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Abstract: 

    Secure and reliable digital identity management has become a cornerstone of 

online transactions and e-government services. Traditional centralized identity 

systems suffer from vulnerabilities such as single points of failure, data breaches, 

and limited user control. Blockchain offers a decentralized, tamper-resistant 

framework enabling self-sovereign identity (SSI), decentralized identifiers (DIDs), 

and verifiable credentials (VCs).This paper systematically reviews 72 peer-

reviewed studies and official standards published between 2016 and 2024, 

following the PRISMA framework. The included papers were distributed across 

major publication years, with quality assessment ensuring methodological rigor. 

Comparative analysis and case studies—including Estonia’s e-Residency, ID2020, 

Civic, ShoCard, and recent Asian and African initiatives—illustrate global 

adoption differences in security, privacy, scalability, and interoperability. Beyond 

immutability and privacy, this study highlights emerging vulnerabilities such as 

Sybil attacks, quantum threats, and side-channel risks, while also emphasizing 

AI-driven verification advances. Descriptive statistics and trend visualization 

support quantitative insight into identity model evolution. The findings 

recommend hybrid blockchain architectures and regulatory sandboxes as 

practical pathways for balancing decentralization, compliance, and social 

inclusion. 

 

 Corresponding Author E-mail: esraa.jaber@uokerbala.edu.iq, Duaa.Shakir@uobasrah.edu.iq, 
mustafa13.8.1979@gmail.com                              

Peer review under responsibility of Iraqi Academic Scientific Journal and University of Kerbala.  
 



Journal of Kerbala University, Vol. 22, Issue 4, December , 2025 
 

143 

1. 

Introduction  
     In the era of global digital 

transformation, secure and reliable identity 

management has become the foundation 

for trusted online interactions in e-

government, financial services, and digital 

commerce. Traditional centralized identity 

systems suffer from structural 

vulnerabilities such as data breaches, 

single points of failure, and limited user 

control [1], [7], [8]. The 2017 Equifax 

breach, which compromised over 147 

million users’ personal records, 

exemplifies how centralized architectures 

expose sensitive data to systemic risk [8]. 

Moreover, more than one billion people 

worldwide still lack any verifiable legal 

identity, particularly across developing 

regions in Asia and Africa, resulting in 

exclusion from digital services and 

increased exposure to fraud and identity 

theft [19], [33]. These limitations erode 

public trust, hinder economic inclusion, 

and obstruct the realization of digital 

transformation goals [22]. Blockchain 

technology has emerged as a decentralized 

solution capable of mitigating these 

weaknesses through distributed trust, 

immutability, and user sovereignty over 

credentials [2], [4], [16]. It eliminates 

dependency on central authorities by 

allowing verifiable, cryptographically 

secured digital identifiers (DIDs) and 

verifiable credentials (VCs), enabling 

users to retain full control over identity 

disclosure [44]. Despite extensive research 

on blockchain technology, most studies 

have explored its technical, legal, or 

ethical aspects in isolation [13], [23], [25]. 

However, the interconnection between 

these dimensions remains underexplored, 

particularly when evaluating the socio-

political implications of decentralized 

identity frameworks. For instance, 

privacy-preserving technologies must 

coexist with regulatory frameworks like 

the European GDPR and eIDAS [6], [32], 

while accommodating emerging global 

identity initiatives across Asia and Africa 

[19], [33]. 

Therefore, this paper provides an 

integrated review that: 

 Compares traditional and blockchain-

based identity models across technical, 

legal, and ethical dimensions; 

 Expands the analysis to include global 

case studies beyond Western contexts; 

 Identifies unresolved issues such as 

quantum threats, Sybil attacks, and 

adversarial AI risks; 

 And proposes a hybrid regulatory 

model that balances decentralization 

with compliance and inclusivity. 

Through this multidimensional approach, 

the study positions blockchain-enabled 

digital identity as a transformative 

paradigm—not merely a technological 

evolution but a socio-technical 

revolution redefining trust, privacy, and 

digital inclusion. 

2. Methodology 

2.1 Research Scope 

     This study adopts a Systematic 

Literature Review (SLR) methodology, 

structured according to the PRISMA 

framework to ensure transparency and 

reproducibility [6]. The review focuses on 

blockchain applications in digital identity 

management, covering publications from 

January 2016 to May 2024. The scope 

includes peer-reviewed journal articles, 

conference papers, white papers, and 

international standards retrieved from 

major scientific databases, including IEEE 

Xplore, ACM Digital Library, 

SpringerLink, ScienceDirect, and Elsevier.  

     A total of 426 initial records were 

identified. After duplicate removal and 

abstract screening, 117 full-text articles 

were assessed, of which 72 studies met the 

inclusion criteria and were finally 

analyzed. Figure 1 illustrates the PRISMA 

selection process, while Table 1 

summarizes the distribution of selected 

studies by publication year and focus area. 
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2.2 Inclusion and Exclusion 

Criteria 

The inclusion criteria were as follows: 

 Peer-reviewed or officially recognized 

sources published between 2016 and 

2024; 

 Publications written in English; 

 Studies directly addressing blockchain-

based identity systems, including 

decentralized identifiers (DIDs), 

verifiable credentials (VCs), or self-

sovereign identity (SSI).  

   Exclusion criteria included: 

 Non-technical reports, blogs, and 

opinion pieces; 

 Duplicate entries or overlapping data; 

 Studies focusing on non-identity 

blockchain applications. 
 

2.3 Quality Assessment 

   To ensure methodological rigor, the 

Critical Appraisal Skills Programme 

(CASP) checklist was applied to assess 

study quality [13]. Each publication was 

scored across three dimensions—

relevance, validity, and replicability—

yielding an average quality index of 82%, 

indicating a high level of methodological 

soundness. 
 

2.4 Analytical Framework 

The thematic analysis followed a four-

phase framework [16]: 

1. Title and abstract screening. 

2. Full-text evaluation and coding. 

3. Thematic classification (technical, legal, 

ethical). 

 4. Comparative synthesis of blockchain 

and traditional identity management   

        systems. 

Descriptive statistics were applied to 

identify publication trends by year, 

regional research distribution, and 

dominant themes (e.g., SSI adoption, 

GDPR compliance, privacy preservation). 

These quantitative insights are illustrated 

in Figure 2 , Temporal Trends of Research 

on Blockchain Identity (2016–2024). 

     The integration of qualitative 

synthesis and quantitative trend 

visualization ensures a comprehensive 

and empirically grounded understanding of 

how blockchain identity systems evolved 

across time, regions, and application 

domains [19], [22], [23]. 
 

3. Background and Conceptual 

Framework 

3.1 Evolution of Digital Identity 

Management 

     Digital identity has evolved over 

decades from paper-based verification 

systems to centralized electronic databases 

and, more recently, decentralized digital 

ecosystems [3], [7], [13]. Early federated 

identity solutions such as SAML and 

OAuth improved interoperability but still 

relied on trusted third parties, which 

limited user autonomy and exposed data to 

centralized breaches [17]. 

     The growing frequency of cyber 

incidents and the rising complexity of 

online ecosystems led to the emergence of 

blockchain-based self-sovereign identity 

(SSI), where users own and manage their 

credentials without dependency on 

centralized authorities [14], [15], [16]. SSI 

aligns with the principle of “privacy by 

design,” emphasizing user consent and 

minimal disclosure of attributes [6]. 

3.2 Blockchain as the Foundation 

of Digital Identity 

     Blockchain, as a distributed ledger 

technology (DLT), ensures immutability 

and transparency through consensus-based 

validation [2], [7], [23]. Each transaction is 

cryptographically linked, forming an 

auditable record that is resistant to 

tampering. Within digital identity systems, 

blockchain supports Decentralized 

Identifiers (DIDs) and Verifiable 

Credentials (VCs), allowing secure and 

verifiable exchanges of identity data [4], 

[44]. 

     However, the decentralized nature of 

blockchain also introduces unique security 

challenges. These include Sybil attacks, 

where malicious entities create multiple 

pseudo-identities to manipulate consensus 
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mechanisms [7], [13]; side-channel 

vulnerabilities, which may expose private 

keys or cryptographic material during 

computation [21]; and quantum 

computing threats, which could 

potentially break conventional 

cryptographic primitives [31]. Addressing 

these issues requires the integration of 

quantum-resistant cryptography and 

hardware-level security mechanisms to 

preserve system resilience [29], [31]. 
 

3.3 Conceptual Integration 

     Together, DIDs and VCs establish the 

foundation of self-sovereign identity, 

where users maintain control of their 

digital existence through cryptographic 

wallets [16]. This architecture reduces 

reliance on intermediaries while ensuring 

verifiability and accountability. 

     The conceptual model illustrated in 

Figure 2: Conceptual Architecture of 

Blockchain-Based Digital Identity 
depicts the interaction among identity 

holders, issuers, verifiers, and the 

blockchain trust layer. 

     Compared with centralized identity 

infrastructures, this model ensures 

integrity, transparency, and traceability of 

transactions while mitigating many 

traditional risks. Nevertheless, it must 

evolve to incorporate post-quantum 

encryption, decentralized key recovery, 

and multi-chain interoperability 

frameworks [30], [31], [40]. 

 

4. Limitations of Traditional 

Identity Systems 

4.1 Centralization and Systemic 

Risk 

     Traditional identity management 

systems rely on centralized databases, 

which concentrate authority and control 

within a single point of failure [1], [7]. 

This architecture exposes personal data to 

large-scale breaches, insider abuse, and 

unauthorized third-party access. Studies 

indicate that over 60% of identity theft 

incidents between 2018 and 2023  

originated from centralized repositories 

[9], [19]. Such models undermine data 

sovereignty and inhibit transparent 

auditing, especially in cross-border 

contexts [22]. 
 

4.2 Privacy Violations and Data 

Overexposure 

     Conventional systems often require 

users to disclose excessive personal 

information even for minimal verification 

tasks, violating the data minimization 

principle stipulated in GDPR [6]. Users 

remain dependent on intermediaries who 

control the flow, storage, and retention of 

their data. This structure contradicts the 

principles of “privacy by design” and 

“user-centric consent management” [20], 

[28]. In contrast, blockchain-enabled 

mechanisms allow selective attribute 

disclosure using cryptographic proofs, 

reducing unnecessary exposure while 

maintaining trust [5], [44]. 
 

4.3 Fraud and Identity Theft 

     Centralized credentials—such as 

usernames and passwords—are easily 

compromised through phishing, credential 

stuffing, and social engineering attacks. 

The Federal Trade Commission (FTC) 

reported a doubling in identity theft 

cases between 2019 and 2021 [9]. Such 

events highlight the systemic fragility of 

non-distributed verification frameworks 

and their dependence on human trust 

factors rather than algorithmic integrity. 
 

4.4 Lack of Interoperability and 

Scalability 

     Legacy identity infrastructures operate 

in isolated silos, preventing seamless 

interoperability between service providers 

[13], [23]. Each platform maintains its 

own credentials, forcing repetitive 

registrations and increasing security 

exposure. Cross-border authentication 

remains limited due to the absence of 

shared global standards [25], [33]. 
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4.5 Comparative Assessment and 

Implications      

  The combined drawbacks of 

centralization, overexposure, and 

fragmentation hinder the development of 

secure and inclusive digital ecosystems. 

Figure 3 and Table 2 collectively 

demonstrate how blockchain-based 

identity structures overcome these 
 

 constraints through distributed validation, 

data minimization, and open 

interoperability protocols [4], [23], [44]. 

In summary, traditional models, though 

operationally mature, are ill-suited for the 

decentralized, privacy-oriented demands 

of the modern digital economy, 

underscoring the necessity for blockchain-

driven identity solutions. 

5.Blockchain-Powered Digital 

Identity Structure 
5.1 Core Principles 
     Blockchain-based identity management 

leverages decentralization, immutability, 

and cryptographic security to overcome 

the intrinsic weaknesses of centralized 

models [2], [4], [13]. Unlike conventional 

systems, user credentials in blockchain 

identity frameworks are not stored in a 

central repository but are instead verified 

through distributed consensus, ensuring 

that no single entity can alter or revoke 

user data unilaterally. 

The foundational principles include: 

 Decentralization – Eliminates single 

points of failure and reduces reliance on 

intermediaries. 

 Immutability – Guarantees that identity 

records cannot be tampered with once 

validated. 

 Cryptographic Integrity – Provides 

mathematically verifiable proofs of 

authenticity through hashing and public-

key cryptography [5], [7]. 

 User Sovereignty – Enables individuals 

to control and share their Decentralized 

Identifiers (DIDs) and Verifiable 

Credentials (VCs) through secure digital 

wallets [4], [44]. 

5.2 System Architecture 

     A blockchain-based identity ecosystem 

typically consists of four main actors: 

 Identity Holder: Generates and 

manages personal DIDs and credentials; 

 Issuer: Trusted entity issuing verifiable 

credentials to holders; 

 Verifier: Requests and validates proofs 

without directly accessing raw data; 

Blockchain Network: Serves as the 

immutable trust layer that maintains 

credential schemas and revocation 

registries [26], [40]. 

5.3Security Mechanisms and 

Emerging Threats 
     While blockchain enhances resilience 

and transparency, it is not immune to 

advanced security threats. Key emerging 

risks include: 

 Sybil Attacks: Adversaries may create 

multiple fake identities to manipulate 

network consensus or inflate reputation 

metrics [7], [13]; 

 Quantum Threats: Future quantum 

computers could compromise existing 

cryptographic algorithms (e.g., RSA, 

ECC), necessitating post-quantum 

cryptography such as lattice-based and 

hash-based signatures [29], [31]; 

 Side-Channel Vulnerabilities: 
Attackers may extract private keys 

through hardware-based leaks or timing 

analysis during cryptographic operations 

[21], [29]; 

 Adversarial and Deepfake Identity 

Spoofing: With the rise of AI-enhanced 

identity verification, adversarial models 

can deceive facial or biometric 

recognition systems, and deepfake 

technologies can generate forged 

biometric data [37], [42], [43]. 

To mitigate these challenges, hybrid 

security frameworks integrating Zero-

Knowledge Proofs (ZKPs), multi-

signature recovery, hardware enclaves, 

and AI-based anomaly detection are 

being developed [5], [43]. Such 

approaches enhance both technical 
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robustness and ethical accountability within blockchain identity ecosystems. 

5.4 Comparative Advantages 

     Blockchain-based identity systems 

outperform traditional frameworks across 

several dimensions: 

 Security: Distributed consensus 

prevents mass data breaches; 

 Privacy: ZKPs and selective disclosure 

reduce unnecessary data exposure; 

 Resilience: Peer-to-peer redundancy 

ensures continuity even under attack; 

 Accountability: Transparent ledgers 

allow real-time auditability [2], [4], [23]. 

     Nevertheless, scalability and regulatory 

compliance remain open challenges, as 

achieving high transaction throughput 

without compromising decentralization 

continues to demand Layer-2 innovations 

and regulatory sandboxes [30], [32]. 

 

6. Case Study Analysis 
     To contextualize the theoretical 

framework, this section presents an 

updated comparative analysis of six 

blockchain-based digital identity initiatives 

from different global regions. The 

selection combines government-led, 

private-sector, and humanitarian projects 

to illustrate varied governance and 

adoption contexts [13], [19], [22], [33]. 
 

6.1Estonia’s e-Residency (Europe) 

      Estonia’s e-Residency program, 

launched in 2014, remains a benchmark 

for national-level digital identity 

integration [19]. It provides secure cross-

border access to government services 

using Keyless Signature Infrastructure 

(KSI) blockchain technology. 

 Strengths: High transparency, GDPR 

compliance, and advanced 

interoperability through X-Road 

framework. 

 Limitations: Centralized issuance still 

restricts full decentralization, and non-

EU residents face limited recognition. 

 Key Insight: Demonstrates how 

government-regulated 

decentralization can coexist with legal 

compliance under EU law. 

6.2 ID2020 Alliance (Global, UN-

backed) 

      The ID2020 initiative, founded in 

2017, aims to provide a digital identity 

for the 1.1 billion people lacking legal 

documentation [33]. Built on Ethereum 

and other open standards, it integrates 

identity verification in humanitarian 

programs. 

 Strengths: Promotes inclusion in 

healthcare, education, and microfinance 

sectors. 

 Limitations: Relies on centralized 

issuance authorities (UN and NGOs), 

raising governance questions. 

 Key Insight: Highlights blockchain’s 

social utility in addressing identity 

exclusion in underdeveloped regions. 
 

6.3 Civic (Private Sector, USA) 

     Civic uses blockchain to streamline 

Know Your Customer (KYC) processes, 

enabling users to share verified credentials 

securely [26]. 

 Strengths: Selective disclosure, cost 

efficiency, and user-centric verification. 

 Limitations: Adoption constrained by 

limited ecosystem interoperability and 

varying legal recognition. 

 Key Insight: Demonstrates private-sector 

innovation in self-sovereign identity 

solutions, emphasizing usability. 
 

6.4 ShoCard (Cross-Industry) 
     ShoCard offers a blockchain-based 

identity layer that integrates with aviation, 

banking, and retail services [26]. 

 Strengths: Cross-industry authentication 

and interoperability. 

 Limitations: High operational costs and 

reliance on smartphone infrastructure. 

 Key Insight: Proves the viability of 

decentralized trust networks in multi-

sector environments. 
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6.5Aadhaar-Blockchain Pilot 

(India, Asia) 
     India’s Aadhaar initiative, already the 

world’s largest biometric ID program, is 

now being integrated with blockchain 

for secure credential validation [24], 

[25]. 

 Strengths: Leverages existing large-

scale infrastructure; enables verifiable 

authentication through distributed 

ledgers. 

 Limitations: Raises ethical and privacy 

concerns regarding government 

surveillance. 

 Key Insight: Illustrates the hybrid 

convergence of centralized national IDs 

with blockchain transparency. 

 

6.6 MOSIP (Africa and Asia) 

     The Modular Open Source Identity 

Platform (MOSIP), initially launched in 

India and now deployed in countries such 

as the Philippines, Ethiopia, and Morocco, 

offers open-source, blockchain-

compatible digital identity frameworks 
[33], [39]. 

 Strengths: Promotes inclusivity, open 

governance, and technology neutrality. 

 Limitations: Limited blockchain 

integration and dependence on regional 

digital infrastructure. 

 Key Insight: Provides a globally 

adaptable framework for identity 

systems aligned with privacy and 

interoperability standards. 
 

6.7 Comparative Summary 

   The comparative findings (see Table 3) 

indicate that while European and North 

American initiatives excel in regulatory 

compliance, Asian and African models 

focus on inclusion, scalability, and cost-

effective deployment. Each initiative 

reflects a different balance between 

privacy, governance, and accessibility, 

underscoring that no single model is 

universally optimal. 

This comparative evaluation provides a 

foundation for policy recommendations in 

Section 9 and highlights the importance of 

regional adaptability and hybrid legal-

technical architectures for global 

blockchain identity adoption [19], [22], 

[33], [39]. 

 

7. Comparative Analysis 

7.1 Dimensions of Comparison 

     This section compares traditional and 

blockchain-based digital identity systems 

across six analytical dimensions: 

security, privacy, interoperability, 

resilience, scalability, and regulatory 

compliance. 

 Security: Traditional identity systems 

depend on centralized databases that 

remain vulnerable to large-scale 

breaches [1], [8]. In contrast, 

blockchain’s distributed consensus 

significantly reduces single-point-of-

failure risks [4], [23]. 

 Privacy: Conventional systems often 

require full data disclosure, while 

blockchain supports selective attribute 

sharing through Zero-Knowledge Proofs 

(ZKPs) and verifiable credentials (VCs) 

[5], [44]. 

 Interoperability: Legacy systems 

operate in isolated silos, limiting cross-

platform usability. Blockchain employs 

W3C standards for global identity 

interoperability [4], [30]. 

 Resilience: Centralized systems are 

prone to service interruptions during 

outages, whereas blockchain continues 

operation through distributed 

redundancy [7], [13]. 

 Scalability: Traditional architectures 

handle high transaction volumes 

efficiently but lack flexibility. 

Blockchain networks face throughput 

constraints (~15 TPS on Ethereum) but 

benefit from Layer-2 scaling and 

sharding techniques [29]. 

 Regulatory Compliance: Conventional 

systems align easily with established 

laws, while blockchain models must 

adapt to dynamic regulatory frameworks 

such as GDPR and eIDAS [6], [32]. 
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    These aspects are summarized in Table 

4: Comparative Evaluation of Identity 

Systems, where each dimension is 
 

 assessed across traditional and 

blockchain-based models to illustrate their 

relative strengths and weaknesses. 

7.2 Quantitative Visualization and 

Trend Insights 
     Figure 4 presents a radar chart 

comparing performance across the six core 

dimensions. The visual analysis reveals 

that blockchain outperforms traditional 

identity systems in security (0.9), privacy 

(0.85), and interoperability (0.8), but 

remains weaker in scalability (0.55) and 

regulatory compliance (0.6). 

Over time, studies show a gradual 

improvement in blockchain scalability 

from 2019 to 2024, primarily due to 

advancements in Layer-2 solutions (e.g., 

Polygon, Lightning Network) and cross-

chain architectures like Polkadot and 

Cosmos [29], [30]. These quantitative 

findings are corroborated by the 72 studies 

analyzed in Section 2, where over 65% 

reported measurable privacy 

improvements and reduced reliance on 

central intermediaries. 
 

7.3.Strategic and Theoretical 

Implications 

     The comparative analysis underscores 

that no single model is universally 

optimal. Traditional identity systems 

remain advantageous in regulatory and 

institutional alignment, while blockchain 

models excel in decentralization, user 

control, and transparency [13], [23], 

[33]. 

     Consequently, hybrid identity 

architectures—combining centralized 

legal recognition with decentralized 

verification layers—are emerging as the 

most practical approach [32], [39]. 

Regulatory sandboxes and pilot programs 

in Europe, India, and Africa demonstrate 

how governments can experiment with 

blockchain identity solutions while 

maintaining legal oversight [19], [33], 

[39]. 

     These findings advocate for adaptive 

governance frameworks that integrate the 

technical resilience of blockchain with the 

accountability mechanisms of traditional 

systems, leading toward sustainable global 

identity ecosystems. 
 

8.Technical Challenges and 

Solutions 
8.1 Scalability Limitations 
     Public blockchains such as Ethereum 

and Bitcoin process approximately 10–20 

transactions per second (TPS), which is 

insufficient for high-volume identity 

operations [29], [30]. The latency of 

consensus mechanisms (Proof-of-Work or 

Proof-of-Stake) constrains real-time 

authentication, particularly in government 

or financial services requiring sub-second 

validation. 

Proposed Solutions: 

 Layer-2 scaling mechanisms (e.g., 

rollups, state channels) to off-load 

transactions [29]; 

 Sharding architectures to divide ledger 

responsibilities across nodes [30]; 

 Permissioned networks (e.g., 

Hyperledger Indy, Fabric) to enhance 

throughput while preserving trust [16]. 

Empirical data from the review indicates 

that 41 out of 72 studies (≈57 %) 

reported scalability as the most frequent 

technical barrier. 
 

8.2 Interoperability Gaps 

     Heterogeneous standards and protocols 

prevent cross-platform credential 

exchange. Many identity systems use 

proprietary schemas without alignment to 

W3C DID or VC standards [4], [40]. This 

creates fragmented ecosystems and 

reduces global adoption. 

Proposed Solutions: Adoption of W3C 

and Trust Over IP (TOP) frameworks, 

use of Cross-Chain Message Protocols 

(XCMP) such as Polkadot and Cosmos 

[30], and development of governance 

interoperability models for cross-

jurisdictional identity validation [33], [39]. 
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8.3 Privacy and Regulatory 

Conflicts 

     Blockchain immutability contradicts 

the GDPR’s “right to erasure,” creating 

legal and ethical dilemmas [6], [28]. 

Storing personal data on-chain also risks 

unintended public exposure. 

Proposed Solutions: Implementing off-

chain encrypted storage, using on-chain 

hash pointers to reference data [29], [44], 

and employing Zero-Knowledge Proofs 

(ZKPs) and homomorphic encryption 

for selective disclosure [31]. 

These methods were documented in about 

54 % of the analyzed literature, 

demonstrating growing adoption of 

privacy-preserving technologies in 

blockchain identity systems. 
 

8.4 Adoption and Usability 

Barriers 

     Limited digital literacy and complex 

wallet management interfaces discourage 

end-user participation in self-sovereign 

identity (SSI) platforms [19], [22]. The 

absence of user-friendly design hampers 

real-world deployment in low-income 

regions. 

Proposed Solutions: Deployment of pilot 

projects for public awareness [33]; design 

of simplified mobile wallet UIs; and use 

of biometric recovery features for lost 

private keys [36], [37]. Studies from 

Africa and South Asia emphasize that 

inclusive design increases adoption by up 

to 28 % [33]. 
 

8.5.AI-Driven Security and 

Ethical Risks 

     The integration of AI in biometric 

verification introduces new attack vectors, 

including adversarial perturbations and 

deepfake identity spoofing [37], [42], 

[43]. Without robust auditing, such attacks 

could compromise the reliability of 

decentralized identity systems. 

Proposed Solutions: Incorporation of 

adversarial-resilient machine-learning 

models, continuous training datasets 

with bias monitoring, and cross-chain AI 

governance layers for traceability [43]. 

This sub-field remains emerging but 

critical for future AI-blockchain 

integration. 

8.6 Summary of Findings 
    The comprehensive review identifies 

scalability and privacy as the most 

prevalent challenges, followed by 

interoperability and adoption issues. Table 

4 quantitatively summarizes these results 

based on the frequency and impact levels 

reported in the analyzed studies. 
 

9. Regulatory and Legal Aspects 
9.1 GDPR Compliance (European 

Context) 

     The General Data Protection 

Regulation (GDPR) remains the 

cornerstone of European digital privacy 

legislation, establishing user rights to 

access, portability, and erasure [6], [28]. 

Blockchain’s immutability conflicts with 

the “right to be forgotten,” since data once 

recorded on-chain cannot be modified or 

deleted. Additionally, defining a “data 

controller” within decentralized networks 

remains legally ambiguous. 

Proposed Solutions: 

 Storing only hashed references or 

pseudonymous identifiers on-chain; 

 Employing off-chain encrypted 

databases for sensitive personal data 

[29], [44]; 

 Integrating Zero-Knowledge Proofs 

(ZKPs) to allow selective attribute 

verification without revealing raw data 

[31]. 

These solutions are now recognized by 

the European Blockchain Services 

Infrastructure (EBSI) as best practices 

for GDPR alignment [39]. 

 

9.2 eIDAS and European Trust 

Services 

     The eIDAS Regulation (EU 910/2014) 

provides the legal framework for digital 

identity and electronic signatures within 

the EU [32]. Blockchain-based identity 

solutions are being evaluated for 
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integration under eIDAS 2.0, which 

introduces Decentralized Identifiers 

(DIDs) and Verifiable Credentials (VCs) 

as trust components. 

Projects such as Estonia’s e-Residency 

and EBSI exemplify compliant blockchain 

identity frameworks. However, cross-

border interoperability still requires shared 

legal taxonomies and audit protocols [19], 

[39]. 

 

9.3 Data Protection Regulations 

Beyond Europe 

     Several regions have enacted 

comparable privacy frameworks, 

broadening the scope of legal compliance 

for blockchain identity systems: 

 United States: The California 

Consumer Privacy Act (CCPA) and 

Digital Identity Act 2023 promote user 

control but lack federal harmonization 

[22]. 

 Asia: India’s Digital Personal Data 

Protection Act (DPDP, 2023) mandates 

consent-based sharing and allows 

blockchain for credential verification 
under regulated conditions [25]. 

 Africa: Kenya’s Data Protection Act 

(2019) and Nigeria’s NDPR (2019) 

emphasize lawful processing and 

localization, influencing blockchain 

pilots such as MOSIP [33]. 

These frameworks indicate a shift from 

centralized government control 

toward co-regulated digital trust 

ecosystems. 
 

9.4 AML/KYC Compliance 

     Blockchain identity solutions must also 

align with Anti-Money Laundering 

(AML) and Know Your Customer 

(KYC) requirements [25]. Decentralized 

systems challenge traditional compliance 

mechanisms by removing intermediaries. 

      However, selective disclosure 

protocols and regulated credential 

issuers can ensure compliance without 

compromising decentralization [26], [27]. 

Emerging models like Civic demonstrate 

efficient AML compliance via blockchain 

authentication [26]. 
 

9.5 Cross-Border Legal 

Recognition 

     A persistent challenge lies in the 

absence of mutual recognition 

frameworks among countries. While the 

EU’s eIDAS and the UN’s ID2020 

alliance provide transnational standards, 

other jurisdictions lack compatible 

infrastructures [19], [33]. International 

organizations such as ISO and ITU-T are 

now developing common technical-legal 

standards to ensure cross-border 

interoperability [34]. 

9.6 Summary 
     Table 3 summarizes the major 

regulatory frameworks, associated legal 

challenges, and corresponding blockchain-

based solutions. The global trend suggests 

a movement toward hybrid legal-technical 

architectures where blockchain serves as a 

trusted infrastructure under varying 

regulatory regimes. 
 

10. Ethical Implications 

10.1 Data Ownership and User 

Sovereignty 

     Blockchain redefines data ownership by 

granting individuals full control over their 

digital identities through self-managed 

private keys [16]. However, loss or 

compromise of these keys may lead to 

irreversible identity loss [36]. Hence, key-

recovery protocols and multi-signature 

custodial options are essential to balance 

autonomy with recoverability [31]. 

 

10.2 Consent and Transparency 

     Decentralized identity systems allow 

fine-grained consent for data sharing, 

enhancing user agency [6]. Yet, 

immutability may conflict with revocation 

rights and can create “consent fatigue” 

when users must repeatedly authorize 

access [28]. Off-chain consent registries 

and time-bound credentials are 

recommended to address this issue [44]. 
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10.3.Inclusion and Algorithmic 

Fairness 

     Despite their promise, blockchain 

identity systems risk reinforcing exclusion 

among individuals lacking digital literacy 

or access to secure devices—especially in 

low-income and rural regions [19], [33]. 

Furthermore, AI-based identity 

verification can inherit demographic bias 

from training datasets, leading to unequal 

treatment [37], [42]. 
 

10.4.Surveillance and 

Authoritarian Misuse 

     In politically restrictive contexts, 

governments could misuse blockchain-

based IDs to expand mass surveillance or 

track dissenting citizens [19], [22]. The 

permanent traceability of on-chain records, 

if combined with centralized control, 

threatens privacy and civil liberties. 

Implementing privacy-preserving 

encryption, governance transparency, 

and independent oversight bodies is 

critical to prevent misuse [25], [43]. 

10.5 Ethical Safeguards and Summary 

   Ethical integrity requires algorithmic 

audits, human-centered design, and 

international data ethics standards 

(ISO/IEC 38507) to ensure fairness, 

inclusivity, and accountability [34].Table 5 

summarizes key ethical challenges and 

mitigation approaches, integrating both 

user-centric and governance perspectives. 

 

11. Emerging Trends 
11.1 AI and Blockchain 

Integration 

     Artificial intelligence enhances identity 

verification through biometric 

recognition, anomaly detection, and 

adaptive authentication, while 

blockchain ensures data integrity and 

auditability [37], [42], [43]. The 

convergence of these technologies enables 

trustworthy automated verification, but 

also introduces ethical concerns regarding 

algorithmic bias and adversarial spoofing 

[43]. Future research emphasizes 

developing explainable AI models and 

cross-chain AI governance to preserve 

fairness and accountability [25]. 
 

11.2.Global Expansion of Self-

Sovereign Identity (SSI) 

     Self-Sovereign Identity (SSI) adoption 

continues to accelerate, supported by W3C 

DID and VC standards [4], [44]. 

Regional initiatives—such as EBSI in 

Europe and MOSIP in Africa and 

Asia—demonstrate growing interest in 

open and interoperable identity ecosystems 

[19], [33], [39]. Governments increasingly 

favor hybrid models that combine 

centralized verification with decentralized 

credential validation. 
 

11.3.Multi-Chain and 

Interoperable Identity Networks 

     Cross-chain interoperability is 

becoming a cornerstone of blockchain 

identity infrastructure. Frameworks such 

as Polkadot’s XCMP and Cosmos IBC 

enable identity credential exchange 

across heterogeneous ledgers [30], [40]. 

These systems foster scalability and 

redundancy, reducing reliance on single 

blockchain platforms. 
 

11.4 IoT and Machine Identity 

     With the proliferation of IoT devices, 

projected to exceed 29 billion by 2030 

[41], blockchain offers a trust layer for 

autonomous device authentication in 

smart cities and industrial systems. 

Decentralized identity protocols (DID-IoT) 

allow secure machine-to-machine 

communication, reducing spoofing risks in 

connected environments [30], [41]. 

11.5.Privacy-Preserving 

Technologies 

     Advanced cryptographic techniques 

such as zk-SNARKs, homomorphic 

encryption, and confidential smart 

contracts continue to evolve [5], [31]. 

These innovations enable selective data 

disclosure, compliance with GDPR, and 

secure integration of identity analytics 

with AI [28], [43]. Figure 5 illustrates the 
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trade-off between model complexity and 

resource consumption in AI-enhanced 

blockchain verification. 

11.6 Summary 
     The convergence of blockchain with 

AI, IoT, and privacy technologies marks a 

shift toward autonomous, interoperable, 

and human-centric identity systems. Table 

6 consolidates key emerging trends, 

expected impacts, and future research 

directions. 
 

12. Research Limitations 
   This study, while comprehensive, 

presents several limitations: 

First, it includes only English-language 

publications from 2016 to 2024, which 

may exclude regional studies in other 

languages.  

Second, the case studies analyzed—

although diverse—represent selected 

examples and do not capture the full global 

spectrum of blockchain identity 

implementations, especially in Latin 

America and Eastern Europe. 

Third, the technical evaluation focused 

on conceptual mechanisms such as DIDs, 

VCs, and ZKPs rather than detailed 

benchmarking of specific blockchain 

platforms (e.g., Hyperledger Indy, Sovrin, 

Polygon) [16], [30]. Fourth, while ethical 

considerations such as inclusion and bias 

were discussed, empirical data on user 

experience and adoption behavior 
remain limited due to a lack of accessible 

datasets. 

Finally, the legal analysis emphasized 

GDPR and eIDAS frameworks, which 

may not reflect the evolving policies in 

emerging economies. These limitations 

suggest the need for cross-cultural and 

cross-platform comparative research in 

the next stage of investigation. 

 

13. Future Research Directions 
     Building upon the identified gaps, 

future research should focus on the 

following directions: 

 Empirical Validation: Conduct large-

scale, multi-regional user studies 

assessing trust, usability, and 

accessibility of blockchain identity 

systems across cultural contexts. 

 Technical Benchmarking: Evaluate the 

performance, scalability, and 

interoperability of diverse blockchain 

platforms under standardized metrics 

[29], [30]. 

 AI and Quantum Resilience: Explore 

quantum-safe cryptographic 

algorithms and adversarially robust 

AI verification models to enhance 

identity security [31], [43]. 

 Regulatory Innovation: Study the 

outcomes of regulatory sandboxes and 

bilateral agreements to enable 

compliant blockchain deployment in 

developing nations [33], [39]. 

 Inclusive Design: Prioritize accessibility 

through multilingual, low-bandwidth, 

and offline-compatible identity solutions 

targeting underrepresented populations 

[19], [33]. 

 Ethical Frameworks: Integrate 

algorithmic fairness standards and 

ISO/IEC 38507-based data ethics into 

blockchain identity governance [34]. 

Collectively, these directions emphasize 

that future progress depends on 

interdisciplinary collaboration 
bridging computer science, law, and 

digital sociology to achieve trustworthy, 

inclusive, and human-centered identity 

ecosystems. 

 

14. Conclusion 
     This study presented a comprehensive 

review of blockchain-based digital identity 

systems, emphasizing their potential to 

enhance security, privacy, and user 

autonomy compared to traditional 

centralized models. Through systematic 

analysis of 72 peer-reviewed studies, the 

research identified key advancements in 

Decentralized Identifiers (DIDs), 

Verifiable Credentials (VCs), and Zero-

Knowledge Proofs (ZKPs) as 

foundational enablers of trust and 

transparency in digital ecosystems. 
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     The comparative findings demonstrated 

that while blockchain significantly 

improves data integrity, interoperability, 

and user control, challenges persist in 

scalability, regulatory alignment, and 

ethical governance. Case studies from 

Europe, Asia, and Africa confirmed that 

context-specific governance models are 

critical for achieving inclusive and legally 

compliant digital identity frameworks. 

From a policy perspective, the study 

highlights the need for hybrid identity 

architectures that integrate decentralized 

verification with regulatory oversight. 

Such a balance ensures both technological 

innovation and legal protection, 

particularly in cross-border and 

humanitarian contexts. 

     Looking ahead, the integration of AI, 

IoT, and privacy-preserving 

technologies will redefine how identity 

ecosystems function, enabling secure 

automation while introducing new ethical 

and technical considerations. The 

evolution toward interoperable, human-

centric, and resilient identity systems 
depends on sustained interdisciplinary 

collaboration between computer scientists, 

policymakers, and ethicists. 

     Ultimately, blockchain-based digital 

identity represents not only a 

technological paradigm shift, but also a 

societal transformation toward greater 

transparency, autonomy, and inclusivity in 

the digital age. 
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Figure 1: Conceptual Framework of 

Blockchain-Based Digital Identity[6] 
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Figure 2: System Architecture and 

Transaction Flow 

 
Figure 3: Comparative Security Performance 

Chart [4], [19], [23] 

 

 
 

Figure 4: Comparative Performance of 

Blockchain vs. Traditional Identity Systems 

 
Figure 5: PRISMA Flow Diagram of Study 

Selection Process 
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2. Tables: 

Table 1: Distribution of Reviewed Studies by Year and Focus Area 

Year Number of Studies Main Focus Area 

2016 3 Security, Privacy 

2017 4 Security, Privacy 

2018 8 Self-Sovereign Identity (SSI) 

2019 10 Privacy-preserving Identity 

2020 15 Regulatory Compliance 

(GDPR) 

2021 12 SSI Adoption / Governance 

2022 10 Ethics & Social Impact 

2023 6 AI & Blockchain Identity 

2024 4 Emerging Integration 

(DIDs/VCs) 

 

Table 2: Descriptive Comparison of Blockchain Identity Frameworks [4], [23]: 

System Type Consensus 

Protocol 

DIDs/VCs 

Support 

Notes 

Sovrin Permissioned RBFT (Plenum) Yes Privacy-focused 

identity network 

on Hyperledger 

Indy 

uPort Public 

(Ethereum) 

PoW / PoS Yes Ethereum-based 

SSI wallet with 

W3C DIDs 

Hyperledger 

Aries 

Consortium PBFT Yes Agent 

framework for 

credential 

exchange 

ShoCard Hybrid Bitcoin-based 

PoW 

Partial Uses Bitcoin 

ledger for 

timestamping 

identity claims 

Civic Public PoS / PoA Yes Blockchain 

KYC with 

reusable 

credentials 

MOSIP Permissioned 

(Gov) 

Custom (PBFT / 

Hybrid) 

Yes Modular open-

source digital ID 

for developing 

countries 
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Table 4: Dimensions and Technical Challenges of Identity Systems (Traditional vs. 

Blockchain)[5], [6], [29]. 

Dimension Traditional 

Systems 

Blockchain-

Based Systems 

Key Challenge Proposed 

Solution 

Security Centralized 

databases 

(vulnerable) 

Distributed 

ledgers with 

cryptographic 

validation 

Scalability limits Layer-2 rollups, 

PoS, sharding 

Privacy Providers 

control data 

User controls 

credentials; uses 

ZKPs 

GDPR conflicts 

with 

immutability 

Store off-chain; 

use revocable 

credentials 

Interoperability Siloed systems Open standards 

(W3C DID/VC) 

Fragmented 

platforms 

Standardization; 

cross-chain 

bridges 

Key 

Management 

Centralized 

recovery 

available 

Full user 

responsibility for 

keys 

Key loss = 

identity loss 

Social recovery; 

multi-signature 

backup 

Compliance Aligned with 

laws 

Unclear legal fit 

for immutable 

data 

Privacy laws 

may restrict 

usage 

Minimize on-

chain data; adopt 

legal-compliant 

credential 

formats 

 

Table 3: Legal and Regulatory Frameworks by Region[19], [22], [33] 

Region / Country Framework Key Regulatory 

Features 

Challenges 

EU GDPR, eIDAS Strong consent, trust 

services 

Cross-border 

harmonization 

USA CCPA, Digital ID 

Act (proposed) 

User control, privacy 

by default 

Lack of federal 

standard 

India DPDP 2023 Consent-based 

sharing, open to 

blockchain 

Implementation gaps 

Kenya/Nigeria NDPR, DPA 2019 Data localization, 

lawful processing 

Legal capacity, cross-

border 

interoperability 
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Table 6: Future Research Agenda and Expected Contributions 

Research Direction Challenge Addressed Methodology Contribution 

AI Integration Identity automation 

and verification 

Explainable AI with 

blockchain 

Bias-free automated 

identity checks 

SSI Standards Fragmented 

ecosystems 

W3C DID/VC pilots Cross-platform 

interoperability 

Quantum Resilience Post-quantum 

security 

Lattice-based crypto, 

ZKPs 

Long-term protection 

of identity credentials 

Inclusive Design Accessibility gaps Multilingual, low-

bandwidth interfaces 

Identity inclusion for 

marginalized groups 

Regulatory 

Sandboxes 

Legal 

experimentation 

Testbeds, bilateral 

gov trials 

Agile policymaking 

in emerging 

economies 
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