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Abstract 

This paper analyzes retail payment and central bank operation of central bank digital currency 

(CBDC) in Thailand by using transactional data from the retail CBDC pilot in Thailand. End-

to-end transactions related to retail CBDC ecosystem, including issuance, redemption, top-up, 

withdrawal, payment and transfer, as well as behaviors of involving players and intertemporal 

relationship across different types of transaction are empirically examined. In addition, 

network topology and empirical analysis of retail CBDC network is also covered in the paper. 

We find that financial service providers (FSPs) appear to engage in asymmetric behavior 

between issuance and redemption of CBDC in response to retail transactions in the previous 

period. Retail users tend to use retail CBDC as a means of payment rather than reserve it as a 

store of value in the wallet. Additionally, the network topology of retail CBDC payment 

characterizes a two-tier structure, consisting of a wholesale layer and retail layer where FSPs 

serve a vital role in bridging both wholesale and retail layers. Several clusters are presented 

in the network, classified by the difference of FSPs, while subclusters reflect types of payment 

transaction between on-us and off-us. Importantly, we provide evidence that the CBDC 

network characterize a less connected network and extensively and systemically relies on a 

few important FSPs. Taken together, the results can inform policy considerations to expand 

the business models of FSPs, tiering the business model of FSPs, and increase the number of 

FSPs in the CBDC system.  
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 1. Introduction 

Central banks have extensively engaged in CBDC research and development. According 

to a BIS survey in 2023, 93 percent of central banks are involved in CBDC work with different 

stages of development. The motivations underlying CBDC activities vary among central 

banks due to their country-specific contexts and objectives which include preserving financial 

stability, promoting financial inclusion, and enhancing payment efficiency and safety. 

However, as the development of CBDC remains in nascent stage, there is very limited number 

of central banks involved in real-value CBDC pilots or launches. That said, existing research 

in CBDC is mainly concentrated on theoretical contributions. Therefore, research that 

leverages empirical data of a real-value CBDC pilot or launch is still scant when it comes to 

studying the CBDC ecosystem, behavior and relationship of different players and implications 

for monetary stability and financial stability. 

This paper uses a dataset generated from the retail CBDC pilot in Thailand
5
 comprising 

transaction amounts and values involving retail CBDC across different types of players, 

obtained from the retail CBDC operating system. For the first time, this comprehensive dataset 

allows us to shed light on the study of the retail CBDC ecosystem across different types of 

players and transactions. It offers insights on the behavior and relationship among different 

players within the retail CBDC ecosystem. It also provides a holistic analysis of network 

topology of retail CBDC payment system. The unique features of the dataset are (1) coverage, 

as it includes all involved players and involved transactions in retail CBDC ecosystem 

covering the entire period of the pilot test, (2) granularity, as it contains transaction-level and 

disaggregated level for different types of players.  

 
5The retail CBDC pilot in Thailand was conducted between 6 February to 8 September 2023 with involving 

stakeholders including the Bank of Thailand, commercial banks, non-banks, merchants and individual users. 

The pilot test cover wide range of transactions including issuance, redemption, top-up, withdrawal, payment, 

and transfer. 



The work contributes to the existing research in several dimensions. First, this is the first 

paper to analyze the retail CBDC ecosystem and players’ behaviors from an empirical 

perspective as existing research in retail CBDC is mainly concentrated on theoretical 

contribution. Second, by using transactional data, this allows us to comprehensively 

investigate relationships between different players across different transactions at a granular 

level. Last, network topology and empirical analysis of retail CBDC networks are examined 

for the first time, contributing to the literature of network analysis where the focus has often 

been on the traditional payment system. 

 

Our findings can be summarized as follows. First, we document the asymmetric 

behavior of FSPs to issue and redeem CBDC in response to retail transactions in the previous 

period. To elaborate, there is limited evidence that issuance of retail CBDC is significantly 

affected by other retail transactions at any included lags. In contrast, a redemption of retail 

CBDC is significantly determined by other retail activities at different lags (e.g., top-up, 

withdrawal, payment, and transfer). The results imply that FSPs’ behavior to issue retail 

CBDC is not adaptive to retail activities in the previous periods since they generally issue 

retail CBDC to have sufficiently high balance as cushion for uncertainty in the demand of 

CBDC in the future. However, they tend to gradually adjust the level of retail CBDC reserve 

by redemption of retail CBDC following the retail activities in the previous period. In doing 

so, FSPs tend to optimize the CBDC balance to minimize their opportunity cost of holding 

CBDC due to unremunerated CBDC. 

 

 

 

 



 

Second, we also find that there is heterogeneity regarding the behavior in using retail 

CBDC among retail users (individuals and merchants). Retail users tend to use retail CBDC 

as a means of payment for consumption purposes but not as a store of value, as holding retail 

CBDC does not offer incentives (e.g., unremunerated CBDC) when compared to deposits. 

They also manage their CBDC balance to meet the demand for making payment to minimize 

the opportunity cost of holding CBDC. This is consistent with the behavior of retail users who 

use retail CBDC for daily payment needs.  

 

Third, we infer that the retail CBDC network characterizes in a two-tier structure, consisting 

of wholesale layer and retail layer, where FSPs serves a vital role in bridging both wholesale 

and retail layers by making an issuance and redemption of CBDC from central bank to distribute 

to retail users for making payment and transfer. Within the network, several clusters are 

evidenced, which are broadly classified by the difference of FSPs who have transactional 

relationship with those clusters. A closer inspection reveals that subclusters are also observed 

as being separated by the nature of payment transactions (on-us and off-us transactions
6
). In 

addition, the CBDC network appears to be a scale-free network. In other words, most retail 

users always conduct transactions with one another to a lesser extent following small number 

of relationships among retail users, while a few FSPs conduct transactions with a number of 

retail users following their nature of intermediaries to involve many retail users.   

However, we find that the CBDC network also characterizes a less connected network and 

extensively and systemically relies on a few important FSPs to distribute CBDC.  

 
6 On-us transaction refer to a payment transaction where the payer and payee in the transaction have their 

respective accounts at the same institution. Off-us transaction refer to a payment transaction where the payer 

and payer in the transaction have their respective accounts at different institutions.  



Taken together, the results can inform policy considerations for expanding the business models
7
 

of FSPs, tiering the business models of FSPs, and increasing the number of FSPs in the CBDC 

system to promote access and uses of CBDC more effectively. 

Related Literature. The paper contributes to several strands of existing literatures by 

providing empirical analysis of players’ behavior and intertemporal relationship, also network 

analysis of the retail CBDC ecosystem for the first time. First, existing works extensively 

focus on theoretical analysis of retail CBDC to the extent of implication to monetary 

transmission mechanism, financial stability, financial inclusion and liquidity risk (e.g., 

Chucherd et al. 2021, Ahnert et al. 2023, Das et al. 2023, Infante et al. 2023 and Tan 2023) 

while empirical analysis of retail CBDC is still scant due to a small number of countries where 

launch the retail CBDC available for public use. Nevertheless, with limitations of available 

data, some research has been conducted on a survey basis and with literatures review in order 

to study the motivation and stage of development of retail CBDC and user’s adoption of the 

retail CBDC.  (e.g., Kiff et al. 2020, Resendiz 2021, Kosse et al. 2023, Hu et al. 2022). Adding 

to these studies, we utilize transactional data of retail CBDC pilot in Thailand to examine the 

behavior of participants involving retail CBDC and intertemporal relationship between 

heterogeneous types of transactions using VAR frameworks. While we focus on behavior of 

participants involving in retail CBDC ecosystem, a growing body literature primarily  

examines the behavior of participants involving in traditional payment (e.g., cash and 

electronics payment). For example, Schmidt (2014) analyzes behavior of consumers using 

cash payment and digital payment in Germany using payment survey data. Similarly, Caddy 

(2019) conducted a consumer payments survey in Australia to examine behavior of retail users 

to make a payment. In contrast to these papers based on survey, we utilize the recorded 

 
7 Business models of FSPs include provision of CBDC wallet, distribution of CBDC, and validation of CBDC 

transaction. 



transactional payment data using retail CBDC. Thus, providing real insights on participant 

behavior and intertemporal relationship. 

Second, our paper contributes to previous studies using transactional data of retail 

CBDC payment in Thailand to examine network topology and empirical analysis of network 

in retail payment system. Existing research primarily analyzes the network topology of large-

value and interbank payment flows in different countries including United States, UK, Canada 

and Austria (e.g., Soramäki et al. 2007, Becher et al. 2008, Boss et al. 2008, Embree & Roberts 

2009), with a limited number extending the study to a retail payment setting due to limitations 

of publicly available data.  Similar to these papers, we find evidence to substantiate commonly 

observed properties in the network topology and network structure of retail payment. The 

empirically observed properties of payment systems are highly centralized in a few important 

participants, two-tiered or multi-tiered model, and scale-free (i.e., follow a power law 

distribution). In addition, our finding is also consistent with Cook & Soramäki (2014), who 

document the global networks of payment flow across countries exhibit a strong community 

structure, with a stable core of densely connected countries. To examine the network topology 

and empirical analysis of the retail CBDC network payment using transactional data, we 

follow the network study conducted by Civilize & Ananchotikul (2018), who utilize similar 

types of data which is transactional foreign exchange data. 

This paper proceeds as follows. Section 2 briefly introduces the dataset and provide 

Descriptive statistics of transactions involving in retail CBDC ecosystem. Section 3 provides 

empirical framework and examines the intertemporal relationship among different types of 

transactions involving in retail CBDC ecosystem. Section 4 analyzes the network topology 

and empirical study of network of the retail CBDC ecosystem. Section 5 concludes the 

discussion and suggests policy recommendation.
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2. Data 

Transactional data from the retail CBDC pilot. We utilize a transactional dataset that tracks 

the amount and value related to activities and operations of retail CBDC pilot in Thailand 

across different players – central bank, FSPs, merchants, and users. This comprehensive 

dataset includes activities  including issuance, redemption, top-up, withdrawal, payment, and 

transfer covering the entire period of the retail CBDC pilot from February 2023 to September 

2023. The dataset is directly obtained from the retail CBDC operating system managed by the 

Bank of Thailand. It has contributed to existing research of retail CBDC in the following three 

aspects. 

 

First, the dataset includes all executed transactions of activities and operations related to retail 

CBDC - issuance, redemption, top-up, withdrawal, payment, and transfer, providing a holistic 

perspectives of retail CBDC ecosystem. Second, the dataset contains transaction-level and 

disaggregated level for different types of players – central bank,  FPSs (i.e., commercial banks, 

non-bank), merchants, and individuals – thus, contributing to a more granular perspective. 

Third, based on real-value of pilot test, the data represents the amount and value of activities 

related to CBDC among players including (1) central bank – FSPs (2) FSPs – FSPs, (3) FSPs 

– individual (4) merchants – individuals (5) individuals – individuals , hence, contributing to 

the first dataset of real-value transactions involving in retail CBDC ecosystem. In sum, the 

data sheds new light on different types of players, activities and operations. 

To investigate the intertemporal relationship among different types of activities involving 

retail CBDC , we construct aggregated amounts for the following types of activities: issuance, 

redemption, top-up, withdrawal, payment, and transfer by aggregating the transaction amount 

on a daily and weekly basis for analyzing different horizons of wholesale (i.e., issuance, 

redemption) and retail activities (i.e., top-up, withdrawal, transfer, and payment).      



8 
 

For different types of activities (ACT) j, we construct aggregated measures at the daily and 

weekly frequency t by aggregating transaction amount based on types of activities. 

𝐴𝐶𝑇𝑡
𝑗
= ∑𝐴𝐶𝑇𝑖,𝑡

𝑗

𝑛

𝑖=1

 

where 𝐴𝐶𝑇𝑡
𝑗
measures the aggregated daily and weekly amount of different types of activities 

on day t. Amount is measured in unit of Thai Baht (THB). 
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Descriptive statistics. Table 1 shows the overview of players and number of players within the 

retail CBDC ecosystem, categorized by different types of players including central bank, 

commercial banks, non-bank, individuals and merchants.  

 

[INSERT TABLE 1 HERE] 

In the pilot setting (Table 1), three FSPs were selected to be included in the pilot from an internal 

selection consideration, comprising of two commercial banks and non-bank to. There were 4,166 

whitelisted individuals participating in the pilot in total, in which the number gradually have 

increased throughout the testing period. Lastly, 140 merchants were onboarded into the retail 

CBDC system to support  payments for good and services. 

 

[INSERT TABLE 2- 4 HERE] 

 

In the pilot test, there were two categories of transactions: wholesale transactions and retail 

transactions. Wholesale transactions include issuance and redemption of CBDC conducted 

between FSPs and the central bank, while retail transactions include top-up, withdrawal, transfer, 

and payment with CBDC conducted by individuals and merchants (Table 2). For wholesale 

transactions in particular, the total amount of issuance and redemption of CBDC was equal to 2.16 

million THB throughout the entire testing period to satisfy the condition that the balance of CBDC 

must be zero balance at the end of the pilot period. On average, the amount of issuance and 

redemption per transaction was 196,363.60 THB and 154,285.70 THB respectively, implying that 

FSPs are more active in conducting redemption than issuance of CBDC with 14 redemptions and 

11 issuances. Compared to wholesale transactions, the amount of retail transactions is about twice 

the number of wholesale transactions. Among retail transactions, the total top-up and withdrawal 
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of CBDC was 3.85 million THB and 3.96 million THB, respectively, while total payment and 

transfers, used by individuals and merchants, was 1.72 million THB and 2.77 million THB, 

summing to 4.49 million THB. These can be represented by the implied velocity of CBDC of 

approximately 2.0707, as calculated by total of issuance divided by total transfer and payment. 

The velocity of CBDC is relatively low as compared to velocity of M1, which was 5.9 in 2021. 

On average per transaction, individuals and merchant withdrew 518 THB per transaction, twice 

the average value of top-up CBDC at 238 THB per transaction. In terms of using CBDC, 

individuals use CBDC as a means of payment for normal consumption, indicated by the highest 

number of total transactions at 44,134 and the average amount of payment per transaction at 62.77 

THB which is approximately the price of an inexpensive meal in Thailand. In contrast, the amount 

of transfer per transaction is at 148.58 THB with number of total transactions at 11,561 during the 

entire testing period. 

 

With the time-series analysis (Table 3), there were 182 transacted days covering the sample period 

from 6 Feb February 2023 to 8 September 2023. Among wholesale transactions, the average 

amount of issuance and redemption per day were equal to 11,868.13 THB. Among retail 

transactions, the average amount of top-up and withdrawal were approximately equal to 21,179.79 

THB and 21,744.24 THB per day, respectively. At the same time, the average amount of transfer 

and payment were at 9,438.24 THB and 15,220.52 THB, respectively. A preliminary analysis of 

correlation across different types of activities in retail CBDC is provided in Table 4. We observe 

strong positive contemporaneous relationship between top-up and payment, and top-up and 

transfer. Similarly, a strong positive relationship between transfer and payment of retail CBDC is 

also found. Taken together, this may suggest that individuals and merchants are likely to use 

CBDC as a means of payment rather than as a store of value. Further investigation will be carried 

out in the empirical analysis.
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[INSERT TABLE 5 HERE] 

 

In this section, we also provide a preliminary analysis of time duration between the occurrence 

of transactions across different types of activities (Table 5). Among wholesale transactions, 

FSPs conducted issuance and redemption of CBDC every 46 days and 57 days, on average, 

reflecting their behaviors to front-load CBDC balance to sufficiently accommodate retail 

CBDC transactions for certain durations. For retail transactions, individuals and merchants are 

likely to withdraw more frequently than top-up, the top-up conducted by individuals and 

merchants occurred in every nine days and seven days, while withdrawal conducted by 

individuals and merchants occurred in every two days and four days, respectively. In addition, 

individuals  made payments to merchants more frequently than transfers to other individuals. 

Payments occurred every single day, while transfers occurred in every two days, consistent with 

normal behavior of users in traditional payments. 
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3. Empirical Analysis  

To study the behavior and relationship among different types of players involving retail 

CBDC, we apply vector autoregression (VAR) models to study the relationship between 

different transactions conducted by different players. To describe this, we investigate the lag-

lead relationship among different activities related to FSPs; including issuance and redemption, 

in relation to activities related to retail players. We also study the relationship of retail players 

in relation to their activities including top-up, withdraw, transfer and payment. 

A. VAR setup for all types of activities involving retail CBDC 

Following intertemporal relationship among variables of related activities in retail CBDC, we 

assess the relationship among different types of activities involving retail CBDC by their value 

in THB on a weekly basis including issuance, redemption, top-up, withdrawal, transfer, and 

payment in a VAR framework, where 

 𝑦𝑡 = [𝑖𝑠𝑠𝑢𝑎𝑛𝑐𝑒𝑡, 𝑟𝑒𝑑𝑒𝑚𝑝𝑡𝑖𝑜𝑛𝑡, 𝑡𝑜𝑝 − 𝑢𝑝𝑡, 𝑤𝑖𝑡ℎ𝑑𝑟𝑎𝑤𝑎𝑙𝑡, 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟𝑡, 𝑝𝑎𝑦𝑚𝑒𝑛𝑡𝑡]   

With aggregated order flow, the VAR specification can then be expressed as 

𝑦𝑡 + 𝐴𝑦𝑡 =  𝛼 + ∑∅𝑗𝑦𝑡−𝑗 + 𝜀𝑡 

𝑝

𝑗=1

 

We estimate VAR model, where in this general case of all types of activities involving retail 

CBDC, 𝑦𝑡 is a 6×1 vector at week t, comprising value of different types of activities involving 

retail CBDC, and 𝑦𝑡−𝑗 are lagged variables up to p lags. Further, A is a 6 × 6 matrix, such that  

𝐴 =  

[
 
 
 
 
 

0 𝛼12 𝛼13 𝛼14 𝛼15 𝛼16

𝛼21 0 𝛼23 𝛼24 𝛼25 𝛼26

𝛼31 𝛼32 0 𝛼34 𝛼35 𝛼36

𝛼41 𝛼42 𝛼43 0 𝛼45 𝛼46

𝛼51 𝛼52 𝛼53 𝛼54 0 𝛼56

𝛼61 𝛼62 𝛼63 𝛼64 𝛼65 0 ]
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and 𝛼𝑖𝑗 captures the contemporaneous relationship among different types of activities involving 

retail CBDC. As the issuance and redemption of CBDC are prescheduled at every Monday and 

every Friday for each week, prior to conducting retail transactions in that week (e.g. top-ups, 

withdrawals, transfers and payments), therefore, a potential feedback effects from retail 

transactions to issuance of CBDC will not exists, implying that 𝛼1𝑗 = 0 

The VAR estimations are summarized in Table 6 and Granger causality tests are summarized in 

Table 7. In selection of lags used in the VAR regression, the Bayes information criterion is 

determined. 

[INSERT TABLE 6 to 7 HERE] 

Table 6 shows VAR estimations of intertemporal relationship among all different types of 

activities involving in retail CBDC, providing insights into the relationship among different 

types of activities in retail CBDC. For example, there is asymmetry relationship between 

issuance and redemption of retail CBDC conducted by FSPs. To elaborate, there is limited 

evidence that an issuance of retail CBDC is significantly affected by other activities at any 

included lags (e.g., redemption, top-up, withdrawal, payment, and transfer). In contrast, a 

redemption of retail CBDC is significantly determined by other retail activities at different lags 

(e.g., top-up, withdrawal, payment, and transfer). The results imply that FSPs’ behavior to issue 

retail CBDC is not adaptive to retail activities in the previous periods since they generally issue 

retail CBDC to have sufficiently high reserve to cushion for uncertainty in the demand of CBDC 

in the future. However, they tend to gradually adjust level of retail CBDC reserve by redemption 

of retail CBDC following the retail activities in the previous period.  

Specifically, the redemption is positively determined by lags of top-up activities, implying that 

if the demand for top-up increases, FSPs would respond by reducing the amount of redemption. 

In contrast, if the demand for withdraw increases, they would react by increasing the amount 

of redemption in order to exchange retail CBDC into deposits for their clients. In addition,  
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we find that the redemption is highly and negatively affected by transfer of retail CBDC as 

FSPs expect the retail activities to still be high, they would respond by reducing the amount of 

redemption to absorb the demand of transfer. Taken together, FSPs tend to optimize reserve 

balance of CBDC through redemption since holding of CBDC do not offer incentives (e.g., no 

interest rate paid on CBDC holding and no inclusion as part of reserve requirements for 

monetary policy). Lastly, there is no robust evidence and direction of the relationship between 

redemption conducted by FSPs and payment conducted by individuals. 

    

Table 7 displays VAR-based Granger Causality indicating significance of intertemporal 

relationship among all different types of activities involving in retail CBDC. The results 

substantiate the VAR estimation which redemption is significantly determined by lags of all 

retail activities, importantly, withdrawal and transfer. In contrast, there is no strongly significant 

relationship between issuance and lags of all retail activities. 

 

B. Retail activities involving retail CBDC 

We also assess the intertemporal relationships among different types of retail activities 

involving retail CBDC by their value in THB including top-up, withdrawal, transfer, and 

payment on a daily basis in a VAR framework, where 

 𝑦𝑡 = [𝑡𝑜𝑝 − 𝑢𝑝𝑡, 𝑤𝑖𝑡ℎ𝑑𝑟𝑎𝑤𝑎𝑙𝑡, 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟𝑡, 𝑝𝑎𝑦𝑚𝑒𝑛𝑡𝑡]    

𝑊ith aggregated order flow, the VAR specification can then be expressed as 

𝑦𝑡 + 𝐴𝑦𝑡 =  𝛼 + ∑∅𝑗𝑦𝑡−𝑗 + 𝜀𝑡 

𝑝

𝑗=1
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We estimate VAR model, where in this general case of all types of activities involving retail 

CBDC, 𝑦𝑡 is a 4×1 vector at day t, comprising value of different types of retail activities 

involving retail CBDC, and 𝑦𝑡−𝑗 are lagged variables up to p lags. Further, A is a 4 × 4 matrix, 

such that  

𝐴 =  [

0 𝛿12 𝛿13 𝛿14

𝛿21 0 𝛿23 𝛿24

𝛿31 𝛿32 0 𝛿34

𝛿41 𝛿42 𝛿43 0

] 

 

and 𝛿𝑖𝑗 captures the contemporaneous relationship among different types of retail activities 

involving retail CBDC.  As the top-up and withdrawal of CBDC are prerequisite for conducting 

transfer and payment in, therefore, a potential feedback effects from transfer and payment to 

top-up and withdrawal of CBDC will not exists, implying that 𝛿13 = 𝛿13 = 𝛿23 = 𝛿24=  0 

The VAR estimations are summarized in Table 8 and Granger causality tests are summarized in 

Table 9. In selection of lags used in the VAR regression, the Bayes information criterion is 

determined. 

[INSERT TABLE 8 to 9 HERE] 

 

Table 8 shows VAR estimations of intertemporal relationship among all retail activities 

involving in retail CBDC, shedding light into the relationship among different types of retail 

activities involving in retail CBDC ecosystem. The finding is consistent with the hypothesis 

that retail CBDC is mainly used as a means of payments but not as a store of value  as holding 

retail CBDC does not offer incentives (e.g., interest rates and other related financial services) 

when compared to deposits. To explain this, individuals and merchants will increase the amount 

of top-up retail CBDC in their wallets if the demand for payment increases in the previous day. 

At the same time, an amount of payment by retail CBDC will increase following a higher 
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demand of top-up in previous days. Similarly, we find that individuals and merchants will 

increase the amount of withdrawal from their wallets if receiving payments from previous day, 

implying that they tend not to store retail CBDC in their wallets but will withdraw to deposit 

into other accounts to receive interest.  

On the contrary, we find no supporting evidence to explain the relationship between all retail 

activities and lagged of transfer since transfer of retail CBDC in aggregated term does not have 

impact on the total amount of retail CBDC in circulation, thus, aggregated demand for top-up 

and withdrawal will not be affected accordingly. 

Table 9 displays VAR-based Granger Causality indicating significance of intertemporal 

relationship among all types of retail activities involving in retail CBDC. The results 

substantiate the VAR estimation which top-up and withdrawal of retail CBDC are significantly 

determined by lagged of payment but are not significantly determined by lagged of transfer. 

 

4. Network analysis of retail CBDC pilot in Thailand 

In this section, we further examine the network of retail CBDC pilot in Thailand with 

respect to two dimensions. First, we provide network topology of retail CBDC pilot to 

investigate network structure and clusters in aggregated transactions and categorized 

transactions. Second, we also provide empirical network analysis of retail CBDC pilot through 

investigating on node-level measures and network-level measures. Taken together, the findings 

from network analysis of retail CBDC suggest network relationships of retail and wholesale 

transactions across different types of players and over different types of transactions.  

 

[INSERT FIGURE 1 HERE] 
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A. Network Topology of retail CBDC pilot  

 

To analyze network topology of retail CBDC pilot, a graphical representation is applied to 

transactional dataset of retail CBDC pilot in Thailand. With granularity and comprehensive 

dataset containing information on payer and payee corresponding to each transaction, this 

allows us to holistically examine the relationships between participants in the retail CBDC 

network.  

In the network representation, it consists of two main elements – nodes and edges. Each 

node represents a unique participants’ wallet. Each edge represents a bilateral relationship 

between two involving wallets following types of transactions. That is, all transactions between 

two same counterparties are aggregated over the same types of transactions and over entire 

period of retail CBDC pilot into one observation.  

Figure 1 illustrates network topology of retail CBDC pilots in Thailand in its entirety. All 

participants who involved in the pilot are presents, and bilateral relationship is aggregated over 

different types of transactions. The network of retail CBDC pilot contain 4,315 nodes, 

representing 4,315 unique wallets of all types of participants. The network also contains 26,286 

edges, representing 26,286 bilateral relationships between the two involving wallets. By nature 

of payment system categorizing wholesale and retail transactions, participants’ nodes in the 

network are free to connect to one another in the same categories. Note as illustrated in Table 1 

that the numbers of participants and wallets are equivalent and therefore be represented as 

participants’ node for ease of reference. For example, in retail domain, individuals’ wallet or 

merchants’ nodes are connected to one another for transfer and payment by retail CBDC. Lastly, 

those wallets are connected to FSPs’ nodes for top-up and withdrawal of retail CBDC. On the 

contrary, in wholesale domain, FSPs’ is connected to on the another and also to central bank ’s 

node for issuance and redemption of CBDC.  
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 By constructing the network topology using Fruchterman-Reingold algorithm, it allows us 

to examine the structure and relationship among participants’ wallet in the retail CBDC 

networks as follows. (1) Participants’ nodes located closer to one another are likely to be more 

related – both directly (i.e., a participant conducts transaction with one another by transfer and 

payment) and indirectly (i.e., two participants conduct transaction with a particular FSP tend to 

be located closely) (2) Participant Node’s proximity to the center of the network indicate that 

this participant’s node is well-connected to others. With that, a participant’s node which conduct 

transactions with multiple participants’ nodes are likely to be pushed toward the center of the 

network while a participant’s node which conduct transaction with a participant’s node is likely 

to be pushed toward the outer area of the network. 

To further investigate the network topology of retail CBDC, the following key features of 

the network are discussed. 

 

[INSERT FIGURE 2 HERE] 

 

(1) Two-tiered structure 

In the network model related to payment system, A tiered structure of wholesale payment and 

retail payment is commonly referred. Similarly, in the CBDC system, the network characterizes 

a two-tier structure, consisting of wholesale layer and retail layer, depicted by Figure 2. For 

wholesale payment in particular (Panel A), the transaction is conducted among FSPs and 

between FSPs and central bank who operate high-value payment infrastructure. On the other 

hand, for retail payment (Panel B), the transaction is conducted among individuals and 

merchants and between individuals and merchants and FSPs. In the two-tier system of CBDC, 

FSP serves a vital role in bridging both wholesale and retail layers by making an issuance and 

redemption of CBDC from central bank to distribute to retail users and also providing wallet 
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service to users for making payment and transfer. Empirically, the importance of FSPs in the 

retail CBDC system are represented by larger size (i.e., the large number of edges connected to 

FSPs’ nodes) and center location of participant’s node of FSP in both wholesale later and retail 

layer.  

 

(2) Clusters 

Figure 2 also suggests the presence of several clusters in the retail CBDC network. Most 

notably, Clusters are classified by the difference of FSPs who provide wallet and payment 

services for participants’ nodes, reflected by 3 different colors (i.e., 3 different FSPs) of 

participants’ nodes. In addition, clusters in the network also imply an important nature of 

payment transaction as on-us and off-us transactions. Specifically, a cluster where is outer to 

the network is likely to be on-us transactions, while a cluster where is inner to the network is 

likely to be off-us transactions, indicated by density of edges across participants’ nodes with 

different FSPs. In other words, those inner clusters are participants’ nodes which make a transfer 

and payment to participants’ nodes with different service providers. Empirically, we also find 

that the transactions in retail CBDC system tend to be on-us rather than off-us, making contrast 

to transactions in traditional payment system where the off-us transactions are dominated.  

 

(3) Topological across different types of transactions 

To further examine the retail CBDC network by categorized types of transactions, we split the 

network into 2 subnetworks (Figure 2): subnetwork of wholesale transactions (Panel A) and the 

subnetwork of retail transactions (Panel B). Based-on types of transactions, wholesale one 

includes issuance and redemption of CBDC conducted by FSPs, while retail one includes top-

up, withdrawal, payment, and transfer of CBDC conducted by retail users. Panel A shows the 
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subnetwork of wholesale transactions in CBDC system, containing 9 nodes (0.21% of nodes in 

the aggregated network) and 6 edges (0.02% of edges in the aggregated network). Each 

participant’s node of  FSPs is connected to 2 participants’ nodes of central banks (dark blue 

nodes), representing by two edges of single direction arrow. These imply FSPs conduct issuance 

(i.e., receive CBDC) and redemption of CBDC (i.e., return CBDC) with central bank. In 

addition, the subnetwork shows the presence of multiple separated clusters corresponding to 

each FSP, implying the absence of bilateral relationship among FSPs in wholesale transactions.  

 

 

 

On the retail side, Panel B shows the subnetwork of retail transactions in CBDC system, 

containing 4,310 nodes (99.88% of nodes in the aggregated network) and 26,280 edges (99.98% 

of edges in the aggregated network). As almost all transactions and bilateral linkages are among 

retail domain, this reflects the nature of retail CBDC pilot to mainly serve retail transactions. 

In addition, the subnetwork shows the presence of multiple separated clusters corresponding to 

each FSP, A closer inspection into clusters also reveals that most of the retail users tend to 

conduct retail transactions with one another within the same FSP, reflected by proximity of 

participants’ nodes within the same cluster of FSP while separating different clusters from each 

other. 
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B. Network analysis of retail CBDC pilot 

While the previous section mainly provides graphical representation and network topology 

of retail CBDC pilot, in this subsection we then further examine the key measures underlying 

network and their corresponding distributions to provide empirical study the retail CBDC 

network as to substantiate the network topology. The empirical analysis of the network 

encompasses node-level measures and network-level measures. 

 

Node-level measures in the retail CBDC network 

To empirically analyze property of the node in the retail CBDC network, we provide two 

important node-level measures, namely node degree and node centrality (Figure 3). 

 

Node degree 

To measure the importance of each node in retail CBDC network, measure of node degree 

of retail CBDC network is estimated to indicates the importance of a particular participant’s 

node in terms of the extent of connection to other participants’ nodes in the network. For a 

directed retail CBDC network, we provide empirical distributions of participant’s node degree 

by using nonparametric kernel density estimation shown in Figure 3. The empirical 

distributions of participant’s node degree are presented by in-degree measures in Panel A (i.e., 

the number of incoming transactional relationship toward a participant’s node)  and out-degree 

measures in Panel B (i.e., the number of outgoing transactional relationship from a particular 

participant’s node). We document that the retail CBDC network characterize a scale-free 

network since the measures of in-degree and out-degree distributions in the network follows 

a power law. This can be represented by downward sloping nature of the distributions implies 

that most participants’ nodes conduct transactions with only a few other participants’ nodes (i.e., 
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low in-degree and low out-degree), while few participants’ nodes conduct transactions with 

many of other participants’ nodes (i.e., high in-degree and high out-degree). In other words, 

retail users always conduct transactions with others to a less extent following limited 

relationship, while FSPs conduct transaction with a number of retail users following scope of 

business to involve many retail users. 

 

Node centrality  

In addition to node degree, node centrality of the networks is extensively interested in the 

literature as it conveys meaningful information in various aspects in the networks including 

capability of transmission in the network, extent of reliance on a particular node and robustness 

of the network. On its merits, we apply the measures of node centrality to examine the 

importance of particular participant’s node in the retail CBDC network in terms of transmission 

of CBDC and reliance on a particular participant’s node. That said, we estimate two common 

network centrality measures – namely, eigenvector centrality (i.e., the extent of a particular 

node connected to many other central nodes) and betweenness centrality (the number of times 

a particular node lies on the shortest path between other node), shown in table 10. The result 

consistently shows that the participants’ nodes of FSPs are the first and second highest value of 

eigenvector centrality and betweenness centrality. Their eigenvector centrality is at 1.00 and 

0.68, respectively, while their betweenness centrality are at 0.73 and 0.60, respectively. 

Intuitively, FSPs play a central role in managing and distributing CBDC to retail users in the 

network, implying that they are systemically important in the network. In other word, failure to 

performing the role could have systemically impact to the retail CBDC network. 
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Network-level measures 

To comprehensively investigate the retail CBDC network, we conduct empirical study of the 

network-level measures of retail CBDC. That is, we estimate four common measures 

underlying the network in its entirety, namely density, average clustering coefficient and 

modularity (Table 11) 

Density 

To comprehend the nature of a particular network, the density is one among important 

metrics. In the retail CBDC network, a measure of density is estimated to represent the number 

of transactional relationships between participants’ nodes within the retail CBDC network. 

From Table 11, the density of the retail CBDC is estimated to be only 0.001, implying that the 

retail CBDC network characterize a less connected network. In other words, the value of CBDC 

is sparsely and slowly distributed within a retail CBDC network. The finding suggests that there 

is an opportunity for introducing new types of intermediaries to bridge the gap by acquiring 

CBDC and redistributing CBDC in the network. 

Average clustering coefficient 

With regards to structure of a particular network, a clustering coefficient is also a key 

measure to indicate the extent to which nodes tend to cluster collectively in a network. That 

said, we estimate an average clustering coefficient of the retail CBDC network. From Table 11, 

the average clustering coefficient of the retail CBDC network is at 0.242, which is moderately 

low, reflecting that there exist some small clusters surrounding individual nodes. In other words, 

participants’ nodes which are close to a particular node can be transacted to one another within 

limited scope. This is consistent with common behavior in traditional retail payment which 

neighboring users make a retail payment to one another to a limited extent. 
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Another important property underlying structure of particular network is modularity, which 

measure the strength of division of a network into subclusters. To investigate this, we estimate 

a measure of modularity based on the retail CBDC network. From Table 11, the average 

clustering coefficient of the retail CBDC network is at 0.529, which is moderate, implying that 

there exists multiple subclusters having dense connections among participants’ nodes within 

clusters but being sparse relationship between nodes in different clusters. In other words, retail 

users always conduct transaction with one another within same clusters of FSPs  

(i.e., on-us transaction) but they rarely conduct transaction with others in different clusters of 

FSPs (i.e., off-us transaction) 
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5. Conclusion  

This paper using transactional data of retail CBDC pilot in Thailand to examine the behavior 

of participants involving retail CBDC and intertemporal relationship between heterogeneous 

types of transactions. The paper also analyzes the network topology and empirical network 

structure of retail CBDC. 

FSPs appear to engage in asymmetric behavior between issuance and redemption of CBDC. 

They generally front-load CBDC balance to absorb uncertainty of future demand and pursue 

pursuing adaptive strategy to adjust the level of their CBDC reserve balance following retail 

transaction observed in the previous period order to minimize the opportunity cost of holding 

CBDC due to unremunerated CBDC. On the retail side, retail users tend to use CBDC as a 

means of payment but not as story of value. They manage their CBDC balance to meet the 

demand for making payments to minimize the opportunity cost of holding CBDC which is non-

interest bearing. 

 The study of a retail CBDC network suggests that the network characterizes a two-tier 

structure, consisting of wholesale layer and retail layer, where FSPs serves a vital role in 

bridging both wholesale and retail layers by making an issuance and redemption of CBDC from 

central bank to distribute to retail users for making payment and transfer. Within the network, 

several clusters are presented, which they are broadly classified by the difference of FSPs who 

have transactional relationship with those clusters. A closer inspection reveals that subclusters 

are also observed as being separated by nature of payment transactions (on-us and off-us 

transactions. In addition, the CBDC network appears to be a scale-free network. In other words, 

most retail users always conduct transactions with one another to a lesser extent following small 

number of relationships among retail users, while a few FSPs conduct transactions with a 

number of retail users following their nature of intermediaries to involve many retail users.   
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However, the results of empirical network analysis indicate that the CBDC network 

characterize a less connected network and extensively and systemically rely on a few important 

FSPs to distribute CBDC. Taken together, the results inform policy considerations to expand 

business models of FSPs, tiering the business model of FSPs, and increase number of FSPs in 

the CBDC system.
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Tables 

Table 1.  

Overview of player types in retail CBDC ecosystem 

This table reports overview of participant types in retail CBDC ecosystem: central bank, FSPs, 

Individuals, and Merchants. Reported is total number of players across different types of players.  

The sample period is 6 February 2023 to 8 September 2023. 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

Player types Number of participants Number of wallets 

Central bank 1 6 

Financial service providers 

- Commercial bank 

- Non-bank 

3 

2 

1 

3 

2 

1 

Individuals 4,128 4,166 

Merchants 144 140 
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Table 2 

Summary statistics of transactions across different types of activities 

This table reports summary statistics of transactions across different types of activities in retail 

CBDC: Issuance, Redemption, Top-up, Withdrawal, Transfer, and Payment. Reported are the 

total observations, summation, mean (median), minimum, maximum and standard deviation, 

skewness and kurtosis. The sample period is 6 February 2023 to 8 September 2023. 

 

 Issuance Redemption Top-up Withdrawal Transfer Payment 

Obs. 11 14 16,184 7,640 11,56 44,134 

Sum 2,160,000.00 2,160,000.00 3,854,722.00 3,957,452.00 1,717,759.00 2,770,134.00 

Mean 196,363.60 154,285.70 238.18 517.99 148.58 62.77 

Median  100,000.00 47,048.18 100.00 100.00 50.00 50.00 

Min. 10000.00 1000.00 0.01 0.01 0.01 0.01 

Max. 500000.00 1183111.00 20000.00 100000.00 96416.00 8,700.00 

Std. Dev. 169,839.50 312,711.40 434.48 3316.41 1027.47 97.53 

Skewness 2.53 2.82 19.01 21.23 73.62 26.03 

Kurtosis 0.94 9.75 651.82 525.79 6702.84 1638.57 
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Table 3 

Summary statistics of daily measures of different types of activities in retail CBD 

This table reports summary statistics of daily measures of different types of activities in retail 

CBDC: Issuance, Redemption, Top-up, Withdrawal, Transfer, and Payment. Reported are total 

observations, summation, mean (median), minimum, maximum and standard deviation, 

skewness and kurtosis. The sample period is 6 February 2023 to 8 September 2023. 

 

 Issuance Redemption Top-up Withdrawal Transfer Payment 

Obs. 182 182 182 182 182 182 

Sum 2,160,000.00 2,160,000.00 3,854,722.00 3,957,452.00 1,717,759.00 2,770,134.00 

Mean 11,868.13 11,868.13 21,179.79 21,744.24 9,438.24 15,220.52 

Median  0.00 0.00 4520.01 5,444.50 2,031.90 1,016.85 

Min. 0.00 0.00 0.00 0.00 0.00 0.00 

Max. 50,000.00 1,557,904.00 151,639.00 237,622.30 126,343.00 78,220.03 

Std. Dev. 68,000.85 116,745.10 29,400.16 37,241.85 14,219.38 22,440.33 

Skewness 6.44 12.89 1.69 3.04 3.61 1.25 

Kurtosis 45.01 170.90 5.97 14.07 26.76 3.13 
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Table 4 

Correlation across different types of activities by value 

This table reports pairwise correlations among different types of activities in retail CBDC based on daily 

measures: Issuance, Redemption, Top-up, Withdrawal, Transfer, and Payment. Reported are the total 

observations. The sample period is 6 February 2023 to 8 September 2023. 

 

 Issuance Redemption Top-up Withdrawal Transfer Payment 

Issuance 1.00      

Redemption -0.02 1.00     

Top-up -0.05 0.18 1.00    

Withdrawal 0.00 -0.04 0.41 1.00   

Transfer -0.04 0.02 0.72 0.58 1.00  

Payment -0.04 -0.03 0.88 0.52 0.75 1.00 
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Table 5 

Duration of transactions occurrence across different types of activities 

This table reports duration in day of transactions occurrence across different types of activities in retail CBDC based on daily measures: Issuance, Redemption, 

Top-up, Withdrawal, Transfer, and Payment. Reported are mean (median), minimum, maximum and standard deviation, skewness and kurtosis. The sample 

period is 6 February 2023 to 8 September 2023. 

 

 

 

 

 Issuance Redemption Top-up Withdrawal Transfer (payer) Transfer (payee) Payment (payer) Payment (payee) 

   Merchants Individuals Merchants Individuals Merchants Individuals Merchants Individuals Merchants Individuals Merchants Individuals 

Mean 45.87 57.18 6.67 8.61 3.63 1.85 1.85 5.47 0.43 1.38 6.07 2.68 0.26 0.73 

Median 35.00 28.00 9.00 5.00 1.00 1.00 1.00 1.00 0.00 0.00 1.00 1.00 0.00 0.00 

Min. 7.00 7.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Max. 94.00 209.00 34.00 181.00 143.00 53.00 53.00 162.00 93.00 187.00 57.00 105.00 60.00 106.00 

Std. Dev. 38.76 73.86 13.60 13.12 7.19 2.56 2.56 10.86 3.52 7.21 13.22 5.65 1.21 2.77 

Skewness 0.29 1.47 1.67 3.89 8.10 9.26 9.26 4.77 17.82 17.82 3.04 5.45 16.88 21.86 

Kurtosis 1.33 3.42 3.97 26.86 198.29 141.05 141.05 35.70 386.02 386.02 11.21 49.23 535.39 724.85 
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Table 6 

VAR Estimation (all types of transaction involving retail CBDC) 

The table reports the regression lagged coefficients from the VAR estimation of all types of activities 

involving retail CBDC. The VAR regression includes 4 lags, determined by the Bayes information 

criterion. The Numbers in parentheses refer to t-statistics. The VAR are estimated on weekly aggregated 

data covering sample period of 6 February 2023 to 8 September 2023. A significance level at 10%, 5% 

and 1% is indicated by *, **, *** respectively. 

 𝐼𝑠𝑠𝑢𝑎𝑛𝑐𝑒𝑡 𝑅𝑒𝑑𝑒𝑚𝑝𝑡𝑖𝑜𝑛𝑡 

𝐼𝑠𝑠𝑢𝑎𝑛𝑐𝑒𝑡−1  
 

𝐼𝑠𝑠𝑢𝑎𝑛𝑐𝑒𝑡−2  
 

𝐼𝑠𝑠𝑢𝑎𝑛𝑐𝑒𝑡−3  

 

𝐼𝑠𝑠𝑢𝑎𝑛𝑐𝑒𝑡−4  

 

2.04 

(1.57) 

3.44 

(1.21) 

2.42 

(1.42) 

2.66 

(1.98) 

0.59* 

(2.31) 

2.01 

(3.57) 

0.64 

(1.90) 

1.40** 

(5.28) 

𝑅𝑒𝑑𝑒𝑚𝑝𝑡𝑖𝑜𝑛𝑡−1 

 

𝑅𝑒𝑑𝑒𝑚𝑝𝑡𝑖𝑜𝑛𝑡−2 

 

𝑅𝑒𝑑𝑒𝑚𝑝𝑡𝑖𝑜𝑛𝑡−3 

 

𝑅𝑒𝑑𝑒𝑚𝑝𝑡𝑖𝑜𝑛𝑡−4 

 

-2.07 

 (-1.68) 

0.90 

 (0.83) 

-3.89* 

 (-2.94) 

-3.34 

 (-2.42) 

-0.67 

(-2.73) 

-1.04** 

(-4.89) 

-1.27** 

(-4.86) 

-1.49** 

(-5.43) 

𝑇𝑜𝑝 − 𝑢𝑝𝑡−1 

 

𝑇𝑜𝑝 − 𝑢𝑝𝑡−2 
 

𝑇𝑜𝑝 − 𝑢𝑝𝑡−3 
 

𝑇𝑜𝑝 − 𝑢𝑝𝑡−4 

 

-1.32 

 (-2.09) 

-1.82 

 (-0.46) 

-4.65 

 (-2.42) 

-9.97 

 (-1.72) 

-1.18** 

(-9.48) 

-2.55** 

(-3.25) 

-0.23 

(-0.60) 

-5.73** 

(-4.98) 

𝑊𝑖𝑡ℎ𝑑𝑟𝑎𝑤𝑎𝑙𝑡−1 

 

𝑊𝑖𝑡ℎ𝑑𝑟𝑎𝑤𝑎𝑙𝑡−2 

 

𝑊𝑖𝑡ℎ𝑑𝑟𝑎𝑤𝑎𝑙𝑡−3 

 

𝑊𝑖𝑡ℎ𝑑𝑟𝑎𝑤𝑎𝑙𝑡−4 

 

-2.94 

(-0.86) 

16.81* 

(2.79) 

-0.99 

(-0.36) 

-13.17 

(-1.38) 

1.98* 

(2.91) 

5.84** 

(4.89) 

1.98* 

(3.67) 

-7.50* 

(-3.97) 

𝑇𝑟𝑎𝑛𝑠𝑓𝑒𝑟𝑡−1 

 

𝑇𝑟𝑎𝑛𝑠𝑓𝑒𝑟𝑡−2 

 

𝑇𝑟𝑎𝑛𝑠𝑓𝑒𝑟𝑡−3 

 

𝑇𝑟𝑎𝑛𝑠𝑓𝑒𝑟𝑡−4 

 

-2.06 

(-2.05) 

-27.03 

(-2.21) 

-1.09 

(-0.42) 

11.79 

(1.40) 

-3.41*** 

(-17.12) 

-10.25** 

(-4.23) 

-3.34** 

(-6.53) 

8.21** 

(4.93) 

𝑃𝑎𝑦𝑚𝑒𝑛𝑡𝑡−1 

 

𝑃𝑎𝑦𝑚𝑒𝑛𝑡𝑡−2 

 

𝑃𝑎𝑦𝑚𝑒𝑛𝑡𝑡−3 

 

𝑃𝑎𝑦𝑚𝑒𝑛𝑡𝑡−4 

 

 

3.64* 

(3.48) 

-3.72 

(-0.67) 

1.23 

(0.39) 

29.05 

(1.36) 

0.74* 

(3.57) 

0.73 

(0.67) 

-2.76** 

(-4.38) 

14.52** 

(3.44) 
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Table 7 

VAR-based Granger Causality (all types of transaction involving retail CBDC) 

 

The table reports the F-values of the Wald statistics of the granger-causality test based on VAR estimation 

in table 10. The dependent variables are selected to report in the table. The sample period of 6 February 

2023 to 8 September 2023. A significance level at 10%, 5% and 1% is indicated by *, **, *** respectively. 

 

 Dependent Variables 

Restricted Regressors Issuance Redemption 

Issuance - 55.75** 

Redemption 7.69 - 

Top-up 10.54* 46.21** 

Withdrawal 17.52* 486.73*** 

Payment 14.86* 39.15** 

Transfer 5.71 151.69*** 
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Table 8 

VAR Estimation (retail transactions involving retail CBDC) 

The table reports the regression lagged coefficients from the VAR estimation of retail activities involving 

retail CBDC. The VAR regression includes four lags, determined by the Bayes information criterion. The 

Numbers in parentheses refer to t-statistics. The VAR are estimated on daily aggregated data covering 

sample period of 6 February 2023 to 8 September 2023. A significance level at 10%, 5% and 1% is 

indicated by *, **, *** respectively. 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 𝑇𝑜𝑝 − 𝑢𝑝𝑡 𝑊𝑖𝑡ℎ𝑑𝑟𝑎𝑤𝑎𝑙𝑡 𝑇𝑟𝑎𝑛𝑠𝑓𝑒𝑟𝑡 𝑃𝑎𝑦𝑚𝑒𝑛𝑡𝑡 

𝑇𝑜𝑝 − 𝑢𝑝𝑡−1 

 

0.49*** 

(3.84) 

-0.16 

(-0.89) 

0.11 

(1.65) 

0.20**  

(2.44) 

𝑊𝑖𝑡ℎ𝑑𝑟𝑎𝑤𝑎𝑙𝑡−1 

 

-0.21*** 

 (-2.99) 

0.10 

 (1.01) 

-0.10*** 

 (-2.95) 

-0.18*** 

 (-3.95) 

𝑇𝑟𝑎𝑛𝑠𝑓𝑒𝑟𝑡−1 

 

-0.22 

(-1.08) 

0.24 

(0.83) 

0.00 

(-0.05) 

-0.13 

(-1.01) 

𝑃𝑎𝑦𝑚𝑒𝑛𝑡𝑡−1 

 

0.44** 

(2.52) 

0.88*** 

(3.58) 

0.30*** 

(3.30) 

0.69*** 

(6.03) 
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Table 9 

VAR-based Granger Causality (retail transactions involving retail CBDC) 

The table reports the F-values of the Wald statistics of the granger-causality test based on VAR estimation 

in table 8. The dependent variables are selected to report in the table. The sample period of 6 February 

2023 to 8 September 2023.  A significance level at 10%, 5% and 1% is indicated by *, **, *** respectively. 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 Dependent Variables  

Restricted 

Regressors 
Top-up Withdrawal Transfer Payment 

Top-up - 0.78 2.73 5.93** 

Withdrawal 8.93*** - 8.71*** 15.59*** 

Transfer 1.16 0.68 - 1.01 

Payment 6.32** 12.81*** 17.79*** - 
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Table 10 

Centrality rankings of participants’ wallets from retail CBDC pilot in Thailand 

The table reports the measures of eigenvector centrality and betweenness centrality corresponding to 

participants’ wallets node. Selected top five wallets’ nodes are reported following each measure. 

Eigenvector centrality asserts that nodes that are connected to many other central nodes are considered 

central. Eigenvector centrality measure of participant’s node 𝑖 is given by: 𝑒𝑖 =
1

𝜆
∑𝑎𝑖𝑗 𝑒𝑗 where 𝜆 is 

scaling parameter to eigenvector to be maximum at one and matrix where 𝑎𝑖𝑗= 1 if  participant’s node 𝑖 

and 𝑗 are connected, and 0 otherwise. Betweenness centrality of bank 𝑖 is defined as the number of shortest 

paths in the network going through bank 𝑖, excluding the shortest paths starting or ending at bank 𝑖. The 

measures are estimated on aggregated data covering sample period of 6 February 2023 to  

8 September 2023. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Eigenvector centrality measure Betweenness centrality measure 

Participants’ wallets Value Participants’ wallets Value 

FSP-A 1.00 FSP-A 0.73 

FSP-B 0.68 FSP-B 0.60 

Merchant of FSP-A 0.35 Merchant of FSP-A 0.10 

Merchant of FSP-A 0.27 FSP-C 0.09 

merchant of FSP-A 0.24 Merchant of FSP-B 0.07 
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Table 11 

Network-level measures of retail CBDC pilot in Thailand  

The table reports the network-level measures of retail CBDC pilot in Thailand. Reported are graph density, 

average clustering coefficient, and modularity. Graph density is the ratio between the edges present in a 

graph and the maximum number of edges in a graph. Average clustering coefficient is an average of ratio 

of the number of edges among the nodes to the maximum number of edges in the neighborhood of a node. 

Modularity is a measure of strength of division of a network into communities. The measures are 

estimated on aggregated data covering sample period of 6 February 2023 to 8 September 2023. 

  

 

Measures Value 

Graph density  0.001 

Average clustering coefficient 0.242 

Modularity 0.529 
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FIGURE 1 

Network topology of retail CBDC pilot in Thailand (aggregated transaction) 

 

This figure displays network topology of retail CBDC pilot in Thailand by aggregating all types of 

transactions: wholesale and retail transactions. Each node represents a unique wallet and different color 

corresponding to node indicates different FSPs and Central bank who open and operate that wallet (3 

FSPs and 1 central banks, represented by dark blue). Node size is proportional to degree measures 

compared among involved wallets (i.e., the number of edges incident on that node). Each edge represents 

a bilateral relationship between two wallets, with edge width proportional to the number of transactions 

compared among involved edges. The sample period is 6 February 2023 to 8 September 2023. 
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FIGURE 2 

Network topology of retail CBDC pilot in Thailand (categorized transaction: Wholesale 

and Retail Transactions) 

This figure displays network topology of retail CBDC pilot in Thailand, broadly categorized of 

transactions: wholesale and retail transactions. Each node represents a unique wallet and different color 

corresponding to node indicates different FSPs and Central bank who open and operate that wallet (3 

FSPs and 1 central banks, represented by dark blue). Node size is proportional to degree measures 

compared among involved wallets (i.e., the number of edges incident on that node). Each edge represents 

a bilateral relationship between two wallets, with edge width proportional to the number of transactions 

compared among involved edges. The sample period is 6 February 2023 to 8 September 2023 

(A) Wholesale Transactions 

 

 

 

 

 

(B) Retail Transactions 
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FIGURE 3 

Empirical distributions of in-degree and out-degree corresponding to participants’ wallets 

from retail CBDC pilot in Thailand 

This figure displays empirical distributions of in-degree and out-degree corresponding to participants’ 

wallets from retail CBDC pilot in Thailand. In-degree is the number of incoming edges toward a 

particular node. Out-degree is the number of outgoing edges from a particular node. The empirical 

distributions of in-degree and out-degree is estimated using Epanechnikov kernel density, with 

bandwidth equal to one, which are estimated on aggregated data covering sample period of 6 February 

2023 to 8 September 2023.  

 

(A) In-degree 

 

 

 

 

 

 

(B) Out-degree 

 

 

 

 

 

 

 

 


