatory event studies with firm-level 

panel data to estimate the marginal effect of enforcement or licensing regimes on 

transaction volumes and fee structures in sub-dollar payment corridors.  

In contrast, the European Union has adopted an explicitly harmonized approach 

under the Markets in Crypto-Assets Regulation, with staged applicability for stablecoins 

in June 2024 and the broader regime from December 2024. The European Securities and 

Markets Authority is coordinating a consistent application. This comparative baseline 

enables causal-comparative evaluation of whether a unified regime reduces variance in 

compliance outcomes, improves consumer protection proxies, or accelerates institutional 

participation in micropayment pilots. A multi-jurisdiction difference-in-differences model 

could test whether MiCA’s entry is associated with reduced effective fees for low-value 
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transactions processed by EU-regulated providers versus matched controls in non-

harmonized regimes.  

A second set of gaps concerns cross-border standards for financial integrity and 

operational security. International bodies are working toward uniform expectations for 

anti-money-laundering and combating the financing of terrorism, and technical standard-

setting organizations are publishing guidance on secure system design. Nevertheless, 

coverage and implementation remain uneven across jurisdictions. For micropayments, 

where transaction values are low, but velocity is high, inconsistent adoption of virtual-

asset service-provider rules and inconsistent interpretation of travel-rule requirements 

create frictions that can fracture otherwise scalable payment flows. Research should 

examine the compliance externalities of this patchwork, modeling false-positive and 

false-negative rates in risk screening as functions of jurisdictional rule variance and 

provider network topology. Parallel work should test whether adherence to security 

frameworks reduces operational incidents in high-throughput nodes relative to non-

adherent peers.  

A third gap lies in the governance and accountability of software maintainers who 

exercise material control over network rules. The present analysis recognizes that some 

development groups function with partnership-like dynamics, but with informal decision 

processes and limited transparency. The absence of settled doctrine on whether such 

groups owe fiduciary or partnership duties to network participants leaves rights and 

remedies uncertain, particularly when changes to code affect property interests recorded 

on-chain. Future research should operationalize “governance risk” as an explanatory 
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variable in adoption models, linking measurable indicators of maintainer transparency 

and decision rights to enterprise willingness to integrate on-chain settlement for 

micropayments. In parallel, doctrinal and empirical work should examine outcomes in 

cases and controversies where claimants seek duties or equitable relief against 

maintainers. It should also analyze whether clarifying developers’ obligations reduces 

perceived legal risk in procurement decisions by regulated institutions.  

Relatedly, there is ongoing uncertainty in the enforceability and remedies 

landscape for digital agreements and automated execution. Courts have begun to apply 

general contract principles to automated transactions, and existing English authority 

recognizes that contractual elements may be formed electronically. Nevertheless, 

heterogeneity persists across jurisdictions regarding consent, mistake, and equitable relief 

against automated performance. For cross-border micropayments using script-mediated 

conditions, these divergences increase legal risk for institutions operating at scale. A 

recommended research track is to assemble a cross-jurisdiction dataset of smart-contract 

disputes and regulatory actions. This dataset should be coded for issues such as 

formation, capacity, mistake, unjust enrichment, and the availability of freezing or 

proprietary orders. Then, apply comparative legal analytics to identify clusters of 

jurisdictions with convergent outcomes. These clusters could inform jurisdiction selection 

clauses and venue strategies for enterprise deployments.  

Beyond the United States and the European Union, other jurisdictions have 

positioned themselves along a spectrum from permissive innovation hubs to conservative 

risk controllers. Singapore and Malta illustrate models that attempt to encourage 
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innovation while maintaining oversight. Research should test whether these environments 

serve as gateways for cross-border micropayment corridors and whether regulatory 

certainty correlates with higher volumes in small-value cross-jurisdiction flows. 

Network-analytic methods can be used to assess whether providers domiciled in these 

hubs occupy central positions in value-band networks for transactions below five dollars.  

Gaps also persist in mechanisms for coordinated regulatory experimentation and 

learning. Regulatory sandboxes have proven useful for testing novel financial 

technologies under supervision, yet sandbox coverage of governance questions and cross-

border micropayment use cases remains limited. The research agenda should include 

design and evaluation of sandbox pilots that incorporate on-chain governance disclosures, 

deterministic settlement guarantees, and measurable consumer outcomes in microprice 

points, with pre-registered metrics and open data for external evaluation. A multi-site 

sandbox consortium would allow robust comparison of compliance and performance 

outcomes across legal environments.  

Another under-explored gap concerns conflict-of-laws and asset-characterization 

issues that arise when property or restitutionary claims attach to transaction outputs 

recorded across nodes in multiple jurisdictions. While some systems have clarified 

proprietary status and tracing remedies for digital assets, uncertainty remains in others 

regarding lex situs, perfection of security interests, and recognition of foreign orders. 

Future research should develop case-based simulations that model recovery pathways for 

misdirected or disputed micropayments across common conflict-rules permutations, 

quantifying expected recovery time and loss severity as functions of forum choice and 
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network state. Findings could inform standard contractual terms for institutional users, 

including agreed governing law, dispute resolution, and obligations to facilitate reversals 

under court order.  

Finally, there is a coordination gap in global rule convergence. Given the 

borderless operation of public networks, coherent international guidance is required to 

reduce fragmentation while preserving competitive federalism in policy experimentation. 

The thesis materials identify the need for international cooperation and harmonization to 

address cross-border challenges. Empirical work should evaluate how coordinated 

guidance affects observable measures of market integrity and consumer outcomes in 

micropayment contexts. It should also test whether harmonization reduces effective fee 

dispersion across borders for equivalent risk profiles.  

In aggregate, these regulatory and jurisdictional gaps delineate a research program 

that is complementary to the technical performance work completed here. The proposed 

agenda has three characteristics. First, it is comparative, leveraging variation across 

jurisdictions and over time to identify causal effects of legal design on adoption, cost 

efficiency, and consumer protection for small-value payments. Second, it is 

interdisciplinary, merging quantitative methods from economics and network science 

with doctrinal analysis of duties, remedies, and procedural tools. Third, it is translational, 

producing artifacts such as model disclosures, governance charters, and sandbox 

protocols that practitioners and regulators can implement and evaluate. By addressing 

these gaps with rigorous empirical and legal analysis, future research can supply the 

institutional assurances needed for enterprises and public bodies to adopt on-chain 
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micropayments at scale, thereby realizing the social and economic benefits suggested by 

the technical results in this study.  

Econometric Modeling and Advanced Simulation 

This subsection recommends an integrated program of econometric modeling and 

simulation that builds on the quantitative design, variable definitions, and performance 

measurements from the study. The objective is to move from descriptive contrasts toward 

causal estimates and validated counterfactuals that inform engineering choices, risk 

policies, and pricing for micropayments. The recommended models align with the 

constructs already defined in the thesis, including transaction fees, processing times, 

throughput, latency, block time, and byte size for transactions and proofs, each on ratio or 

interval scales as appropriate.  

A first strand is transaction-level panel modeling with fixed and random effects. 

Construct a provider-by-time panel that includes covariates for log(value), transaction 

byte size, and congestion proxies, with provider and calendar-time fixed effects to absorb 

unobserved heterogeneity. A mixed-effects ANCOVA generalizes the single-provider 

slope estimates already reported by allowing random intercepts and slopes by provider or 

region, which supports inference on cross-level interactions. This specification remains 

consistent with the thesis variables and preserves the interpretation of effective fee 

percentage as a function of value and system characteristics.  

Because legacy fee distributions display heavy right tails in the lowest value 

bands, mean regression should be complemented with quantile regression at the median 

and upper quantiles. Quantile models provide policy-relevant estimates for worst-case fee 
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burdens and are robust to heteroskedasticity. Volatility in fees and latency can be 

modeled with GARCH-class processes to capture conditional variance and to test 

whether time-varying uncertainty enters completion and abandonment. The prospectus 

already specifies CUSUM for surveillance and GARCH for heteroscedasticity; these 

tools can be integrated into an econometric workflow that flags structural breaks and 

revises model parameters under drift.  

Identification strategies should exploit natural discontinuities and timed events. 

The segmented-regression breakpoint near the one-dollar region motivates a regression-

discontinuity design with a local-linear specification and robust bias correction. A donut 

exclusion around common round price points reduces manipulation risk. Event-study and 

difference-in-differences designs can evaluate fee and latency responses around 

announced fee-schedule changes, relay upgrades, or jurisdictional policy shifts, with pre-

trend tests for parallel-trend plausibility. These designs link shocks to outcome 

movements within the measurement framework established in the thesis.  

Instrumental-variable methods are warranted where price setting, latency, and rail 

selection are jointly determined. Candidate instruments include exogenous relay 

maintenance windows, distance-to-relay metrics that shift propagation delay without 

affecting short-run demand, or network incidents that alter latency but not intrinsic 

transaction value. Two-stage least squares can then estimate causal effects of latency on 

completion or of effective fee percentage on observed price, conditioning on provider and 

time fixed effects. Overidentification tests and weak-instrument diagnostics are required 

to validate these designs. 
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Time-to-event models are appropriate for confirmation dynamics. A Cox 

proportional-hazards model or an accelerated failure-time model can estimate the effect 

of byte size, value, and relay topology on the hazard of first confirmation, with shared 

frailty at the provider or region level to account for unobserved clustering. This approach 

operationalizes the thesis construct of economic finality at the initial confirmation and 

delivers value-contingent policy curves for confirmation depth.  

Structural modeling can connect rail choice and pricing. A discrete-choice model 

with random coefficients can estimate merchant and user preferences over fee, latency, 

and perceived risk, yielding elasticities that inform pass-through and migration 

thresholds. On the supply side, the cost function should encode byte-priced costs for SPV 

and fixed-plus-ad-valorem schedules for legacy systems. Estimation via simulated 

maximum likelihood or the method of simulated moments allows counterfactuals, such as 

predicted rail shares under lower proof-delivery bandwidth due to batching or multicast. 

The model should be calibrated to the observed fee and latency distributions to maintain 

coherence with the measured environment.  

Causal machine learning can uncover heterogeneous treatment effects that linear 

models may not capture. Double or debiased machine-learning estimators and causal 

forests can estimate how the effect of SPV routing on effective fee percentage varies by 

value band, region, device class, or time of day while controlling for high-dimensional 

confounding. Honest sample splitting and out-of-bag evaluation are recommended to 

control Type I error. 
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A second strand complements econometric models with advanced simulation. A 

discrete-event simulator should mirror the modular pathway defined in the thesis: arrival, 

mempool admission, validation lanes, block assembly, relay dissemination, header and 

proof delivery, and client verification. Service rates and routing probabilities can be 

calibrated from measured throughput, latency percentiles, and block time. Outcomes 

should include median and tail confirmation times, orphan-risk proxies, and amortized 

kilobits per confirmed transaction, which map directly to engineering and economic 

decision variables.  

Agent-based modeling can represent adoption dynamics and price feedback. 

Agents for users, merchants, and platforms choose rails and prices given fee and latency 

forecasts, budget constraints, and diffusion parameters from the theoretical framework. 

The environment supplies network states drawn from empirical distributions or from the 

discrete-event simulator. Outputs include conversion, abandonment, and revenue under 

alternative pass-through policies and confirmation depths. This connects the adoption 

framing with measurable performance inputs of the thesis. 

Queueing-network analysis provides analytic bounds and validation for the 

simulators. An M/M/c or G/G/c representation of validation lanes and relay egress yields 

closed-form predictions for waiting times and utilization, which serve as checks on 

simulation results and inform guardrails for admission control and capacity planning. 

These models formalize the headroom needed to avoid convex escalation in waiting time 

near saturation, a concern already reflected in the performance-metrics section.  
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Simulation scenarios should include alternative dissemination strategies. Unicast, 

application-layer multicast, and native multicast, where available, can be compared for 

headers, block announcements, and shared proof segments. Benchmarks should report 

reductions in egress bandwidth, changes in p95 and p99 client-acknowledgment times, 

and effects on propagation consistency, which links directly to orphan-risk proxies. 

Multicast overlays with authenticated group membership are likely to be most deployable 

in public networks, while native multicast may be feasible in institutional networks or 

data-center contexts. Results from these scenarios can be fed into the structural and rail-

choice models as cost or latency shocks for equilibrium analysis.  

Risk and compliance costs should be modeled as expected loss under 

confirmation policies. Monte Carlo portfolios can draw values from observed bands, 

assign confirmation depths by policy, and apply low-probability reversal parameters to 

compute expected loss, value at risk, and conditional value at risk over operational 

horizons. These statistics can then enter rail-choice or pricing models as covariates, 

enabling an integrated evaluation of operational risk, user experience, and cost. 

All modeling and simulation work should follow the documentation and 

reproducibility safeguards already in place. Variables should retain original scales and 

definitions. CUSUM surveillance should run in parallel to detect drift in model residuals, 

fee distributions, and latency series as configurations change. Pre-registration and code 

release are recommended to support independent replication and to stabilize identification 

choices. These practices are already articulated in the thesis and should extend to the 

proposed econometric and simulation artifacts.  



268 

 

In summary, the recommended agenda integrates panel and quantile regression 

with fixed and random effects, regression discontinuity and event study for identification, 

instrumental variables for endogeneity, survival analysis for confirmation times, 

structural and discrete-choice models for rail selection and pricing, and discrete-event, 

agent-based, and queueing simulations calibrated to the telemetry in this study. These 

methods use the same core measurements already established and convert performance 

differences into causal estimates and policy-relevant counterfactuals that can guide 

protocol engineering and product design.  

Reflections 

Intellectual Journey and Development as a Scholar-Practitioner 

This doctoral project required an integration of rigorous inquiry with practical 

judgment. My intellectual journey unfolded in cycles of questioning, measurement, 

reflection, and redesign. At the outset, my professional experience with payment 

operations had shaped a belief that the principal barrier to micropayments was 

organizational inertia rather than technical constraint. Early scoping work challenged that 

assumption. The literature and preliminary data made clear that fee architecture, 

propagation delays, and confirmation policies together set the decisive boundary 

conditions for small-value exchange. The project, therefore, became an exercise in 

reframing a managerial problem as a sequence of testable questions that aligned 

technology variables with economic outcomes. 

The scholar-practitioner model guided that reframing. The model asks a 

researcher to hold two commitments at once. The first commitment is to theoretical 
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clarity. The second commitment is to practical relevance. I learned to treat theory not as 

rhetoric but as a tool for organizing measurement. Diffusion of innovations provided a 

vocabulary for adoption thresholds, observability, and perceived relative advantage. 

Transaction cost economics provided a vocabulary for marginal cost, governance, and the 

shape of efficient boundaries between markets and hierarchies. These constructs did not 

answer the research questions by themselves. They did, however, organize the variables 

the study needed to observe and the comparisons it needed to make. 

My development accelerated when I recognized that careful operationalization is 

the hinge between concept and inference. Terms that appear simple in conversation often 

conceal measurement choices. “Latency” required a consistent event pair and a rule for 

economic finality. “Scalability” required a distinction between engineering targets and 

measured capacity under load. “Fee” required both an absolute measure in dollars and a 

relative measure as a percentage of value. I learned to define each variable in the units 

that matter for both researchers and practitioners, to state the timing windows that 

constrain interpretation, and to pre-commit to analysis plans that matched those 

definitions. 

The data pipeline itself became a site of learning. I built a headless environment 

that collected protocol-level messages, synchronized code and datasets, and recorded 

seeds and hashes for reproducibility. I also learned that reproducibility is not only a 

technical property. It is a professional ethic. Reproducibility reduces the cognitive load 

on collaborators. It converts fragile, tacit knowledge into explicit, testable steps. 

Maintaining an auditable trail of acquisition, cleaning, and modeling changes made it 
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possible to revisit earlier decisions and to defend the eventual choices to a critical reader. 

This practice deepened my sense of responsibility for the inferences I would draw, 

especially when those inferences carried implications for policy and organizational 

change. 

The methods matured with the questions. I began with descriptive statistics to 

understand location and dispersion across providers and value bands. That work refined 

the model space. Rank-based omnibus tests respected the non-normality in the lower 

bands. Covariate-adjusted models clarified how the effective fee percentage declined 

with log(value) and varied by provider. Segmented regression linked a visible kink in the 

curves to a structural feature of fee schedules. As the models became more expressive, I 

learned to value parsimony. I found that a smaller set of well-motivated models, 

grounded in the design of the data and the economics of the process, supported clearer 

conclusions than a larger set of disconnected results. 

A related development involved my stance toward uncertainty. Early drafts over-

weighted point estimates. Through iteration, I learned to present distributions, intervals, 

and sensitivity checks as the primary objects, and to send point estimates to the 

background. I also learned to state what the data could not support. For example, where 

counts were sparse in higher value bands for some systems, the study avoided over-

interpretation and reserved those comparisons for future measurement. The shift from 

point claims to interval reasoning marked a change in identity. I became less attached to 

outcomes and more attached to the integrity of the path that produced them. 
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Communication practices changed in parallel. The first versions of figures 

contained attractive curves but did not speak to decision makers. Subsequent versions 

added median-based smoothing, focal price points, and uncertainty bands that matched 

operational thresholds. Break-even tables translated distributions into simple rules. 

Commentary connected diagnostics to implications without excessive jargon. The result 

was writing that acknowledged statistical complexity while remaining legible to product 

and policy teams. I learned that clarity is not a concession. It is evidence of 

understanding. 

Ethics remained central throughout. The work relied on public protocol data and 

user-supplied records. It avoided personal data and respected confidentiality constraints 

around proprietary schedules. More broadly, the social-change aim required me to 

consider how design choices can widen or narrow access for small-value participants. I 

learned to treat inclusion as a quantitative property. Fee floors and latency distributions 

translate into participation thresholds. Where the analysis documented orders-of-

magnitude differences in unit cost for small values, the implications for access were 

direct. This realization sharpened my sense of accountability to communities that transact 

in small increments and lack bargaining power to negotiate away fixed charges. 

Collaboration with practitioners provided a second education. Engineers 

emphasized the path from protocol semantics to production observability. Risk teams 

emphasized the translation from probabilistic confirmation to deterministic commitments. 

Product managers emphasized the impact of abandonment and conversion near visible 

surcharges and minimums. Each conversation forced me to connect an abstract model to 
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a concrete process. I learned to write results that live at the interface between technical 

systems and organizational routines. That interface is where adoption happens or fails. 

I also learned to work with failure. Several analysis paths did not yield a useful 

signal. Some failed because the data were not rich enough. Others failed because the 

design did not match the process that generated the observations. Early on, I attempted to 

build a composite score that blended latency, fee, and throughput into one ranking. The 

score obscured important trade-offs and encouraged unhelpful comparisons. Retiring that 

approach was a formative decision. It reinforced the principle that models should 

illuminate trade-offs, not erase them. 

The scholar-practitioner identity became most tangible in the discipline of writing 

for audit. The thesis reports code lineage, seeds, and data hashes. It explains diagnostics 

and shows where assumptions hold and where they are approximations. It documents 

limits, such as missing cells where tests are not estimable. This level of disclosure invites 

critique. It also builds trust. I learned to prefer that trade. A reader who can reconstruct 

the analysis can correct it, extend it, or reuse it. That is how scholarship accumulates and 

how practice changes without requiring rhetoric or authority. 

Another thread in this journey was the alignment between governance and 

measurement. The work highlighted how protocol performance depends on service 

quality in header relay and proof delivery. That observation prompted me to consider 

responsibilities that are not enforced by code alone. Service levels, transparency reports, 

and audit artifacts carry normative force in practice. They also provide inputs for 

empirical evaluation. I developed an appreciation for how governance, law, and 
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engineering shape one another. This perspective will inform my future work on standards 

that reduce fragmentation without suppressing innovation. 

The project also improved my capacity for method integration. Econometric and 

simulation tools are often treated as separate domains. I learned to design them as 

complements. Simulation tests assumptions that underpin identification strategies. 

Econometric estimates calibrate simulation parameters and bound plausible 

counterfactuals. Building this loop took time and required careful documentation to 

ensure results could be cross-checked. The reward was confidence that the 

recommendations are anchored both in observed data and in stress-tested models. 

Time management and iteration cycles became more deliberate as the work 

progressed. I learned to set milestones for literature consolidation, data acquisition, 

pipeline hardening, model estimation, and interpretive writing. Each milestone ended 

with a stability checkpoint that asked whether the current version could be reproduced on 

a clean machine with a fresh pull of the repository. This practice reduced regressions and 

protected the project from local configuration drift. It also created space for reflection at 

the end of each cycle. Reflection, in turn, improved the next cycle’s design. 

Mentorship and peer review were instrumental. Critical readers questioned my 

interpretation of effect sizes, pushed me to justify the choice of bands, and asked for 

clearer links between figures and decisions. These interventions often felt expensive in 

the moment. They ultimately saved time. They underscored that peer critique is not 

friction; it is a source of energy that increases the signal-to-noise ratio in the final 
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product. I learned to invite critique earlier and to build revision time into plans, rather 

than to treat external feedback as an interruption. 

Finally, I can name the changes in my professional identity. I entered the program 

with a practitioner’s bias toward swiftly executable solutions. I leave with a scholar’s 

patience for measurement and a practitioner’s insistence on usefulness. I trust models 

more because I saw how they fail. I value precision more because I saw how quickly 

words can outrun data. I am more attentive to governance because I saw how service 

levels and openness influence adoption. I am more pragmatic because I learned where the 

limiting factor is not a protocol but an interface, a queue, or a policy. 

This journey also refined my sense of purpose. The work suggests that very small 

payments can be processed with low and predictable cost and with acceptable time to 

meaningful finality when the system is designed and operated with care. That result is not 

only an engineering claim. It is a statement about who can participate in digital exchange. 

As a scholar-practitioner, I intend to continue building the empirical base that supports 

responsible adoption, to teach the measurement and design habits that make such work 

reproducible, and to contribute to standards that align incentives across the technical, 

commercial, and public domains. The habits learned here will travel with me. They are 

habits of definition before inference, transparency before persuasion, and inclusion as a 

measurable outcome rather than an aspiration. 

Lessons From Practice-Based Research Methodologies 

The present research adopted a practice-based methodology that treated the 

payment platform as both an empirical subject and an engineered environment. Several 
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lessons emerged from conducting research at this boundary between operational systems 

and academic inference. These lessons concern the alignment of research questions with 

artifacts, the operationalization of constructs, the design of data pipelines that are 

auditable and reproducible, the role of diagnostics and surveillance in nonstationary 

settings, the management of validity threats that arise in non-experimental causal-

comparative designs using archival data, the ethics of measurement at scale, and the 

translation of results into action for stakeholders who manage live systems. 

The first lesson concerns framing research questions around the function of 

artifacts rather than their labels. Practice-based work begins with an artifact that performs 

a task. In this study, the artifact bundle consisted of SPV clients, relay services for 

headers and proofs, and a modular node design. Early drafts risked treating the artifact as 

a static object to be compared with a set of incumbents. That approach was inadequate. 

The artifacts only make sense when framed by the work they enable. The research 

questions, therefore, shifted from categorical comparisons to functionally grounded 

comparisons. The objects of interest became end-to-end latency, variance across regions 

and time, confirmation depth required for economic finality, and the properties of the fee 

schedule that make small transactions viable. This reframing aligned the inquiry with 

practice. Engineers and product managers evaluate systems in terms of service levels, not 

in terms of labels or categories. A practice-based study that starts from function produces 

measurable variables and conclusions that are testable in production. 

A second lesson is that operationalization is the decisive step. Practice-based 

research must convert concepts into measures that are precise, observable, and 
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meaningful in operational contexts. For example, latency requires a definition that aligns 

with application behavior. The chosen measure was the elapsed time from transaction 

broadcast to inclusion in a block, with first confirmation adopted as the operational 

definition of economic finality in the micropayment setting. The choice was motivated by 

risk tolerance and the need to align measurement with the decision rule for releasing 

digital goods or crediting balances. Fee burden also required dual representation. The 

absolute fee in dollars influences sentiment and price floors. Effective fee percentage 

influences economic tolerability at a given price point. Both representations were 

necessary to evaluate the feasibility of sub-dollar prices. Scalability required the 

separation of engineering targets and measured capacity under load. The practical lesson 

is that definitions cannot be borrowed uncritically. Each definition must be anchored in 

the production decision it informs; otherwise, subsequent inference can be internally 

valid and externally useless. 

A third lesson pertains to the design of the data pipeline. Practice-based research 

relies on telemetry that is often streaming, high volume, and heterogeneous. The pipeline 

must reduce this complexity to stable, auditable units of analysis. The headless collection 

environment, the capture of protocol-accurate messages, the synchronization of datasets 

and code, and the retention of seeds and hashes all served this goal. The lesson is that 

reproducibility is an organizational discipline rather than a solely technical one. Version 

control, scripted acquisition, environment pinning, and explicit provenance metadata 

transform measurement into a series of repeatable steps. In turn, repeatability reduces the 
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time required to revisit early choices, facilitates code review by collaborators, and creates 

a defensible record for examiners or auditors. 

A fourth lesson is that diagnostics deserve the same attention as final models. 

Operational systems exhibit nonstationarity. Propagation conditions change with the time 

of day, geography, and network events. Fee distributions shift with policy changes. 

Practice-based research must therefore embed surveillance alongside estimation. 

Cumulative sum detection provided early warnings for mean shifts in confirmation time. 

Variance models captured periods of elevated latency or fee volatility. Influence and 

leverage diagnostics constrained overfitting in covariate-adjusted models. The practical 

effect was to elevate uncertainty from an afterthought to a first-class object in the 

analysis. Rather than treating deviations from assumptions as nuisances, the study treated 

them as signals that could change operational recommendations. This view of diagnostics 

supports safer translation into practice because it produces playbooks for abnormal 

conditions instead of relying on average case behavior. 

A fifth lesson involves the management of validity threats in non-experimental, 

causal-comparative designs that rely on archival data and naturally occurring groups 

(Creswell & Creswell, 2023). Practice-based research rarely enjoys randomized 

assignment. Rail selection can be endogenous to price, latency, or user characteristics. 

Provider policies can change in ways that coincide with unobserved demand shifts. The 

design addressed these risks using banded analyses, covariate adjustments with 

log(value), interaction terms for provider, and nonparametric tests that do not impose 

distributional assumptions implausible in the lower bands. The broader lesson is to select 
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identification strategies that reflect the structure of operations. Regression discontinuity 

at the one-dollar breakpoint was motivated by observed schedule features. Event study 

logic matched the timing of provider changes. Survival models matched the time-to-event 

nature of the confirmation process. Valid inference in practice-based settings depends on 

choosing models that fit the process that generates the data, rather than selecting models 

for mathematical convenience. 

A sixth lesson concerns external validity and the limits of generalization. Practice-

based studies often occur in test networks or controlled deployments. The present 

measurements were obtained under known topology, controlled load regimes, and 

explicit service levels for header and proof distribution. These conditions differ from 

heterogeneous public networks. The study addressed this limitation by reporting tail 

percentiles, by stratifying by value band, and by highlighting where samples were sparse. 

The more general lesson is to publish the conditions under which measurements were 

obtained, to separate engineering targets from measured outcomes, and to propose 

measurement frameworks that other teams can reproduce in different environments. 

External validity is strengthened when the measurement plan and the code to implement 

it are public assets. 

A seventh lesson came from interface design between probabilistic and 

deterministic systems. Enterprises tend to require deterministic commitments for ledger 

updates and fulfillment actions. Public networks deliver probabilistic finality that 

resolves with confirmation depth. The study found that value contingent confirmation 

policies can reconcile these views. The practice-based lesson is that methodological tools 
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must include specification templates that map measurements to operating rules. Without 

this mapping, organizations may decline to adopt a technically superior pathway because 

the control plane for risk and operations is under-defined. Publishing standard receipt 

formats, linking them to audit systems, and writing rules that tie confirmation depth to 

value delivers the missing bridge between empirical performance and enterprise control. 

An eighth lesson addressed the role of negative results. Practice-based research 

generates many plausible interventions. Not all of them will justify adoption. The study 

required a composite index that endeavored to merge latency, fee, and throughput into a 

single ranking. The index obscured relevant trade-offs and misled early readers. 

Removing it was important to preserve interpretability and to avoid policy errors. The 

lesson is to regard negative results as part of the knowledge produced by a practice-based 

project. Reporting failures and discarded approaches reduces duplication of effort by 

others and clarifies the feasible space of interventions. 

A ninth lesson concerned the interaction between governance and measurement. 

The reliability of a lightweight verification pathway depends on service levels for header 

relay and proof delivery. Consensus rules do not enforce those service levels. They are 

enforced by contracts, by reputation, and by transparency. The study, therefore, included 

metrics for header availability, arrival jitter, backlog growth, and checkpoint latency, and 

recommended public reporting. The practical conclusion is that practice-based research 

must measure the social layer of a technical system. Governance artifacts such as 

transparency reports and audit trails are as consequential for adoption as hash functions 
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and signatures. Research that ignores the governance layer risks drawing conclusions that 

cannot survive contact with institutional priorities. 

A tenth lesson is that collaboration with practitioners improves research quality 

when structured properly. Engineers requested figures that expose bottlenecks rather than 

only aggregate outcomes. Risk teams requested decision rules for confirmation depth tied 

to expected loss, not generic statements about security. Product managers requested price 

floors and break-even tables. Translating results into these forms changed the shape of 

the analysis. The collaboration also made the writing more legible to non-academic 

stakeholders. The meta lesson is that applied research benefits from early engagement 

with the kinds of decisions that readers must make. Defining deliverables in terms 

familiar to practice increases the probability that the work will be used. 

An eleventh lesson concerns the ethics of measurement at scale. Practice-based 

research can intersect with user behavior in ways that raise ethical questions. The present 

study avoided personal data and did not intervene in user flows. Even so, the wider 

agenda includes experimentation that could affect price, latency, or confirmation policies. 

Ethical practice requires advance consideration of user impact, transparency about 

policies, and attention to access. For example, if a platform reduces a price floor because 

of lower fees, the change can benefit users who prefer unbundled purchases. If a platform 

increases confirmation depth for higher-risk items, doing so without clear communication 

can degrade user experience. Practice-based research must therefore include 

communication plans and fairness checks when translating results into operational 

changes. 
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A twelfth lesson relates to the role of simplicity. Complex systems tempt analysts 

to add layers of modeling that exceed the information content of the data. In the lower 

value bands, the distributions deviate from normality and include heavy tails. 

Nonparametric tests and median-based smoothing were more appropriate for 

visualization and inference than complex parametric fits. Similarly, the segmented 

regression provided interpretable evidence of a kink near one dollar without imposing a 

high-dimensional model. The lesson is that models should be as simple as the process 

allows and no simpler. Simplicity in methods yields clarity in recommendations. 

A thirteenth lesson highlights the importance of sensitivity analysis and 

falsification tests. Practice-based research informs decisions that have financial 

consequences. Decision makers must know how robust findings are to reasonable 

perturbations of assumptions. The study reported the sensitivity of the effective fee 

percentage at selected price points, including confidence intervals, and plotted marginal 

cost curves to visualize local behavior. A similar approach is necessary for any 

recommended change in protocol or policy. Before deployment, an operator should see a 

range of outcomes under different load conditions, different relay topologies, and 

different confirmation policies. The lesson is that presenting robustness is not optional in 

practice-based environments. It is a prerequisite for adoption. 

A fourteenth lesson concerns the role of open artifacts. The study documented 

code lineage, seeds, and data hashes. Publishing this material reduces barriers for 

replication and extension. In practice-based research, open artifacts are more than 

academic niceties. They form the substrate for community validation, shared testbeds, 



282 

 

and standards. When multiple organizations use the same definitions for throughput, 

latency, and fee calculation, and when they can run the same notebooks on their own 

data, an ecosystem forms around metrics and methods rather than marketing claims. The 

effect is to move discourse from assertion to measurement. 

A fifteenth lesson relates to time management in iterative contexts. Practice-based 

work benefits from cadence. The project was organized into cycles for literature 

consolidation, design of measures, data acquisition, pipeline hardening, model estimation, 

and interpretive writing. Each cycle closed with a checkpoint that asked whether the 

current state could be reproduced in a clean environment. This cadence limited scope 

creep, constrained overfitting, and produced draft artifacts for review. The implied lesson 

is that process discipline is an asset. It protects research quality and reduces the 

probability of late-stage surprises. 

A sixteenth lesson addresses the use of visualization in decision support. Early 

figures emphasized aesthetic curves that did not map cleanly to operational thresholds. 

Subsequent figures used medians in fixed bins, showed confidence intervals at focal 

prices, and added break-even lines. The improved figures enabled readers to connect a 

visual element to a decision. For example, a manager could identify a price that satisfies a 

5% fee tolerability rule for a given rail. Practice-based research should design figures as 

instruments for decisions rather than as illustrations. This requires collaboration with 

intended users to learn which thresholds and formats are most useful. 

A seventeenth lesson is that infrastructure choices matter for research quality. 

Collectors that lose packets, clocks that drift, and storage that compresses logs without 
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preserving order can distort estimates. The project investment in synchronized clocks, 

controlled environments, and inventory of potential failure modes was justified by the 

stability of the results. Practice-based research should allocate time and resources to 

infrastructure, since the quality of measurement determines the quality of inference. 

A final lesson concerns identity as a scholar-practitioner. Practice-based research 

does not license causal inference. It requires more care than purely algorithmic work 

because it imposes an obligation to influence systems that affect users, merchants, and 

institutions. The study strengthened a set of habits that support this responsibility. Define 

variables before estimating. Tie measures to decisions. Treat diagnostics as instruments. 

Anticipate validity threats. Publish artifacts that others can run. Report limits when 

samples are sparse. Engage practitioners early. Adopt ethical defaults. These habits do 

not guarantee correct conclusions in every setting. They do create a posture that makes 

correction and improvement possible. 

Taken together, these lessons recommend a method stance for future work on 

micropayments and related domains. Practice-based research should pose functionally 

grounded questions, operationalize variables that map to decisions, build auditable 

pipelines, embed surveillance for nonstationary conditions, select identification strategies 

that match processes, and translate results into artifacts and policies that practitioners can 

adopt. By adhering to this stance, future researchers can build on the present results, 

accelerate the time from measurement to impact, and support the responsible deployment 

of payment technologies that broaden access to digital exchange. 
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Reflexivity, Bias, and Realignment of Perspective 

This subsection articulates the assumptions, value commitments, and potential 

sources of bias that shaped the research process, and it documents how engagement with 

data and critique altered perspective over time. The aim is not confession for its own sake 

but a structured account of how positionality interacts with method, how cognitive 

tendencies can distort inference, and how deliberate safeguards and evidence can realign 

beliefs in a quantitative, practice-oriented study. 

Positionality and Initial Commitments 

I approached the topic with professional experience in payments operations and a 

tendency to seek organizational causes of friction before considering protocol-level 

explanations. That inclination shaped early scoping. I initially believed that impediments 

to micropayments were primarily due to legacy processes and commercial policies rather 

than to fee architecture, propagation limits, or confirmation rules. The literature review 

and initial descriptive work contradicted this view. Cross-provider fee schedules and the 

steep effective percentages at low values suggested that engineering and economics were 

tightly coupled in a way that managerial reforms alone could not overcome. Recognizing 

this shift was an early act of reflexivity. It required treating prior experience as a potential 

source of bias rather than as decisive evidence. 

Language and Framing 

Choice of language can encode bias. Early drafts used idioms that implied agency 

or intent to technologies, which is inappropriate in academic prose and can conceal causal 

structure. Revisions removed anthropomorphic phrasing and replaced shorthand labels 
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with operational definitions. Terms such as legacy rails and on-chain pathway were 

retained only when paired with explicit descriptions of fee structure, latency, and 

verification semantics. This adjustment improved clarity and reduced the risk that 

rhetoric would substitute for measurement. More generally, language was aligned with 

the unit of analysis. When the outcome concerned the effective fee percentage, the text 

referred to schedules and byte-priced costs rather than to the virtues of any system. 

Cognitive Biases and Analytical Safeguards 

Several cognitive tendencies were present and required countermeasures. 

Confirmation bias was likely because the research questions promised large cost 

reductions in the micropayment regime. To mitigate that risk, the analysis plan specifies 

pre-specified variables, bands, and tests before full estimation, and it locks versions of the 

code and data transformations in a version-controlled repository. The garden of forking 

paths was addressed by documenting decision points in a changelog and by archiving 

discarded model variants. Availability bias was relevant because protocol telemetry is 

abundant, while proprietary fee and timing data can be scarce. The study resisted the 

temptation to over-interpret the more accessible source by integrating user-supplied 

datasets for legacy providers and by reporting where coverage was thin. Survivorship 

bias was reduced by using a broad slice of transactions rather than only successful 

commercial pilots. These safeguards do not remove bias entirely, but they reduce 

opportunities for post hoc rationalization and create an audit trail that allows external 

critique. 
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Measurement Choices and Researcher Degrees of Freedom 

Reflexivity requires accounting for how measurement decisions influence 

conclusions. Selecting value bands, adopting first confirmation as economic finality for 

small values, and presenting both absolute and percentage fee measures were 

consequential choices. Each decision was tied to an operational counterpart. Bands 

aligned with observed product price points. First confirmation aligned with delivery rules 

for low-value digital goods and services. Absolute and percentage measures aligned with 

price floors and tolerability thresholds. These links were recorded explicitly to narrow the 

degrees of freedom within the research. Where choices were contestable, such as the 

exact knot location in segmented regressions, uncertainty intervals were reported, and 

interpretation was restricted accordingly. 

Stakeholder Incentives and Potential Conflicts 

A practice-oriented project interacts with communities that have divergent 

incentives. Proponents of byte-priced, on-chain settlement may emphasize cost 

improvements. Incumbent providers may emphasize risk management and consumer 

protection. Reflexivity demanded a posture that separated measurement from advocacy. 

The analysis adopted distributional summaries and nonparametric tests that resist 

parametric assumptions favorable to any one provider in heavy-tailed bands. The 

commentary emphasized practical implications without implying normative judgments 

about business models. Where results favored the on-chain pathway, the text reported the 

magnitude and uncertainty rather than attributing superiority to design intent. Where 
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legacy providers showed advantages in higher value bands or in dispersion control, those 

features were also reported. 

Data Coverage and External Validity 

Bias can arise from data gaps that masquerade as general truths. The dataset 

contained sparse observations for some providers in higher value bands and abundant 

observations in lower bands, which can pull attention toward regimes where differences 

are largest. The study acknowledged those imbalances and avoided omnibus tests in 

bands with zero or near-zero counts for a provider. External validity was treated as a 

property to be earned through replication and extension, not as an assumption. The 

reflexive stance was to regard striking findings as candidates for replication in other 

settings rather than as universal claims. 

Diagnostics as a Reflexive Instrument 

Diagnostics changed the way I interpreted results. Early iterations focused on 

point estimates. As residual plots, scale location checks, and leverage diagnostics 

accumulated, the analysis shifted toward interval reasoning and robustness. Cumulative 

sum surveillance proved useful for identifying mean shifts in confirmation time, which 

altered operational recommendations about confirmation depth during periods of network 

stress. Treating diagnostics as first-class objects promoted a habit of pausing before 

interpretation and asking whether the model and the data were still aligned. This habit 

reduced overconfidence and encouraged more conservative language. 
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Episodes of Realignment 

Three episodes illustrate realignment of perspective. The first episode concerned 

the role of governance and service quality. I initially located correctness purely in 

protocol rules. Evidence from header relay performance, proof delivery bottlenecks, and 

the need for checkpoint attestations revealed that service obligations in the relay and 

header ecosystem materially influence correctness for SPV clients. The conclusion was 

that governance and transparency are not ancillary. They are part of the system that must 

be measured and disclosed. 

The second episode concerned composite scoring. I attempted to build a single 

index of performance that aggregated fee, latency, and throughput. Peer feedback and 

internal tests showed that the index concealed trade-offs and could mislead decisions. 

Retiring the index and reporting multidimensional results forced a clearer exposition of 

choices. It also aligned the study with stakeholder needs. Product teams can accept a 

combination of low fee and moderate latency for some use cases and prefer the reverse 

for others. A rank that collapses these preferences is not helpful. 

The third episode concerned confirmation policy. I began with a strong preference 

for one confirmation in all micropayment contexts. The evidence on latency dispersion 

across regions and the risk tolerance of specific product classes suggested that a value 

contingent policy is more appropriate. The realignment was to treat the policy as a 

function of value, jurisdiction, and product risk rather than as a constant. This adjustment 

made the recommendations more defensible and more likely to be adopted. 
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Ethical Stance and Fairness Considerations 

Reflexivity also requires clarity about values. The project was motivated in part 

by a concern for inclusion in digital exchange at small values. That motivation can 

introduce framing bias if it encourages selective emphasis of results that point toward 

inclusion. To counter that tendency, the analysis documented limitations, reported 

dispersion alongside means, and highlighted where tail risk for latency or fee might harm 

users even if the average case is favorable. The text avoided implying that a technical 

pathway is inherently equitable. Equity depends on access to tools, clarity of policies, and 

the distribution of benefits across user groups. The social change section explicitly linked 

performance gains to implementation choices that influence fairness, such as removing 

minimums, publishing confirmation policies, and providing low-bandwidth options for 

clients. 

Reflexive Practice in Collaboration 

Interactions with engineers, risk managers, and product teams acted as mirrors for 

assumptions. Engineers asked for metrics that diagnose bottlenecks rather than only 

aggregate outcomes. Risk managers asked for expected loss under confirmation depth 

policies rather than general statements about safety. Product managers asked for break-

even thresholds and tolerability bounds. Responding to these requests improved the 

analysis and revealed blind spots. The reflexive lesson was to invite challenge from those 

who would implement the findings and to adapt measurement to their decision frames 

without weakening methodological standards. 
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Limits of Inference and Rhetorical Restraint. The temptation to draw sweeping 

conclusions from large samples is strong in quantitative work. Reflexivity demanded 

rhetorical restraint. Large omnibus statistics in dense bands warrant clear statements 

about statistical significance. They do not justify universal claims about all contexts and 

values. The text, therefore, used language that distinguishes between the micropayment 

regime under observation and broader payment contexts. It also distinguished between 

engineering targets and measured outcomes. This restraint is part of an ethical duty to 

avoid overgeneralization. 

Documentation as a Reflexive Tool 

The project adopted decision logs, code lineage, seeds, and data hashes. These 

artifacts are not only reproducibility tools. They are reflexive instruments. Writing down 

choices and their reasons exposes assumptions to later inspection and critique. The 

practice of logging discarded approaches preserves the negative space of the analysis and 

makes it harder to quietly shift specifications toward desired results. The presence of a 

paper trail changed behavior. It increased the probability of pausing to reconsider a 

convenient but weak assumption and facilitated genuine course corrections. 

Anticipated Biases in Future Extensions 

Future work will introduce new risks of bias. Econometric identification strategies 

can be fragile if instruments correlate weakly with endogenous variables. Simulation can 

invite optimism if parameters are calibrated from best-case periods. To anticipate these 

risks, the plan is to pre-register identification choices where possible, to report sensitivity 

to bandwidth and latency distributions across regimes, and to keep simulation parameters 
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tied to observed ranges with conservative extrapolation. Reflexivity remains an ongoing 

obligation rather than a completed task. 

Realignment of Professional Identity. Exposure to evidence and critique 

changed my professional stance. I entered with a bias toward operational fixes and left 

with a sharper appreciation for measurement, governance, and standards. I learned that a 

practitioner's instinct for immediate solutions can obscure structural causes and can delay 

the adoption of better designs. I learned that a researcher's instinct to optimize models can 

seduce one into ignoring the needs of decision makers. The realignment was to hold both 

instincts in tension and to insist that models must map to decisions while decisions must 

be justified by transparent measurement. 

Commitments Going Forward 

Reflexivity is credible only if it produces behavioral commitments. I will continue 

to publish measurement definitions, code, and decision logs with sufficient detail to 

permit replication. I will preference interval reasoning over single-point claims and will 

foreground uncertainty where samples are sparse or diagnostics are marginal. I will 

document the conditions of data collection and will avoid language that attributes agency 

to technical artifacts. I will invite practitioner critique early and will integrate ethical 

review into proposed operational changes that arise from future studies. These 

commitments aim to institutionalize reflexive habits rather than to rely on personal 

vigilance alone. 



292 

 

Final Reflection 

Bias is unavoidable. Reflexivity does not eliminate it. Reflexivity can, however, 

surface the assumptions that guide attention and the incentives that shape interpretation, 

and it can support course corrections when evidence contradicts prior beliefs. In this 

project, reflexivity moved the work from managerial priors to measured claims, from 

rhetoric to variables, from composite scores to multi-dimensional reporting, and from 

unitary policies to value contingent rules. The result is not a perfect account, but it is 

more reliable. It is reliable because it documents how perspective shifted in response to 

data, diagnostics, and critique, and because it leaves a trail that others can follow, test, 

and improve. 

Conclusion 

This thesis demonstrates that an SPV-based on-chain architecture aligned with the 

Teranode design provides a practical and economically superior pathway for 

micropayments. Across the sub-dollar range, byte-priced fees produce negligible absolute 

costs and very low effective fee percentages. At the same time, the timing of the first 

confirmation supports economic finality for digital delivery under value-contingent 

policies. Cryptographic inclusion proofs anchored to block headers supply auditable 

evidence at scale. The study contributes a canonical measurement framework, 

reproducible analytics, and decision rules that translate distributions into price floors, 

break-even thresholds, and confirmation policies, which are usable by product, risk, and 

compliance teams. 
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The take-home message is direct. Where price points fall below one United States 

dollar, on-chain settlement with SPV should be the default rail, while legacy rails are 

retained for higher-value contexts and the unique features they provide. Adoption is 

contingent on explicit service levels for header and proof dissemination, as well as on 

transparent operational policies that connect confirmation depth to value and risk. 

Limitations are acknowledged, including sparse observations for higher value bands and 

regional heterogeneity in propagation. They are addressed with a defined research 

roadmap that targets relay integrity, bandwidth optimization, econometric identification, 

and calibrated simulation. 

The work closes by positioning micropayments as a routine capability rather than 

a niche aspiration. With measurement, governance, and engineering aligned, enterprises 

and public programs can process very small transactions at predictable cost, with 

verifiable records, and with service levels that users can understand. The evidence and 

tools presented here provide a blueprint to implement that capability responsibly and at 

scale. 

Summary of Key Findings and Contributions 

This study examined whether an on-chain architecture using SPV can support 

economically viable micropayments compared to legacy card and platform processors, 

and whether this architecture aligns with judicial and audit requirements in global 

commerce. The analytic design pooled five parallel panels of 11,000 observations each 

for Visa, Mastercard, PayPal, and Stripe, together with an SPV panel generated under the 

Teranode architecture for the same nominal micropayment band. Legacy panels recorded 
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observed processor charges between 0.45 and 5.00 USD, while the SPV panel recorded 

on-chain transactions ranging from approximately 0.0016 to 1.99 USD, verified through 

block headers and Merkle proofs. Variables were harmonized to a canonical schema to 

enable like-for-like comparisons of gross value, total fee, effective fee percentage, and 

net value delivered. These design elements directly operationalize the two research 

questions on economic efficiency, scalability, and judicial compliance. 

Across systems, the mean effective fee percentage was 22.69% for PayPal, 

10.97% for Stripe, 4.96% for Visa, 3.64% for Mastercard, and 0.195% for SPV under 

Teranode. Each was computed over 11,000 observations, with corresponding dispersion 

and confidence intervals reported in the results chapter. These summary measures 

establish large cross-system differences in fee burden within the one-cent to five-dollar 

range, with SPV exhibiting near-zero marginal erosion over the observed support. 

Threshold and break-even analyses translate these distributional differences into 

operational rules for pricing and product design. The share of transactions with effective 

fees above 10% was 71.65% for PayPal, 45.95% for Stripe, 5.57% for Visa, 1.35% for 

Mastercard, and 0.00% for SPV. At the 20% threshold, the proportions were 39.37%, 

14.60%, 0.47%, 0.00%, and 0.00%, respectively. Break-even values for meeting common 

fee targets were 1.31 USD and 0.52 USD for Visa at the 5% and 10% targets, 0.53 USD 

and 0.45 USD for Mastercard, 3.39 USD and 1.18 USD for PayPal, 0.45 USD for Stripe 

at both targets, and approximately 0.001606 USD for SPV at both targets. These findings 

indicate that many sub-dollar pricing strategies are uneconomic on legacy rails at 

common thresholds and that SPV supports fee burdens below 5% at sub-cent prices. 
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Within-band comparisons further localize practical effects. In the 0.50 to 0.99 

USD band, the mean effective fee was 9.98% for Visa and 6.61% for Mastercard, while 

Stripe and PayPal averaged 24.04% and 54.91%, respectively. In the same band, SPV 

recorded a mean and median of approximately 0.01% with a zero interquartile range at 

two decimal precisions, indicating a flat absolute fee regime at these values. The study 

interprets this band as commercially salient because small changes in completion rates or 

prices translate into large net revenue differences when migrating from legacy systems to 

SPV. 

The omnibus hypothesis test confirmed that these cross-system differences are 

statistically significant. A Kruskal–Wallis test across Visa, Mastercard, PayPal, Stripe, 

and SPV yielded H (4) = 37,554.60 with p < .001, and pairwise SPV versus legacy 

comparisons were significant after multiplicity adjustment. The magnitude and 

consistency of the differences across value bands align with the descriptive patterns and 

the break-even thresholds. 

The study contributes an explanatory cost model that links observed fee behavior 

to structural pricing parameters. A two-part representation decomposes total cost into 

fixed and ad valorem components, which implies that the variance of the effective fee 

percentage narrows as the value increases because the constant term is divided by a larger 

base. This model explains the widening spread and uneconomic outcomes in the extreme 

low-value regime for processors that include substantial fixed charges, and it supports the 

threshold and break-even analyses presented in the tables and figures. 
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The findings also characterize the byte-denominated economics of the SPV panel 

under Teranode. Transaction size averaged about 422 bytes with a median of 354 bytes, 

and the mean fee density was approximately 0.000201 USD per kilobyte. These 

covariates enable direct mapping from script size to absolute fee, and they support 

sensitivity analysis for payload variability. The resulting near-flat absolute fee across the 

observed SPV value range explains the very low effective percentages reported above. It 

clarifies why the SPV break-even thresholds occur at sub-cent levels. 

Methodologically, the study contributes a canonical data architecture and 

reproducibility controls suited to cross-rail comparison in micropayments. All sources 

were normalized to a common schema covering gross value, total fee, effective fee 

percentage, settlement or confirmation time, and net value delivered for legacy panels, 

with blockchain-specific additions for fee density per byte and SPV proof characteristics 

for the SPV panel. Reproducibility controls included fixed random seeds, versioned 

configurations, and the preservation of raw logs and intermediate aggregates. Headers 

and proof retrieval were recorded alongside transaction broadcasts to enable independent 

reconstruction of inclusion verification. These practices improve auditability and 

facilitate extension by future researchers and practitioners. 

In relation to the theoretical framing, the results advance Transaction Cost 

Economics by quantifying the comparative efficiency of governance alternatives for 

high-frequency, low-value transfers. The measured reductions in fee burden and the 

expansion of viable price points under SPV indicate a reconfiguration of the feasible set 

for micropayment-based products. Diffusion of Innovations is engaged through the 
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evidence base required for adoption decisions, as the standardized banding, threshold 

metrics, and break-even values offer clear, communicable advantages to early adopters 

and early majority decision makers within payment ecosystems. The purpose and 

theoretical positioning were specified in the protocol and are addressed by the observed 

results. 

For practice, the study contributes decision rules that translate dense distributions 

into actionable guidance. Merchants with a maximum fee burden of 5% must set price 

floors near 1.31 USD for Visa, 0.53 USD for Mastercard, 3.39 USD for PayPal, and 0.45 

USD for Stripe, corresponding to the observed datasets. Meanwhile, SPV supports fee 

burdens below 5% at sub-cent values. In the 0.50 to 0.99 USD band, the immediate net 

revenue implications of switching are significant. Differences in effective percentages 

range from 5 to 50 percentage points, depending on the comparator, motivating piloting 

and migration in that range. These rules are presented with the uncertainty structure that 

product teams and finance stakeholders require for planning. 

The study also contributes to the compliance and auditability literature by 

documenting how SPV verification under Teranode provides cryptographic inclusion 

proofs anchored in block headers, with confirmation depth tracked at fixed intervals. This 

evidentiary chain supports judicial processes by enabling independent verification of 

transaction inclusion and timing. The dataset design recorded header and proof retrieval 

alongside broadcasts, which increases the transparency of the analysis and allows ex-post 

audit. 
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Finally, the study delineates scope conditions. Bitcoin SV observations were 

sparse above two dollars in the supplied tables, so omnibus testing is not reported for 

higher bands even though legacy patterns continue monotonically. This limitation does 

not affect conclusions in the micropayment-relevant range, where the SPV sample is 

large and where nonparametric omnibus and pairwise tests confirm large differences. The 

standardized banding and canonical schema were designed to accommodate future 

extension as additional SPV observations in higher bands become available. 

In sum, the evidence indicates that an SPV-based on-chain architecture under 

Teranode achieves materially lower effective fee percentages than legacy processors 

across the micropayment range studied, yields favorable break-even thresholds at sub-

cent levels, and supports audit-ready verification through cryptographic proofs. The 

contribution is threefold. First, the study quantifies cost and threshold differences at 

operationally meaningful price points. Second, it provides a reusable data and analysis 

framework, including standardized bands, a two-part cost model, byte-level covariates, 

and reproducibility controls. Third, it supplies adoption-relevant decision rules and 

compliance-aligned verification methods that connect econometric results to product and 

policy choices in enterprises considering micropayment models. 

Broader Implications and Closing Reflections 

The results of this study have implications that extend beyond a narrow 

comparison of fee schedules. They speak to the structure of digital markets at very small 

values, the design of payment infrastructure that can be verified independently by 

lightweight clients, and the types of institutional arrangements that enable adoption at 
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scale. This subsection synthesizes those implications and offers closing reflections on the 

place of an SPV pathway aligned with a Teranode architecture within contemporary 

payment ecosystems. 

A first implication concerns market access at the lower end of the value 

distribution. The data show that fixed components in legacy pricing produce high 

effective fee percentages in sub-dollar bands. In contrast, a byte-priced model produces 

near-constant absolute fees that compress to small effective percentages as value 

increases. That difference creates capacity for new price points. When the absolute fee is 

a small fraction of a cent, digital goods can be priced at fine granularity, and machine 

actors can exchange microservices without bundling. This capacity is not a speculative 

observation. It follows from a cost function that scales with serialized bytes rather than 

with economic value. For individuals and small firms, the practical consequence is access 

to markets that previously required prepayment, subscriptions, or cross-subsidy. For 

platforms, it enables product design that aligns price with use in ways that are visible and 

predictable. 

A second implication is that auditability can improve even as unit cost falls. 

Lightweight verification relies on block headers and Merkle proofs rather than on 

institutional reconciliation. When header sequences are delivered with high availability 

and when inclusion proofs are archived alongside application records, a merchant or a 

program administrator can evidence that a transfer was recorded at a given height and 

time. This form of evidence is not a replacement for legal process, but it is a robust input 

to audit and dispute resolution. It also scales with transaction count, which is essential in 
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high-frequency settings. In practice, this means that public bodies and non-governmental 

organizations that wish to deploy frequent small disbursements need not trade off 

traceability for cost. They can obtain both if header relay integrity and proof retention are 

treated as core services and not as afterthoughts. 

A third implication relates to the economics of platform governance. Because a 

lightweight client model depends on external relay and proof distribution, the reliability 

of those services becomes part of the system. That observation can be misread as a 

weakness, but it is better understood as a design constraint that invites explicit 

governance. Service levels, transparency reports, audited checkpoints, and documented 

incident response are the institutional counterparts of protocol rules. When operators 

publish availability, jitter, backlog growth, and checkpoint verification metrics, and when 

clients validate against diverse anchors, the combined arrangement can meet enterprise 

expectations for control and accountability. The implication for standard-setting 

organizations is clear. Definitions of minimum audit artifacts and service-level objectives 

for header and proof delivery should accompany any discussion of micropayment 

feasibility. 

A fourth implication is strategic. The results indicate that the largest proportional 

gains occur below one United States dollar. That is where fixed components dominate 

legacy pricing. It is also where many digital interactions reside, including content 

samples, per-use access to tools, and machine telemetry. Enterprises that wish to realize 

the advantages documented here should therefore prioritize migration and 

experimentation in that band. The business case is strongest where the effective fee 
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percentage drops by double-digit points and where abandonment is sensitive to visible 

price increments or checkout surcharges. A sequenced approach that begins with sub-

dollar events, introduces clear confirmation policies, and preserves existing rails for 

larger values can deliver measurable results without organizational shock. 

A fifth implication concerns diffusion. Theoretical work on adoption predicts that 

relative advantage, compatibility with existing practice, complexity, trialability, and 

observability shape the rate at which an innovation spreads. The study provides a 

measurable relative advantage at focal price points and a set of artifacts that increase 

compatibility. Signed inclusion receipts, value-contingent confirmation policies, and 

reference implementations for proof verification reduce perceived complexity. Pilot 

results and transparency about service levels increase observability. Together, these 

features shorten the distance between evidence and adoption. They also suggest that early 

majority uptake is more likely in domains where small values and high frequency are 

normal and where teams can stage the transition without renegotiating the entire 

commercial stack. 

The sixth implication is methodological. Practice-based research can be rigorous 

and useful when it ties variables to decisions and when it documents limits. The study 

offers an analysis frame that others can reuse. Value bands, effective fee percentages, 

break-even tables, and latency distributions at focal points are not only academic 

summaries. They are instruments for product, policy, and risk. When a team can drop its 

own data into these templates and obtain the same diagnostics and decision rules, the 
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research accelerates learning outside the walls of the study. This is especially important 

in a field where rhetoric and claims often outpace evidence. 

A seventh implication involves risk management. Lightweight verification is 

probabilistic at the point of first confirmation, and network conditions vary across regions 

and time. The recommended approach is to adopt value-contingent confirmation depths 

that align expected loss with the savings and the user experience documented in the 

results. That approach reconciles the needs of regulated goods and larger values with the 

agility expected in digital content and small-value services. It also supports a coherent 

response to network stress. When tail latency increases or header availability deteriorates, 

confirmation depth can be explicitly adjusted by policy rather than implicitly through 

delay or ad hoc exception handling. 

An eighth implication touches on equity. Large, fixed charges in legacy systems 

fall most heavily on users who transact in small increments or who operate with thin 

margins. A system that reduces absolute fees to a small, predictable value does more than 

increase efficiency. It changes who can participate. The effect is strongest where price 

floors or minimum cart sizes previously excluded users or merchants. The ability to trace 

inclusion cryptographically also supports accountability in programs that serve low-

income populations. These social benefits are not automatic. They depend on accessible 

tooling, clear communication of confirmation policies, and attention to device and 

bandwidth constraints. The study highlights what is possible and signals the work 

required to deliver equitable outcomes. 
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The ninth implication is forward-looking. The technical limits identified in the 

recommendations suggest a research and engineering program that can further reduce tail 

latency and bandwidth cost. Batching and caching on the proof path, congestion-aware 

dissemination, application-layer multicast for high fan-out messages, and quorum-based 

header attestation can each be evaluated with the measurement instruments already in 

use. The point is not that one design choice solves every constraint. Measurable, 

incremental improvements are available, and they can be prioritized where they produce 

the largest gains for small-value transfers. 

A final reflection concerns intellectual humility. The study shows large 

differences in fee burden and provides evidence that supports the feasibility of 

micropayments under an SPV pathway aligned with a Teranode architecture. It also sets 

explicit boundaries. Observations for the blockchain panel are sparse above two dollars in 

the supplied tables, and regional heterogeneity in propagation can change local 

performance. The correct response to these limits is neither overreach nor caution that 

stalls progress. It is disciplined iteration. Future measurements should extend the value 

range, diversify regions, and continue to publish definitions, code, and diagnostics so that 

the evidence base remains cumulative. 

In closing, the evidence suggests that the micropayment problem is not only a 

matter of business policy but also a matter of engineering and measurement. When fees 

are priced by byte and when verification can be performed by lightweight clients 

anchored to a robust header chain, the economics of very small transactions change. They 

change in ways that increase market access, improve auditability, and align operational 
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practice with transparent metrics. The remaining work is concrete. It involves service-

level governance for header and proof delivery, careful design of confirmation policies, 

and continued attention to reproducibility and open measurement so that claims can be 

tested and refined. The broader implication is that a payment architecture is not a single 

protocol or a single firm. It is a combination of rules, services, and practices that can be 

observed, improved, and held accountable. 

Final Position on the Role of Teranode and Blockchain in Micropayments 

The evidence assembled in this dissertation supports a clear position. An SPV-

based on-chain architecture aligned with the Teranode design is fit for purpose in the 

micropayment regime. It should be adopted where price points fall at or below one 

United States dollar, particularly between one cent and ninety-nine cents. In this range, 

byte-priced fees produce absolute costs that are negligible in practical terms, effective fee 

percentages compress toward zero with increasing value, and first-confirmation timing 

provides economic finality that is adequate for digital delivery when value-contingent 

policies are applied. The position does not presume universal replacement of existing 

payment rails. It identifies a domain where on-chain settlement is economically dominant 

and technically tractable, and outlines the institutional conditions necessary for safe and 

compliant operation. 

The economic case is decisive at low values. Legacy schedules that combine a 

fixed charge and a percentage of value impose high effective fee percentages on small 

transactions. A byte-priced schedule, as observed in the SPV panel, yields near-constant 

absolute fees that are several orders of magnitude smaller. In operational terms, this 
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difference lowers price floors, removes the need for minimum cart sizes, and enables 

fine-grained pricing for digital goods, application programming interface calls, and 

machine telemetry. Merchants can share part of the savings with customers through lower 

posted prices or microentitlements while retaining a margin that would be unattainable 

under fixed-plus-ad-valorem schedules. These outcomes are not speculative. They follow 

from the functional form of the cost model and from the distributions documented in the 

results. 

The technical case is conditional but strong. The Teranode architecture separates 

validation, assembly, and relay functions and supports horizontal scaling through parallel 

pipelines. In practice, this reduces queueing within nodes and allows capacity to grow 

with demand. For the SPV path, correctness at the client depends on timely access to the 

header chain and receipt of valid Merkle inclusion proofs. The implication is that header 

relay and proof distribution are first-class services in the production system, not 

incidental utilities. Where relay availability is high, arrival jitter is bounded, and 

checkpoints are verifiable from diverse anchors, lightweight clients can verify inclusion 

promptly and at scale. Where public networks are constrained by policy or connectivity, 

institutional relays or encrypted tunnels can maintain reachability with modest overhead. 

Under these conditions, end-to-end performance meets the needs of digital delivery at 

small values. 

Judicial and audit requirements can be satisfied in this architecture. Inclusion 

proofs anchored to block headers provide verifiable evidence that a transaction was 

recorded at a particular height and time. If applications archive proofs alongside business 
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records and record the confirmation depth in effect at delivery, downstream auditors can 

reconstruct the decision to release goods or credit balances. This approach does not 

eliminate legal process, nor does it replace consumer-protection obligations. It provides a 

transparent evidentiary trail that can coexist with those obligations and that scales with 

transaction count. 

The governance layer determines whether the technical and economic advantages 

translate into sustained practice. Because SPV correctness depends on services that sit 

adjacent to the protocol, operators must commit to explicit service-level objectives. The 

minimum set includes targets for availability and jitter in header delivery, backlog growth 

limits under stress, and checkpoint verification latency. Operators should publish 

transparency reports and incident postmortems, and clients should validate headers 

against multiple authenticated checkpoints. These practices align the operation of the 

SPV ecosystem with expectations in enterprise settings where accountability is not 

optional. 

The recommended adoption posture is phased and value contingent. 

Organizations should begin with sub-dollar price points where the gap in effective fee 

percentage is largest and where abandonment is sensitive to visible surcharges. They 

should retain existing rails for larger values and for contexts that require chargeback 

procedures or credit facilities that are outside the scope of on-chain settlement. 

Confirmation policies should be a function of value, jurisdiction, and product risk. For 

low-value digital goods, the first confirmation is typically adequate when accompanied 

by header integrity checks and proof validation. For regulated goods or higher values, 
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deeper confirmation can be used without undermining the micropayment proposition. 

This approach balances speed and risk while preserving user experience. 

The position acknowledges specific boundaries. First, sparse observations in 

higher value bands for the blockchain panel limit inference above two dollars in the 

supplied tables. The recommendation, therefore, focuses on the micropayment range 

where the evidence is strongest. Second, regional heterogeneity in propagation can 

increase tail latency. Operators should monitor tail percentiles and adjust confirmation 

depth temporarily when conditions warrant. Third, consumer protection regimes vary 

across jurisdictions. Where policy requires specific disclosures or redress pathways, on-

chain operations should be integrated with those requirements rather than presented as 

substitutes. None of these boundaries negates the core finding that on-chain settlement is 

economically dominant for very small values. They specify the conditions under which 

the advantage is realized responsibly. 

Common critiques can be addressed directly. One critique asserts that public 

networks cannot meet real-time expectations. The data indicate that mempool acceptance 

is sub-second and that first confirmation centers near one block interval. For small 

values, that profile is compatible with digital delivery when policies are explicit and 

value contingent. A second critique asserts that lightweight clients lack security. SPV is 

not a trustless substitute for full validation. Still, when headers are delivered with high 

integrity and proofs are verified against those headers, the residual risk is small relative to 

the value at stake in sub-dollar contexts. A third critique asserts that on-chain fees will 

spike under load. The byte-priced regime observed in the SPV panel is insensitive to 



308 

 

value and, within observed ranges, remains negligible relative to legacy charges. The 

correct operational response is to monitor fee density and proof payload size, adopt 

batching and caching where appropriate, and scale relay egress as demand grows. 

The social implications of adoption are positive if tooling and policies are 

designed for inclusion. Lower absolute fees expand participation for users and merchants 

who transact in small increments. Transparent confirmation policies reduce uncertainty 

and promote trust. Cryptographic receipts allow civic programs to deploy microtransfers 

with auditability and low leakage. To realize these benefits, implementers should provide 

accessible clients that function on low-resource devices, explain confirmation rules in 

clear language, and avoid regressivity in ancillary requirements such as identity 

verification when it is necessary for compliance. 

The research implications are concrete. Further work should extend observation 

into higher value bands for the blockchain panel, diversify regional sampling, and 

evaluate multicast and batching strategies for high fan-out header and proof 

dissemination. Econometric designs should quantify causal effects of relay upgrades and 

policy shifts on fee and latency outcomes, and simulations should stress test relay 

topologies under realistic churn. These efforts use the same measurement instruments 

defined in this dissertation and will refine adoption guidance without altering the central 

conclusion. 

The final position is therefore pragmatic. Teranode-aligned SPV provides a 

payment path that is economically dominant for very small values, technically sufficient 

when explicit service levels govern relay integrity, and auditable through cryptographic 
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proofs that scale with transaction counts. It is not a universal remedy for every payment 

context. It is a well-specified solution for a large and growing class of use cases that 

legacy fee schedules underserve. The recommended course of action is to implement 

SPV for sub-dollar transactions with clear confirmation policies, to operate or contract 

for header and proof services with published objectives, and to maintain parallel rails for 

contexts that require features that on-chain settlement does not provide. If those steps are 

taken, the system will deliver lower and more predictable unit costs, transparent 

verification, and a wider domain of feasible price points. These are the conditions under 

which micropayments become routine rather than exceptional. 
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Appendix A: Structured Plan for Data Collection & Methodology Documentation 

A. Overview of Data Collection Strategy 

A1.1. Research Design and Purpose 

This study employs a causal-comparative quantitative design to examine and 

compare the performance of blockchain-based micropayment systems and traditional 

financial transaction methods. The causal-comparative framework is well-suited for real-

world financial data where random assignment is neither feasible nor appropriate. Yet, 

systematic comparisons can be made across controlled variables such as transaction type, 

size, cost, and time. 

The research focuses specifically on the use of SPV within the Bitcoin SV (BSV) 

Teranode infrastructure as a means of addressing key limitations in current micropayment 

systems—namely, high transaction costs, slow processing times, and lack of scalability. 

By analyzing and comparing micropayment transaction data from both blockchain and 

legacy financial systems (e.g., Visa, MasterCard, PayPal, and Stripe), the study aims to 

empirically determine whether SPV-enabled blockchain architectures can offer superior 

performance without compromising judicial compliance or operational integrity. 

The central objective is to generate empirical evidence on the scalability, 

economic efficiency, and regulatory compatibility of blockchain-based micropayments, 

thereby informing both academic discourse and practical financial system design. This 

aligns with the broader goal of enhancing financial inclusion, particularly in underbanked 

or microtransaction-heavy economies. 

A1.2. Data Collection Approach 
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The study follows a mixed-source data strategy that incorporates both real-time 

blockchain data from the BSV network and archived transaction fee datasets from 

traditional financial systems. This dual approach allows for direct empirical comparison 

between blockchain-based and conventional micropayment infrastructures. 

For the blockchain component, data is collected using Python-based scripts that 

connect directly to BSV public nodes via TCP port 8333, bypassing filtered APIs to 

capture unabstracted transaction-level messages. These scripts implement the Bitcoin P2P 

protocol to retrieve block headers, transactions, and Merkle paths in real time. This 

configuration approximates the behavior of lightweight SPV clients, which validate 

transactions by verifying their inclusion in blocks through Merkle root proofs without 

downloading entire blocks. 

On the traditional finance side, the study uses archival datasets obtained from 

publicly available and institutionally permitted sources. These datasets include 

micropayment transaction fee structures from platforms such as Visa, MasterCard, 

PayPal, and Stripe, and are available in .csv and .xlsx formats. Each dataset includes fee 

tiers, transaction sizes, processing latencies, and cost-per-dollar metrics. 

All datasets and scripts are stored in a version-controlled GitHub repository with 

structured documentation to ensure transparency and reproducibility. The datasets are 

organized under a standardized folder hierarchy (/data/raw, /data/processed, etc.), and 

preprocessing scripts are included to normalize data formats and structures across 

different payment systems.1 

 
1 https://github.com/bitcoin-sv/teranode 
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A1.3. Alignment with Research Questions 

The data collected directly support the two primary research questions: 

RQ1: How does Bitcoin's on-chain architecture, specifically through SPV, impact 

the scalability and economic efficiency of micropayments in global commerce compared 

to traditional financial transaction methods? 

RQ2: How does Bitcoin's on-chain architecture ensure judicial compliance in 

facilitating micropayments in global commerce? 

By collecting high-resolution transactional data from both blockchain and 

traditional financial systems, the study can empirically test the following hypotheses: 

H1: SPV-based blockchain systems reduce transaction costs while maintaining 

compliance more effectively than traditional systems. 

H2: SPV architectures enhance scalability for micropayments without 

compromising legal and operational integrity. 

Each dataset provides observations on the constructs under investigation: 

Cost: Total fee per transaction, fixed vs. percentage-based models 

Speed: Time to confirm transaction or process payment 

Scalability: Volume of transactions handled per second or per block 

Compliance: Inclusion of verifiable transaction history, immutability, and 

regulatory adherence features (e.g., KYC/AML flags in traditional systems or traceability 

in blockchain) 

Together, these variables enable a robust comparative analysis through 

multivariate statistical methods such as MANOVA and regression, helping to determine 
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whether SPV-supported systems offer a meaningful improvement over legacy 

alternatives. 

A2. Data Sources 

A2.1 Source Types 

The study utilizes exclusively secondary data, drawn from both decentralized 

blockchain systems and centralized financial institutions. Blockchain data is acquired 

from the Bitcoin SV (BSV) public network, where transaction and block-level 

information is publicly available and accessed in real time through programmatic socket 

connections. In parallel, historical datasets from financial platforms, including Visa, 

MasterCard, PayPal, and Stripe, have been collected. These datasets include fee 

structures, processing times, and transaction metadata relevant to micropayments. 

In addition to publicly available blockchain data, proprietary logs from Teranode 

infrastructure are also used. These logs contain structured records of block propagation, 

transaction acceptance rates, and mempool states, which offer detailed visibility into how 

transactions are handled in a high-throughput blockchain environment. The combination 

of these sources provides a diverse and empirical foundation for comparing blockchain-

based micropayments with those processed through legacy financial systems. 

A2.2 Participants or Data Entities 

As the study does not involve human subjects, there are no participants in the 

traditional sense. Instead, the primary units of analysis are individual micropayment 

transactions. Each record, whether from the blockchain or a centralized financial 
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platform, represents a unique instance of a payment under a defined monetary threshold, 

typically one dollar or less. 

For financial institution datasets, metadata may include merchant categories, 

transaction size bands, and timestamped records that allow for demographic and 

contextual insights. These data points enable classification and comparative analysis 

across transaction environments and fee models. In the case of blockchain data, 

transaction records include fields such as transaction ID, input and output counts, byte 

size, and associated fees, without personal identifiers. 

A2.3 Platforms and Tools 

Blockchain data is collected using Python scripts that interact directly with public 

nodes on the BSV network via port 8333, using the native Bitcoin P2P protocol. These 

nodes are operated by real miners on the mainnet and provide access to unfiltered 

transaction data. By avoiding third-party APIs, the study ensures the authenticity and 

completeness of the blockchain data stream. 

All data infrastructure is maintained within a Hyper-V virtualized environment 

hosted on a Windows 11 machine. The core processing occurs within an Ubuntu 22.04 

virtual machine provisioned with 64 virtual CPU cores and 32 GB of RAM. Data is 

stored, versioned, and managed through GitHub, which also hosts the associated scripts, 

documentation, and validation outputs. 

A2.4 Instruments 

Data collection is facilitated through multiple technical instruments. The primary 

tool for blockchain data acquisition is a set of Python scripts that utilize the socket 
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module to establish raw TCP connections with BSV nodes. These scripts implement P2P 

protocol commands, including version, verack, inv, getblocks, getheaders, and tx, 

enabling direct access to block and transaction data. Parsing and data structuring are 

handled through custom modules using standard libraries such as struct and hashlib. 

For supplemental or diagnostic blockchain queries, public APIs such as 

Whatsonchain have been used in a limited capacity. These are used only for high-level 

state checks (e.g., mempool status) and not for primary data acquisition. 

Legacy financial data is obtained in structured file formats, primarily .csv and 

.xlsx. These datasets contain tabular records of transaction types, associated fees, 

processing time metrics, and merchant segmentation. All files are ingested using Python's 

pandas library, cleaned, and preprocessed into a common schema to allow for direct 

comparison with blockchain transaction records. 

A3. Data Collection Procedures 

A3.1 Blockchain Collection Flow 

The blockchain data collection process is executed through a direct peer-to-peer 

protocol implementation using custom Python scripts. This approach allows the study to 

bypass abstracted or rate-limited public APIs, ensuring access to raw and unfiltered data 

streams directly from BSV mainnet nodes. The process begins with a network handshake, 

involving the transmission of version and verack messages as per the Bitcoin protocol. 

Once a successful connection is established, the system sends inv messages to query 

inventories of blocks or transactions, followed by getdata and tx messages to request the 

full content of those entities. 
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Once blocks are received, a parsing process is initiated to extract transaction-level 

data. This includes input and output counts, script complexity, fee amounts, transaction 

size in bytes, and timestamps. Each transaction is stored in a structured format and tagged 

with its corresponding block hash and height for chronological reference. 

The SPV logic is implemented during this phase to validate transaction inclusion. 

Using the Merkle path provided within the block structure, the script recomputes the 

transaction’s inclusion path and compares the resulting hash to the Merkle root contained 

in the block header. This verification confirms that the transaction is not only structurally 

valid but also provably included in a mined block. This is critical for evaluating the 

trustworthiness of SPV-based systems without relying on full-node validation. 

A3.2 Traditional Dataset Handling 

Traditional datasets, representing transaction fees and performance metrics from 

financial services such as Visa, MasterCard, PayPal, and Stripe, were acquired through 

public downloads and licensed data requests. Each dataset was obtained in either comma-

separated values (.csv) or Microsoft Excel (.xlsx) formats and includes multiple 

observations of micropayment transactions across various platforms. 

Once retrieved, the datasets were subjected to a preprocessing workflow to ensure 

consistency. This included converting all monetary values to a common currency and 

scale, unifying timestamp formats, and standardizing column labels. Data cleaning also 

involved filtering out incomplete rows, identifying and correcting outliers, and aligning 

the data structure with that of the blockchain dataset to enable comparative statistical 

analysis. The cleaned datasets were imported into Python using the pandas library and 
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stored in a separate “processed” directory within the GitHub repository to clearly 

distinguish them from the original raw files. 

A3.3 Synchronization Timeline 

Data collection is organized into three major phases: initial synchronization, 

preprocessing, and analysis. Initial synchronization involves retrieving and storing 

historical blocks from the BSV network and downloading complete datasets from 

financial providers. This was completed during the early stages of the project timeline to 

ensure data availability for preprocessing. 

The preprocessing phase involves executing parsing scripts, performing validation 

checks, and unifying formats across both blockchain and traditional datasets. This step 

also includes the execution of SPV logic to ensure the cryptographic integrity of 

blockchain transactions. 

The final phase is statistical analysis, which is scheduled following the 

preprocessing stage. GitHub version control is used throughout the process to document 

changes, preserve intermediate outputs, and ensure that all preprocessing steps are fully 

traceable and reproducible. Versioning conventions and commit messages are 

standardized to reflect progress, dataset revisions, and script updates. 

A3.4 Data Volume and Frequency 

The volume of blockchain data collected is substantial, with each block 

containing potentially thousands of transactions. On average, a BSV block may include 

between 5,000 and 30,000 transactions, depending on the time and activity level. The raw 

blockchain data is collected continuously through an automated socket connection, with 
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scripts designed to rotate node connections to avoid rate limits or network drops. Data 

acquisition scripts are configured to run at fixed intervals and reattempt failed 

connections to ensure completeness. 

In contrast, traditional financial datasets are static and represent historical 

transaction records captured over defined time periods. These datasets vary in size, with 

the largest files containing over 10,000 micropayment transaction entries. These files are 

updated as new institutional data becomes available, but are otherwise not collected in 

real time. 

The combination of real-time blockchain data and batch-style traditional data 

allows for a well-rounded and comprehensive analysis of micropayment behavior across 

both decentralized and centralized systems. 

A4. Ethical Considerations 

A4.1 IRB Approval 

This study was reviewed and approved by the Walden University Institutional 

Review Board (IRB), which ensures the ethical conduct of research involving human data 

and institutional compliance. The IRB approval number for this project is 05-19-25-

1046548. The approval is valid until May 18, 2026, or until the end of the researcher's 

student status, whichever occurs first. The approval was granted under the framework of 

the Legal and Ethics Compliance Agreement for Quantitative Anonymous Surveys. This 

study does not involve direct human subjects or personally identifiable information and 

thus qualifies under Walden’s guidelines for secondary data use with anonymous 

datasets. 
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The IRB approval is contingent on strict adherence to the procedures described in 

the final version of the IRB application. Any deviation from these approved methods will 

require prior submission of a Request for Change in Procedures Form to the IRB and 

confirmation of approval before implementation. Failure to comply with these protocols 

could result in data invalidation and loss of academic credit. 

A4.2 Privacy and Anonymity 

This research involves no collection of personally identifiable information (PII). 

The blockchain data used in the study is entirely public and pseudonymous, with 

transactions and addresses represented as cryptographic hashes that do not inherently 

identify individuals. Furthermore, the traditional financial data acquired for this study is 

strictly institutional in nature and does not contain individual customer or merchant 

information. Data elements such as fee structures, transaction volumes, and payment size 

brackets are aggregated and anonymized. 

The decentralized and transparent nature of the blockchain reinforces privacy by 

design. At the same time, the researcher has ensured that all traditional financial datasets 

meet standard data protection criteria, including institutional sourcing and secure storage. 

In compliance with Walden’s ethical standards, the study does not require any form of 

informed consent from individuals, as it utilizes publicly available or non-identifiable 

secondary data. 

A4.3 Data Governance 

All data is stored and versioned within a private GitHub repository managed by 

the researcher. Access to this repository is restricted to authorized collaborators through 
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encrypted authentication. GitHub’s internal logging and version control mechanisms 

provide an immutable audit trail for all code, data uploads, and preprocessing operations. 

This ensures that all changes to the data pipeline and analytical logic are documented and 

reversible. 

To maintain data integrity, each dataset is subjected to checksum validation and 

hash-based integrity checks during ingestion and after transformation. These measures 

serve to prevent data corruption and ensure that the analytical results are based on 

authentic, unaltered inputs. Additionally, raw data files are stored separately from 

processed data to preserve source fidelity, and all data handling activities are documented 

in a digital research log. 

In line with Walden’s Student Handbook requirements for doctoral research, raw 

data will be retained securely for a minimum of five years following completion of the 

study. The researcher has also committed to logging all stages of recruitment (where 

applicable), data collection, and data management in accordance with IRB protocol. 
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A5. Tools and Technology 

A5.1 Software Stack 

The study’s analytical framework is built upon a robust software stack designed to 

facilitate high-throughput blockchain data collection and comparative analysis with 

traditional payment systems. Python version 3.11 is the core programming language used 

for developing all data acquisition and parsing scripts. These scripts are executed within 

JupyterLab, which is configured through the Anaconda distribution for reproducible and 

modular research workflows. 

GitHub serves as the central repository for all source code, datasets, preprocessing 

scripts, and documentation. This platform ensures version control, collaborative tracking, 

and public reproducibility of all computational elements. Hyper-V is employed to 

manage the virtualization of the server infrastructure, enabling isolated, tunable, and 

high-performance environments for blockchain data processing. The virtual machines 

operate on Ubuntu 22.04 LTS, providing the necessary support for P2P networking and 

resource-intensive Python tasks. 

A5.2 Infrastructure Overview 

The infrastructure is hosted on a dedicated Windows 11 Professional workstation 

that runs a Hyper-V virtual environment. The primary virtual machine (VM) is 

configured with 64 virtual CPU cores and 32 gigabytes of RAM, optimized for parsing 

high-frequency blockchain data streams and validating raw Bitcoin SV transactions. 

Storage is implemented through a 10-terabyte RAID 10 array, offering high-speed I/O 

operations and redundancy in case of hardware failure. 
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During the current phase, the system connects to the Bitcoin SV public network 

using direct socket connections to known miner nodes over port 8333. This connectivity 

allows for the collection of unfiltered, real-time transaction data via native Bitcoin 

protocol messages, including version, inv, getdata, and tx. As the project transitions into a 

fully managed environment, a local Teranode instance was deployed for greater control, 

lower latency, and full data traceability. 

A5.3 Reproducibility Features 

To ensure reproducibility and transparency, the GitHub repository is structured 

with clearly defined folders for raw data, processed datasets, Python scripts, and 

documentation. Each dataset is version-tagged, and changes are logged with commit 

messages detailing modifications, updates, and fixes. Data collection and preprocessing 

scripts include inline comments and usage instructions to facilitate independent 

replication. 

Supplementary documentation includes a README.md file that outlines the 

project’s objectives, software dependencies, and execution procedures. Additionally, a 

detailed data dictionary describes the fields present in each dataset, their data types, and 

the relevance to the hypotheses presented in the study. By providing an open-source and 

fully documented analytical pipeline, the research adheres to rigorous standards of 

empirical transparency and academic integrity. 
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A6. Limitations and Access Constraints 

A6.1 Data Access Issues 

One of the primary limitations encountered in this study pertains to the 

availability and scope of traditional financial data. While comprehensive datasets were 

obtained from platforms such as PayPal and Stripe, more granular transactional data from 

institutions like Visa and MasterCard remains subject to proprietary restrictions. These 

institutions typically do not release full fee schedules or real-time processing logs, which 

may limit the ability to perform direct, like-for-like comparisons with blockchain 

transaction metrics. 

On the blockchain side, data access is technically unrestricted due to the public 

nature of the BSV network. However, operational constraints such as bandwidth 

limitations and node throttling can impact the efficiency of real-time data acquisition. 

Public BSV miner nodes may impose soft limits on the number of transactions or blocks 

that can be retrieved over a given period, particularly when accessed through 

unauthenticated sockets. These limitations necessitate the rotation of node connections 

and the implementation of retry logic to maintain data continuity. 

A6.2 Technical Risks 

Several technical risks are inherent in the infrastructure used for blockchain data 

collection. The reliability of peer-to-peer node connections is a persistent concern. 

Because the system relies on real-time socket connections to external nodes, factors such 

as network latency, dropped packets, and IP bans can disrupt the flow of data. 

Furthermore, the parsing and validation logic assumes strict adherence to protocol 
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specifications; any deviations or malformed messages can cause errors in the extraction 

pipeline. 

To mitigate potential data loss or system outages, the infrastructure includes a 

RAID 10 configuration, which offers both high-speed read/write performance and 

redundancy in the event of drive failure. Regular backups of code, data logs, and 

processed datasets are also performed to external storage to protect against hardware or 

software malfunctions. The virtual machine environment is periodically snapshotted to 

enable rollback in case of corruption or misconfiguration. 

A6.3 Contingency Plans 

In anticipation of potential access limitations or technical failures, several 

contingency plans have been implemented. For the traditional financial data, alternative 

open-source datasets are identified as substitutes, including merchant-level micropayment 

studies published by regulatory bodies and industry reports. Where fee structures are 

approximated or interpolated, appropriate methodological notes are included to ensure 

transparency in analytical comparisons. 

For the blockchain infrastructure, GitHub Large File Storage (LFS) is utilized to 

archive snapshots of large raw datasets that exceed standard repository limits. These 

snapshots are versioned and tagged to enable consistent reproduction of the analytical 

workflow, even if live node connections become temporarily unavailable. Additionally, 

testnet and regtest environments are configured to simulate block propagation and 

transaction volume, providing a fallback mechanism to test analytical scripts in the 

absence of mainnet data. 
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A7. Quality Assurance Measures 

A7.1 Data Validation Protocols 

To ensure the integrity and validity of the blockchain data used in this study, 

multiple validation layers have been incorporated into the data collection process. The 

most critical of these is Merkle root verification. Each transaction retrieved from a BSV 

block is accompanied by its Merkle path, which is recomputed within the local 

environment to confirm the transaction's inclusion in the corresponding block. This 

computed root is then matched against the Merkle root recorded in the block header, 

ensuring that the transaction data has not been altered or truncated. 

In addition, header-level validation is performed through SHA-256 double 

hashing of each block’s header fields, with the resulting hash compared to the reference 

stored in subsequent blocks. These cryptographic checks validate the continuity of the 

blockchain and the authenticity of the collected data. The study's implementation of SPV 

replicates the standard light-client verification process, providing an efficient yet robust 

validation framework for assessing micropayment transaction inclusion. 

A7.2 Reliability and Repeatability 

Reliability is maintained through a multi-node architecture that cross-verifies 

transaction data from different BSV miner nodes. Connections are established with a 

rotating list of public node IP addresses to detect any inconsistencies or deviations in 

block data, ensuring that no single node can influence the integrity of the dataset. This 

redundancy minimizes the impact of node-specific errors, forks, or timeouts and 

enhances the reliability of the final transaction log. 
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Pre- and post-processing logs are automatically generated by the Python data 

pipeline. These logs record all operations performed on the data, including parsing, 

validation, normalization, and export steps. This systematic logging ensures that all data 

transformations are traceable and can be independently reviewed or audited. Each step in 

the preprocessing workflow is modular, allowing for targeted re-execution in the event of 

detected anomalies or pipeline updates. 

A7.3 Documentation and Auditing 

All data acquisition and validation activities are documented within the GitHub 

repository associated with the project. Each Python script is accompanied by detailed 

comments, usage instructions, and version control logs that capture the development 

history and update rationale. Validation outputs, such as Merkle path reconstruction and 

block hash matching results, are stored as structured log files and included in the 

repository under a designated folder. 

To support auditing and ensure data authenticity, hash-based integrity checks 

were used throughout the data lifecycle. File-level hashes are generated upon download 

and after processing and are logged in a manifest file that accompanies each dataset. 

These hashes serve as tamper-evident signatures that confirm the consistency of the 

dataset across different sessions and storage environments. By integrating these quality 

assurance measures, the study adheres to rigorous empirical standards, ensuring that its 

findings are both reliable and reproducible. 
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GitHub Repository and Data Documentation 

To ensure transparency, traceability, and reproducibility of all data-related 

procedures, this study utilizes a GitHub repository to store, organize, and version 

datasets, scripts, and documentation. The repository is structured to support open science 

practices and aligns with data governance and integrity standards required by Walden 

University. 

Collected Datasets 

The study includes a curated collection of micropayment transaction datasets from 

both blockchain and traditional financial sources. These datasets are primarily stored in 

comma-separated value (.csv) and JavaScript Object Notation (.json) formats for ease of 

integration into data analysis tools. 

Data files under 100 megabytes are uploaded directly to GitHub under the 

/data/raw directory. Larger files are managed using Git Large File Storage (Git LFS) to 

ensure repository performance and maintain compatibility with platform limitations. Each 

dataset is accompanied by metadata, including the source, date of access, and file hash, 

which are stored in a manifest log to verify authenticity and detect tampering. 

Dataset Summary 

Visa Micropayment Fees: Contains over 11,000 records of transactions under 

$1.00, with fields including transaction amount, merchant code, and effective fee 

charged. Stored in .csv and .xlsx formats. 
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MasterCard Micropayment Fees: Includes similar fields as the Visa dataset and 

spans multiple merchant categories. Data is available in both .xlsx and .csv formats for 

redundancy and access. 

PayPal Transaction Fees: Captures historical micropayment rates, currency 

conversions, and regional fee variations. The .csv dataset includes columns for 

transaction size, gross and net amount, and processing time. 

Stripe Micropayment Fees: Structured data detailing base transaction fees, 

platform fees, and the effective percentage charged. Available in .xlsx and .csv formats, 

standardized for cross-platform comparison. 

All datasets are preprocessed and mirrored into a /data/processed directory 

following format normalization and validation procedures. 

Data Collection Scripts 

The repository includes custom Python scripts responsible for blockchain data 

collection and preprocessing. These scripts interface with the Bitcoin SV (BSV) public 

network using direct socket communication over port 8333 and implement the Bitcoin 

P2P protocol stack. Specific modules handle connection setup, version handshake, block 

inventory querying (inv), transaction data retrieval (getdata), and transaction parsing (tx). 

Each script is extensively documented with inline comments and linked to a 

companion README.md that describes the input/output structure, required 

dependencies, and intended usage. A secondary set of scripts is included for 

preprocessing and unifying the format of the traditional payment datasets. 
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Project Documentation 

Comprehensive documentation is provided to support reproducibility and 

reviewer transparency. The following components are included in the GitHub repository: 

README.md: A top-level project overview detailing the study’s objectives, 

structure, and scope of data sources. This document also includes execution instructions 

for key scripts and links to relevant appendices. 

Data Dictionary: A markdown file (data_dictionary.md) that defines each 

variable across all datasets, including datatype, units, allowed values, and source. This 

dictionary supports standardized analysis across platforms. 

Methodology Notes: A structured document (methodology_notes.md) outlining 

the data acquisition strategy, preprocessing logic, validation techniques (e.g., SPV 

Merkle path validation), and future steps for statistical analysis. 

Repository Structure 

/project-root/ 

├── data/ 

│   ├── raw/                   # Unprocessed original datasets (Visa, 

MasterCard, PayPal, Stripe, BSV) 

│   ├── processed/             # Cleaned and normalized datasets ready 

for analysis 

│ 

├── scripts/ 

│   ├── blockchain/            # P2P Python clients for BSV data 

acquisition 

│   ├── preprocessing/         # Data unification and cleaning routines 

│ 

├── docs/ 

│   ├── README.md              # Project overview and instructions 
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│   ├── data_dictionary.md     # Description of variables and metadata 

│   ├── methodology_notes.md   # Data collection and validation 

protocols 

│ 

└── .gitattributes             # Git LFS configuration for large files 

This architecture supports structured data management, version control, and 

collaborative contribution. All materials are synced and tracked using Git commit history 

to ensure complete traceability of changes. 

  



375 

 

Appendix B: Merkle Tree Verification and Formalization 

Overview 

A central component of this study’s blockchain data validation process is the 

implementation of Merkle tree path verification. As described in the original Bitcoin 

whitepaper, SPV enables lightweight clients to verify a transaction’s inclusion in a block 

without downloading the entire block. This is accomplished by reconstructing a 

transaction’s Merkle path and checking that the resulting root hash matches the Merkle 

root recorded in the block header. 

This study integrates a Python-based SPV verifier directly into the data pipeline. 

Using raw P2P messages—specifically tx, inv, and getdata—the verifier reconstructs 

Merkle paths and confirms that transactions belong to the block in which they appear. 

Formal Axiom-Based Representation 

To ensure clarity and theoretical robustness, the inclusion logic for SPV is 

formalized below. 

Merkle Tree Path Inclusion Axiom 

Let: 

• T be a binary Merkle tree with root R 

• L = {l₁, l₂, ..., lₙ} be the set of leaves (data blocks) 

• Hash be a collision-resistant hash function 

• Pᵢ = {(hⱼ, dⱼ)}ⱼ₌₁ᵏ be the proof path for leaf lᵢ, where each hⱼ is a sibling hash and dⱼ 

∈ {left, right} indicates the relative position 

Inclusion Validity Axiom: 

∀ i ∈ [1, n], VerifyPath(lᵢ, Pᵢ) = R ⇔ lᵢ ∈ L 
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Where VerifyPath is defined as: 

VerifyPath(lᵢ, Pᵢ) = 

  h₀ := Hash(lᵢ) 

  For each (hⱼ, dⱼ) ∈ Pᵢ: 

    If dⱼ = left:  hⱼ₊₁ := Hash(hⱼ ∘ hⱼ₋₁) 

    If dⱼ = right: hⱼ₊₁ := Hash(hⱼ₋₁ ∘ hⱼ) 

  Output: hₖ 

Result: 

  If hₖ = R, then leaf lᵢ is correctly included in the tree. 

Security Postulate 

Given the collision resistance of Hash, the security postulate asserts: 

  Pr[∃ l′ ∉ L such that VerifyPath(l′, Pᵢ) = R] ≤ ε 

where ε is a negligible probability. 

This confirms that SPV inclusion proofs are cryptographically sound, and that any 

successful forgery of Merkle membership would require a break in the underlying hash 

function’s collision resistance. 

Visual Illustration 

In the corresponding figure, transactions Tx₁, Tx₂, and Tx₃ are shown as 

individual leaves in a Merkle tree. The red-highlighted circles represent nodes along the 

Merkle path required to verify the inclusion of each transaction. These nodes form the 

hash lineage from the transaction to the Merkle root R. 

This visualization parallels the logic implemented in the SPV validation scripts 

and helps illustrate the binary hash tree structure that underlies transaction integrity in the 

blockchain. 
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SPV Process 

 

Application in the Study 

This formal model supports the study’s data collection by validating each 

blockchain transaction included in the final dataset. The SPV mechanism ensures that 

only transactions verifiably included in mined blocks are analyzed. All reconstructed 

paths are logged and compared against the known Merkle root in each block header to 

detect discrepancies or malformed data. 

Validation logs, proof reconstructions, and scripts are included in the study’s 

GitHub repository to facilitate full transparency and reproducibility. These logs support 

the empirical findings by demonstrating that each transaction analyzed has been 

cryptographically verified. 
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Technical Infrastructure Guidance and Compliance 

As part of this study’s emphasis on empirical transparency and methodological 

rigor, the data collection and validation infrastructure has been designed to align with 

doctoral-level expectations for reliability, validity, and replicability. The study employs a 

Hyper-V-based virtualized environment to manage blockchain data capture, SPV 

validation, and analytic processing. The system configuration, protocols, and 

documentation approach follow the specific ethical and procedural guidance provided by 

the dissertation committee. 

Documentation Scope 

Per committee recommendation, all technical details related to system setup—

including node configuration, Hyper-V environment specifications, and local block 

validation routines—are documented comprehensively in an appendix. This ensures 

clarity for reviewers while allowing the core dissertation body to remain focused on 

analytical interpretation and theoretical contribution. 

The appendix includes: 

• Virtual machine configuration (CPU, RAM, disk, OS) 

• Data synchronization logic 

• SPV transaction filtering routines 

• Merkle tree validation pseudocode and results 

This level of documentation ensures the infrastructure is auditable without 

interrupting the flow of the main methodology chapter. 
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Replication Requirements 

The focus of the dissertation is the analysis and interpretation of blockchain-based 

micropayment performance rather than the replication of infrastructure by other 

researchers. As such, it is not necessary to provide a fully reproducible environment. 

However, all source code, logic, and workflows have been documented in a GitHub 

repository to enable future replication if needed. The primary responsibility is to ensure 

that the data outputs are verifiably authentic, representative, and methodologically sound. 

Evidence of Execution 

While visual proof (e.g., screenshots) of the infrastructure could support 

completeness, textual procedural documentation is deemed sufficient. The system 

operations, including script execution, protocol message formatting, and node 

connections, are described in detail within the documentation. GitHub commit logs, data 

versioning, and validation outputs are used to provide a persistent audit trail of system 

activity. 

Data Assurance Protocols 

To ensure the data source is both complete and verifiable, the following 

components are implemented: 

Data Collection Methodology: All blockchain data is retrieved directly from 

BSV public miner nodes using raw socket connections over port 8333. Legacy financial 

data is obtained from institutional datasets in CSV and XLSX formats. Preprocessing 

steps—including timestamp alignment, currency normalization, and outlier filtering—are 

applied consistently across all data types. 
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Verifiability and Integrity: Each dataset undergoes cryptographic validation 

checks. For blockchain records, block header hashes and Merkle roots are verified 

through SHA-256 double hashing. For institutional datasets, checksum validation and file 

hashing are logged. 

Merkle Path Verification: Each transaction in the blockchain dataset is verified 

using an SPV model that reconstructs its Merkle path from sibling hashes. Validation 

logic is implemented in Python and supported by structured output logs. 

Completeness: The datasets span multiple weeks of real-time blockchain data 

capture and contain over 11,000 institutional micropayment entries. All data is reviewed 

for gaps, duplicates, and temporal inconsistencies. Any omissions or limitations are 

explicitly noted in the methodology section. 

Replication and Peer Review: Although full system replication is not a 

requirement, the methodology aligns with best practices from peer-reviewed blockchain 

analysis literature. Where applicable, external references and reusable scripts are included 

to support independent review. 

Transparency: Appendices contain detailed script outputs, metadata logs, and 

sample raw data entries. The GitHub repository includes README.md, methodology 

notes, and a data dictionary to ensure all processes are transparent and traceable. 

Experimental Control and Architectural Separation 

The infrastructure uses a headless server for primary node operation and 

blockchain parsing. Secondary systems (including a JupyterLab interface) are used for 

data querying, visualization, and post-processing. This architectural separation is not 
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incidental but is implemented to maintain experimental control and minimize interference 

from user-facing tasks. Logging, network monitoring, and storage isolation are designed 

to preserve the integrity and performance of each subsystem. 
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Appendix C: Virtual Infrastructure Configuration and Execution Workflow 

System Overview 

The blockchain data acquisition system is hosted on a Windows 11 Professional 

workstation using Hyper-V to run a virtualized Ubuntu 22.04 server. The configuration is 

tuned for high-throughput blockchain parsing and Merkle path validation. 

• VM Specs: 

o 64 vCPUs 

o 32 GB RAM 

o 10TB RAID 10 SSD storage 

o Network interface bridged to physical LAN 

• Execution Flow: 

o Python scripts launched in JupyterLab 

o Socket-based blockchain ingestion over port 8333 

o SPV scripts reconstruct Merkle paths 

o Results logged and validated against block headers 
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System Architecture Diagram 

+--------------------------------------------------------+ 

|              Host Machine (Windows 11 Pro)             | 

|--------------------------------------------------------| 

| Hyper-V Virtualization Layer                           | 

|                                                        | 

|  +----------------------------------------------+      | 

|  |       Ubuntu 22.04 LTS Virtual Machine       |      | 

|  |----------------------------------------------|      | 

|  | - Python 3.11 + JupyterLab                   |      | 

|  | - SPV Scripts (Merkle validation)            |      | 

|  | - Git Integration (push/pull via SSH)        |      | 

|  | - Port 8333 Socket Connections to BSV Nodes  |      | 

|  | - Local RAID 10 SSD Storage                  |      | 

|  +----------------------------------------------+      | 

|                                                        | 

+--------------------------------------------------------+ 

 

            ⇅ P2P over Port 8333 (Bitcoin Protocol) 
 

+---------------------------+     +----------------------------+ 

|  BSV Public Miner Node 1  |     |  BSV Public Miner Node N   | 

+---------------------------+     +----------------------------+ 

 

                    ⇅ Git Push/Pull (Secure HTTPS/SSH) 
 

                   +--------------------------+ 

                   |     GitHub Repository     | 

                   | - Raw + Processed Data    | 

                   | - SPV Logs + Scripts      | 

                   | - README / Docs           | 

                   +--------------------------+ 

 

                    ⇅ Visualization + QA Access 
 

             +----------------------------------+ 

             |   Research Workstation (Client)  | 

             | - Jupyter via Browser            | 

             | - GitHub Monitoring              | 

             | - Analysis Tools                 | 

             +----------------------------------+ 
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Hyper system Process  

 
Blockchain Analysis VM Architecture. This diagram illustrates the technical environment 

used to execute blockchain data acquisition and validation workflows. The configuration 
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includes a Windows 11 Professional host running a Hyper-V virtual machine with 

Ubuntu 22.04 LTS. The VM connects directly to Bitcoin SV public nodes via port 8333, 

executes Python-based SPV verification scripts, and synchronizes validated datasets with 

a GitHub repository. Architectural separation between the headless server and user 

interface systems ensures experimental control during data collection and preprocessing 

phases. 

 

Included Documentation and Repos 

• Full codebase and infrastructure automation: [GitHub Repo URL] – to follow. 

• Annotated SPV validation logs: /logs/validation/ 

• Protocol message definitions: /docs/protocol_notes.md 
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Appendix D: Omnibus Comparisons of Effective Fee Percentage by Value Band 

Value band 

k 

providers df N 

H (Kruskal-

Wallis) p 

Epsilon 

squared 

0.01 to 0.09 USD 1 0 7330    

0.10 to 0.49 USD 5 4 3084 1138.54 < .001 0.368 

0.50 to 0.99 USD 5 4 4893 2664.44 < .001 0.544 

1.00 to 1.99 USD 5 4 9643 4878.65 < .001 0.506 

2.00 to 2.99 USD 4 3 9694 5115.66 < .001 0.527 

3.00 to 3.99 USD 4 3 9625 5308.01 < .001 0.551 

4.00 to 5.00 USD 4 3 9817 5496.43 < .001 0.560 

Note. Omnibus comparisons use the Kruskal-Wallis test when provider coverage permits within a value 

band. Effect size is epsilon squared. p values are shown to three decimals; values smaller than .001 are 

reported as < .001. 

 

  



389 

 

Appendix E: Pairwise Mann-Whitney Tests With Holm-Adjusted p Values  

and Cliff's Delta 

Value band Provider A Provider B n A n B U p p Holm 

Cliff's 

delta 

0.10 to 0.49 

USD 

Visa Mastercard 104 112 8215.0 < .001 < .001 0.411 

0.10 to 0.49 

USD 

Visa Stripe 104 103 2530.0 < .001 < .001 -0.528 

0.10 to 0.49 
USD 

Visa PayPal 104 122 700.5 < .001 < .001 -0.890 

0.10 to 0.49 

USD 

Visa SPV 104 2643 274872.0 < .001 < .001 1.000 

0.10 to 0.49 

USD 

Mastercard Stripe 112 103 2256.0 < .001 < .001 -0.609 

0.10 to 0.49 
USD 

Mastercard PayPal 112 122 0.0 < .001 < .001 -1.000 

0.10 to 0.49 

USD 

Mastercard SPV 112 2643 296016.0 < .001 < .001 1.000 

0.10 to 0.49 

USD 

Stripe PayPal 103 122 2494.0 < .001 < .001 -0.603 

0.10 to 0.49 
USD 

Stripe SPV 103 2643 272229.0 < .001 < .001 1.000 

0.10 to 0.49 
USD 

PayPal SPV 122 2643 322446.0 < .001 < .001 1.000 

0.50 to 0.99 

USD 

Visa Mastercard 1183 1185 1077043.5 < .001 < .001 0.537 

0.50 to 0.99 

USD 

Visa Stripe 1183 1189 509544.0 < .001 < .001 -0.275 

0.50 to 0.99 
USD 

Visa PayPal 1183 1239 66686.0 < .001 < .001 -0.909 

0.50 to 0.99 

USD 

Visa SPV 1183 97 114751.0 < .001 < .001 1.000 

0.50 to 0.99 

USD 

Mastercard Stripe 1185 1189 414698.5 < .001 < .001 -0.411 

0.50 to 0.99 
USD 

Mastercard PayPal 1185 1239 237.0 < .001 < .001 -1.000 

0.50 to 0.99 

USD 

Mastercard SPV 1185 97 114945.0 < .001 < .001 1.000 

0.50 to 0.99 

USD 

Stripe PayPal 1189 1239 242413.0 < .001 < .001 -0.671 

0.50 to 0.99 
USD 

Stripe SPV 1189 97 115333.0 < .001 < .001 1.000 

0.50 to 0.99 

USD 

PayPal SPV 1239 97 120183.0 < .001 < .001 1.000 

1.00 to 1.99 

USD 

Visa Mastercard 2393 2453 4441387.5 < .001 < .001 0.513 

1.00 to 1.99 
USD 

Visa Stripe 2393 2430 1999472.0 < .001 < .001 -0.312 

1.00 to 1.99 

USD 

Visa PayPal 2393 2351 238852.0 < .001 < .001 -0.915 

1.00 to 1.99 

USD 

Visa SPV 2393 16 38288.0 < .001 < .001 1.000 

1.00 to 1.99 
USD 

Mastercard Stripe 2453 2430 1682845.0 < .001 < .001 -0.435 

1.00 to 1.99 

USD 

Mastercard PayPal 2453 2351 633.0 < .001 < .001 -1.000 

1.00 to 1.99 

USD 

Mastercard SPV 2453 16 39248.0 < .001 < .001 1.000 

1.00 to 1.99 
USD 

Stripe PayPal 2430 2351 1031948.5 < .001 < .001 -0.639 

1.00 to 1.99 

USD 

Stripe SPV 2430 16 38880.0 < .001 < .001 1.000 
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Value band Provider A Provider B n A n B U p p Holm 

Cliff's 

delta 
1.00 to 1.99 

USD 

PayPal SPV 2351 16 37616.0 < .001 < .001 1.000 

2.00 to 2.99 
USD 

Visa Mastercard 2441 2387 4252610.5 < .001 < .001 0.460 

2.00 to 2.99 

USD 

Visa Stripe 2441 2442 1911318.0 < .001 < .001 -0.359 

2.00 to 2.99 

USD 

Visa PayPal 2441 2424 165892.5 < .001 < .001 -0.944 

2.00 to 2.99 
USD 

Mastercard Stripe 2387 2442 1497570.0 < .001 < .001 -0.486 

2.00 to 2.99 

USD 

Mastercard PayPal 2387 2424 0.0 < .001 < .001 -1.000 

2.00 to 2.99 

USD 

Stripe PayPal 2442 2424 1025455.0 < .001 < .001 -0.654 

3.00 to 3.99 

USD 

Visa Mastercard 2408 2349 4253885.5 < .001 < .001 0.504 

3.00 to 3.99 

USD 

Visa Stripe 2408 2412 1842070.5 < .001 < .001 -0.366 

3.00 to 3.99 

USD 

Visa PayPal 2408 2456 75565.0 < .001 < .001 -0.974 

3.00 to 3.99 
USD 

Mastercard Stripe 2349 2412 1444635.0 < .001 < .001 -0.490 

3.00 to 3.99 

USD 

Mastercard PayPal 2349 2456 0.0 < .001 < .001 -1.000 

3.00 to 3.99 

USD 

Stripe PayPal 2412 2456 983180.0 < .001 < .001 -0.668 

4.00 to 5.00 
USD 

Visa Mastercard 2471 2514 4770425.0 < .001 < .001 0.536 

4.00 to 5.00 

USD 

Visa Stripe 2471 2424 1834276.0 < .001 < .001 -0.388 

4.00 to 5.00 

USD 

Visa PayPal 2471 2408 8012.0 < .001 < .001 -0.997 

4.00 to 5.00 
USD 

Mastercard Stripe 2514 2424 1525998.0 < .001 < .001 -0.499 

4.00 to 5.00 

USD 

Mastercard PayPal 2514 2408 0.0 < .001 < .001 -1.000 

4.00 to 5.00 

USD 

Stripe PayPal 2424 2408 984872.0 < .001 < .001 -0.663 

Note. Pairwise contrasts are two-sided Mann-Whitney tests with Holm adjustment for multiple comparisons and Cliff's delta as an 

effect size. 
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Appendix F: Marginal Cost Across Value Bands 

Provider 

Value band 

(USD) n 

Marginal cost 

(USD per $1) 95% CI 

SPV 0.05–0.19 4447 -0.00000 [-0.00001, 0.00001] 

SPV 0.20–0.49 859 -0.00001 [-0.00002, 0.00000] 

SPV 0.50–0.99 97 -0.00000 [-0.00002, 0.00002] 

SPV 1.00–1.99 16 — [—, —] 

SPV 2.00–4.99 — — [—, —] 

Visa 0.05–0.19 — — [—, —] 

Visa 0.20–0.49 104 0.14562 [-0.17821, 0.46945] 

Visa 0.50–0.99 1183 0.01850 [0.00883, 0.02816] 

Visa 1.00–1.99 2393 0.01923 [0.01598, 0.02247] 

Visa 2.00–4.99 7312 0.01960 [0.01891, 0.02029] 

Mastercard 0.05–0.19 — — [—, —] 

Mastercard 0.20–0.49 112 -0.06894 [-0.25807, 0.12019] 

Mastercard 0.50–0.99 1185 0.01484 [0.00916, 0.02053] 

Mastercard 1.00–1.99 2453 0.01579 [0.01335, 0.01822] 

Mastercard 2.00–4.99 7241 0.01789 [0.01716, 0.01862] 

PayPal 0.05–0.19 — — [—, —] 

PayPal 0.20–0.49 122 -0.74364 [-3.40278, 1.91550] 

PayPal 0.50–0.99 1239 -0.01025 [-0.08279, 0.06228] 

PayPal 1.00–1.99 2351 0.03909 [0.01111, 0.06706] 

PayPal 2.00–4.99 7272 0.03974 [0.03379, 0.04570] 

Stripe 0.05–0.19 — — [—, —] 

Stripe 0.20–0.49 103 -0.35958 [-2.50861, 1.78946] 

Stripe 0.50–0.99 1189 0.06747 [0.00944, 0.12550] 

Stripe 1.00–1.99 2430 0.01090 [-0.01038, 0.03218] 

Stripe 2.00–4.99 7263 0.02623 [0.02167, 0.03078] 

Note. Slopes are estimated within each value band by ordinary least squares of fee (USD) 

on amount (USD) with HC1 robust standard errors; 95% confidence intervals in brackets. 

Values reported to five decimal places. “—” indicates insufficient observations (n < 30) 

for an estimate. 
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Appendix G: Summary of Effective Fee Percentages and Per-Provider Slopes  

(USD 0.50–0.99) 

Provider 

n (USD 

0.50–

0.99) 

Median 

fee (%) Q1 Q3 

Mean 

fee 

(%) SD 

β (log 

value) SE(β) t 

SPV 97 0.01 0.01 0.01 0.01 0.00 -0.20 0.00 -116.53 

Visa 1183 8.49 7.20 11.96 9.98 3.82 -3.60 0.03 -132.53 

Mastercard 1185 6.76 4.70 8.21 6.61 2.22 -2.19 0.02 -115.61 

PayPal 1239 61.42 17.52 78.21 54.91 29.89 -23.22 0.22 -104.58 

Stripe 1189 11.96 0.81 41.87 24.04 20.83 -9.94 0.16 -62.23 

Note. Values reflect the 0.50–0.99‑USD band for descriptive statistics. Effective fee (%) is the fee divided 

by the payment amount multiplied by 100. β (log value) is the slope from ordinary least squares of the 

effective fee on log(transaction value) fitted per provider. Visa segmented regression (≤ $5): breakpoint ≈ 

1.36 USD [0.98, 1.88]; pre‑break slope β = −8.02; post‑break slope β = −0.71. Negative β indicates a 

decreasing effective fee with increasing value. 

 

  



393 

 

Appendix H: Two Time-Series Plots—“Processed Transactions by Service” and “TX 

Blaster Generated Transaction”—Show Sustained High TPS With Brief Dips, Evidencing 

Stable, Effective Lines Across the April Test Window 
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Appendix I: Flat CUSUM Indicates Fees Held Near the $0.01 Target (May 2024) 
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Appendix J: Effective Fee % by Provider 
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Appendix K: Effective Fee % vs. log(TV) 
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Appendix L: Visa Effective Fee % vs. Value 
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