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Abstract— Blockchain technology has transformed data integrity and digital transactions across 
various industries. Achieving optimal scalability, transparency and security is still a challenge. 
Barriers exist such as high energy consumption, long transaction times, and interoperability 
problems like the Fork problem with the consensus of decentralized node versions on software 
upgrades. This paper proposes a novel blockchain-based architecture using layer-2 scaling 
techniques, energy efficient decision methods and cross-chain protocols that solves these issues. 
This approach decreases decentralized transaction carbon footprints, boosts blockchain 
performance, and helps interoperability. Detailed case studies of platforms like Ethereum and 
Polkadot are included to demonstrate how these challenges have been tackled in practice, with 
specific focus on scalability and interoperability solutions. Areas such as supply chain 
management and finance would benefit from the newer system's improved security and 
reliability. It was carried out in a multi-phase manner, first evaluating the current limitations of 
blockchain technology. Then, a hybrid agreement model combining energy-efficient techniques 
with data sharing and transaction merging process was created to develop a prototype. Cross 
platform compatibility and performance with different transaction loads were tested in a 
controlled environment. The project aims to provide scalable and sustainable architecture that 
would be a great contribution to the blockchain community. Ciavarella explains, “For example, it 
provides a proof of concept for future developments in blockchain which could result in safer, 
more flexible and efficiency solutions across all industries.” 
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I. INTRODUCTION 

The technology of blockchain has emerged as a 
disruptive player in digital infrastructure, far beyond its 
original implementation the field of cryptocurrency [1-3]. 
The fusion of artificial intelligence (AI) and blockchain is 
going to transform and have incredible impacts in 
several industries regarding operational efficiencies, 
improving integrity and generating innovative solutions. 
Along with certain limitations of traditional systems, the 
confluence of different technologies creates new 
pathways for innovation in an increasingly digital society. 

However, blockchain’s limit have grown 
significantly apparently as the number of useful 
blockchain-based projects rises[4]. The Fork problem in 
software upgrade is one of the major problems that has 
led to poor interoperability, limited scalability and high 
energy consumption in the current blockchain [5]. 

Figure 1 illustrates the Blockchain Trilemma, which 
highlights that blockchain systems cannot 
simultaneously achieve all three key properties: security, 
decentralization, and scalability. [6]. Blockchain 
technology began to have problems with scalability, 
transaction efficiency, storage, and security when the 
number of transactions processed in a blockchain 
network began to increase, resulting in longer 
transaction processing periods and higher operational 
costs [7].  

Moreover, Block chain sustainability has been 
placed in the spotlight, as evidenced by proof-of-work 
(POW) consensus mechanism use, with increasing 
awareness of environmental health measures on 
climate change [8]. Significant challenges that must be 
solved in blockchain, are security and privacy issues 
regarding interoperability, the interaction of secondary 
blockchains, and interoperability between cross classes 
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of blockchain Furthermore, the absence of standardized 
cross-chain communication protocols prevents the 
potential for interoperability between blockchains and 
applications [10]. 

Although blockchain can provide great value, its 
complex architecture and current implementations are 
hindering the effective widespread application of 
blockchain  [11]. This paper suggests solutions for 
blockchain technology to achieve broad adoption by 
focusing on improving security, enhancing 
interoperability between different blockchain systems, 
and increasing overall efficiency. 

This paper presents a novel blockchain architecture 
that integrates three key innovations and is arranged as 
follows; Section I gives a brief introduction about 
challenges and limitations of blockchains. Section II 
summarizes the literature review for this work. Section 
III covers the architecture of the proposed blockchain-
based system and its practical application, as well as the 
development of blockchain, and its contribution and 

future directions. Section IV presents several 
suggestions for improving it. Finally, section V opens new 
possibilities for blockchain optimization and broader 
adoption. 

II. LITERATURE REVIEW 

The research on blockchain technology from a 
variety of articles accordingly. Its shows the overview of 
the existing literature that is related with blockchain 
technology. Research increasingly highlights 
blockchain’s ability to revolutionize diverse sectors by 
enhancing trust, security, and efficiency. In supply chain 
management, blockchain strengthens resilience by 
improving transparency, traceability, and data integrity. 
These features support streamlined certificate 
management and help build more secure ecosystems 
[13]. 

The healthcare sector also stands to gain 
significantly. Systematic reviews show that blockchain 
can tackle pressing concerns like data security, patient 

 
 

Fig 1: Blockchain Trilemma 
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privacy, and interoperability, enabling stronger health 
information systems [17]. For smart cities, blockchain 
could be a cornerstone for secure and efficient service 
delivery. However, real-world adoption is still in early 
stages, with few large-scale implementations so far [14]. 
The intersection of blockchain and AI is another exciting 
frontier. Studies suggest their combined power could 
drive innovation in decision-making and automation, 
opening new possibilities [16]. In the energy sector, 
blockchain is already proving valuable in facilitating 
renewable energy trading and improving grid 
management. These applications offer fresh solutions 
for decentralized energy systems [27]. When it comes to 
cybersecurity, blockchain’s tamper-proof nature 
provides robust protection against fraud and attacks. 
Yet legal experts emphasize the need for careful 
regulatory compliance, especially under frameworks like 
Europe’s GDPR [18, 19]. Researchers have investigated 
these opportunities using various methods such as from 
systematic literature reviews and Delphi expert 
consensus studies [6] to empirical surveys [13] and real-
world case studies in areas like the Internet of Vehicles 
(IoV) [15] and smart contracts [22]. Despite these 
advances, key hurdles remain. Scalability, 
interoperability, and moving from theory to practice are 
still major challenges [21, 24]. Taken together, these 
findings underscore blockchain’s potential to enhance 
transparency, scalability, and security. However, further 
empirical testing and real-world deployment will be 
crucial to overcoming current limitations. 

III. RESEARCH METHODOLOGY 

Method: The method consists of a literature review 
on the limitations of blockchain in social media, an 

architectural solution and a prototype. A study on 
energy-efficient decision models, cross-chain protocols, 
Layer-2 scaling techniques, etc., explores that proposal 
with various acoustic performances to provide scalable 
interoperability and sustainable performance. 

A. ARCHITECTURE OF THE PROPOSED BLOCKCHAIN-BASED 

SYSTEM 

The proposed system architecture is illustrated in 
three core layers: 1- Blockchain Core Layer 2- Layer-2 
Protocol Layer 3- Cross-Chain Interaction Layer as in 
Figure 2. All these factors combined enhance scalability, 
reduce energy usage and increase interoperability. 

 
1. Core Blockchain Layer 

That layer contains all the nodes, consensus 
mechanisms and block validation processes that 
comprise the underlying blockchain network. The role 
of this layer is primarily to minimize the impact on the 
ecosystem while still ensuring an elevated level of 
security through the administrative adoption of energy-
efficient consensus protocols in the form of Proof of 
Stake (PoS) or Delegated Proof of Stake (DPoS) 
[29],[30]. This presents proof of stake (PoS), a new 
consensus mechanism for the blockchain and a much 
more energy efficient alternative to traditional proof of 
work, wherein validators are designated based on the 
number of coins they own and are ready to "stake" as 
collateral. 
 
2. Layer-2 Protocol Layer 

Layer-2 solutions attempt to increase the 
transaction throughput, processing the computation 
off the main chain. High transaction fees and network 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 2: Proposed blockchain-based system 
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congestion are solved by strategies such as rollups, 
sidechains and payment channels [31],[32]. These 
solutions enable transactions to occur faster and more 
cheaply without compromising the trust lessness of 
the underlying blockchain. 

 
3. Cross-Chain Interaction Layer 

This layer enables interoperability and 
communication between different blockchain networks. 
It is a guarantee of seamless data transfer and 
transaction execution from one platform to another by 
cross-chain protocols. This element uses a 
standardized communication structures to solve 
problems, such as the Fork problem during the upgrade 
of software [33]. 

B. PROTOTYPED DEVELOPMENT AND TESTING 

Within the scope of this study, a proof-of-concept 
authentication system based on Blockchain has been 
implemented to test its working and performance. The 
subsequent steps were employed in the development 
process: 

 
1. Implementation of Hybrid Agreement Models 
It will use a hybrid consensus mechanism, will support 
energy-efficient methods and will optimize for 
transaction grouping and data-sharing [34],[35]. 

Hence this hybrid model, reduce carbon impact from 
decentralized operation while improve its scalability. 

 
2. Controlled Testing Environment 

Sales took place in an emulated environment set 
to reproduce actual transactional conditions [36]. 
Transaction throughput, energy consumption and cross 
chain interoperability were tested under varying loads 
and in different network configurations. 

 
3. Performance Evaluation Metrics 
Figure 3 shows the Key Performance indicators 
included the following: 

 

• Transaction Latency 

• Scalability 

• Energy Efficiency 

• Interoperability 

C. CASE STUDIES 

1. Ethereum 
The scalability improvements of rollups and 

sharding are demonstrated by the case of Ethereum. 
Rollups are secondary layers that handle executions off-
chain, sending only enough data to the main chain for 
verification, thus improving transaction throughput 

 
Fig. 3 Performance evaluation 
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without sacrificing security [37]. Sharding is a way to 
split and distribute data and the processing load on the 
blockchain, allowing for even further scalability [38]. 
Lessons learned include: 

• Layer-2 security measures need to be robust. 

• Exploring solutions to centralization risks in 
rollup operators 

 
2. Polkadot 

Polkadot’s parachains allow interoperability across 
blockchains by creating a multi-chain environment. 
Parachains are independent parallel blockchains that 
are themselves connected to Polkadot’s Relay Chain 
that manages the proof-of-stake verification of the 
entire network and facilitates the intercommunication 
between the interchain [39]. Application in practice 
includes: 

• Cross-chain asset transfer made much simpler–
any two blockchain networks could 
communicate with each other and transferred 
value among themselves [24]. 

• Shared security mechanisms that minimize Fork 
problems, creating a uniformity across the 
chains. 

D. PRACTICAL APPLICATIONS 

This approach being used to implement the 
proposed system in two key areas, referring to supply 
chain and finance. 

 

1. Supply Chain Management 
It improves the visibility and traceability of supply 

chain operations. Smart contracts, for instance, 
automate workflows, while cross-chain protocols 
provide for sharing data in real-time across various 
stakeholders, thus enhancing productivity while cutting 
any fraud [40]. 
 
2. Financial Transactions 

Architecture facilitates development of 
decentralized finance (DeFi) by enabling lower costs 
and faster transactions in the financial sector. Thus, its 
Layer-2 scaling solutions tackle the astronomical costs 
and network lags frequently experienced by financial 
mechanisms [41]. 

E. COMPARISON OF BLOCKCHAIN SYSTEM 

The proposed system is then evaluated against the 
classical block chain environment in terms of scalability, 
energy effectiveness and interoperability. The 
benchmarking tests showed that transaction time and 
energy consumption were improved 5–50 times in contrast 
to the standard, suggesting that this system could be a 
game-changer for blockchain applications [42], [43]. Further 
comparison can be seen as in the Figure 4. 

F. CONTRIBUTIONS AND OPEN RESEARCH DIRECTIONS 

It is a very long explanation of a blockchain architecture 
with those basic drawbacks of such systems profuse and at 
the same time, environmentally sustainable and scalable. In 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 4 Blockchain system comparison 
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future work, the system will be applied to other industries, 
energy efficient algorithms will be developed, and more 
sophisticated consensus protocols [44] will be studied to 

improve the performance. 

IV. RESULT AND DISCUSSIONS 

This is what the study found after analyzing the data. It 
is quite evident by now that Blockchain has capabilities of 
decentralization, security and transparency, which disrupts 
the digital scenario altogether. But first things first, 
underlying issues like energy consumption, scalability and 
interoperability must be addressed before we can get here. 
We show blockchain is practical technology with feasible 

and scalable designs that will be applied to a diverse range 
of applications by addressing these goals and implementing 
energy efficient, scalable, and adaptable designs. 

A. ENERGY EFFICIENCY AND ENVIRONMENTAL IMPACT 

Blockchain technology has been criticized for high  
energy consumption, especially in proof-of-work systems 
that contribute to greenhouse gas emissions. To combat this, 
proof-of-stake systems were adopted, reducing energy 
usage by nearly 40% while lowering costs and environmental 
impact. In Figure 5, further improvements came from 
integrating renewable energy sources to power blockchain 
nodes, significantly minimizing the carbon footprint. These 
eco-friendly measures align blockchain networks with global 
sustainability goals, allowing them to remain secure and 
efficient while addressing climate change concerns 
responsibly. 

 
B. SCALABILITY AND TRANSACTION THROUGHPUT 

Scalability has been a great barrier to the acceptance 
of the blockchain, with systems like Bitcoin and Ethereum 

handling single digit transactions per second (TPS). Yet, 
with some sharding and layer 2 scaling, this project has 
managed to get over 2000 transactions per second, which is 
an enormous step above Bitcoin's 7 TPS and Ethereum's 30 
TPS. This improvement promises to support a larger volume 
of users and transactions, decreasing fees and enhancing 
accessibility. While this scalability is opening the doors for 
more opportunities, the systems are primarily benefiting 
certain industries with high transaction volumes such as 
finance, supply chains and Defi (decentralized finance). 

C. INTEROPERABILITY AND CROSS-CHAIN COMMUNICATION 

In Figure 6, show the initiative enhanced blockchain 
interoperability, enabling different networks to seamlessly 
share data and assets. While traditional blockchains typically 
work in isolation, the new cross-chain communication 
protocols are now making the system multi-chain capable-
reducing inefficiencies. It also solved fork conflicts through 
a consensus mechanism that gave consistent data on every 
chain. This not only enhances the reliability and adaptability 
of the system, but also simplifies its integration with existing 
technologies, increasing the adoption of decentralized 
solution across technical industries. 

D. LESSON FROM CASE STUDIES 

 The study cases of Ethereum and Polkadots provide an 
insight on how to solve some of the standard problems of 
the blockchain — scalability and interoperability. Ethereum 
implementation of rollups and sharding showcases the 
positive impact of layer-2 scaling solutions, Rollups are 
solving the issues of congestion and high transaction costs 
with solutions that process computations in off-chain 
environments gaining space on-chain while sharding of 
chains divides the blockchain into partitioned or segmented 
chains to mitigate processing and data loads. Such 

 
 

Fig. 5 Pathways to Sustainable Blockchain Technologies 
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techniques greatly enhance transaction throughput while 
ensuring that the network can handle larger batches of 
transactions without sacrificing security. On the other, the 
Ethereum incident also highlights the need for having robust 
security in layer-2 solutions’ design to protect against 
vulnerabilities, and the focus on making sure rollup 
operators is not at risk of being a centralizing force. 
Contrarily, Polkadot reflects the power of the 
interoperability in its native parachain system. Each 
blockchain can do so by being connected to the relay chain, 
which enables relay chain to run them together to ensure 
their security. It enables users to easily convert assets 
across chains and solves Fork problem by maintaining 
consistency and reliability of data. With the Launch of the 
Sygle System Empowered by Ethereum 2.0 As a unique 
system composed of independent chains powered by 
Ethereum 2.0, Sygle follows character-rich modular & 
flexible architecture in interblockchain communication 
which introduces novel built-in specs to be referenced by 
future projects. 

Taking advanced technical solution while managing 
fundamental risks is part of the core not only to these case 
study examples, but also to offering up a working roadmap 
to expand the Blockchain Trilemma, and, deliver further 
widespread adoption across the industry. 

E. ADAPTABILITY AND MODULAR DESIGN  

The base project was a modularized blockchain for 
long-term adaptability. This architecture allows industries 
like healthcare or logistic to extend their own 

functionalities without affecting the core platform. Thus, it 
also lets new functionalities to be implemented seamlessly, 
ensuring the blockchain remains in sync with the 
continuing evolution of technology and the needs of the 
market. Modular design also reduces obsolescence, as it can 
be continuously updated and integrated with newer 
technology. This way of thinking helps keep the system 
strong, up-to-date and competitive for the many diverse 
needs in the rapidly evolving digital world. 

 
F. IMPLICATION AND FUTURE DIRECTIONS 

The project showcases the potential energy power, 
scalability and interoperability capability of blockchain to 
transform industries. Scalability improves performance 
and supports sustainability and economic inclusion goals. 
User-accessibility is also an important aspect that should be 
addressed in the next steps, as well as the interoperability 
across chains and having the last-rate consensus 
mechanism to securitize layer two. Education is needed for 
public acceptance. It is in this spirit of innovation and 
convergence that blockchain could be a crucial tool in the 
digital economy by facilitating trust, transparency, and 
resilience in an increasingly interconnected world. 

The main goal of the project is to use the blockchain to 
make industries more efficient, scalable, and interoperable. 
This not only broadens the range of use cases for the 
blockchain, but also underwrites. Although the proposed 
architecture addresses some pain points, there are still 
plenty of areas of research that are open to enhance 
usability and performance of blockchain with: 

 

 

 

Fig. 6 Cross-Chain Communication in Interoperability 
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• Scalability Solutions: The future is also opening to 
the research of the new consensus mechanisms over 
the traditional ones like PoW and PoS or even the 
new-age models like DAG-based ones or AI-
intervened protocols for a far more specific aspect 
regarding next-gen models for higher scalability 
and energy-efficient techniques. 

• Cross-Chain Protocol Standardization: Establishment 
of standardized cross-chain communication protocol 
and governance structure for cross chain Network 
interoperability, which is a key research and 
development topic. 

• Decentralized Energy Networks: More applications 
of blockchain in renewable energies, like 
decentralized energy marketplaces and integrating 
in smart grids would create wider platforms to true 
problems of energy in the world. 

• Sustainability Metrics: Baselines for the estimation 
and reduction of the environmental footprint for 
blockchain applications may inform development 
towards a more sustainable ecosystem. 

V. CONCLUSION 

In summary, this paper’s blockchain architecture seeks to 
address significant limitations such as high energy 
consumption, long transaction times, and interoperability 
issues. The proposed system uses cross-chain protocols, a 
hybrid consensus model, and layer-2 scaling approaches to 
increase transaction efficiency, reduces environmental 
effect, and guarantee smooth integration across several 
blockchain networks. Test conducted in controlled 
environments demonstrated enhanced performance, 
scalability, an interoperability under variety of transaction 
loads. The new framework could significantly enhance 
operations for key sectors such as finance and supply chain 
management, building a smarter blockchain ecology to be 
enhanced in terms of security, sustainability and resilience. 
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