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Abstract— The emergence of blockchain technology has
revolutionized decentralized data management by offering
robust alternatives to traditional centralized database
systems. This paper provides a systematic and
comprehensive review of blockchain-based distributed
databases, highlighting key architectural transformations,
core enabling technologies such as Merkle Trees, PBFT, and
Zero-Knowledge Proofs, and comparing them with
conventional distributed databases. Real-world
implementations including Hyperledger Fabric, BigchainDB,
and OrbitDB are analyzed to assess their scalability,
interoperability, and security capabilities. The paper also
explores intrinsic security mechanisms, performance
bottlenecks, and regulatory challenges that affect adoption.
Finally, it identifies open research questions and future
directions necessary for building scalable, privacy-aware,
and interoperable decentralized database ecosystems suitable
for enterprise and multi-stakeholder environments.

Keywords— Blockchain databases, consensus
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I  INTRODUCTION

The conventional database management frameworks
are used to organize their systems through centralized
architectures to enable operational pace and organizational
control and system expansion. These systems generate two
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interconnected weaknesses because they produce both
single point failure risks and vulnerabilities to data breaches
along with a dependence on trusted third-party data
validation services and storage solutions [2], [4]. Several
measures through data replication and distribution
treatment distributed databases sought to resolve such
issues [6] but they generally maintain central authority
control.

Blockchain technology introduces transformative
changes by enabling data decentralization, cryptographic
verification, and peer-to-peer operations, thereby removing
reliance on centralized authorities [2]. Although it offers
tamper-resistance, operational transparency, and a trustless
environment, blockchain was originally developed for
securing financial transactions rather than supporting
dynamic database functionalities [4]. Traditional
blockchain systems face limitations such as low transaction
throughput, inefficient storage mechanisms, and rigid data
structures [7].

This review investigates how blockchain technology
evolves from its original financial applications to form the
backbone of modern decentralized database systems.
Section II outlines the systematic review methodology used
to identify and assess relevant literature. Section III
introduces core blockchain concepts and contrasts them
with traditional distributed databases. Section I'V discusses
architectural adaptations that make blockchain suitable for
data storage, followed by Section V, which examines
enabling technologies such as Merkle Trees, consensus
protocols, and Zero-Knowledge Proofs. Section VI
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explores different system models and real-world platforms.
Section VII analyzes security mechanisms and threat
mitigation strategies, while Section VIII addresses
prevailing challenges and future research directions.
Together, these insights provide a comprehensive
foundation for understanding the state and potential of
blockchain-based distributed databases.

I SYSTEMATIC REVIEW PROTOCOL

This review adopted a structured, systematic approach
to assess and synthesize literature on blockchain-based
database systems. The goal was to ensure inclusion of
credible, peer-reviewed, and relevant sources.

e Databases Searched: IEEE Xplore, ACM Digital
Library, SpringerLink, Elsevier ScienceDirect,
and Google Scholar.

e Search Keywords: "blockchain database
systems", "decentralized data storage", "Merkle
tree in DBMS", "PBFT consensus in
blockchain", "ZKP privacy blockchain",
"blockchain vs distributed DB".

e Time Frame: Publications from 2017 to 2024
were considered.

e Inclusion Criteria: Peer-reviewed academic
articles, technical conference proceedings, and
foundational whitepapers discussing blockchain
applications in data management.

e  Exclusion Criteria: Non-English sources,
informal blogs, and materials lacking relevance
to blockchain-based databases.

The screening followed a staged process: title and
abstract evaluation, followed by full-text review of
shortlisted works. As visualized in the PRISMA flow
diagram (Figure 1), 320 initial records were identified, 250
duplicates removed, and 70 remaining titles screened. After
relevance checks, 30 full texts were assessed, resulting in
13 high-quality articles included for review.
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Fig. 1. PRISMA flow diagram

III FUNDAMENTALS OF BLOCKCHAIN TECHNOLOGY

A.  Definition of Blockchain

Blockchain is a distributed, decentralized ledger
technology that records transactions over a network of
nodes in a tamper-proof, transparent, and secure manner.
Transactions are bundled into blocks, cryptographically
linked to preceding blocks, and validated through
consensus mechanisms. Blockchain design eliminates the
need for central authorities, enabling direct, trustless
interaction between parties.

The major technologies supporting blockchain include
peer-to-peer networking, cryptographic hashing, public-
key cryptography, digital signatures, and consensus
mechanisms such as Proof of Work (PoW) and Proof of
Stake (PoS) [12]. These mechanisms collectively render it
computationally infeasible to alter data retroactively after
being recorded without the consensus of most of the
network.

B.  Features of Blockchain

Blockchain systems possess several fundamental
features that distinguish them from traditional approaches
to data management. Decentralization initially ensures that
the verification and storage of data are collectively handled
by a network of nodes rather than a single central authority,
reducing manipulation risks and single points of failure [2],
[4]. Immutability is another feature where, once a
transaction is recorded and verified through a consensus
protocol, it is effectively unalterable without the agreement
of the majority of network members [2]. Transparency is
also enabled, particularly in public blockchains, where all
transactions are openly visible and can be verified by
anyone, which fosters trust and accountability [4]. Finally,

blockchain security is reinforced by advanced
cryptographic techniques such as hashing, digital
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signatures, and public-key infrastructures to ensure
authenticity, integrity, and confidentiality of data recorded
[2]. Together, these inherent properties enable blockchain
to ensure a secure, tamper-evident, and trustless state for
decentralized data management.

C. Differences Between Blockchain and Traditional
Distributed Databases
The Table I highlights the key differences between
blockchain and traditional distributed databases:

TABLE 1. KEY DIFFERENCES BETWEEN BLOCKCHAIN-BASED
AND TRADITIONAL DISTRIBUTED DATABASES

Feature Blockchain-Based Traditional Distributed
Database Database
Linked block
Data inked blocks Relational or non-relational
secured by . .
Structure . tables with editable records
cryptographic hashes
Decentralized,
governed by Centralized or semi-centralized
Control .. .
consensus protocols administration
(e.g., PoS, PBFT)
I table—dat: .
. fmmutable-—data Mutable—authorized users can
Immutability | cannot be altered
update or delete data
once recorded
Transparent— .
. . . Access restricted by roles and
Transparency | especially in public ermissions
blockchains P
Generally slower due - .
for high-th h
Performance | to consensus and Optlm,l zed for high-throughput
. operations
replication
High—due to
Fault distributed Moderate—depends on backup
Tolerance architecture and and failover mechanisms
redundancy
Trust Model Trustless—trust Trus.t in system administrators
enforced by protocol | and internal controls
Ethereum.
— . MySQL, MongoDB, Oracle,
Examples Hyperledger Fabric, PostgreSQL
BigchainDB &

IV FROM BLOCKCHAIN TO BLOCKCHAIN-BASED
DATABASES

A.  Why Adapt Blockchain for Databases?

The main design of blockchain technology does not
match the operational needs of distributed databases that
require sophisticated high-speed data processing. The Proof
of Work (PoW) method in native blockchains imposes
restricted transaction speed and long processing times
along with poor storage performance because their data
structures are distributed across multiple systems [2], [4].
The benefits of public transparency exist for specific use
cases, yet such properties create problems when enterprise-
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level security and access control requirements must be met
[6]. Blockchain system characteristics create barriers which
prevent their direct application to function as a general-
purpose database system.

Significant modifications need to occur to achieve
suitable architectural adaptations when building distributed
databases based on blockchain technology. The system
needs to receive essential improvements which will boost
its scalability capacity and enhance data storage
performance together with adaptable governance solutions
and strong decentralized features and system performance
maintenance. The following section details all substantial
architectural changes made to blockchain technology for
distributed database system operations.

B.  Key Architectural Adaptations

To address the inherent scalability, privacy, and
flexibility limitations of traditional blockchain systems,
modern blockchain-based databases have adopted several
key architectural modifications. One such enhancement is
the use of hybrid storage models, where lightweight
transaction proofs are stored on-chain, while bulk data is
offloaded to decentralized file systems like the
InterPlanetary File System (IPFS). This separation reduces
network congestion and significantly improves query
performance by optimizing on-chain data usage [5].

Database applications drive the optimization work
carried out on consensus protocols. PoW guarantees
security effectiveness, yet its computational intensity and
lack of high transaction speed makes it inappropriate for
fast deal processing. To achieve both quick confirmation
and enhanced energy efficiency Practical Byzantine Fault
Tolerance (PBFT) alongside Proof of Authority (PoA) and
Delegated Proof of Stake (DPoS) are selected as alternative
faster consensus mechanisms [8], [10].

A vital adaptation exists in Network access control.
Many blockchain databases establish permissioned system
protocols because they do not support the unrestricted
public participation that characterizes typical public
blockchains. The chosen design improves scalability
capabilities and delivers better security standards in
addition to meeting data protection regulations [7].

Data governance achieves its reinforcement by
implementing smart contracts within the system. Possible
business scripts programmed by developers undertake
various tasks inside database infrastructure for automating
business functions and validating data while managing
system access permissions. The governance system using
smart contracts decreases central administrator
requirements without compromising the databases
operational transparency or their auditing capabilities or
consistency [4], [7].

These  adaptations  allow  blockchain-oriented
distributed databases to produce the essential blockchain
benefits of distributed systems and tamper-resistant
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security features alongside enhanced data management
capabilities.

V  CORE ENABLING TECHNOLOGIES

A.  Merkle Trees

Merkle trees are cryptographic data structures that
allow efficient and secure verification of data integrity in
large, distributed environments. In blockchain databases,
they ensure that any alteration to a single transaction can be
detected without scanning the entire dataset. This
drastically improves verification speed in audit processes
and is particularly effective in managing append-only data.
However, their use introduces trade-offs in update
operations, as altering even one record can require
recalculating multiple hashes in the tree hierarchy. Real-
world benchmarks in systems like Bitcoin show that
Merkle trees support efficient SPV (Simplified Payment
Verification) but are less suited for use cases requiring
high-frequency write operations.

B.  PBFT (Practical Byzantine Fault Tolerance

PBFT offers high fault tolerance and energy efficiency
compared to Proof of Work (PoW). It is well-suited to
permissioned blockchain databases where the number of
validator nodes is controlled. By design, PBFT can tolerate
up to one-third of faulty or malicious nodes. Its
deterministic consensus provides fast finality, making it
suitable for financial systems and healthcare databases.
However, its performance deteriorates as the number of
nodes increases, which limits its scalability. Platforms such
as Hyperledger Fabric employ PBFT variants for consensus
in controlled enterprise environments [7], [10].

C. Zero-Knowledge Proofs (ZKP)

ZKPs allow one party to prove possession of
information without revealing the content itself, addressing
the tension between transparency and privacy in blockchain
systems. They are essential in protecting sensitive data in
sectors such as identity management and finance[l].
However, ZKPs require significant computational
resources and time, which can limit their use in real-time or
large-scale environments. Projects like Zcash implement
zk-SNARKs, a type of ZKP, to offer anonymous
transactions. Despite their promise, further optimization
and standardization are needed before ZKPs can be broadly
applied in blockchain-based databases [11].

VI SYSTEM TYPES AND REAL-WORLD PLATFORMS
A.  Blockchain Database System Types

Distributed databases based on blockchain can be
categorized as public, permissioned, and hybrid systems
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based on access control, governance structures, and
intended application contexts [6], [7].

All parties can engage with Public Blockchain
Databases since these networks welcome participants
without needing any form of pre-approval. All network
participants hold the ability to verify the transparency of the
data stored on the network. The high decentralization and
transparent nature of Bitcoin and Ethereum networks faces
scalability issues and requires better performance that
makes them impractical for enterprise database
applications [6].

The participation in Permissioned Blockchain
databases is limited to trusted nodes who require approval
to join the network. Enhanced scalability along with
privacy features and regulatory compliance become
possible because access controls govern the participation in
consensus procedures and data visibility rights.
Hyperledger Fabric stands out as one platform among
several others that offers enterprise users modular
consensus features and channel-based privacy functionality
according to [7].

The hybrid system of Blockchain databases integrates
features from both public and permissioned blockchain
architecture models. The systems support individual
adjustments of transparency levels alongside specific
access management systems which tailor openness against
confidentiality protection based on application needs [6],

[7].

Multiple blockchain database systems need evaluation
based on trust assumptions and scalability needs and
confidentiality criteria and regulatory needs.

B.  Real-World Platforms

Several real-world platforms demonstrate how
blockchain ideas are adapted to create practical distributed
databases. real platforms in the world show how distributed
databases develop from fundamental blockchain principles.

Three standard database characteristics work alongside
blockchain abilities in BigchainDB: rich querying together
with low-latency transaction processing and blockchain
guarantee of immutability and decentralization. Through
Tendermint's Byzantine Fault Tolerant consensus
algorithm BigchainDB reaches scalability while achieving
fast finality thus becoming suitable for asset registries
together with supply chain management and intellectual
property rights management [5].

Organizations use  open-source  permissioned
blockchain platform Hyperledger Fabric because its
foundation exists within the Linux Foundation. This
platform maintains three key components which include
parallel agreement consensus along with chain code (smart
contracts) and private digital channels for data
confidentiality. The business network deployment
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capabilities of Fabric extend across financial institutions
and healthcare organizations and logistics providers [7].

The decentralized database OrbitDB operates as a peer-
to-peer system which constructs its framework from the
peer-to-peer network IPFS. The distributed data
synchronization functionality in OrbitDB runs through
conflict-free replicated data types (CRDTs) to operate
without depending on central servers. The decentralized
database solution OrbitDB fits applications that need real-
time data sharing capabilities alongside offline data
operation functionality [6].

Blockchain-based distributed databases have started to
be widely investigated for use in sector-specific
implementations along with their standard usage scenarios.
Blockchain technology enables system functions in the
energy industry to support decentralized peer-to-peer
trading operations that require advanced transparency
while boosting network operational performance [3].

These platforms and application areas illustrate the
design choices in  blockchain-oriented database
development, addressing key challenges like scalability,
performance, confidentiality, and interoperability.

VII INTRINSIC SECURITY MECHANISMS AND RISK
PREVENTION

The security features of blockchain-based distributed
databases ensure trustless operation, data integrity and
network fault tolerance through their built-in security
measures. The authentication of blockchain transactions
depends on consensus mechanisms PBFT with Practical
Byzantine Fault Tolerance along with PoS and DPoS which
achieve higher performance levels and reduced power
consumption than the Proof of Work method [8], [10]. The
application of cryptographic elements enables data
protection through tamper-proof digital signatures that are
generated by hashing protocols while public-key
cryptography verifies transaction authentication [2].
Merkle trees allow large, distributed networks to handle
data effectively while providing verifiable data
management capabilities that lead to transparent network-
wide data confirmation [8].

Database security through blockchain heavily depends
on effective risk avoidance systems. Digital asset fraud
prevention occurs because transactions need to pass
through a consensus authentication process to stop double
spending attempts [2], [8]. The Sybil attacks prevention
through economic costs in PoS-type protocols makes it
difficult for users to establish multiple false identities [8].
The defense against replay attacks depends on including
nonces with timestamps in transaction records [8]. Data
replication among multiple nodes serves as an
implementation method for system fault tolerance which
delivers ongoing functionality when partial network
failures occur [5]. Safety on Hyperledger Fabric structures
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depends on enforced entry protocols and scheduled node
inspection that screens network conduct and regulatory
compliance [7].

These integrated elements work collectively to boost
the scalability and reliability and fault tolerance of
distributed databases that use blockchain and represent
appropriate solutions for vital government and financial
together with industrial applications.

VIIICHALLENGES, OPEN ISSUES, AND FUTURE
DIRECTIONS

Blockchain-based  distributed databases present
numerous advantages but also face ongoing challenges that
hinder their widespread adoption. Below is a critical
analysis of the most pressing issues, along with potential
future research avenues.

A.  Performance and Scalability

Current blockchain systems struggle with throughput
limitations and high transaction latency. Public blockchains
like Bitcoin and Ethereum process fewer transactions per
second compared to traditional databases. Solutions such as
sharding, Layer-2 protocols (e.g., state channels, rollups),
and alternative consensus algorithms like Proof of Stake
(PoS) and Practical Byzantine Fault Tolerance (PBFT) aim
to mitigate these constraints [8], [10]. However, trade-offs
remain in complexity, security, and decentralization. Future
work should focus on adaptive consensus models and
dynamic resource scaling for real-time performance
optimization.

B.  Interoperability and Integration

Isolated blockchain networks hinder data exchange
across systems. Bridging solutions, such as cross-chain
protocols and interoperable smart contracts, are emerging
but remain fragmented and complex. Research gaps exist
in standardizing cross-ledger communication and ensuring
secure, scalable data movement between heterogeneous
platforms. Future directions include the development of
lightweight blockchain middleware and universal APIs for
multi-chain environments [9].

C.  Privacy and Data Protection
Blockchain's transparency poses a paradox when

dealing  with  sensitive data.
Zero-Knowledge

Privacy-preserving
technologies like (ZKP),
Homomorphic Encryption, and Multi-Party Computation
(MPC) are promising, but they introduce computational
overhead and are not yet widely supported across platforms
[11]. The need to balance data confidentiality with
verifiability presents an open challenge. Further research

Proofs

should aim at efficient, modular privacy layers that
integrate with smart contracts and permissioned networks.
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D.  Governance and Regulatory Compliance

Most current systems lack robust, decentralized
governance mechanisms. The absence of clearly defined
protocols for upgrades, dispute resolution, and policy
enforcement leads to fragmentation and trust concerns.
There is also a lack of compliance with regulations like
GDPR and HIPAA in many blockchain deployments [6].
Future studies should explore decentralized autonomous
organization (DAO)-driven governance and legal-smart
contract co-design frameworks [13].

E.  Research Gaps and Open Questions
1) What are the long-term trade-offs between

decentralization, speed, and security in hybrid
blockchain-DB models?

2)How can empirical benchmarking be standardized
across blockchain-based databases?

3)What mechanisms will ensure interoperability
without compromising security?

4)How can privacy be enforced at scale in multi-
stakeholder environments?

5)Can DAOs offer sustainable and compliant
governance models for data infrastructure?

These critical questions form a roadmap for advancing

the development, deployment, and trustworthiness of
blockchain-based database systems.

IX CONCLUSION

Blockchain-based distributed databases offer a
transformative model for achieving data integrity,
resilience, and decentralization. This paper presented a
structured and systematic review of blockchain-enabled
database systems, covering foundational technologies,
architectural adaptations, real-world platforms, and
security mechanisms. By integrating insights from peer-
reviewed sources and addressing core components such as
Merkle Trees, PBFT, and Zero-Knowledge Proofs, the
review highlighted both the capabilities and the limitations
of existing systems. The critical analysis of performance
bottlenecks, interoperability issues, privacy trade-offs, and
governance shortcomings emphasized the need for
continued research and innovation.

Future advancements must prioritize scalable
consensus algorithms, privacy-preserving infrastructure,
cross-chain interoperability, and compliant governance
frameworks. With these developments, blockchain-based
databases can support increasingly complex, regulated, and
multi-stakeholder digital ecosystems, making them viable
alternatives to traditional distributed data systems.
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