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Abstract

Blockchain-based identity management (BC-IAM) systems promise a paradigm shift in how digital identities are issued,
verified, and managed. By removing centralized intermediaries, these systems aim to provide individuals with greater
autonomy, transparency, and privacy in digital transactions. However, despite the conceptual advantages, BC-IAM
adoption at national or global scale remains constrained by scalability and performance limitations, including restricted
transaction throughput, high verification latency, and excessive on-chain storage demands. These limitations hinder
applications in high-volume, real-time environments such as e-governance, cross-border trade, and healthcare data
management.

This paper introduces ChainlD-Flex, an applied BC-IAM framework designed to address these constraints through a
combination of Layer-2 identity verification channels, shard-aware credential allocation, and zero-knowledge proof (ZKP)-
enabled off-chain storage. The architecture enables high-frequency, low-risk verifications to be processed off-chain while
preserving security guarantees through periodic anchoring to the main ledger. Sharding improves parallel transaction
processing, and off-chain attribute storage reduces blockchain bloat without compromising data integrity.

ChainID-Flex was implemented in a 12-node consortium blockchain network and tested with a simulated workload of
10,000 active users across four credential categories: financial, healthcare, academic, and government. The results
demonstrate a 3.2x increase in throughput, a 41% reduction in verification latency, and a 55% decrease in on-chain storage
requirements compared to a baseline BC-IAM model. Furthermore, the framework maintains compatibility with W3C
Decentralized Identifiers (DIDs) and Verifiable Credentials (VCs) standards, supporting interoperability with existing SSI
ecosystems.

The findings indicate that ChainID-Flex offers a viable pathway to production-scale decentralized identity systems. The
proposed architecture balances decentralization, scalability, and security in a manner aligned with emerging regulatory
frameworks such as GDPR, HIPAA, and eIDAS. This work contributes to bridging the gap between BC-IAM prototypes
and deployable, high-performance solutions.

Keywords: Blockchain, Identity Management, Scalability, Layer-2 Solutions, Sharding, Off-Chain Processing, Self-
Sovereign Identity

1. Introduction create single points of failure that are susceptible to data

1.1 Background and Motivation breaches, insider misuse, and operational outages.

The last decade has witnessed a growing interest in self-
sovereign identity (SSI) models, where individuals own,
control, and present their credentials without the need for
centralized intermediaries. Blockchain technology—
offering decentralized consensus, tamper-resistant
record-keeping, and cryptographic verifiability—has
emerged as a natural platform for implementing SSI.
Blockchain-based identity management (BC-IAM)
systems enable credential issuance, verification, and

Digital identity is a cornerstone of modern digital
ecosystems. It is required for activities as diverse as
banking transactions, access to healthcare services,
online voting, supply chain tracking, and higher
education enrollment. Traditionally, identity
management has relied on centralized architectures,
wherein a trusted authority such as a government agency,
financial institution, or technology corporation issues
and stores credentials on behalf of wusers. These
centralized models offer administrative efficiency but
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revocation to be recorded on a distributed ledger,
ensuring transparency and auditability.

1.2 Limitations of Centralized Identity Systems

Centralized identity management faces several inherent
drawbacks:

1. Security Vulnerability: Large-scale breaches
of central repositories, such as the 2017 Equifax
breach and the 2018 Aadhaar breach,
compromised hundreds of millions of personal
records, eroding public trust (Tavani, 2019).

2. Limited User Control: Users have minimal
influence over how their identity data is stored,
shared, or monetized.

3. Interoperability Challenges: Credentials
issued in one domain often cannot be reused in
another without custom integration.

4. Regulatory Exposure: Centralized data
custodians bear heavy compliance burdens
under frameworks like the General Data
Protection Regulation (GDPR) and the Health
Insurance Portability and Accountability Act
(HIPAA).

1.3 Blockchain’s Potential Reole in Identity
Management

Blockchain introduces properties absent in centralized
systems:

o Decentralization: Eliminates the need for a
single trusted authority, distributing trust across
network participants.

e Immutability: Cryptographic linkages between
blocks ensure that recorded transactions cannot
be altered without consensus.

e Transparency and Auditability: Public
ledgers allow verifiers to trace credential
issuance and revocation events.

e Resilience: The absence of a central point of
failure reduces susceptibility to targeted attacks.

These characteristics make blockchain an attractive
foundation for identity systems. However, their
applicability to high-demand environments hinges on
overcoming scalability and performance barriers.

1.4 Scalability and Performance Challenges in BC-
1AM

Despite its advantages, BC-IAM remains hindered by the
blockchain trilemma: the difficulty of achieving optimal
decentralization, security, and scalability simultaneously
(Buterin, 2020). In the identity management context, the
trade-offs manifest as:
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e Limited Throughput: Many public blockchain
networks process fewer than 50 transactions per
second (TPS), insufficient for national-scale
identity verification.

e Verification Latency: Block confirmation
times and network propagation delays can cause
several  seconds—or  minutes—of lag,
unsuitable for real-time applications like access
control in secure facilities.

e On-Chain Storage Overhead: Storing identity
attributes directly on-chain inflates ledger size,
slows synchronization for new nodes, and
increases infrastructure costs.

e Revocation Inefficiency: Existing on-chain
revocation models require multiple writes to the
ledger, increasing congestion and storage
needs.

1.5 Research Gap and Objectives
Current BC-IAM solutions fall into two categories:

1. Prototypes that demonstrate conceptual
feasibility but are not designed for high-volume
production workloads.

2.  Optimized private/consortium deployments that
improve performance at the cost of
decentralization or interoperability.

There is a need for an architecture that:

e  Maintains the trustless and decentralized nature
of BC-IAM.

Scales to millions of verifications per day.

e Preserves compliance with open identity
standards (DIDs, VCs).

real-world

Operates  within
frameworks.

regulatory

The objective of this research is to design, implement,
and evaluate ChainID-Flex, an applied BC-IAM
framework that integrates Layer-2 verification channels,
shard-aware credential allocation, and ZKP-secured off-
chain storage to overcome the above limitations.

2. Literature Review and Theoretical Foundation

Blockchain-based  identity = management is an
intersectional research area that draws on developments
in distributed systems, cryptography, identity federation,
and privacy engineering. The literature reflects multiple
parallel streams — the evolution of self-sovereign
identity,  scalability = solutions in  blockchain,
cryptographic verification techniques, and governance
frameworks. This section synthesizes these streams and
positions the proposed ChainID-Flex framework within
them.
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2.1 Overview of Blockchain in Identity Management

The notion of decentralized identity predates blockchain
but lacked a suitable technological substrate for trustless,
verifiable interactions. Early federated identity systems
(e.g., SAML, OAuth, OpenID Connect) enabled
credential portability but required reliance on large
identity providers such as Google or Microsoft
(Hardjono & Maler, 2019). These models perpetuated
centralized control and associated risks.

The emergence of blockchain provided a mechanism to
record credential issuance and revocation events in a
tamper-evident, append-only ledger, verifiable without a
central authority. Decentralized Identifiers (DIDs) and
Verifiable Credentials (VCs), formalized by the W3C
(Sporny et al, 2021), have become foundational
standards in this space. DIDs provide unique, resolvable
identifiers anchored to blockchain entries, while VCs
allow selective disclosure of attributes. Systems such as
uPort, Sovrin, and Hyperledger Indy have
operationalized these concepts, though often at limited
scale.

2.2 The Blockchain Trilemma in BC-IAM

Ethereum’s co-founder Vitalik Buterin articulated the
blockchain trilemma — the trade-off between
decentralization, security, and scalability (Buterin,
2020). In BC-IAM:

e Decentralization ensures no single entity can
unilaterally alter identity records.

e Security preserves the integrity and
authenticity of credentials against malicious
actors.

e Scalability dictates whether the system can
handle national or global identity workloads.

Existing deployments typically prioritize security and
decentralization, resulting in constrained throughput and
higher latency — tolerable in financial settlement, but
problematic for high-frequency identity verification.

2.3 Consensus Mechanisms: Throughput vs. Trust

The consensus algorithm is a key determinant of BC-
IAM performance:

e  Proof-of-Work (PoW), as used in Bitcoin,
provides strong security but processes a low
number of transactions per second (Nakamoto,
2008; Tschorsch & Scheuermann, 2016).

e Proof-of-Stake (PoS) and its variants (e.g.,
Casper) improve efficiency but require
economic stake assumptions (King & Nadal,
2012; Buterin & Griffith, 2017).

e Practical Byzantine Fault Tolerance (PBFT)
achieves high throughput in permissioned
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settings but limits validator set size for
performance (Castro & Liskov, 2002).

¢ Delegated Proof-of-Stake (DPoS) introduces
elected wvalidators for efficiency but can
concentrate control (Larimer, 2014).

Hybrid models attempt to blend these properties, but in
BC-IAM, choice of consensus directly affects
verification latency and system scalability.

2.4 Layer-2 Scaling Solutions

Layer-2 solutions aim to shift transaction processing off
the base blockchain while retaining security guarantees:

e State channels allow repeated interactions
between parties off-chain, settling net results
periodically on-chain (Poon & Dryja, 2016).

e Plasma and Optimistic Rollups batch
transactions, reducing main-chain load (Poon &
Buterin, 2017; Buterin, 2021).

e zk-Rollups use zero-knowledge proofs to
batch-verify off-chain transactions with strong
security guarantees (Ben-Sasson et al., 2019).

For BC-IAM, Layer-2 enables frequent identity
verifications — such as workplace access checks —
without congesting the main ledger.

2.5 Off-Chain Storage and Zero-Knowledge Proofs

Identity attributes (e.g., biometric templates, diplomas)
can be large or sensitive. Storing them on-chain is costly
and can violate privacy laws. Off-chain storage
strategies, often coupled with content-addressable
systems like IPFS (Benet, 2014), mitigate these issues.
Cryptographic hashes stored on-chain verify data
integrity, while zero-knowledge proofs (ZKPs) allow
proving possession of an attribute without revealing it
(Zhang et al., 2020). This approach aligns BC-IAM with
privacy-by-design principles.

2.6 Sharding in Blockchain Systems

Sharding partitions the blockchain into smaller, parallel
chains (shards), each handling a subset of transactions.
Systems like Zilliga and Ethereum 2.0 have shown
throughput improvements by orders of magnitude
(Nguyen et al., 2019; Buterin, 2020). In BC-IAM,
sharding can segregate transactions by credential type or
jurisdiction, reducing cross-node communication and
improving parallelism.

2.7 Interoperability Challenges in Decentralized
Identity

Interoperability is critical for BC-IAM’s viability.
Current DID methods are often blockchain-specific,
limiting portability. Efforts like the Decentralized
Identity Foundation (DIF) and Hyperledger Aries aim to
enable cross-network credential exchange, but
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performance considerations remain underexplored
(Preukschat & Reed, 2021).

2.8 Regulatory and Governance Considerations

Any BC-IAM deployment must navigate regulatory
frameworks:

e GDPR (European Union) mandates data
minimization, purpose limitation, and the right
to erasure — potentially at odds with
blockchain’s immutability.

e HIPAA (United States) governs healthcare data
privacy, necessitating encryption and access
controls.

e ¢eIDAS (EU) defines legal recognition for
electronic identification.

Governance models must define how consensus
participants are selected, how disputes are resolved, and
how compliance is enforced.

3. Methodology

The ChainID-Flex framework was conceived to bridge
the gap between conceptual BC-IAM prototypes and
production-grade, large-scale deployments.  This
methodology section explains the design rationale,
architecture, security model, and operational strategies
used to achieve high throughput, low latency, and
reduced on-chain storage without compromising
decentralization or regulatory compliance.

3.1 Design Rationale and Requirements

The design objectives for ChainlD-Flex were derived
from three key requirements:

1. Performance — Support tens of millions of
identity verification transactions per day
without congestion or excessive latency.

2. Security — Preserve the tamper-proof, trustless
verification properties that define blockchain-
based systems.

3. Interoperability and Compliance — Maintain
compatibility with W3C DID and VC
standards, while supporting compliance with
GDPR, HIPAA, and similar frameworks.

The architecture needed to balance these objectives
without defaulting to heavy centralization or sacrificing
key blockchain guarantees.

3.2 Insights from Prior Work

The scalability and performance bottlenecks identified
by Shaik et al. (2019) provided a clear map of where
conventional BC-IAM architectures falter:

e Consensus overhead slowing verification
cycles.
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e Inefficient on-chain storage of attributes
bloating the ledger.

e Revocation models requiring multiple ledger
writes.

ChainID-Flex directly addresses each of these pain
points through Layer-2 offloading, shard-aware
transaction distribution, and off-chain attribute storage
with cryptographic proofing.

3.3 Architectural Overview

The ChainID-Flex architecture is divided into four main
layers:

1. Core Blockchain Layer

o Maintains the DID registry, credential
issuance records, and revocation
registries.

o Operates on a BFT-style consensus
optimized for low-latency
confirmation in a consortium network.

o Stores only the minimal data required
for verification — typically credential
hashes and revocation flags.

2. Layer-2 Identity Verification Channels

o Handle frequent, low-risk verifications
off-chain.

o Maintain state channels or rollup-
based ledgers that periodically anchor
proofs to the main chain.

o Include fraud-proof mechanisms
allowing disputed verifications to be
escalated on-chain.

3.  Shard-Aware Credential Allocation

o Segregates identity records into shards
based on logical categories (e.g.,
healthcare, finance, government,
education).

o Reduces cross-shard communication
and allows parallel verification
processes.

o Employs dynamic workload balancing
to prevent shard overload.

4. Privacy-Preserving Off-Chain Storage

o Stores large or sensitive attributes
(e.g., biometric  hashes, high-
resolution documents) in distributed
systems like IPFS.

o Uses zero-knowledge proofs (ZKPs)
to confirm possession or validity of
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off-chain attributes without revealing
their content.

o Maintains strong linkage between on-
chain credential hashes and off-chain
content addresses.

3.4 Layer-2 Verification Flow

I. Credential Query Initiation — The verifier
requests credential validation from the holder.

2. Off-Chain Session Creation — A secure
channel is established between verifier and
holder.

3. Proof Exchange — The holder presents a ZKP
or signed credential data, which is validated by
the verifier.

4. Batch Anchoring — Multiple such
verifications are periodically summarized and
anchored to the main chain as a single proof
transaction.

This minimizes main-chain transaction count while
ensuring verifiability.

3.5 Shard Allocation Strategies

ChainID-Flex implements static shard allocation for
high-stability environments and dynamic shard
allocation for fluctuating workloads:

e Static Allocation: Credentials are permanently
assigned to shards by category.

e Dynamic Allocation: A load balancer monitors
shard activity and migrates credentials to
underutilized shards to avoid performance
bottlenecks.

3.6 Off-Chain Storage with ZKP Integration
The off-chain storage component serves three purposes:

I. Reduce Ledger Size — Only the hash and
locator of the attribute remain on-chain.

2. Enhance Privacy — Attributes are encrypted
and never exposed unless authorized.

3. Enable Compliance — Attributes can be
deleted off-chain to satisfy “right to be
forgotten” laws without altering the blockchain
ledger.

ZKPs ensure that even when attributes are stored off-
chain, verifiers can be confident of their integrity.

3.7 Security Threat Model and Mitigation

e Replay Attacks — Prevented through nonce-
based verification in Layer-2 channels.

o Sybil Attacks — Controlled via consortium
governance and validator identity verification.
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e Data Tampering — Mitigated by strong
cryptographic hashing linking on-chain records
to off-chain attributes.

e Fraudulent Revocation — Countered with
multi-party consensus on revocation entries.

3.8 Trade-off
Decentralization

Analysis:  Performance  vs.

The design accepts certain trade-offs:

e Reduced validator set size in consortium mode
increases efficiency but slightly centralizes
control.

e Shard governance requires coordination
among validator groups.

e Layer-2 dependency means temporary trust in
off-chain state until it is anchored.

These trade-offs are justified by the performance gains
and the preservation of trust guarantees through
cryptographic proofs.

4. System Implementation

The implementation of ChainlD-Flex translates the
architectural vision into a functioning BC-IAM system
capable of supporting large-scale, high-frequency
identity operations. This section describes the
deployment topology, consensus configuration, sharding
setup, Layer-2 integration, and off-chain storage
mechanism.

4.1 Development Environment and Toolchain

The development environment leveraged a combination
of blockchain frameworks, distributed storage systems,
and cryptographic libraries:

e Blockchain Platform: Hyperledger Fabric
v2.4, selected for its modular consensus,
channel-based architecture, and mature SDK
support for consortium networks.

e Consensus Module: Custom adaptation of
Practical Byzantine Fault Tolerance (PBFT)
using Fabric’s ordering service, optimized for
low-latency block finality.

e Programming  Languages: Go (for
chaincode/smart contracts), Node.js (for API
services), Python (for test automation scripts).

e Cryptographic Libraries: Hyperledger Ursa
for BLS signatures and zero-knowledge proof
primitives.

e Storage Layer: IPFS v0.15 configured with a
private swarm for off-chain data storage.
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4.2 Network Topology

The test network consisted of 12 validator nodes
distributed across four geographic regions to simulate
latency variance:

e 4 Shard Leaders — each responsible for
coordinating transactions within a shard.

e 8 Shard Participants — execute chaincode
and maintain the ledger within their assigned
shard.

e 2 Ordering Nodes — aggregate transactions
from shards into the main ledger.

Each node was provisioned with:
e 8-core CPU
e 32GBRAM
e 1 TB SSD storage
e  Gigabit network connectivity
4.3 Consensus Configuration
The PBFT consensus was tuned for performance:
e Block Size: 500 transactions
e Block Interval: 2 seconds

e  Fault Tolerance: Up to 1/3 validator failure per
shard without loss of consensus

e Dynamic Leader Rotation: Every 50 blocks to
avoid performance degradation due to leader
overloading

This configuration achieved sub-second ordering latency
under moderate load, with minimal variance under peak
conditions.

4.4 Sharding Implementation
Sharding was implemented at the application level:

e Shard Assignment Function: A deterministic
hash function mapped credential categories
(financial, healthcare, academic, government)
to shard IDs.

e Shard Membership: Nodes were statically
assigned to shards but could be reallocated by
the load balancer during peak load scenarios.

e Cross-Shard Communication: Implemented
via inter-shard channels in Hyperledger Fabric,
with message batching to minimize overhead.

4.5 Layer-2 Verification Channels

Layer-2 channels were implemented using optimistic
rollups:
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1. Verification Initiation: A verifier opens a
Layer-2 session with the credential holder.

2. Off-Chain Proof Exchange: The holder
submits a signed ZKP proving credential
validity.

3. Batch Commitment: The verifier submits a
Merkle root of all verifications processed in the
session to the main chain.

4. Fraud Proof Mechanism: Any participant can
challenge a commitment within a 24-hour
dispute window.

This design reduced main-chain verification transactions
by approximately 70% during testing.
4.6 Off-Chain Storage and ZKP Integration

Attributes unsuitable for on-chain storage were placed in
IPFS with the following security measures:

e Encryption: AES-256 encryption at rest; keys
stored with the credential holder.

e Content Addressing: SHA-256 hashes of
stored files were recorded on-chain for integrity
verification.

o ZKP Proofs: Grothl6 zk-SNARK proofs
confirmed attribute validity without revealing
sensitive content.

Example:

e An educational credential proof confirmed that
“Degree: MSc in Computer Science, Issuer:
University X was valid without disclosing the
document itself.

4.7 API Layer and Credential Lifecycle
The API layer provided RESTful endpoints for:

e Credential Issuance: Submission by issuers
with DID and VC metadata.

e Verification Requests: Initiation of Layer-2
sessions.

e Revocation: On-chain update of revocation
registry entries.

e Attribute Retrieval: Secure off-chain fetch of
encrypted attributes for authorized parties.

Endpoints enforced mutual TLS authentication and rate
limiting to prevent abuse.

5. Experimental Design & Evaluation Methodology

To validate the scalability, performance, and operational
robustness of ChainID-Flex, a structured experimental
methodology was implemented. This section outlines the
experimental  architecture,  simulated  workload
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characteristics, performance metrics, and baseline
comparison strategies.

5.1 Objectives of the Evaluation
The primary objectives of the evaluation were:

1. Throughput Assessment — Measure the
maximum  number of  identity-related
transactions per second (TPS) the system can
sustain under varying load conditions.

2. Latency Analysis — Evaluate the average and
worst-case identity verification times for both
on-chain and Layer-2 operations.

3. Storage Efficiency — Quantify reductions in
on-chain ledger growth through shard-aware
allocation and off-chain storage.

4. Revocation Responsiveness — Assess the
time taken for revocation events to propagate
across the system.

5. Resource Utilization — Monitor CPU,
memory, and network usage across validator
and shard leader nodes.

5.2 Experimental Architecture

The testbed mirrored the implementation environment
described in Section 4, consisting of 12 validator nodes
distributed across four shards and connected via a
consortium blockchain framework.

Key Components:

e Blockchain Layer: Hyperledger Fabric with
modified PBFT consensus.

e Layer-2 Channels: Implemented using
optimistic rollups with fraud-proof
mechanisms.

e  Off-Chain Storage: IPFS private swarm with
ZKP verification integration.

5.3 Workload Simulation

A synthetic workload generator was developed to
emulate real-world BC-IAM traffic. Transactions were
categorized as:

1. Credential Issuance (20%) — Simulated new
identity = credentials issued by trusted
authorities.

2. Attribute Updates (30%) — Reflecting
changes in user data, such as address changes or
updated professional certifications.

3. Verification Requests (50%) — Credential
validation by service providers, employers, or
government agencies.
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Load Profiles:

e Baseline Load: 1,000 TPS spread evenly across
shards.

e Peak Load: 5,000 TPS with spikes
concentrated in specific shards (e.g., tax season
causing heavy load on government credentials
shard).

5.4 Metrics Definition

e Transaction Throughput (TPS): Number of
committed transactions per second.

e Average Verification Latency (ms): Time
from verification request to receipt of validation
result.

e Ledger Growth (MB/day): Increase in on-
chain storage footprint.

e Revocation Propagation Time (ms): Delay
between revocation issuance and network-wide
enforcement.

e Resource Utilization (%): Average CPU and
memory usage per node.

e Network Overhead (MBps): Inter-node
communication volume.

5.5 Baseline Comparison

Two baseline configurations were used for comparative
analysis:

1. Baseline BC-IAM — A single-chain
Hyperledger Fabric deployment with all
credential data stored on-chain, no sharding, no
Layer-2 verification.

2. Optimized Non-Sharded BC-IAM —
Incorporates Layer-2 channels but maintains all
credentials on a single ledger without sharding.

This dual-baseline approach allows isolation of
performance improvements attributable specifically to
sharding and off-chain storage optimizations.

5.6 Test Procedure

1. Initialization: Populate the network with
10,000 synthetic user identities and associated
credentials.

2. Warm-Up Phase: Run at baseline load for 10
minutes to stabilize caches and network
conditions.

3. Measurement Phase: Execute test scenarios
for 1-hour intervals, rotating between baseline
load, peak load, and burst load (short spikes
exceeding peak rates).
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4. Data Collection: Record system metrics
continuously using Prometheus and Grafana for
visualization.

5. Analysis: Export collected data to CSV for
statistical ~analysis, calculating averages,
percentiles (P50, P90, P99), and standard
deviations.

5.7 Validity Considerations
To ensure fairness and repeatability:

e FEach test scenario was repeated three times;
results are presented as averages.

e Nodes were synchronized to the same network
time using NTP to prevent timestamp
discrepancies.

e  All nodes used identical hardware and network
configurations to eliminate resource bias.

6. Results

The experiments yielded quantitative and qualitative
insights into the performance advantages of ChainID-
Flex over baseline BC-IAM implementations. The
results are presented across key metrics: throughput,
verification latency, storage efficiency, revocation
responsiveness, and resource utilization.

6.1 Transaction Throughput

Table 1 summarizes the sustained transaction throughput
under baseline load (1,000 TPS target) and peak load
(5,000 TPS target).

Table 1: Transaction Throughput (TPS)

Confi " Baseline Peak
onfiguration Load Load
Baseline BC-IAM 240 180

Non-Sharded Layer-2 BC- 57

IAM 0 410

ChainID-Flex 768 695

e Under baseline load, ChainID-Flex achieved
3.2x the throughput of the baseline BC-IAM
and ~48% higher throughput than the optimized
non-sharded configuration.

e Peak load performance degradation was
minimal for ChainID-Flex (9.5%), compared to
25% for the non-sharded Layer-2 configuration
and 33% for the baseline.

6.2 Verification Latency

Latency was measured from the moment a verification
request was submitted to the time the result was returned.
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Table 2: Average Verification Latency (ms)

Confi " On-Chain Layer-2
ontiguration Verification Verification

Baseline BC-IAM 520 N/A

Non-Sharded Layer-

2 BCIAM 342 198

ChainlID-Flex 307 141

e  On-chain verification latency for ChainID-Flex
was reduced by 41% relative to the baseline.

e Layer-2 verification latency improved by
28.7% compared to the non-sharded Layer-2
model, reflecting benefits of shard-aware
allocation and reduced cross-node
communication.

6.3 Storage Efficiency

Figure 1 (described) shows the daily ledger growth for
each configuration. The baseline BC-IAM exhibited the
steepest growth curve due to full on-chain attribute
storage, averaging 1.44 GB/day. The non-sharded
Layer-2 model reduced this to 0.92 GB/day, while
ChainID-Flex achieved 0.65 GB/day, a 55% reduction
relative to baseline.

The reduction was attributed to:
e  Off-chain storage of large attributes.

e Shard-based segregation minimizing redundant
storage replication across all nodes.

6.4 Revocation Propagation

Revocation responsiveness is critical for security-
sensitive identity use cases.
Table 3: Revocation Propagation Time (ms)

Configuration Avg. Revocation Time
Baseline BC-IAM 190

Non-Sharded Layer-2 BC- 127

IAM

ChainID-Flex 92

The shard-based approach reduced revocation event
distribution paths, allowing ChainID-Flex to propagate
changes ~51.6% faster than the baseline.

6.5 Resource Utilization

CPU and memory usage remained within acceptable
operational bounds across all configurations.

e CPU Utilization: ChainID-Flex nodes
averaged 55% CPU wusage at peak load,
compared to 62% in the baseline.
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e Memory Utilization: 14 GB average in
ChainID-Flex versus 18 GB in baseline.

e Network Overhead: ChainID-Flex reduced
cross-node data transfer by ~43% due to shard-
local verification handling.

6.6 Summary of Gains

Table 4: Performance Improvement Summary
(ChainID-Flex vs Baseline)

Metric Improvement
Throughput (TPS) +220%
Verification Latency  -41%

Ledger Growth -55%
Revocation Propagation -51.6%
Network Overhead -43%

These results validate the design hypothesis that
combining Layer-2 channels, sharding, and off-chain
storage yields measurable and synergistic performance
benefits for BC-IAM.

7. Discussion

The evaluation results confirm that ChainlD-Flex
significantly enhances the scalability, efficiency, and
responsiveness of  blockchain-based identity
management systems. This section interprets the findings
in the context of prior research, explores deployment
considerations, addresses regulatory implications, and
discusses limitations.

7.1 Comparative Perspective with Prior Work

Previous studies, notably Shaik et al. (2019), provided a
detailed account of the scalability and performance
bottlenecks that hinder large-scale BC-IAM adoption.
Their analysis highlighted consensus inefficiencies, on-
chain storage overhead, and latency in revocation
processes as critical adoption barriers. The
improvements demonstrated by ChainID-Flex directly
address these identified weaknesses:

e Consensus Inefficiencies: By optimizing
PBFT consensus in a consortium setting and
employing shard leaders, ChainID-Flex reduces
block finality time without compromising fault
tolerance.

e On-Chain Storage Overhead: The integration
of ZKP-enabled off-chain storage addresses
ledger bloat while maintaining verifiability.

e Revocation Latency: Shard-local revocation
registries ensure faster propagation than global
monolithic models.
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The measurable gains across all tested performance
metrics suggest that targeted architectural interventions
can substantially close the gap between conceptual BC-
IAM frameworks and production-ready deployments.

7.2 Deployment Considerations

Consortium VS. Public Networks
While ChainID-Flex was tested in a consortium
blockchain environment, its design is adaptable to public
networks. However, throughput and latency advantages
may be less pronounced in public deployments due to
larger validator sets and higher consensus overhead.

Infrastructure Scaling
The shard-aware allocation approach distributes load
horizontally, enabling incremental scaling by adding
nodes to specific shards. This modular growth strategy
can reduce operational cost spikes associated with
monolithic network scaling.

Integration with Existing Systems
ChainID-Flex supports W3C DID and VC standards,
allowing gradual integration into existing SSI and
federated identity systems without requiring a complete
system overhaul.

7.3 Regulatory Compliance Implications

GDPR

By storing personal data off-chain and anchoring only
cryptographic proofs, ChainID-Flex aligns with GDPR’s
principles of data minimization and the right to erasure.
Deleting off-chain records effectively removes personal
data while preserving blockchain integrity.

HIPAA

In healthcare contexts, encryption-at-rest for off-chain
attributes and controlled access via ZKPs supports
HIPAA'’s confidentiality requirements. Access logging
through blockchain ensures auditable compliance.

eIDAS

For European eIDAS compliance, ChainID-Flex can
provide legally recognized digital signatures and identity
verification proofs anchored to an immutable ledger.

7.4 Interoperability Considerations

ChainID-Flex’s standards-based approach facilitates
interoperability with:

e Other blockchain identity networks through
DID method bridging.

e Legacy identity providers via API gateways.

e Cross-chain identity exchanges leveraging
interledger protocols.

However, achieving full interoperability requires
governance alignment across participating networks — a
non-technical but equally critical challenge.
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7.5 Limitations and Risks

Layer-2 Dependency
While Layer-2 channels significantly improve
performance, they introduce a dependency on timely
anchoring to the main chain. Extended anchoring
intervals could expose the system to short-term fraud
risks.

Shard Governance
Shard leader assignment and reallocation policies must
be transparent and secure to prevent manipulation. Poor
governance could undermine decentralization.

Off-Chain Availability
Reliance on distributed storage like IPFS introduces
availability risks if nodes storing critical off-chain
attributes go offline. Mitigation strategies include
replication policies and availability monitoring.

Resource Requirements
Although resource utilization was reduced compared to
baseline,  ChainID-Flex still  requires  robust
infrastructure for peak performance, which may
challenge smaller organizations or low-resource
jurisdictions.

8. Future Research Directions

The findings from ChainID-Flex open several avenues
for further research and development in blockchain-
based identity management.

8.1 AI-Based Dynamic Shard Allocation

While ChainID-Flex supports dynamic  shard
reallocation based on load balancing heuristics,
integrating Al-driven prediction models could further
optimize shard distribution. Machine learning algorithms
could forecast verification demand spikes — such as tax
filing deadlines or large-scale public events — and
preemptively adjust shard capacity.

8.2 Cross-Chain Identity Federation

As blockchain ecosystems become more fragmented,
cross-chain identity interoperability will be critical.
Future work should explore leveraging interoperability
protocols such as Cosmos IBC or Polkadot XCMP to
enable  verifiable identity = exchanges  across
heterogeneous blockchains without central
intermediaries.

8.3 IoT Device Identity Integration

The proliferation of IoT devices in critical infrastructure
raises the need for secure, scalable device identity
management. Extending ChainlD-Flex to handle
automated device credential issuance, rotation, and
revocation could strengthen IoT security while
leveraging the same scalability principles.
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8.4 Privacy-Preserving Federated Identity Systems

Combining blockchain’s transparency with federated
learning techniques could enable multi-domain identity
verification without centralizing sensitive data. This
approach could be particularly useful for cross-border
identity verification where data residency laws limit raw
data exchange.

8.5 Resilience to Post-Quantum Threats

While ChainID-Flex currently employs elliptic curve
cryptography, future iterations should investigate post-
quantum secure primitives to ensure long-term resilience
against quantum computing advancements.

9. Conclusion

This paper presented ChainID-Flex, a high-performance
blockchain-based identity management framework that
integrates Layer-2 verification channels, shard-aware
credential allocation, and ZKP-enabled off-chain storage
to overcome the scalability and performance limitations
of conventional BC-IAM systems.

Through applied experimentation in a consortium
blockchain testbed with 10,000 simulated users,
ChainID-Flex demonstrated:

e 3.2x throughput improvement over baseline.

e 41% reduction in on-chain verification
latency.

e 55% decrease in
requirements.

on-chain  storage

e Significant  reductions in  revocation
propagation time and network overhead.

By aligning with open standards such as W3C DIDs and
VCs, ChainlD-Flex ensures interoperability with
existing SSI systems, while its off-chain data model
supports compliance with regulatory frameworks like
GDPR, HIPAA, and eIDAS.

The architecture’s modular scalability, performance
resilience under peak loads, and privacy-preserving
design position it as a viable blueprint for real-world BC-
IAM deployments. While limitations remain —
particularly in Layer-2 anchoring dependency, shard
governance, and off-chain availability — the
demonstrated gains suggest that targeted architectural
optimizations can close the gap between research
prototypes and operational decentralized identity
infrastructures.

Future work will focus on Al-driven adaptive scaling,
cross-chain interoperability, IoT integration, and post-
quantum  security enhancements, ensuring that
blockchain-based identity management systems remain
robust, scalable, and trustworthy in the face of evolving
technological and regulatory landscapes.
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