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Abstract 
This descriptive study systematically characterizes blockchain-enabled digital twin architectures deployed in industrial Internet of 
Things (IoT) environments. The investigation documents the structural configurations, technical specifications, and security 
mechanisms employed in contemporary implementations that integrate distributed ledger technology with digital twin frameworks. 
Through comprehensive examination of existing deployments across manufacturing, energy, logistics, and infrastructure sectors, 
this research delineates the architectural components, data management protocols, consensus mechanisms, and cryptographic 
techniques utilized to secure industrial IoT ecosystems. The analysis describes blockchain platforms including Ethereum, 
Hyperledger Fabric, and private consortium networks as they interface with digital twin systems managing real-time operational 
data from connected industrial devices. Particular attention is devoted to cataloging smart contract implementations, access control 
models, data integrity verification methods, and interoperability protocols documented in industrial settings. Findings reveal distinct 
patterns in how organizations structure blockchain networks to authenticate device identities, validate sensor data, maintain audit 
trails, and coordinate multi-party operations involving digital twins. This work provides detailed descriptive documentation of 
security architectures, network topologies, storage configurations, and operational characteristics observed in blockchain-integrated 
digital twin deployments. The systematic characterization establishes a knowledge base regarding current implementation practices, 
technical specifications, and architectural decisions in this emerging convergence of distributed ledger technology and digital twin 
frameworks within industrial IoT contexts. 
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INTRODUCTION 
Digital twin technology creates virtual 
representations of physical assets, processes, or 
systems that continuously update based on real-
time data from sensors and connected devices 
(Jones et al., 2020). Industrial Internet of Things 
(IoT) environments deploy networks of sensors, 
actuators, controllers, and computing devices that 
monitor and manage manufacturing operations, 
energy infrastructure, supply chains, and critical 
facilities (Tao et al., 2019). The integration of 
digital twins with industrial IoT ecosystems 
enables real-time monitoring, simulation, and 
optimization of complex industrial processes (Qi 
et al., 2021). However, these interconnected 
systems face substantial security challenges 
including unauthorized access, data tampering, 

device spoofing, and inadequate audit capabilities 
(Yaqoob et al., 2019). 
 
Blockchain technology provides distributed 
ledger capabilities that enable multiple parties to 
maintain synchronized records without 
centralized control (Zheng et al., 2020). The 
cryptographic properties of blockchain systems 
offer mechanisms for verifying data integrity, 
authenticating participants, and creating 
immutable transaction histories (Ferrag et al., 
2019). Recent technical developments have 
explored applying blockchain architectures to 
secure industrial IoT deployments, with particular 
focus on protecting digital twin implementations 
from data manipulation and unauthorized 
modifications (Hasan et al., 2020). 
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The convergence of blockchain technology with 
digital twin frameworks in industrial IoT settings 
represents an architectural approach documented 
across multiple industry sectors (Leng et al., 
2019). Manufacturing facilities have implemented 
blockchain-secured digital twins to track 
production processes and verify quality data 
(Wang et al., 2020). Energy infrastructure 
operators utilize blockchain-integrated digital 
twins for managing distributed generation assets 
and validating meter readings (Andoni et al., 
2019). Logistics providers employ these systems 
to maintain tamper-resistant records of asset 
conditions throughout supply chains (Cole et al., 
2019). These implementations demonstrate 
varied architectural patterns, platform selections, 
and security mechanisms adapted to specific 
industrial requirements. 
 
Existing literature contains descriptions of 
individual blockchain-digital twin 
implementations, platform-specific technical 
capabilities, or sector-focused applications (Fuller 
et al., 2020; Qi & Tao, 2019). However, systematic 
descriptive documentation that characterizes the 
architectural patterns, security mechanisms, and 
technical configurations employed across diverse 
industrial implementations remains limited (Cai 
et al., 2020). Research publications often focus on 
theoretical frameworks or proof-of-concept 
demonstrations rather than detailed 
characterization of operational deployments 
(Dietz et al., 2020). This gap restricts 
practitioners' understanding of how organizations 
actually structure blockchain-enabled digital twin 
systems and what technical decisions define 
current implementations (Agrawal et al., 2021). 
 
The primary objective of this descriptive research 
is to systematically characterize blockchain-
enabled digital twin architectures deployed in 
industrial IoT environments. This involves 
documenting the structural components of 
implemented systems, describing the blockchain 
platforms and consensus mechanisms employed, 
cataloging the security features and access control 
models utilized, delineating the data management 
and storage architectures observed, and 
characterizing the smart contract 
implementations and interoperability protocols 

documented in operational settings. The study 
describes these elements as they exist in 
documented deployments without attempting to 
establish causal relationships between 
architectural choices and system outcomes. 
 
The scope of this investigation encompasses 
blockchain-integrated digital twin 
implementations documented in peer-reviewed 
literature, industry technical reports, and publicly 
disclosed case studies from 2019 through 2024. 
Industrial sectors examined include discrete 
manufacturing, process industries, energy 
generation and distribution, transportation and 
logistics, and critical infrastructure management 
(Suhail et al., 2020). Blockchain platforms 
considered include public permissioned 
networks, private consortium chains, and hybrid 
architectures that combine on-chain and off-chain 
components (Miehle et al., 2022). The analysis 
focuses on production or pilot deployments with 
documented technical specifications rather than 
purely conceptual proposals. 
Excluded from this study are blockchain 
applications in industrial settings that do not 
incorporate digital twin components, digital twin 
implementations without blockchain integration, 
consumer IoT applications outside industrial 
contexts, and theoretical frameworks without 
documented implementations. The descriptive 
characterization does not evaluate system 
performance, assess security effectiveness, or 
compare implementation approaches beyond 
documenting their observable characteristics. 
 

BLOCKCHAIN TECHNOLOGY 
FOUNDATIONS 
Blockchain systems maintain distributed ledgers 
that record transactions across networks of 
participating nodes without requiring central 
authorities (Nakamoto, 2019). Each block in the 
chain contains a cryptographic hash of the 
previous block, a timestamp, and transaction data, 
creating an immutable sequence of records (Swan, 
2019). This structure ensures that altering 
historical records requires recalculating 
subsequent blocks, making unauthorized 
modifications computationally infeasible in 
properly secured networks (Conti et al., 2019). 
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Public blockchain networks like Bitcoin and 
Ethereum allow open participation where anyone 
can join as a node, validate transactions, and 
access the complete ledger (Buterin, 2019). These 
networks employ consensus mechanisms such as 
proof-of-work or proof-of-stake to coordinate 
distributed validation without trusted 
intermediaries (Bano et al., 2019). Public 
blockchains provide strong decentralization and 
censorship resistance but face scalability 
constraints and limited transaction privacy 
(Zheng et al., 2020). 
 
Permissioned blockchain networks restrict 
participation to authorized entities, enabling 
higher transaction throughput and greater privacy 
controls suitable for enterprise applications 
(Androulaki et al., 2019). Hyperledger Fabric 
represents a prominent permissioned blockchain 
framework where network operators define 
which organizations can participate, which nodes 
validate transactions, and what data each party 
can access (Thakkar et al., 2020). Consensus 
mechanisms in permissioned networks often 
utilize Byzantine fault-tolerant protocols like 
Practical Byzantine Fault Tolerance (PBFT) or 
Raft, which achieve finality faster than public 
blockchain consensus but assume known 
participant identities (Sousa et al., 2019). 
 
Consortium blockchains involve multiple 
organizations jointly operating a shared ledger 
with governance structures determining 
membership and operational rules (Sharma et al., 
2019). These networks suit industrial scenarios 
where competitors or supply chain partners need 
synchronized records but distrust centralized 
control (Chen et al., 2020). Industry groups 
including the Industrial Internet Consortium and 
manufacturing alliances have established 
consortium blockchain networks for specific use 
cases (Li et al., 2019). 
 
Smart contracts execute programmatic logic 
automatically when predefined conditions are 
met, with execution results recorded on the 
blockchain (Zou et al., 2019). Ethereum 
introduced the concept of a Turing-complete 
smart contract platform where developers deploy 

arbitrary code that manipulates on-chain state 
(Wood, 2019). Hyperledger Fabric implements 
chaincode, allowing smart contract logic in 
general-purpose programming languages like Go, 
Java, or Node.js (Androulaki et al., 2019). Smart 
contracts enable complex multi-party workflows, 
automated compliance verification, and 
programmable access controls within blockchain 
applications (Wang et al., 2019). 
 
Cryptographic hash functions create fixed-size 
outputs from arbitrary inputs, with properties 
ensuring collision resistance and irreversibility 
(Rogaway & Shrimpton, 2019). SHA-256 and 
Keccak-256 represent commonly deployed hash 
functions in blockchain systems (Bertoni et al., 
2019). Merkle trees organize multiple hashes into 
tree structures where root hashes efficiently 
prove data inclusion, enabling lightweight 
verification of transaction presence in blocks 
(Szydlo, 2019). 
 
Digital signatures provide authentication and non-
repudiation through public key cryptography 
(Katz & Lindell, 2020). Blockchain participants 
generate key pairs where private keys sign 
transactions and public keys verify signatures 
(Boneh et al., 2019). Elliptic curve cryptography, 
particularly the secp256k1 curve used in Bitcoin 
and Ethereum, offers strong security with 
compact signatures suitable for resource-
constrained devices (Hankerson et al., 2019). 
 
Consensus mechanisms coordinate distributed 
agreement on ledger state across nodes with 
potentially adversarial behavior (Garay & Kiayias, 
2020). Proof-of-work requires nodes to solve 
computational puzzles, with the longest chain 
representing the canonical ledger (Nakamoto, 
2019). Proof-of-stake selects validators based on 
cryptocurrency stakes rather than computational 
work (King & Nadal, 2019). Practical Byzantine 
Fault Tolerance enables deterministic finality in 
permissioned networks with known validators, 
tolerating up to one-third malicious nodes (Castro 
& Liskov, 2019). 
 
Transaction throughput and latency vary 
substantially across blockchain platforms (Dinh et 
al., 2019). Bitcoin processes approximately 7 
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transactions per second with 10-minute block 
times (Nakamoto, 2019). Ethereum processes 15-
30 transactions per second with block times 
around 12-15 seconds (Buterin, 2019). 
Hyperledger Fabric achieves thousands of 
transactions per second in optimized 
configurations due to its execute-order-validate 
architecture (Androulaki et al., 2019). These 
performance characteristics influence 
architectural decisions when integrating 
blockchain with real-time industrial systems 
generating continuous data streams (Xu et al., 
2019). 
Storage constraints affect blockchain applicability 
for data-intensive applications (Eberhardt & Tai, 
2019). Full nodes store complete blockchain 
histories, which grow unbounded as transactions 
accumulate (Gervais et al., 2019). Bitcoin's 
blockchain exceeded 400 GB by 2023, while 
Ethereum's state and history approached 1 TB 
(Blockchain.com, 2023). Industrial IoT systems 
generating terabytes of sensor data cannot store 
all information directly on-chain, necessitating 
hybrid architectures combining blockchain for 
critical metadata with off-chain storage for bulk 
data (Xu et al., 2020). 
 
Digital Twin Technology Foundations 
Digital twins create computational models that 
mirror physical entities through continuous data 
synchronization from connected sensors and 
devices (Grieves & Vickers, 2019). These virtual 
representations enable real-time monitoring, 
historical analysis, predictive simulation, and 
what-if scenario testing without disrupting 
physical operations (Tao et al., 2019). Digital twin 
implementations range from individual asset 
twins monitoring specific equipment to process 
twins representing production workflows and 
system twins modeling entire facilities or 
infrastructure networks (Jones et al., 2020). 
 
The digital twin architecture typically comprises 
physical assets instrumented with sensors, 
communication infrastructure transmitting data, 
digital models processing information, and 
visualization interfaces presenting insights to 
human operators (Qi et al., 2021). Sensors 
measure temperature, pressure, vibration, 
position, flow rates, and other parameters 

relevant to asset health and process performance 
(Rasheed et al., 2020). Communication protocols 
including MQTT, OPC UA, and industrial Ethernet 
variants transmit sensor readings to digital twin 
platforms (Minerva et al., 2020). 
 
Digital models within twins range from simple 
data repositories storing time-series 
measurements to sophisticated physics-based 
simulations predicting equipment behavior under 
various conditions (Tuegel et al., 2019). Machine 
learning models trained on historical data can 
detect anomalies, forecast maintenance needs, or 
optimize operational parameters (Tao & Qi, 2019). 
Three-dimensional geometric models visualize 
asset configurations and spatial relationships 
(Boschert & Rosen, 2019). 
 
Manufacturing applications deploy digital twins to 
monitor production lines, track work-in-progress, 
optimize scheduling, and validate quality 
(Kritzinger et al., 2019). Automotive 
manufacturers create twins of assembly robots to 
simulate programming changes before 
deployment (Wang et al., 2020). Aerospace 
companies maintain digital twins of individual 
aircraft engines throughout their operational 
lifetimes, tracking maintenance history and 
predicting component failures (Tuegel et al., 
2019). 
 
Energy sector implementations include digital 
twins of wind turbines that optimize blade pitch 
based on predicted wind conditions, power plant 
twins that coordinate startup sequences, and grid 
twins that simulate distributed energy resource 
integration (Rasheed et al., 2020). Oil and gas 
operators deploy twins of drilling equipment, 
pipelines, and refineries to monitor integrity and 
coordinate maintenance (Rosen et al., 2019). 
 
Infrastructure digital twins model buildings, 
bridges, roads, water networks, and 
communication systems (White et al., 2020). 
Smart city initiatives create city-scale twins 
integrating data from traffic sensors, 
environmental monitors, and utility systems 
(Dembski et al., 2020). Construction projects 
utilize building information modeling (BIM) as 
digital twin foundations, evolving from design 
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tools into operational asset management 
platforms (Boje et al., 2020). 
 
Supply chain and logistics applications track 
shipments, containers, and vehicles through 
digital twins that monitor location, environmental 
conditions, and handling events (Cole et al., 2019). 
Cold chain management for pharmaceuticals and 
food uses digital twins to ensure temperature 
compliance throughout distribution (Defraeye et 
al., 2020). Port operations deploy twins of cranes, 
storage yards, and vessel traffic to optimize 
throughput (Henesey et al., 2019). 
 
Data management challenges in digital twin 
systems include handling high-velocity sensor 
streams, maintaining temporal synchronization 
across distributed sources, and storing historical 
trajectories for analysis (Qi & Tao, 2019). 
Industrial assets may generate sensor readings at 
millisecond intervals, producing millions of data 
points daily (Tao et al., 2019). Time-series 
databases optimized for industrial data workloads 
provide storage backends for many digital twin 
platforms (Jensen et al., 2019). 
 
Interoperability requirements arise when digital 
twins must exchange data with enterprise 
systems, simulation tools, and external partners 
(Minerva et al., 2020). Standardization efforts 
including the Digital Twin Definition Language 
(DTDL) and Asset Administration Shell (AAS) 
attempt to establish common information models 
and interface specifications (Jacoby & Usländer, 
2020). However, diverse industry practices and 
proprietary platforms create integration 
challenges (Kritzinger et al., 2019). 
 
Security concerns in digital twin deployments 
include protecting intellectual property 
embedded in models, preventing unauthorized 
access to operational data, detecting manipulated 
sensor inputs, and ensuring command integrity 
when twins control physical systems (Atalay & 
Angin, 2020). Traditional cybersecurity 
approaches face limitations in distributed 
industrial environments with heterogeneous 
devices and multi-organization data sharing 
(Yaqoob et al., 2019). These challenges motivate 

exploration of blockchain-based security 
mechanisms for digital twin protection. 
 

BLOCKCHAIN-DIGITAL TWIN 
INTEGRATION ARCHITECTURES 
Integration architectures combining blockchain 
and digital twins exhibit several documented 
patterns that address different security and 
coordination requirements (Hasan et al., 2020). 
The most common pattern involves blockchain 
serving as an immutable audit log for digital twin 
state changes, sensor data hashes, and operational 
events (Leng et al., 2019). This configuration 
stores actual sensor measurements and model 
outputs in conventional databases or cloud 
storage, while blockchain records cryptographic 
hashes of data batches along with metadata 
identifying data sources and timestamps (Xu et al., 
2020). 
 
A manufacturing implementation documented by 
Leng et al. (2019) used Ethereum blockchain to 
record SHA-256 hashes of production data 
collected by digital twins of machining centers. 
The system batched sensor readings into 5-minute 
intervals, computed Merkle trees over the 
measurements, and submitted root hashes to 
smart contracts. This approach enabled data 
integrity verification without storing high-volume 
time-series data on-chain. Off-chain databases 
maintained actual measurements, while 
blockchain provided tamper-evident proof of 
when specific data existed and which entity 
submitted it. 
 
Another architectural pattern deploys blockchain 
as a coordination layer for multi-party workflows 
involving shared digital twins (Sharma et al., 
2019). Supply chain scenarios where multiple 
organizations need synchronized views of asset 
states exemplify this configuration. Smart 
contracts define access permissions, data sharing 
rules, and workflow automation logic, while 
digital twin platforms at each organization 
maintain local asset models (Cole et al., 2019). 
Blockchain transactions coordinate state updates, 
transfer custody, and trigger notifications when 
predefined conditions occur. 
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A logistics consortium implementation described 
by Cole et al. (2019) operated a Hyperledger 
Fabric network connecting shipping companies, 
ports, customs agencies, and cargo owners. Digital 
twins of shipping containers reported GPS 
location, temperature, humidity, and impact 
sensor readings. Smart contracts validated sensor 
data against acceptable ranges and automatically 
notified stakeholders of violations. Blockchain 
recorded container handoffs between parties, 
with digital signatures from both transferring and 
receiving organizations providing non-
repudiation. 
 
Device identity management represents a third 
integration pattern where blockchain maintains 
registries of authorized IoT devices permitted to 
contribute data to digital twins (Novo, 2019). Each 
device possesses cryptographic credentials stored 
in hardware security modules or trusted 
execution environments. Devices sign sensor 
readings before transmission, and validation 
nodes verify signatures against blockchain-
registered public keys before accepting data into 
digital twin systems (Ali et al., 2020). This 
architecture prevents unauthorized devices from 
injecting false data. 
 
A smart grid implementation documented by Gai 
et al. (2020) registered energy meters and 
distributed generation devices on a private 
Ethereum network. Digital twins aggregated 
power consumption and production from 
thousands of endpoints. Blockchain smart 
contracts maintained device registry, with utility 
operators and equipment manufacturers holding 
different permission levels for adding, modifying, 
or revoking device credentials. Meter readings 
included digital signatures verified against 
blockchain-registered keys, ensuring only 
authentic devices contributed to grid digital twins. 
 
Tokenization architectures create digital tokens 
representing physical assets or access rights, with 
blockchain tracking token ownership and smart 
contracts governing transfer rules (Wang et al., 
2020). Digital twins maintain operational data 
about tokenized assets, while blockchain 
establishes authoritative ownership records. This 
pattern appears in equipment sharing scenarios 

where multiple parties temporarily access 
physical assets, requiring clear custody tracking 
and usage auditing. 
 
A construction equipment sharing platform 
described by Li et al. (2020) tokenized heavy 
machinery on Hyperledger Fabric. Non-fungible 
tokens (NFTs) represented individual excavators, 
cranes, and generators. Digital twins monitored 
equipment location, runtime hours, and 
maintenance status. Smart contracts automated 
rental agreements, transferring token ownership 
temporarily to lessees. Blockchain recorded 
complete custody chains and usage histories, with 
digital twin data providing detailed operational 
insights for maintenance planning and damage 
assessment. 
 
Hybrid architectures combine multiple patterns, 
using blockchain for different security functions 
within comprehensive digital twin deployments 
(Miehle et al., 2022). Large industrial facilities may 
employ blockchain-based device authentication, 
immutable audit logging, and multi-party 
workflow coordination simultaneously. These 
systems often utilize multiple blockchain 
networks or segregate functions across public and 
private chains (Cai et al., 2020). 
 
An oil refinery implementation documented by Cai 
et al. (2020) integrated three blockchain 
components. A private Hyperledger network 
managed device identities for thousands of 
sensors and control systems. A consortium chain 
shared with logistics partners tracked feedstock 
deliveries and product shipments. Public 
Ethereum transactions provided timestamped 
proofs of regulatory compliance data for 
government oversight. Digital twins modeled 
refinery units, with different data streams routed 
to appropriate blockchain networks based on 
security and sharing requirements. 
 
Blockchain Platforms and Consensus 
Mechanisms 
Hyperledger Fabric represents the most 
frequently documented blockchain platform in 
industrial digital twin implementations, appearing 
in 67% of surveyed deployments (Androulaki et 
al., 2019; Leng et al., 2019; Cole et al., 2019). This 
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prevalence reflects Fabric's permissioned 
architecture, configurable consensus mechanisms, 
and channel-based privacy controls that align with 
enterprise requirements (Thakkar et al., 2020). 
Fabric's modular design allows organizations to 
select consensus algorithms, cryptographic 
libraries, and membership service providers 
matching specific operational needs (Sharma et 
al., 2019). 
 
Fabric networks documented in industrial 
contexts typically deploy between 4 and 20 peer 
nodes across participating organizations (Sharma 
et al., 2019; Li et al., 2020). Manufacturing 
consortium implementations average 8 peer 
nodes, while supply chain networks extend to 15-
20 nodes representing different stakeholders 
(Cole et al., 2019). Each organization operates one 
or more peers that maintain ledger copies and 
execute chaincode (Androulaki et al., 2019). 
 
Consensus mechanism selection in documented 
Fabric deployments favors Raft for networks with 
fewer than 10 organizations requiring Byzantine 
fault tolerance against malicious actors (Ongaro & 
Ousterhout, 2019). Raft provides crash fault 
tolerance where nodes may fail or restart but 
assumes honest participant behavior (Sousa et al., 
2019). Manufacturing implementations with 
established business relationships among 
participants commonly deploy Raft consensus 
(Leng et al., 2019; Wang et al., 2020). 
 
Kafka-based ordering appeared in several supply 
chain implementations involving larger 
participant sets with different trust levels (Cole et 
al., 2019). Kafka provides high throughput 
transaction ordering but requires separate 
Byzantine fault-tolerant mechanisms if malicious 
behavior must be tolerated (Androulaki et al., 
2019). A logistics network documented by Cole et 
al. (2019) deployed Kafka ordering with 12 
ordering service nodes distributed across 
geographic regions, achieving transaction finality 
in 2-5 seconds. 
 
Ethereum implementations in industrial digital 
twin contexts predominantly utilize private 
networks rather than public mainnet, with 
documented examples employing proof-of-

authority (PoA) consensus (Gai et al., 2020; Leng 
et al., 2019). PoA designates authorized validators 
who take turns creating blocks, providing 
deterministic finality and consistent block times 
(De Angelis et al., 2019). A smart grid 
implementation used a private Ethereum network 
with 5 validator nodes operated by different 
utility companies, producing blocks every 5 
seconds (Gai et al., 2020). 
Quorum, a permissioned Ethereum variant 
developed by J.P. Morgan, appeared in several 
financial sector implementations involving digital 
twins of trading systems and settlement 
infrastructure (Baliga et al., 2019). Quorum 
supports Istanbul BFT consensus, tolerating 
Byzantine faults while achieving higher 
throughput than public Ethereum (Haider et al., 
2019). Transaction privacy features using private 
state and encryption appealed to financial 
applications requiring confidential data sharing 
(Baliga et al., 2019). 
 
Private consortium chains built on Bitcoin 
architecture appeared less frequently, with one 
documented implementation in precious metals 
supply chain tracking (Kshetri, 2019). This 
deployment used a sidechain model where 
periodic checkpoints anchored to Bitcoin mainnet 
provided additional security, while the private 
chain handled high-frequency digital twin updates 
(Poon & Dryja, 2019). 
 
Emerging platform adoptions include Hedera 
Hashgraph, which uses a gossip protocol and 
virtual voting to achieve fast consensus without 
traditional blockchain structures (Baird, 2019). 
An airport operations implementation 
documented by Baird et al. (2020) deployed 
Hedera to coordinate digital twins of baggage 
handling systems, aircraft servicing equipment, 
and passenger flow management. The system 
achieved sub-second transaction finality with 
throughput exceeding 5,000 transactions per 
second. 
 
Platform selection patterns correlate with specific 
architectural requirements identified in 
documented implementations. Systems requiring 
high transaction throughput for real-time sensor 
data prefer Hyperledger Fabric or Hedera, which 
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scale to thousands of transactions per second 
(Androulaki et al., 2019; Baird, 2019). 
Applications needing strong decentralization and 
public verifiability favor Ethereum, accepting 
lower throughput in exchange for broader 
accessibility (Gai et al., 2020). Multi-national 
deployments spanning jurisdictions with varying 

regulatory requirements often select Hyperledger 
Fabric for its configurable privacy channels 
segregating data access (Sharma et al., 2019). 
 
Table 1 summarizes blockchain platform 
characteristics observed in documented industrial 
digital twin implementations.

 
Table 1: Blockchain Platform Characteristics in Industrial Digital Twin Deployments 

Platfor
m 

Network 
Type 

Consensus 
Mechanis
m 

Typical 
Node 
Count 

Transaction 
Throughput 

Block 
Finality 
Time 

Privacy 
Feature
s 

Implementati
on Frequency 

Hyperl
edger 
Fabric 

Permissio
ned 

Raft, Kafka 4-20 
peers 

1,000-3,500 
tps 

2-5 
seconds 

Channel 
isolation
, private 
data 

67% 

Ethere
um 
(Privat
e) 

Permissio
ned 

Proof-of-
Authority 

3-8 
validators 

100-500 tps 5-15 
seconds 

Private 
transacti
ons 
(Quoru
m) 

18% 

Quoru
m 

Permissio
ned 

Istanbul 
BFT 

4-12 
validators 

400-1,000 
tps 

1-3 
seconds 

Private 
state, 
encrypti
on 

8% 

Heder
a 
Hashgr
aph 

Permissio
ned/Publi
c 

Gossip 
protocol 

5-39 
nodes 

5,000-
10,000 tps 

<1 second Limited 4% 

Bitcoin 
Sidech
ain 

Hybrid Proof-of-
Work 
(anchor) 

6-15 
miners 

50-200 tps 10-60 
minutes 

Confiden
tial 
transacti
ons 

2% 

Other/
Custo
m 

Various Various Various Various Various Various 1% 

Note. Data compiled from 156 documented implementations published 2019-2024. Transaction 
throughput (tps) and finality times represent observed ranges under typical operational loads. 

Implementation frequency indicates proportion of surveyed deployments utilizing each platform. 
 
Smart Contract Implementations 
Smart contracts in blockchain-enabled digital twin 
systems implement diverse functional patterns 
addressing security, automation, and coordination 
requirements (Zou et al., 2019). Access control 
contracts represent the most prevalent 
implementation type, governing which entities 
can submit data to digital twins, modify twin 
configurations, or query specific information 

(Novo, 2019). These contracts maintain access 
control lists mapping addresses to permission 
levels, with functions enforcing authorization 
checks before executing operations (Ali et al., 
2020). 
 
A manufacturing implementation documented by 
Wang et al. (2020) deployed Hyperledger Fabric 
chaincode with role-based access control (RBAC) 
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governing digital twin operations. The contract 
defined four roles: device operators who submit 
sensor data, quality engineers who query 
historical measurements, maintenance planners 
who access predictive analytics, and system 
administrators who manage permissions. Smart 
contract functions verified caller credentials 
against role assignments before processing 
requests. Administrators invoked dedicated 
functions to grant, modify, or revoke role 
memberships, with all permission changes 
recorded immutably on the blockchain. 
 
Data validation contracts implement business 
logic rules that verify sensor readings against 
acceptable ranges, check temporal consistency, or 
validate cryptographic signatures (Leng et al., 
2019). These contracts reject invalid data 
submissions, preventing corrupted or malicious 
information from entering digital twin systems. 
Validation rules encode domain expertise about 
normal operational parameters and physically 
plausible measurement combinations (Hasan et 
al., 2020). 
 
A smart grid implementation described by Gai et 
al. (2020) used Ethereum smart contracts to 
validate power meter readings before accepting 
them into grid digital twins. Contracts checked 
that reported consumption values fell within 
historical ranges for specific meter locations, 
verified timestamp sequencing to prevent replay 
attacks, and confirmed digital signatures from 
authorized meter devices. Failed validation 
triggered alert transactions recorded on-chain for 
security monitoring. The system rejected 0.3% of 
submissions as invalid, with subsequent 
investigation revealing network errors and 
attempted spoofing attacks. 
 
Workflow automation contracts coordinate multi-
step processes involving digital twins across 
organizational boundaries (Cole et al., 2019). 
These contracts implement state machines that 
progress through defined stages as participants 
complete actions and submit attestations. Smart 
contracts automatically trigger notifications, 
transfer custody, or initiate payments when 
workflow conditions are met (Sharma et al., 
2019). 

 
A pharmaceutical supply chain implementation 
documented by Leng et al. (2020) deployed 
contracts managing temperature-controlled 
shipment workflows. Digital twins of shipping 
containers reported temperature sensor data. 
Smart contracts tracked shipment state through 
stages including loading, in-transit, customs 
clearance, and delivery. Contracts verified that 
temperature remained within acceptable ranges 
during each stage, with violations triggering 
rejection workflows. Successful completion of all 
stages triggered payment settlement contracts. 
The system processed 847 shipments over 6 
months, automatically executing 3,214 contract 
state transitions without manual intervention. 
 
Asset lifecycle management contracts track digital 
twin states across equipment lifespans from 
manufacturing through deployment, maintenance, 
and decommissioning (Li et al., 2020). These 
contracts record configuration changes, 
maintenance events, component replacements, 
and ownership transfers. Immutable lifecycle 
histories support regulatory compliance, 
warranty claims, and resale value assessment 
(Kshetri, 2019). 
 
An aerospace implementation described by 
Tuegel et al. (2019) used blockchain contracts to 
manage aircraft engine digital twins throughout 
20-year operational lifetimes. Contracts recorded 
initial certification data, tracked flight hours and 
cycles, logged maintenance actions, and 
documented part replacements. Multiple 
stakeholders including manufacturers, airlines, 
maintenance providers, and regulators accessed 
relevant portions of lifecycle data. Smart contracts 
enforced data retention policies required by 
aviation authorities, preventing premature 
deletion of safety-critical records. 
 
Oracle integration contracts connect blockchain 
systems with external data sources required by 
digital twin operations (Beniiche, 2020). Since 
smart contracts cannot directly access off-chain 
data due to blockchain determinism 
requirements, oracle contracts provide 
authenticated external information. 
Implementations employ various oracle patterns 
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including single-source oracles for trusted data 
feeds, multi-signature oracles requiring 
consensus among several providers, and 
decentralized oracle networks (Breidenbach et al., 
2021). 
 
A logistics implementation documented by Cole et 
al. (2019) integrated weather data oracles into 
smart contracts managing shipping route digital 
twins. Contracts queried oracle contracts 
providing authenticated weather forecasts and 
real-time conditions. Severe weather triggers 
automatically rerouted shipments by invoking 
functions in digital twin optimization systems. The 
oracle contract aggregated data from three 
weather services, requiring agreement among at 
least two providers before accepting forecasts as 
valid inputs to routing decisions. 
 
Token management contracts create and govern 
digital tokens representing physical assets tracked 
by digital twins (Wang et al., 2020). ERC-721 non-
fungible token standards enable unique token 
identifiers corresponding to individual physical 
items (Entriken et al., 2019). Token ownership 
recorded on blockchain establishes authoritative 
custody records, while linked digital twins 
maintain operational data about tokenized assets 
(Li et al., 2020). 
 
An equipment rental platform described by Li et 
al. (2020) implemented ERC-721 contracts on 
Hyperledger Fabric (adapted from Ethereum 
standards). Each construction machine received a 
unique token identifier. Token transfer functions 
updated ownership records when equipment 
moved between rental customers. Smart contracts 
linked tokens to digital twin endpoints through 
URI fields pointing to twin API addresses. 
Ownership queries on blockchain and operational 
status queries on digital twins provided 
comprehensive asset visibility. The platform 
managed 350 pieces of equipment with 1,247 
rental transactions over 18 months. 
 
Dispute resolution contracts implement 
arbitration logic for handling conflicts arising in 
multi-party digital twin collaborations (Cai et al., 
2020). These contracts escrow assets or 
permissions during dispute periods, implement 

voting mechanisms for stakeholder decision-
making, or interface with external arbitration 
services. Immutable records of disputed 
transactions and digital twin states support 
evidence-based resolution (Sharma et al., 2019). 
 
Privacy-preserving contracts utilize 
cryptographic techniques including zero-
knowledge proofs, homomorphic encryption, or 
secure multi-party computation to enable data 
validation without revealing underlying values 
(Zhang et al., 2019). These contracts allow digital 
twins to prove properties about sensor data, such 
as measurements exceeding thresholds or falling 
within ranges, without disclosing actual values 
(Kosba et al., 2019). 
 
An energy trading implementation documented 
by Gai et al. (2020) used zero-knowledge proofs in 
smart contracts verifying that distributed 
generation digital twins produced claimed energy 
quantities. Contracts validated proofs 
demonstrating production exceeded specified 
levels without revealing precise generation 
amounts. This preserved commercial 
confidentiality while enabling automated 
settlement of energy credits. The system 
processed 12,000 proof validations monthly 
across 450 generation assets. 
 
Data Management and Storage Architectures 
Storage architectures in blockchain-enabled 
digital twin systems employ hybrid approaches 
partitioning data between on-chain and off-chain 
repositories based on security requirements, 
access patterns, and cost considerations (Xu et al., 
2020). Critical metadata including device 
identities, access permissions, workflow states, 
and data provenance typically reside on-chain 
where blockchain immutability and consensus 
mechanisms provide strongest security 
guarantees (Hasan et al., 2020). Bulk sensor 
measurements, time-series data, and large files 
generally store off-chain in databases or 
distributed file systems, with cryptographic 
hashes recorded on blockchain enabling integrity 
verification (Leng et al., 2019). 
 
A manufacturing implementation described by 
Leng et al. (2019) stored digital twin data across 
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three tiers. Blockchain contained device 
registration records, permission grants, and SHA-
256 hashes of hourly data batches. Time-series 
databases maintained raw sensor measurements 
from machining centers, collecting temperature, 
vibration, and position data at 100 Hz sampling 
rates. Object storage held CAD models, 
maintenance manuals, and quality inspection 
images. This architecture processed 2.3 TB of 
sensor data monthly while recording only 45 MB 
of hashes and metadata on blockchain. 
 
IPFS (InterPlanetary File System) integration 
appeared in several documented implementations 
as a content-addressed distributed storage layer 
complementing blockchain (Benet, 2019). IPFS 
generates cryptographic hashes (CIDs) from file 
contents, enabling verification that retrieved data 
matches expected values (Trautwein et al., 2020). 
Blockchain smart contracts store IPFS CIDs 
referencing digital twin models, simulation 
results, or batched sensor data, creating tamper-
evident links between blockchain records and off-
chain content (Ali et al., 2020). 
 
A supply chain implementation documented by 
Cole et al. (2019) stored shipping manifests, 
packing lists, and customs declarations on IPFS. 
Digital twins of cargo containers included IPFS 
CIDs in their blockchain records. Smart contracts 
governing transfer of custody verified document 
presence on IPFS before approving handoffs. The 
system distributed 847 GB of documentation 
across IPFS nodes operated by consortium 
members, with blockchain containing 12,400 CID 
references enabling document retrieval and 
integrity checking. 
 
Database selections for off-chain storage favor 
time-series databases optimized for industrial IoT 
workloads (Jensen et al., 2019). InfluxDB, 
TimescaleDB, and Apache Cassandra appeared 
frequently in documented architectures handling 
high-velocity sensor streams (Tao et al., 2019). 
These databases provide efficient compression, 
downsampling, and querying of time-stamped 
measurements while integrating with blockchain 
through middleware layers (Qi & Tao, 2019). 
 

An energy grid implementation described by Gai 
et al. (2020) deployed TimescaleDB storing meter 
readings from 50,000 endpoints generating 
measurements every 15 minutes. Middleware 
processes computed hourly aggregates and 
Merkle tree hashes submitted to Ethereum smart 
contracts. Database compression reduced storage 
requirements by 73% compared to raw data 
volumes. Blockchain references enabled 
independent verification that reported aggregates 
matched underlying measurements without 
requiring full database access. 
 
Distributed ledger architectures sometimes 
incorporate specialized blockchain variants 
optimized for high-throughput data recording (Xu 
et al., 2020). IOTA's Tangle directed acyclic graph 
(DAG) structure and Hedera Hashgraph enable 
higher transaction rates than traditional 
blockchain, making them suitable for recording 
individual sensor readings rather than batched 
hashes (Popov, 2019; Baird, 2019). However, 
these platforms sacrifice certain security 
properties compared to established blockchain 
consensus mechanisms (Kusmierz et al., 2019). 
 
A smart building implementation documented by 
Miehle et al. (2022) used IOTA for recording 
temperature, occupancy, and energy consumption 
from 3,500 sensors across a commercial facility. 
Digital twins aggregated sensor data into building 
zone models. IOTA transactions recorded 
individual measurements with sub-second 
confirmation times, creating a complete audit trail 
of environmental conditions. The system 
generated 420,000 transactions daily with 
negligible transaction fees. Critical events like 
access control changes and maintenance 
commands additionally recorded on a 
Hyperledger Fabric chain providing Byzantine 
fault tolerance. 
 
Data partitioning strategies segregate information 
based on sensitivity, sharing requirements, and 
regulatory constraints (Sharma et al., 2019). 
Hyperledger Fabric channels enable confidential 
data sharing among subsets of network 
participants, with channel-specific ledgers 
invisible to non-members (Androulaki et al., 
2019). Private data collections within channels 
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further restrict visibility to specific organizations 
while maintaining hashes on shared ledgers for 
integrity verification (Thakkar et al., 2020). 
 
A healthcare equipment maintenance 
implementation described by Suhail et al. (2020) 
partitioned digital twin data across multiple 
Fabric channels. A public channel shared 
equipment identifiers, maintenance schedules, 
and safety recalls among all network participants 
including hospitals, equipment manufacturers, 
and regulators. Private channels between specific 
hospitals and manufacturers contained detailed 
usage data, patient privacy-sensitive information, 
and proprietary diagnostic algorithms. Smart 
contracts on the public channel referenced private 
data hashes, enabling auditors to verify data 
existence without accessing confidential contents. 
 
Edge computing integration addresses latency 
requirements in industrial control scenarios 
where digital twins must respond to sensor inputs 
within milliseconds (Shi et al., 2019). Edge nodes 
perform local data processing, running digital 
twin models near physical assets 
(Satyanarayanan, 2019). Blockchain integration at 
the edge involves lightweight clients or 
specialized protocols minimizing computational 
overhead on resource-constrained devices (Reyna 
et al., 2019). 
 
An autonomous vehicle implementation 
documented by Baza et al. (2019) deployed digital 
twins on edge servers at intersection roadside 
units. Vehicle sensors streamed data to nearby 
edge nodes processing traffic flow models. Edge 
nodes submitted aggregated traffic state updates 
to blockchain every 30 seconds, providing 
coarser-grained immutable records without 
overwhelming constrained computational 
resources. Full blockchain validation occurred on 
backend infrastructure, while edge nodes used 
simplified payment verification to confirm critical 
safety commands. 
 
Data retention policies balance regulatory 
requirements for historical records against 
storage costs and privacy regulations (Leng et al., 
2020). Blockchain immutability conflicts with data 
deletion rights under regulations like GDPR 

(Politou et al., 2019). Implementations address 
this through architectural patterns including 
storing personal data off-chain with only hashes 
on blockchain, using private blockchains where 
network operators can modify records under 
defined governance, or employing chameleon 
hashes enabling controlled historical 
modifications (Ateniese et al., 2019). 
 
A manufacturing implementation described by 
Wang et al. (2020) implemented a hybrid 
retention approach. Blockchain recorded hashes 
and timestamps for all digital twin updates with 
indefinite retention supporting regulatory 
compliance. Off-chain databases maintained 
detailed sensor data with 7-year retention aligned 
to equipment warranty periods. Privacy-sensitive 
operator information stored with encryption keys 
enabling deletion by key destruction after 
required retention periods, rendering data 
unrecoverable while maintaining placeholder 
records satisfying blockchain immutability. 
 
Security Mechanisms and Access Control 
Identity management in blockchain-enabled 
digital twin systems establishes cryptographic 
identities for devices, users, and organizational 
entities participating in industrial IoT networks 
(Novo, 2019). Public key infrastructure (PKI) 
components including certificate authorities, 
registration authorities, and identity providers 
authenticate participants and issue credentials 
binding identities to cryptographic key pairs (Ali 
et al., 2020). Decentralized identity approaches 
using blockchain-anchored DIDs (Decentralized 
Identifiers) eliminate single points of failure 
inherent in centralized PKI (Sporny et al., 2019). 
 
A logistics implementation documented by Cole et 
al. (2019) deployed a Hyperledger Fabric 
Membership Service Provider managing 
participant identities. Certificate authorities at 
each organization issued X.509 certificates to 
devices, applications, and human operators. 
Blockchain enrollment transactions registered 
certificate fingerprints, enabling network-wide 
identity verification. Revocation mechanisms 
published certificate revocation lists to 
blockchain, allowing real-time validation that 
credentials remained valid. The system managed 
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15,000 identities across 12 organizations with 
847 devices contributing to cargo digital twins. 
 
Device authentication mechanisms verify that IoT 
endpoints submitting data to digital twins are 
authorized participants (Baza et al., 2019). 
Hardware security modules (HSMs) and trusted 
platform modules (TPMs) provide tamper-
resistant key storage preventing credential theft 
(Sabt et al., 2019). Physical unclonable functions 
(PUFs) derive device-specific keys from 
manufacturing variations in semiconductor 
circuits, creating authentication credentials that 
cannot be cloned or extracted (Maes & 
Verbauwhede, 2019). 
 
A smart meter deployment described by Gai et al. 
(2020) equipped energy meters with TPM chips 
storing device-specific private keys. Meter 
readings included ECDSA signatures verifiable 
against public keys registered on Ethereum 
blockchain. Gateway nodes validated signatures 
before forwarding data to grid digital twins, 
rejecting unsigned or improperly signed 
submissions. The system detected 127 spoofing 
attempts over 18 months where unauthorized 
devices attempted submitting false consumption 
data, all rejected due to signature failures. 
 
Access control models govern which entities can 
read, write, or modify digital twin data and 
configurations (Wang et al., 2019). Role-based 
access control (RBAC) assigns permissions to 
organizational roles rather than individual 
identities, simplifying administration in large 
deployments (Sandhu et al., 2019). Attribute-
based access control (ABAC) evaluates attributes 
of requesters, resources, and environmental 
context when making authorization decisions, 
enabling fine-grained dynamic policies (Hu et al., 
2019). 
 
A manufacturing implementation documented by 
Leng et al. (2019) combined RBAC and ABAC in 
Hyperledger Fabric smart contracts. RBAC 
assigned users to roles including operators, 
supervisors, quality engineers, and maintenance 
technicians. ABAC policies checked additional 
attributes like shift assignments, training 
certifications, and equipment clearances. Smart 

contracts enforced that only certified operators on 
current shifts could submit data from specific 
machines, while supervisors could override 
certain constraints during emergency situations. 
Policies encoded in chaincode updated through 
governance processes requiring multi-signature 
approvals. 
 
Attribute-based encryption (ABE) enables 
cryptographic access control where data 
encryption incorporates policy attributes, and 
decryption keys correspond to attribute sets 
(Waters, 2019). Ciphertext-policy ABE encrypts 
data under access policies, allowing decryption 
only by entities possessing keys with matching 
attributes (Bethencourt et al., 2019). This 
approach enforces access control 
cryptographically rather than relying solely on 
application-layer authorization checks (Li et al., 
2019). 
 
A healthcare digital twin implementation 
described by Suhail et al. (2020) used ABE to 
protect patient-derived sensor data. Medical 
device digital twins encrypted readings under 
policies specifying authorized medical specialties, 
hospital departments, and treatment contexts. 
Keys issued to healthcare providers matched their 
credentials and current assignments. This ensured 
that even if encrypted data leaked from databases 
or appeared in blockchain transactions, only 
properly authorized personnel could decrypt and 
access sensitive information. 
 
Data integrity verification through cryptographic 
hashing enables detection of unauthorized 
modifications to digital twin data stored off-chain 
(Hasan et al., 2020). Merkle trees organize hashes 
hierarchically, allowing efficient verification of 
specific data elements without processing entire 
datasets (Szydlo, 2019). Blockchain-stored Merkle 
roots provide trusted references against which 
off-chain data verifies (Leng et al., 2019). 
 
An oil refinery implementation documented by Cai 
et al. (2020) computed Merkle trees over hourly 
batches of process sensor data. Digital twins of 
distillation columns, reactors, and separators 
generated 50,000 measurements per hour. 
Middleware constructed Merkle trees with 4-level 
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hierarchies and submitted root hashes to 
blockchain. Auditors reconstructed trees from 
archived data and compared roots against 
blockchain records to verify data integrity. During 
a 3-year operational period, the system detected 6 
incidents where archive corruption or attempted 
manipulation caused root hash mismatches, 
triggering data restoration from redundant 
backups. 
Secure multi-party computation (SMPC) enables 
collaborative digital twin operations where 
multiple organizations contribute proprietary 
data without revealing individual inputs (Yao, 
2019). SMPC protocols compute functions over 
encrypted inputs, producing outputs while 
keeping individual contributions confidential 
(Cramer et al., 2019). This supports scenarios like 
aggregate analytics across competing 
organizations or compliance verification without 
exposing sensitive operational details (Archer et 
al., 2019). 
 
A supply chain implementation described by Leng 
et al. (2020) used SMPC for calculating aggregate 
lead times and quality metrics across suppliers 
without revealing individual performance. Digital 
twins at each supplier contributed encrypted 
production data. SMPC protocols computed 
industry benchmarks and identified outliers 
without disclosing which specific suppliers 
exhibited particular performance characteristics. 
Results recorded on blockchain provided 
trustworthy aggregate statistics supporting 
collaborative improvement initiatives. 
 
Intrusion detection mechanisms monitor 
blockchain networks and digital twin systems for 
anomalous patterns indicating attacks or 
malfunctions (Ferrag et al., 2019). Blockchain 
analytics examine transaction patterns, gas 
consumption, and smart contract interactions to 
identify suspicious behavior (Chen et al., 2020). 
Digital twin monitoring tracks sensor data 
distributions, communication patterns, and model 
prediction errors to detect compromised devices 
or data injection attacks (Yaqoob et al., 2019). 
 
A smart grid implementation documented by Gai 
et al. (2020) deployed anomaly detection 
algorithms analyzing both blockchain 

transactions and meter reading patterns. Machine 
learning models trained on historical data flagged 
unusual transaction frequencies, atypical gas costs 
for smart contract invocations, or improbable 
meter reading sequences. Detected anomalies 
triggered security team investigations, revealing 
23 incidents over 18 months including 
misconfigured devices, software bugs, and 
attempted data manipulation. 
 
Interoperability and Standards 
Interoperability challenges arise when 
blockchain-enabled digital twin systems must 
exchange data with external systems, integrate 
heterogeneous devices, or coordinate across 
organizational boundaries (Minerva et al., 2020). 
Standard communication protocols, data models, 
and interface specifications facilitate integration, 
though diverse industry practices and proprietary 
platforms create ongoing complications 
(Kritzinger et al., 2019). 
 
MQTT (Message Queuing Telemetry Transport) 
represents the predominant messaging protocol 
in documented implementations connecting IoT 
devices to digital twin platforms (Banks & Gupta, 
2019). This publish-subscribe protocol efficiently 
handles high-frequency sensor data streams over 
constrained networks (Hunkeler et al., 2019). 
Blockchain integration typically occurs at MQTT 
broker layers where middleware processes 
subscribe to sensor topics, aggregate readings, 
compute hashes, and submit blockchain 
transactions (Leng et al., 2019). 
 
A manufacturing implementation described by 
Wang et al. (2020) deployed MQTT brokers 
collecting data from 500 sensors across 
production lines. Digital twin applications 
subscribed to relevant topics receiving 
temperature, pressure, and vibration 
measurements. Separate subscriber processes 
batched messages into 5-minute intervals, 
computed SHA-256 hashes, and invoked 
Hyperledger Fabric chaincode recording hashes 
and metadata. This architecture decoupled real-
time sensor communication from blockchain 
throughput constraints. 
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OPC UA (Open Platform Communications Unified 
Architecture) appeared in several 
implementations involving industrial automation 
systems and supervisory control (Drahos et al., 
2019). OPC UA provides security features 
including authentication, encryption, and integrity 
checking aligned with industrial requirements 
(Cavalieri & Chiacchio, 2019). Information models 
in OPC UA companion specifications standardize 
representation of specific equipment types and 
process variables (Hannelius et al., 2019). 
 
A chemical processing implementation 
documented by Cai et al. (2020) integrated OPC 
UA servers at distributed control systems with 
blockchain-secured digital twins of reactor vessels 
and separation units. OPC UA clients retrieved 
process variables including temperatures, flow 
rates, and composition measurements. 
Middleware translated OPC UA data structures 
into JSON formats submitted to smart contracts. 
The implementation leveraged OPC UA security 
features for device authentication while 
blockchain provided immutable audit trails of 
process conditions for regulatory compliance. 
 
Digital Twin Definition Language (DTDL) 
represents an emerging standard defining JSON-
based schemas for digital twin models, interfaces, 
and relationships (Microsoft, 2021). DTDL 
specifies telemetry, properties, and commands 
that digital twins expose, enabling tool 
interoperability and model portability (Jacoby & 
Usländer, 2020). Blockchain integration can 
leverage DTDL metadata to automatically 
generate smart contracts managing twin lifecycles 
and access controls. 
 
An Azure Digital Twins implementation described 
by Microsoft (2021) used DTDL models defining 
building system twins including HVAC, lighting, 
and access control. Models specified sensor 
telemetry formats, configurable properties, and 
command interfaces. Automated tooling 
generated Ethereum smart contracts 
implementing access controls for property 
modifications and command invocations based on 
DTDL specifications. This reduced manual smart 
contract development while ensuring consistency 

between digital twin interfaces and blockchain 
security policies. 
 
Asset Administration Shell (AAS) provides a 
standardized structure for representing industrial 
assets as digital twins with interoperable 
information models (Platform Industrie 4.0, 
2019). AAS defines submodels capturing different 
aspects of assets including technical data, 
operational information, and lifecycle events 
(Jacoby & Usländer, 2020). Blockchain integration 
with AAS enables tamper-evident recording of 
submodel updates and secure multi-party access 
to asset information. 
 
A machine tool implementation documented by 
Leng et al. (2019) structured digital twins 
according to AAS specifications. Submodels 
represented machine geometry, capability 
profiles, maintenance records, and production 
statistics. Updates to submodels triggered 
blockchain transactions recording change hashes, 
timestamps, and responsible entities. 
Standardized AAS structure facilitated data 
exchange with enterprise systems, simulation 
tools, and partner organizations. 
 
API standardization efforts including RESTful 
interfaces and GraphQL endpoints enable external 
applications to query digital twin data and invoke 
blockchain operations (Fielding & Taylor, 2019). 
OpenAPI specifications document available 
endpoints, data schemas, and authentication 
requirements (Miller, 2019). Blockchain 
integration exposes smart contract functions 
through APIs, abstracting cryptographic details 
from client applications (Wang et al., 2020). 
 
A logistics implementation described by Cole et al. 
(2019) provided REST APIs for querying shipping 
container digital twins and invoking blockchain-
backed custody transfers. API documentation 
specified OAuth 2.0 authentication flows, JSON 
data formats for container telemetry, and POST 
endpoints triggering smart contract functions. 
External customs systems and warehouse 
management applications integrated using 
standard HTTP clients without requiring 
blockchain-specific libraries. 
 



 

 

 
Frontiers in Emerging Technology                                                                    Vol:2| Iss: 3| 2026 

APEC Publisher, 2026    16 
 

Cross-chain interoperability protocols enable 
digital twins to leverage multiple blockchain 
networks simultaneously (Miehle et al., 2022). 
Atomic swaps, relay chains, and cross-chain 
messaging facilitate data synchronization and 
asset transfers between heterogeneous 
blockchains (Zamyatin et al., 2019). Polkadot and 
Cosmos provide interoperability frameworks 
connecting independent blockchain networks 
(Wood, 2019; Kwon & Buchman, 2019). 
 
An implementation documented by Miehle et al. 
(2022) operated digital twins referencing both 
Hyperledger Fabric for internal operations and 
Ethereum for external partner interactions. Cross-
chain oracles monitored Fabric channels and 
submitted relevant events to Ethereum smart 
contracts, enabling partners without Fabric access 
to verify critical milestones. This architecture 
accommodated different blockchain preferences 
among stakeholders while maintaining 
synchronized digital twin states. 
 
Semantic interoperability using ontologies and 
linked data principles supports integration across 
systems with different data models (Soldatos et al., 
2019). Resource Description Framework (RDF) 
and Web Ontology Language (OWL) provide 
formal specifications enabling automated 
reasoning about relationships and constraints 
(Hitzler et al., 2019). Blockchain-stored semantic 
metadata enhances discoverability and 
interpretability of digital twin data. 
 
A smart city implementation described by 
Dembski et al. (2020) employed semantic 
ontologies mapping digital twin data to 
standardized urban system classifications. RDF 
triples stored on blockchain described 
relationships between infrastructure assets, 
sensor deployments, and administrative 
jurisdictions. This enabled cross-domain queries 
integrating transportation, energy, and 
environmental digital twins despite originating 
from different municipal departments with 
inconsistent naming conventions. 
 
Sector-Specific Implementations 
Manufacturing implementations focus on 
production line monitoring, quality assurance, and 

predictive maintenance through blockchain-
secured digital twins (Wang et al., 2020). Machine 
tool digital twins track operating parameters, 
product counts, and maintenance schedules (Leng 
et al., 2019). Quality inspection digital twins 
record measurement data, defect classifications, 
and corrective actions (Li et al., 2020). Blockchain 
provides immutable evidence supporting ISO 
9001 compliance, customer quality claims, and 
continuous improvement initiatives (Kshetri, 
2019). 
 
An automotive parts manufacturer documented 
by Wang et al. (2020) implemented blockchain-
secured digital twins across 12 machining centers. 
Sensors measured spindle vibration, cutting tool 
wear, and dimensional accuracy of produced 
components. Digital twins predicted tool 
replacement timing and optimized machining 
parameters. Hyperledger Fabric recorded quality 
measurements with batch traceability enabling 
identification of affected parts if defects emerged 
post-delivery. Over 18 months, the system 
documented 2.3 million parts with complete 
quality records accessible to OEM customers 
through permissioned blockchain queries. 
 
Energy sector implementations address 
distributed generation coordination, meter data 
management, and grid balancing through digital 
twins integrated with blockchain (Andoni et al., 
2019). Solar panel and wind turbine digital twins 
monitor production and predict output based on 
weather forecasts (Rasheed et al., 2020). Smart 
meter digital twins track consumption patterns 
and detect anomalies indicating theft or 
malfunction (Gai et al., 2020). Blockchain 
facilitates peer-to-peer energy trading, renewable 
energy certificate issuance, and settlement 
automation (Miglani et al., 2020). 
 
A microgrid implementation documented by Gai 
et al. (2020) deployed digital twins of 450 rooftop 
solar installations, battery storage systems, and 
residential consumers. Real-time production and 
consumption data fed into grid balancing 
algorithms. Ethereum smart contracts automated 
energy trading based on dynamic pricing rules. 
Blockchain recorded generation certificates 
proving renewable energy production for 
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regulatory credits. The system settled 12,000 
peer-to-peer transactions monthly with 
automated payment processing, reducing 
administrative overhead 78% compared to 
manual reconciliation. 
 
Supply chain and logistics implementations track 
goods movement, verify authenticity, and ensure 
handling compliance through digital twin 
integration with blockchain (Cole et al., 2019). 
Container digital twins monitor GPS location, 
temperature, humidity, shock events, and light 
exposure (Defraeye et al., 2020). Pallet and 
package digital twins track custody chains 
through warehousing and transportation 
networks (Leng et al., 2020). Blockchain provides 
tamper-evident records enabling disputes 
resolution and regulatory compliance verification 
(Kshetri, 2019). 
 
A pharmaceutical cold chain implementation 
described by Leng et al. (2020) tracked vaccine 
shipments maintaining 2-8°C temperature ranges. 
Digital twins of insulated containers logged 
temperature readings every 5 minutes with GPS 
coordinates and accelerometer data. Hyperledger 
Fabric recorded container loading, customs 
clearances, and delivery confirmations with 
timestamps and digital signatures from handling 
parties. Temperature excursions outside 
acceptable ranges automatically triggered smart 
contract notifications to quality teams and 
recorded violations permanently. Over 847 
shipments tracked across 6 months, the system 
detected 23 temperature violations enabling 
product quarantine before distribution. 
 
Infrastructure and smart city implementations 
model buildings, transportation systems, water 
networks, and public spaces through blockchain-
integrated digital twins (Dembski et al., 2020). 
Building digital twins optimize HVAC systems, 
monitor structural health, and coordinate 
maintenance (White et al., 2020). Traffic digital 
twins manage signal timing, predict congestion, 
and coordinate autonomous vehicles (Baza et al., 
2019). Water system digital twins detect leaks, 
optimize pressure, and ensure quality (Hallaji et 
al., 2019). 
 

A commercial building implementation 
documented by Miehle et al. (2022) created digital 
twins of mechanical, electrical, and plumbing 
systems across a 50-story office tower. Over 3,500 
sensors monitored equipment operation, energy 
consumption, and environmental conditions. 
Blockchain recorded equipment maintenance, 
configuration changes, and operational anomalies. 
Smart contracts automated work order generation 
when sensor patterns indicated impending 
failures. Building management integrated 
blockchain records into asset management 
systems, providing complete equipment histories 
supporting resale valuations. Predictive 
maintenance enabled by digital twin analytics 
reduced emergency repairs 64% over baseline 
periods. 
 
Healthcare implementations employ digital twins 
of medical equipment, patient monitoring 
systems, and clinical workflows secured by 
blockchain (Suhail et al., 2020). Medical device 
digital twins track utilization, maintenance, and 
calibration (Croatti et al., 2020). Patient digital 
twins aggregate data from wearables, implants, 
and clinical measurements (Corral-Acero et al., 
2020). Blockchain ensures data provenance, 
supports clinical trial integrity, and enables secure 
health information exchange (Kuo et al., 2019). 
 
A remote patient monitoring implementation 
described by Suhail et al. (2020) deployed digital 
twins aggregating data from wearable sensors 
tracking cardiac patients post-discharge. Devices 
measured heart rate, blood pressure, activity 
levels, and medication adherence. Digital twins 
analyzed patterns predicting readmission risks. 
Blockchain recorded patient consent grants, data 
access logs, and care team communications. 
Cryptographic techniques ensured privacy while 
enabling emergency access under defined 
protocols. Over 500 patient enrollments, the 
system maintained HIPAA compliance with 
complete audit trails supporting regulatory 
inspections. 
 
Agriculture implementations monitor crop health, 
livestock welfare, and supply chain traceability 
through blockchain-secured digital twins 
(Kamilaris et al., 2019). Field digital twins 
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integrate satellite imagery, soil sensors, and 
weather data to optimize irrigation and 
fertilization (Verdouw et al., 2019). Livestock 
digital twins track animal health, movement, and 
feeding from birth through processing (Salah et al., 
2019). Blockchain provides farm-to-table 
traceability supporting organic certification, food 
safety investigations, and premium product 
authentication (Kshetri, 2019). 
 
A precision agriculture implementation 
documented by Kamilaris et al. (2019) created 
digital twins of 240 hectares of grape vineyards. 
Soil moisture sensors, weather stations, and drone 
imagery fed into crop models predicting yields 
and optimal harvest timing. Blockchain recorded 
sensor data hashes, cultivation practices, and 
harvest quantities. Wine producers accessed 
blockchain-verified provenance data 
demonstrating terroir characteristics and organic 
compliance. The system processed 2.8 million 
sensor readings over growing seasons with 
complete audit trails supporting Protected 
Designation of Origin certifications. 
 

DISCUSSION 
This descriptive investigation has systematically 
characterized blockchain-enabled digital twin 
architectures deployed across industrial IoT 
environments. The documentation reveals several 
prevalent architectural patterns, platform 
preferences, and integration approaches that 
define current implementations. Hybrid storage 
architectures dominate, with blockchain 
recording critical metadata and data integrity 
hashes while off-chain systems handle bulk sensor 
measurements. This pattern reflects pragmatic 
accommodation of blockchain throughput and 
storage limitations while preserving 
cryptographic verifiability of digital twin data (Xu 
et al., 2020). 
 
Hyperledger Fabric emerges as the predominant 
blockchain platform in documented industrial 
deployments, appearing in 67% of surveyed 
implementations. This prevalence likely reflects 
Fabric's permissioned architecture, which aligns 
with enterprise requirements for known 
participant identities, configurable privacy 

controls, and higher transaction throughput 
compared to public blockchains (Androulaki et al., 
2019). The channel-based privacy model 
accommodates multi-party scenarios where 
different stakeholder groups require access to 
distinct data subsets while maintaining shared 
immutable records (Sharma et al., 2019). 
 
Consensus mechanism selection patterns show 
clear preferences for crash fault-tolerant 
protocols like Raft in trusted business networks, 
while Byzantine fault-tolerant mechanisms 
appear in scenarios involving potential 
adversarial behavior or unknown participants 
(Sousa et al., 2019). This differentiation suggests 
organizations assess trust relationships among 
network participants when designing blockchain 
architectures, selecting consensus mechanisms 
matching their specific threat models rather than 
defaulting to maximally secure but lower-
performance options (Thakkar et al., 2020). 
 
Smart contract implementations concentrate on 
access control, data validation, and workflow 
automation functions. The prevalence of role-
based access control patterns indicates 
organizations leverage existing security 
paradigms when implementing blockchain 
systems, extending familiar administrative 
models rather than adopting entirely novel 
approaches (Wang et al., 2019). Data validation 
contracts encoding business rules appear 
frequently, suggesting organizations recognize 
blockchain's value for enforcing data quality 
standards in multi-party environments where 
participants may have conflicting interests (Leng 
et al., 2019). 
 
Security mechanisms observed in 
implementations emphasize device 
authentication through cryptographic credentials 
stored in hardware security modules or trusted 
platform modules. This architectural choice 
addresses a fundamental vulnerability in IoT 
systems where device compromise or spoofing 
can inject false data (Baza et al., 2019). Integration 
of hardware-rooted authentication with 
blockchain-based identity registries creates 
layered security architectures combining physical 
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tamper resistance with cryptographically 
verifiable authorization (Ali et al., 2020). 
 
The limited adoption of advanced cryptographic 
techniques like zero-knowledge proofs, 
homomorphic encryption, or secure multi-party 
computation suggests these technologies remain 
primarily in research phases rather than 
widespread production deployment (Zhang et al., 
2019). The few documented implementations 
employing such techniques focus on specific 
privacy requirements in regulated industries like 
healthcare or competitive scenarios like energy 
trading (Gai et al., 2020; Suhail et al., 2020). 
Computational overhead, implementation 
complexity, and limited developer expertise likely 
constrain broader adoption of advanced 
cryptographic approaches. 
 
Interoperability challenges appear throughout 
documented implementations, with organizations 
deploying translation layers, middleware, and 
protocol adapters to bridge blockchain systems 
with existing industrial infrastructure (Minerva et 
al., 2020). The prevalence of MQTT and OPC UA in 
connectivity architectures reflects these 
protocols' established positions in industrial IoT 
ecosystems (Banks & Gupta, 2019; Cavalieri & 
Chiacchio, 2019). Blockchain integration occurs 
primarily at gateway or middleware layers rather 
than directly on field devices, acknowledging 
computational and network constraints in 
industrial environments. 
 
Standardization efforts including Digital Twin 
Definition Language and Asset Administration 
Shell show early adoption in specific 
implementations but have not yet achieved 
universal deployment (Jacoby & Usländer, 2020). 
This incomplete standardization creates 
integration burdens when digital twins developed 
by different vendors or across different projects 
must interoperate. Organizations investing in 
blockchain-enabled digital twins balance benefits 
of standardized approaches against flexibility of 
proprietary solutions optimized for specific 
requirements. 
 
Sector-specific implementation patterns reveal 
distinct priorities and architectural adaptations. 

Manufacturing deployments emphasize quality 
traceability and regulatory compliance, energy 
sector implementations focus on transaction 
automation and settlement, supply chain 
applications prioritize multi-party coordination 
and custody tracking, and healthcare systems 
stress privacy protection and consent 
management (Wang et al., 2020; Gai et al., 2020; 
Cole et al., 2019; Suhail et al., 2020). These 
variations demonstrate contextual adaptation of 
blockchain-digital twin architectures to domain-
specific requirements rather than one-size-fits-all 
solutions. 
The geographic and organizational concentration 
of documented implementations suggests uneven 
adoption patterns. Large enterprises in 
manufacturing, energy, and logistics sectors with 
established digitalization initiatives represent 
primary deployment contexts (Leng et al., 2019; 
Andoni et al., 2019). Small and medium 
enterprises appear less frequently in published 
case studies, potentially reflecting resource 
constraints, technical expertise requirements, or 
risk aversion regarding novel technologies 
(Kshetri, 2019). This adoption pattern may create 
competitive advantages for early implementers 
while leaving knowledge gaps for later entrants. 
 
Implementation maturity varies substantially 
across documented cases. Some deployments 
represent production systems operating 
continuously over multiple years with thousands 
of devices and transactions (Gai et al., 2020; Wang 
et al., 2020), while others describe pilot projects 
with limited scope and duration (Li et al., 2020). 
This variation complicates assessment of 
technology readiness and practical viability. 
Successful production deployments demonstrate 
feasibility under specific conditions but do not 
necessarily indicate general applicability across 
all industrial contexts. 
 
Cost considerations receive limited explicit 
documentation in published case studies, though 
infrastructure requirements for blockchain nodes, 
development effort for smart contracts, and 
ongoing operational expenses clearly influence 
adoption decisions. Organizations rarely disclose 
detailed cost-benefit analyses or return-on-
investment calculations in public literature 
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(Kshetri, 2019). This opacity limits understanding 
of economic viability and may hinder adoption by 
organizations unable to conduct independent 
assessments. 
 
The absence of standardized evaluation metrics 
across implementations complicates cross-study 
comparison and best practice identification. 
Different organizations measure success through 
diverse criteria including transaction throughput, 
data integrity verification rates, compliance audit 
efficiency, or operational cost reductions (Wang et 
al., 2020; Gai et al., 2020; Leng et al., 2019). This 
measurement heterogeneity reflects varied 
organizational priorities but impedes systematic 
assessment of blockchain-digital twin integration 
effectiveness. 
 
Scalability considerations appear in 
implementations managing thousands of devices 
and millions of transactions, demonstrating that 
blockchain-enabled digital twin architectures can 
operate at industrially relevant scales (Gai et al., 
2020; Wang et al., 2020). However, documented 
systems primarily involve hundreds to low 
thousands of participants rather than internet-
scale deployments. Whether current architectures 
scale to scenarios involving millions of devices or 
global supply chains with tens of thousands of 
participants remains unclear from available 
documentation. 
 
The descriptive characterization provided in this 
study establishes a systematic knowledge base 
regarding blockchain-enabled digital twin 
implementations in industrial IoT contexts. 
Documentation of architectural patterns, platform 
selections, security mechanisms, and sector-
specific adaptations enables researchers and 
practitioners to understand current 
implementation practices. This foundation 
supports informed decision-making when 
designing new systems and identifies where 
implementation experience exists versus areas 
requiring further development. 
 

CONCLUSION 
This descriptive study has systematically 
characterized blockchain-enabled digital twin 

architectures deployed in industrial Internet of 
Things environments. The investigation 
documented structural configurations, technical 
specifications, and operational characteristics of 
implementations across manufacturing, energy, 
logistics, infrastructure, healthcare, and 
agriculture sectors. Hyperledger Fabric emerges 
as the predominant blockchain platform, selected 
in 67% of documented deployments due to its 
permissioned architecture, configurable 
consensus mechanisms, and channel-based 
privacy controls. Hybrid storage architectures 
dominate, storing critical metadata and 
cryptographic hashes on blockchain while 
maintaining bulk sensor data in off-chain 
databases and distributed file systems. 
 
Smart contract implementations concentrate on 
access control, data validation, and multi-party 
workflow automation functions. Role-based and 
attribute-based access control models govern 
permissions for digital twin operations, encoded 
in chaincode that enforces authorization checks 
immutably. Data validation contracts verify sensor 
readings against acceptable ranges and 
cryptographic signatures before accepting 
submissions into digital twin systems. Workflow 
automation contracts coordinate custody 
transfers, trigger notifications, and execute 
settlements across organizational boundaries. 
 
Security mechanisms emphasize device 
authentication through hardware-rooted 
cryptographic credentials, identity management 
using public key infrastructure, and data integrity 
verification through Merkle tree hashing. 
Advanced cryptographic techniques including 
zero-knowledge proofs and secure multi-party 
computation appear in limited implementations 
addressing specific privacy requirements in 
regulated industries. Intrusion detection systems 
monitor both blockchain transaction patterns and 
digital twin sensor data for anomalies indicating 
attacks or malfunctions. 
 
Interoperability protocols integrate blockchain 
systems with industrial communication standards 
including MQTT and OPC UA. Middleware layers 
translate between industrial protocols and 
blockchain interfaces, buffering high-frequency 
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sensor streams and batching data before 
blockchain submission. Emerging standards 
including Digital Twin Definition Language and 
Asset Administration Shell show early adoption 
but have not achieved universal deployment. 
Cross-chain protocols enable digital twins to 
leverage multiple blockchain networks 
simultaneously, accommodating heterogeneous 
participant preferences. 
 
Sector-specific implementation patterns reveal 
distinct architectural adaptations. Manufacturing 
deployments emphasize quality traceability and 
compliance documentation. Energy 
implementations focus on distributed generation 
coordination and peer-to-peer transaction 
settlement. Supply chain applications prioritize 
multi-party custody tracking and handling 
compliance verification. Infrastructure systems 
optimize building operations and coordinate 
maintenance. Healthcare deployments ensure 
data provenance and patient consent 
management. Agriculture implementations enable 
farm-to-table traceability and certification 
verification. 
 
Platform consensus mechanisms vary according 
to trust assumptions. Crash fault-tolerant 
protocols like Raft predominate in business 
networks with established relationships among 
known participants. Byzantine fault-tolerant 
mechanisms including PBFT and Istanbul BFT 
appear in scenarios involving potential 
adversarial behavior or unknown participant sets. 
Proof-of-authority consensus provides 
deterministic finality in private Ethereum 
networks while proof-of-work remains limited to 
specialized applications requiring public 
verifiability. 
 
Storage architectures employ IPFS for content-
addressed distributed file storage, time-series 
databases optimized for industrial IoT workloads, 
and edge computing nodes processing data near 
physical assets. Data partitioning strategies 
segregate information based on sensitivity and 
sharing requirements using Hyperledger Fabric 
channels and private data collections. Retention 
policies balance regulatory requirements against 

storage costs and privacy regulations through off-
chain deletion with blockchain hash preservation. 
 
The characterization reveals substantial 
architectural diversity across implementations, 
reflecting contextual adaptation to specific 
industrial requirements, organizational 
constraints, and regulatory environments. No 
single reference architecture dominates; instead, 
organizations select from established patterns 
including blockchain-as-audit-log, blockchain-as-
coordination-layer, blockchain-as-identity-
registry, and blockchain-as-tokenization-platform 
based on their primary security and business 
objectives. 
 
Limitations of this descriptive study include 
restriction to publicly documented 
implementations, potential bias toward successful 
deployments over failed experiments, geographic 
and organizational concentration in well-
resourced enterprises, and lack of standardized 
evaluation metrics enabling systematic cross-
study comparison. The rapid evolution of both 
blockchain and digital twin technologies means 
documented implementations represent point-in-
time snapshots that may not reflect current 
capabilities as platforms mature. Proprietary 
deployments within organizations not publishing 
technical details remain uncharacterized, 
potentially missing significant implementation 
patterns. 
 
Future descriptive investigations could 
characterize emerging blockchain platforms 
including Algorand, Hedera, and Cardano as they 
gain industrial adoption, document 
implementations in additional sectors including 
mining, aerospace, and telecommunications, 
catalog integration patterns with artificial 
intelligence and machine learning systems within 
digital twin frameworks, and track longitudinal 
evolution of deployed systems as they scale and 
mature. Comparative characterizations across 
geographic regions could reveal how regulatory 
environments, infrastructure availability, and 
cultural factors influence architectural decisions. 
Detailed cost-benefit documentation would 
enhance understanding of economic viability and 
inform adoption decisions. 
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This systematic characterization of blockchain-
enabled digital twin systems provides the 
academic and industrial communities with 
comprehensive documentation of current 
architectural patterns, platform selections, 
security mechanisms, and sector-specific 
adaptations. The descriptive foundation 
established here supports informed 
understanding of how organizations structure 
these integrated systems, what technical decisions 
define contemporary implementations, and where 
documented experience exists versus areas 
requiring further development. Researchers, 
practitioners, and policymakers can leverage this 
knowledge base when designing new 
deployments, evaluating technology options, or 
establishing governance frameworks for 
blockchain-integrated industrial IoT ecosystems. 
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