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Abstract 

Multiple industries bear great potential from blockchain technology although scalability issues create 

barriers to mass implementation. This paper investigates the basic scalability difficulties of blockchain 

systems while analyzing the trade-offs from the blockchain trilemma which includes decentralization, 

security and scalability. We conduct a discussion about consensus procedures which determine 

scalability strength and we evaluate Proof of Work (PoW), Proof of Stake (PoS), Delegated Proof of 

Stake (DPoS) and Practical Byzantine Fault Tolerance (PBFT). This paper evaluates both on-chain and 

off-chain solutions such as block size enlargement along with Segregated Witness (SegWit) and 

sharding and payment channels and sidechains. We study Layer 1 and Layer 2 scaling solutions to 

deliver extensive information regarding blockchain scalability improvement methods which create paths 

toward future technological advancement. 

 

Keywords: Blockchain, Scalability, Consensus Mechanisms, On-Chain Solutions, Off-Chain Solutions, 

Layer 1, Layer 2, Blockchain Trilemma. 

 

1. Introduction 

Blockchain technology represents a transformative innovation which can revolutionize multiple sectors 

starting from finance and supply chain management up to healthcare and governance (Brown, 2024). 

The decentralized nature interface with transparent operations and immutable data system provides a 

novel level of trust combined with security protection. The barrier which holds back blockchain mass 

adoption is its inability to scale effectively (Nakamoto, S. 2008). The existing public blockchains show 

inadequate performance when dealing with transaction speeds and data storage needs for applications 

that surpass cryptocurrency usage. According to the Brown, 2024, blockchain technology will form 10% 

of global GDP by 2027 thereby creating an immediate need to solve scalability problems. 
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Figure 1. How does a Block chain work (What Is Blockchain Technology?, n.d.) 

 

A blockchain network demonstrates scalability because it preserves operational efficiency and speed as 

it expands its user base for increased transaction volume. Blockchains currently struggle to scale up their 

transaction capabilities as well as transaction confirmation times. Every node participating in traditional 

blockchain protocols needs to maintain a complete transaction record set while executing all validation 

operations. The system operates using procedures that stress computing power together with bandwidth 

and storage capabilities (Wang et al., 2019). General public blockchains experience difficulties in 

maintaining acceptable Quality of Service standards (Croman et al., 2016);  (Wang et al., 2019). The 

high duration required for consensus processing results in delayed block mining processes which extend 

to an average 10-minute period (The Bitcoin Lightning Network: Scalable Off-Chain Instant Payments 

(DRAFT Version 0.5.9.2) | Satoshi Nakamoto Institute, 2016). 

 

2. The Blockchain Trilemma 

According to Author in the noted year blockchain technology faces a fundamental dilemma between 

security and decentralization and scalability known as the "Blockchain Trilemma" When optimizing an 

element it usually results in degradation of the other factors. 

• Through decentralization, the control and decision-making functions spread throughout a large 

network thereby making central authorities unnecessary. Blockchain technology depends on 

decentralization which establishes trust on a resilient system (Zhou et al., 2020). 

• A blockchain achieves security status through its resistance to attacks coupled with the maintenance 

of data integrity and prevention of unauthorized alterations. Protection of the network and its data 

requires powerful security measures because they defend against malicious actors. 

• A blockchain system's scalability function allows it to process expanded transaction numbers while 

supporting a rising user base yet still operate at peak functional levels. 

Accomplishing the optimum levels for all three properties exists as a demanding task according to the 

trilemma principle. The quest to advance one system attribute produces unfavorable effects on different  
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aspects. 

• The need for enhanced scalability may compel systems to drop decentralization levels potentially 

creating either centralized structures or introduction of new system weaknesses. 

• Decentralization efforts that prioritize maintaining high decentralization often result in difficulties 

with network scalability because attaining agreement among multiple nodes takes an extended time 

frame along with (Zhou et al., 2020) 

• Security improvements can affect scalability through both longer transactions and reduced 

participant numbers. 

 

3. Consensus Mechanisms and Blockchain Scalability 

Blockchain scalability heavily depends on consensus mechanisms which perform essential functions in 

its operation. The methods through which blockchain networks agree about transactions and ledger 

states are determined by consensus mechanisms. Different consensus methods exist which present 

different combinations of decentralized systems capabilities against security requirements together with 

scalability metrics. 

 

Proof of Work (PoW) 

Advantage: The Proof of Work consensus method has established itself as the most proven method of 

securing blockchains such as Bitcoin (Improving the Performance of the Proof-of-Work Consensus 

Protocol Using Machine Learning, 2020). Anyone can join the mining process through the decentralized 

system because the necessary computational capacity determines participation eligibility. 

 

 
Figure 2. Proof of Work (Coinposters, 2022) 

 

Disadvantage: The main disadvantage of PoW consists of excessive energy utilization according to (I- 
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mproving the Performance of the Proof-of-Work Consensus Protocol Using Machine Learning, 2020). 

The process of mining requires participants to solve advanced mathematical problems by using large 

amounts of computational power combined with substantial electrical resources. The network's energy 

requirements substantially increase through transaction growth enabling only limited expansion. The 

Proof of Work consensus method endures slow transaction speeds and high delay between completion 

because it demands significant node agreement time (The Evolution of Consensus Algorithms: From 

POW to POS and Beyond, n.d.). 

Suitability: The suitable application for Proof-of-Work (PoW) involves security-focused decentralized 

systems more than it requires performance and energy efficiency considerations. Bitcoin represents one 

example of cryptocurrency application where security delivered by Proof of Work outweighs its 

performance restrictions. 

 

Proof of Stake (PoS) 

Advantage: The Proof of Stake (PoS) system addresses Proof of Work (PoW) energy issues through 

business model design that demands cryptocurrency users insert their assets as financial assurance 

(Heaton, 2025). Virtual mining operations lower consumption levels because power-intensive algorithms 

are no longer required for processing transactions. The transaction speed and reduced delay times 

achievable through PoS prove superior to those achieved with the proof-of-work method. 

 

 
Figure 3. Proof of Stake  (Shukla, 2024b) 

 

Disadvantage: The proof-of-stake system presents both disadvantages including security weaknesses 

and unfairness issues. A security issue called "nothing at stake" develops because validators maintain the 

power to stake across multiple chains without encountering any risks or penalties which weakens 

network security. Wealthy participants tend to benefit more from PoS systems because the ones who 

invest bigger stakes in the system are selected at higher priority to validate transactions. 

Suitability: PoS emerges as an excellent solution for applications which need quick processing together 

with energy-efficient operations rather than complete decentralization through PoW. The Ethereum 

network is adopting Proof of Stake to achieve better scalability together with lower power consumption. 

 

Delegated Proof of Stake (DPoS) 

Advantage: A voting mechanism introduces DPoS beyond PoS to allow token holders who select 

delegates for transaction validation (Mudrex, 2024. Fast consensus acquisition and superior transaction 
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processing capabilities result from using this delegated method because it involves lesser nodes in the 

validation stage. 

Disadvantage: The implementation of DPoS results in reduced decentralization levels than both PoW 

and PoS systems provide. Elected delegates hold complete control over transaction validation under this 

system which creates problems related to central authority and executive partnership. 

Suitability: Applications requiring speedy operations combined with efficient processing choose DPoS 

because it diminishes decentralization yet delivers better throughput speed. The Bitshares platform 

implements DPoS because it needs quick transaction handling. 

 

 
Figure 4. Delegated Proof of Stake ( Adegbe and Atobatele, 2023) 

 

Practical Byzantine Fault Tolerance (PBFT) 

Advantage: The voting-based consensus mechanism PBFT provides both fast transaction processing 

along with short response times according to (GeeksforGeeks, 2024). The protocol delivers effective 

results within permissioned blockchain networks that use trustworthy identified nodes. 

Disadvantage: The requirement of PBFT to operate with nodes that both exist in a known list and are 

trusted reduces its value for open decentralized systems focused on anonymity and permissionless access. 

Suitability: PBFT serves permissioned blockchain and private network configurations because it 

requires a manageable node count and verified identities like demonstrated in Hyperledger Fabric 

deployments. 

 

4. Sharding and BFT 

The implementation of sharding leads to complex difficulties for BFT. The processing of transaction 

subsets exists within separate network shards that form a sharded blockchain system. BFT must exist 

within each shard because malicious nodes inside one shard possess the ability to damage the data of 

that shard. The secure execution of cross-shard transactions depends on BFT mechanisms which ensure 

data consistency and protect against attacks through shard-linked vulnerabilities(Tran, 2019) 

https://www.ijfmr.com/
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Figure 5. BFT ( Adegbe and Atobatele, 2023) 

 

4.1 On-Chain Solutions for Blockchain Scalability 

Blockchain scalability receives improvements directly through modifications that occur at the core 

protocol of a blockchain. The blockchain obtains scalability improvements through modifications 

occurring in blocks structure or consensus mechanism or data management techniques within its 

infrastructure (Rao et al., 2024. 

Advantage: On-chain solutions afford major scalability improvements because they directly enhance 

blockchain features at their base level. The main chain becomes more user-friendly since all transactions 

flow through it without interruptions. 

Disadvantage: The modifications directly to the core protocol present challenges that create difficulties 

and potential vulnerabilities. Network-wide changes often need agreement from all participants which 

sometimes leads to network partitioned along with breakdowns known as hard forks. Including solutions 

within the blockchain has a direct influence on the trilemma elements which might result in diminished 

security capabilities or decentralized features (Rao et al., 2024). 

Block Size Increase 

By setting larger block capacities the system enables additional transactions to fit into each block block 

which leads to improved transaction speed. 

Case Study: The Bitcoin Cash platform split from Bitcoin to expand block capacity from 1MB to 8MB 

which aimed for better transaction processing speed. The strategy comes with limitations because bigger 

blocks demand higher memory capacity from nodes which can result in fewer participating systems 

available while handling network needs (Block Size: The Size Matters: How Block Size Influences 

Block Height - FasterCapital, n.d.) 

Segregated Witness (SegWit) 

With SegWit as a supplementary update to Bitcoin's protocol all signatures adopt separate storage from 

block contents which expands transaction limits through an upgrade without core modifications. 

Case Study: Bitcoin solved scalability issues by implementing SegWit which created better scalability 

and prepared future improvements. SegWit added more transactions within the system without causing 

substantial block size expansion. The scalability problem receives limited benefit from the 

implementation of SegWit (SimpleSwap, 2024). 

https://www.ijfmr.com/
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Sharding 

The on-chain solution called Sharding creates parallel shards which separate blockchain transactions 

between different processing networks. Multiple parallel processing capabilities substantially boost the 

number of transactions that can be conducted. 

Case Study: Active exploration of scaling blockchain networks with sharding technology occurs 

through Zilliqa as well as Harmony and Elastico. The implementation of sharding presents major 

difficulties in system execution as well as security maintenance and protocol communication across 

parallel network segments (Liu et al., 2022). 

Consensus Mechanism Optimization 

Blockchains rely on consensus mechanisms to achieve operational scalability effectively. Broadly 

speaking different consensus algorithms exhibit distinct efficiency values while exhibiting different 

throughputs. 

Case Study: The migration of Ethereum from Proof-of-Work (PoW) to Proof-of-Stake (PoS) stands as a 

prime illustration of an on-chain method which enhances blockchain scalability while reducing energy 

usage. The consensus mechanism Proof of Stake shows superior performance in fast block generation 

while requiring less energy usage than Proof of Work (Jain et al., 2024). 

 

4.2 Off-Chain Solutions for Blockchain Scalability 

Off-chain mechanisms run outside the principal blockchain space to ease transaction management 

operations while reducing computational requirements. The methods deployed in these solutions enable 

blockchain transactions to proceed indirectly so they decrease congestion and boost overall performance. 

Advantage: Asyncronous solutions situated outside the main blockchain result in substantial scalability 

improvement that maintains protocol integrity. Their deployment and implementation process remains 

straightforward compared to adjustments implemented directly on the blockchain. 

Disadvantage: Security together with trust concerns emerge after off-chain transaction processes begin. 

The implementation of off-chain features with main chain operations introduces system complexity 

issues (Sanka & Cheung, 2021). 

Payment Channels 

Payment channels link parties directly to each other so they can execute off-blockchain transactions 

which remain separate from blockchain ledger records. The blockchain system maintains record of only 

the final processed transaction outcome but not the intermediate steps. 

Case Study: The Lightning Network of Bitcoin serves as an excellent demonstration of payment 

channel functionality. The payment channels mechanism allows fast and inexpensive micro-transaction 

processing which enhances Bitcoin's capacity to handle numerous small deals. The process to set up 

payment channels proves time-consuming while their operation becomes difficult for transactions 

involving multiple parties (Blockchain.com, 2024). 

Sidechains 

Users can perform transactions with sidechains which run parallel to the main blockchain through 

peging mechanics so they enable both faster processing and testing of new protocols without affecting 

the base chain. 

Case Study: The Plasma sidechain framework for the Ethereum network operates as a framework which 

lives outside the main network to boost transaction speed and minimize transaction costs. The sidechains 

solution improves scalability and allows more flexibility yet poses security obstacles when moving 

https://www.ijfmr.com/
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assets from one chain to another because of their additional complexities (Sidechains: Unlocking the 

Potential of Blockchain Scalability and Interoperability, 2023). 

Off-Chain Computation 

Moving advanced computing operations such as smart contracts off the main chain occurs through off-

chain computation which uses dedicated platforms specifically designed for this purpose. The secondary 

chain processing helps decrease main chain workloads which leads to better system performance. 

Case Study:  The Truebit and Arbitrum projects are among off-chain computation solutions that work to 

implement safe and fast processing for blockchain operations. The system enables probable scalability 

improvements though it depends on off-chain platform integrity while requiring complex integration 

steps (Sariboz et al., 2021). 

 

5. Cross-Chain Solutions 

The Cosmos platform together with Polkadot works as cross-chain technology which enhances 

scalability through blockchain interoperability capabilities. The integration of these solutions enables 

multiple chains to share data and transactions which results in enhanced scalability because the system 

load gets distributed. 

5.1 Layer 1 vs. Layer 2 Solutions 

Blockchain systems experience performance limitations when they expand because the transaction speed 

decreases while fees rise and storage demands increase. Numerous solutions have emerged for 

blockchain problems which fall into two categories labeled as Layer 1 and Layer 2 to address different 

elements of blockchain architecture. 

Layer 1: The Foundation 

The first layer of scalability solutions pertains to core blockchain protocol modification in order to 

improve native scalability. The modifications to blockchain networks can include modifications to each 

of the following attributes: 

Consenscus Mechanism: Switching from Proof-of-Work (PoW) to Proof-of-Stake (PoS) delivers better 

transaction velocity and cuts down energy usage according to Author (year). 

Block Structure: Block Structure includes Bitcoin Cash (Author, year) because it expanded block size 

and SegWit (Author, year) works by dividing base blocks from transaction signatures to achieve higher 

capacity. 

Sharding: The blockchain network uses sharding to split operations across various parallel shards which 

collectively process different parts of the transactions. The method enables parallel processing which 

leads to amplified overall data processing performance (Author, year). 

Examples: 

• The Bitcoin-NG protocol maintains block mining independently from transaction serialization so the 

system can continuously process deals and achieve better throughput Niu et al. (2020) 

• The blockchain sharding protocols Elastico and OmniLedger were developed for permissionless 

networks to improve scalability features while protecting security standards (Kokoris-Kogias et al., 

2018) 

• Zilliqa and Harmony deploy sharding methods in their public blockchains to reach high transaction 

numbers (X-Shards, n.d.) 

Layer 2: Building on Top 

The existing blockchain protocol (Layer 1) supports Layer 2 solutions that serve to transfer transactions  
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and computation items through an additional system without modifying the base protocol. Secondary 

solution frameworks developed by these approaches enable interaction with main blockchains to finalize 

transaction outcomes. 

Key Layer 2 approaches include: 

Payment channels: Two parties can accomplish fast inexpensive cross-transactions through payment 

channels operating outside the blockchain framework. Bitcoin uses the Lightning Network as a leading 

proof of concept for its transaction infrastructure (Payment Channel: How to Use Payment Channels to 

Reduce Transaction Costs and Speed up Payments - FasterCapital, n.d.) 

Side chains: Sidechains function as temporary blockchain systems connected to the main blockchain to 

support transactions and smart contracts having different operational rules or capabilities. The sidechain 

framework Plasma stands as an important example of the Ethereum platform (“An Introduction to 

Sidechains,” 2024) 

 

Conclusion 

To achieve maximum technological potential the blockchain industry requires an effective solution for 

scalability issues. Blockchain trilemma shows that decentralized systems face an eternal series of 

compromises between safety measures and system speed that affects decentralization levels and security 

protocols. Three categories of scalable blockchain solutions consist of optimized consensus mechanisms 

and adjusted on-chain implementations and off-chain protocol frameworks. The selection of these 

options for solution depends on what the blockchain system needs alongside its targeted applications. 

Future blockchain networks will require a merger of Layer 1 and Layer 2 implementations for 

constructing secure decentralized frameworks that combine high scalability. The adoption of blockchain 

technology in various industries requires additional research along with development efforts to address 

remaining obstacles and build universal blockchain implementation. 
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