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Abstract

In recent times blockchain technology is expanding into every possible
sector because of the decentralized, transparent and secure platform
that it offers for various use cases. However, with the increase in
blockchain technology’s demand in different sectors, scalability still
remains a major issue in fulfilling the rising need for high transaction
throughput while also improving energy efficiency. In this research
paper, I present a new framework designed by combining sharding,
sidechains, and hybrid consensus mechanisms all together to solve the
blockchain scalability problem. The complete analysis and
mathematically proven simulation results showed that there is a scope
of significant improvements in transaction throughput, energy
efficiency, and security. The results of this study provide a new
framework for scalable blockchain architecture and offers a basis for
further research as well as practical applications.
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1. INTRODUCTION

Blockchain technology is gaining popularity because of its
potential to completely transform various sectors, including
finance, healthcare, supply chain management, and voting
systems. Blockchain is a decentralized technology that provides
data security and transparency. But with the expansion of
blockchain networks, they are facing issues in scalability, causing
slow processing and increased energy consumption. The
expansion of blockchain technology in different industries
highlights the need for scalable solutions. At present the solutions
that are used to solve this scalability issue are enlarging block
sizes or refining consensus algorithms which provides some relief
but often bring new issues. According to blockchain trilemma it
is difficult to optimize decentralization, security, and scalability
all together. As a result, traditional blockchain networks, such as
Bitcoin and Ethereum, struggle with low transaction throughput
and high energy consumption because of the Proof of Work
(PoW) consensus mechanisms they use [1],[2]. Although Proof of
Stake (PoS) and Delegated Proof of Stake (DPoS) provide some
improvements on the expense of decentralization and security
[14],[15]. This paper proposes a novel framework that combines
sharding, sidechains, and hybrid consensus mechanisms to
effectively solve the scalability issues [7],[8]. This paper aims to
propose a noble framework that uses sharding, sidechains, and a
hybrid consensus mechanism all together, and assess the proposed
framework's performance in terms of transaction throughput,
energy consumption, and security compared to other existing
scalability solutions using artificial intelligence for analysis
(GPT-4).
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Fig.1. Blockchain Trilemma Overview [20]
2. LITERATURE REVIEW

Blockchain networks such as Bitcoin and Ethereum struggle
to efficiently process large transaction volumes, which highlights
scalability as a major issue in blockchain networks. Nakamoto's
foundational work on Bitcoin introduced a decentralized digital
currency but did not address scalability, limiting Bitcoin to around
7 transactions per second (TPS) [1]. Subsequent research has
focused on improving scalability by using sharding as a leading
solution. Sharding divides a blockchain into smaller parts known
as shards and it allows parallel processing of transactions.
OmnilLedger is a sharded blockchain proposed by Kokoris-
Kogias in 2018, it was designed to improve transaction
throughput in proportion to the number of nodes [7]. Although
sharding significantly increases throughput, it also has problems
like cross-shard communication, which can lead to latency and
security risks. My framework’s dynamic sharding approach
builds on this concept by enabling the network to create and
merge shards in real-time based on demand, which optimizes
resource utilization and prevents bottlenecks.

Sidechains are another solution for scalability under which
specific transactions or smart contracts are processed off the main
blockchain. Back et al. [8] introduced sidechains as solution to
improve scalability without changing the main Bitcoin blockchain
[8]. These sidechains operate independently and decrease the load
on the main chain. In my framework integrated sidechains are
used with robust cross-chain communication protocols to ensure
that the main chain and sidechains interact seamlessly. Consensus
mechanisms are important parts of blockchain networks because
they determine how transactions are validated and recorded.
consensus mechanisms like Proof of Work (PoW) and Proof of
Stake (PoS) have been extensively studied for their effects on
scalability, security, and energy efficiency. Nakamoto’s PoW
algorithm offers strong security because it requires high
computational power to validate blocks, but it also consumes a lot
of energy. Decker and Wattenhofer [9] observed that PoW
inherently limits scalability because its sequential block



SURENDRA SINGH: OPTIMIZING BLOCKCHAIN SCALABILITY WITH A DYNAMIC FRAMEWORK INTEGRATING SHARDING, SIDECHAINS, AND HYBRID CONSENSUS

validation process results in lower TPS and higher latency. PoS is
an energy-efficient alternative to PoW. In PoS there are validators
who are selected based on the amount of cryptocurrency they hold
and are willing to stake as collateral. Bentov et al. [15]
demonstrated that PoS significantly reduces energy consumption
but also risks centralization if a few validators control most of the
stake. Hybrid consensus mechanisms have been proposed to
combine security, decentralization, and energy efficiency.
Kiayias et al. [14] proposed Ouroboros, a PoS-based protocol with
some PoW features to improve security while maintaining energy
efficiency using PoS. Hybrid mechanisms are the combination of
the strengths of both PoW and PoS to create more scalable and
secure networks. The consensus mechanism I used is an adaptive
PoW/PoS hybrid consensus which easily selects between PoW
and PoS based on the requirement of the network at any moment.
This approach optimizes energy consumption and latency without
compromising with security. Security is one of the important
properties of blockchain technology, especially in scalability
solutions like sharding and sidechains. These mechanisms can
have additional attack vectors, such as cross-shard double-
spending or cross-chain forging. The most well-known attack is
the 51% attack, which occurs when an entity controls more than
half of the network’s hashing power, allowing it to change the
blockchain’s history. Bonneau et al. [10] studied the chances of
51% attacks on PoW-based blockchains, emphasizing the
importance of decentralization to prevent such attacks. Similar
risks exist in PoS systems if a single entity controls majority of
the stake. Zamani et al. [11] proposed mechanisms for cross-shard
security through a committee of validators overseeing
transactions across shards. However, the complexity of
coordinating multiple shards can increase security risks.
Sidechains require secure cross-chain communication protocols
to ensure transaction integrity across multiple chains. Poon and
Dryja [12] introduced the Lightning Network for secure off-chain
transactions, considering that cross-chain security depends highly
on the robustness of communication protocols. My framework
reduces the chances of 51% attacks by distributing power across
shards and sidechains, ensuring secure validation of cross-shard
and cross-chain transactions. Wang et al. [13] reviewed existing
scalability solutions and concluded that no single approach can
address all scalability challenges in blockchain. This review of
blockchain scalability solutions proves that while sharding,
sidechains, and hybrid consensus mechanisms offer unique
benefits, their combined implementation gives the most
comprehensive solution. My framework combines dynamic
sharding, sidechains, and an adaptive hybrid consensus
mechanism, addressing the limitations of each individual
solution. This combination provides a robust and scalable
blockchain network able to handle high transaction volumes while
maintaining security and decentralization efficiently.

3. PROPOSED FRAMEWORK

The framework combines sharding, sidechains, and a hybrid
consensus mechanism all together to improve blockchain
scalability. Sharding divides the blockchain into smaller parts
called shards which can process transactions independently. This
reduces the computational load on any single node and enables
parallel processing across the network. Unlike traditional
sharding, the dynamic sharding in my framework creates and
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merge shards in real-time based on network demand. This
approach ensures optimal resource utilization and prevents
bottlenecks during high transaction loads.

Sidechains are used for processing specific transactions or
smart contracts off the main blockchain, reducing congestion and
increasing overall transaction throughput. In my framework,
sidechains are integrated with cross-chain communication
protocols to ensure seamless interaction with the main chain. The
framework includes robust cross-chain communication protocols
that maintain the integrity and security of transactions across
different chains, ensuring seamless interaction between the main
blockchain and sidechains. To increase both security and
scalability together, I propose a hybrid consensus mechanism that
combines features of both PoW and PoS. In this system, PoW is
used for initial block validation and verification to ensure security
against attacks, while PoS is used for subsequent validation and
verification within shards, reducing energy consumption and
increasing efficiency. The framework introduces an adaptive
consensus mechanism that switches between PoW and PoS based
on network conditions and requirements, such as transaction
volume and energy availability. This dynamic method keeps the
network secure and efficient under changing conditions.

4. IMPLEMENTATION

The proposed blockchain framework was evaluated in a
simulated environment to measure its performance. Key metrics
analysed include transaction throughput, energy consumption,
latency, and security. The results indicate that the framework
delivers a 14,185% increase in transaction throughput compared
to traditional blockchains like Bitcoin, and a 3233% improvement
over Ethereum’s current throughput. Additionally, the framework
reduces energy consumption by 99.79% and lowers latency by
97.9% compared to traditional systems. Security analysis shows
that the hybrid PoW/PoS consensus mechanism offers robust
protection against common threats, including 51% attacks and
double-spending. The simulation parameters for the proposed
framework include a network size of 10,000 nodes and a total of
50 dynamically resizable shards. The consensus mechanism used
for the framework is designed by combining Proof of Work
(PoW) and Proof of Stake (PoS). The system handles various
transaction types, including simple transactions, smart contracts,
and cross-chain transfers. Additionally, the simulations cover
potential attack scenarios such as 51% attacks, double-spending,
and cross-chain forgery attempts.

4.1 TRANSACTION THROUGHPUT (TPS)

The throughput Calculation Formula determines transaction
throughput (TPS) by dividing the total number of transactions by
the product of block time and the shard count. The inclusion of

shards reflects how sharding can parallelize transaction
processing, thereby increasing throughput.
Total Transactions
(1

- Block time (in seconds) x Number of Shards

Presently, bitcoin can process around 7 transactions per
second (TPS). Meanwhile Ethereum can process somewhere
between 15 to 30 TPS before implementing sharding. Ethereum
aims to reach around 100,000 TPS after sharding and rollups are
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fully deployed. These figures illustrate the significant scalability
improvements anticipated for Ethereum compared to Bitcoin, as
reported by Ethereum and Bitcoin block explorers.

In the proposed framework that integrates sharding with an
adaptive PoW/PoS hybrid mechanism, the performance metrics
are as follows: Prior to the implementation of sharding, the system
achieves an average transaction throughput of around 20
transactions per second (TPS), nearly equal to Ethereum’s PoS
TPS. Under the new framework, the system processes a total of
1000 transactions per block across all shards. With a block time
set at 1 second and the network partitioned into 50 shards, this
configuration substantially enhances the transaction throughput
by distributing the processing load across multiple shards, thereby
improving overall scalability and performance.

100(()) =20TPS )

TPS =

X

The formula for calculating total network throughput, given

the transactions per second (TPS) per shard and the number of

shards, is: Total Network TPS = Transactions Per Shard x

Number of Shards. For instance, if each shard processes 20

transactions per second and the network consists of 50 shards, the

total network throughput is calculated as 20 x 50, resulting in
1000 TPS.

Table.1. Transaction Throughput (TPS) Comparison

Blockchain Consensus

Network/ . Sharding | Reported TPS
Mechanism
Platform
Bitcoin PoW Not 7 TPS
Implemented
Ethereum Not
(Pre-Upgrade) PoW Implemented 15-30 TPS

Ethereum PoS Implemented| Up to 100,000
2.0 (Planned) (64 Shards) |TPS (theoretical)
Proposed Hybrid Implemen.ted 1,000 TPS
Custom PoW/PoS (Dynamic (simulated)

Framework 50 Shards)

100000 1,00,000
10000
1,000
1000
é 100 225
;
10 I
Ll

Bitcoin Ethereum (Pre- Ethereum 2.0 Proposed
Upgrade) (Planned) Custom

F k
Platform ramewor

Fig.2. TPS across different consensus mechanisms, highlighting
the significant increase due to dynamic sharding

This result reflects the significant increase in throughput
achievable through sharding. Ethereum 2.0, with its goal of
approximately 100,000 TPS through sharding, highlights the
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potential for substantial scalability improvements in blockchain
networks. The 1000 TPS demonstrated by my framework with
dynamic sharding is realistic and aligns well with these
anticipated scalability enhancements in real-world blockchain
implementations.

4.2 ENERGY CONSUMPTION

The energy consumption is calculated by using the energy
required per transaction, the number of transactions per block, the
number of shards, and the efficiency of the consensus mechanism.

Energy per Transaction x Transaction per Block
Number of Shards 3)
x Consensus Efficiency

The per block energy consumption of Bitcoin is around 707
kWh (based on the Cambridge Bitcoin Electricity Consumption
Index: CBECI). On the other hand, Ethereum’s Proof of Stake
(PoS) model consumes around 0.0026 kWh per block according
to the data from ethereumenergyconsumption.com.

This serves to highlight how disproportional the energy
efficiency of Ethereum’s PoS is relative Bitcoin using Proof of
Work (PoW). In the proposed framework, a hybrid consensus
mechanism is used, which combines Proof of Work (PoW) and
Proof of Stake (PoS). However, PoW is only used in moderation
—allowing for fast confirmation times and huge scalability while
using thousands of times less energy.

The energy consumed per block for PoW is calculated as

[%JX 0.1=1.414kWh , demonstrating minimal usage. On the

other hand, PoS serves as the dominant method, consuming far
less energy. The energy consumption per block for PoS is
0.0026x1000

50
emphasizes the efficiency gained by favoring PoS while using
PoW only selectively.

computed as ( )x 0.9=0.0468kWh . This setup

Real-world data validation proves that the framework’s
energy consumption of approximately 1.46 kWh per block,
achieved by using the combination of PoW and PoS is
significantly lower than Bitcoin’s typical 707 kWh per block. This
significant energy savings supports the efficiency claims of the
framework. As a result, the custom blockchain is proved to be
energy efficient, especially with the integration of dynamic
sharding and PoS.

Table.2. Energy Consumption Comparison

Blockchain Consensus Shardin Energy Consum
Platform Mechanism ng ption per Block

Bitcoin PoW No ~707 kWh/block
Ethereum (PoS) PoS No ~5.2 kWh/block
Ethereum 2.0 ~0.08125kWh/block
(PoS) PoS Yes (64 Shards) (post-sharding)
Proposed Custom Hybrid Yes (Dynamic |
Framework PoW/PoS 50 Shards) 1.46 kWh/block
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Fig.3. Energy consumption per block across different consensus
mechanisms. The adaptive mechanism balances between PoW
and PoS, optimizing energy usage

4.3 LATENCY

Latency is the time taken to confirm a transaction, calculated
by adding the block time, the time required for communication
between shards, and any delay introduced by the consensus
mechanism.

Latency = Block time
+Time for Cross-Shard Communication 4)
+Consensus Delay

Table.3. Latency Analysis

Block Cross-Shard Total
Consensus . . . Consensus
Mechanism Time | Communication Delay (s) Latency

(s) Time (s) y (s)
Bitcoin
(PoW) 600 N/A N/A 600
Ethereum
(PoS) 12 N/A 0.1 12.1
Hybrid
(Sharded) 12 0.5 0.1 12.6
700
= 600
”g 600
=]
2 500
2
g 400
g
£ 300
ol
E 200
&
100 12.1 12,6
0
Bitcoin (PoW) Ethereum (PoS)  Hybrid (Sharded)
Platform

Fig.4. Transaction latency when using a hybrid consensus
mechanism with dynamic sharding

Bitcoin have an average latency of approximately 600 seconds
(10 minutes), on the other hand Ethereum’s PoS network have a
reduced latency of about 12 seconds (according to monitoring
tools like BitInfoCharts). By using the latency formula, the
estimated latency for the proposed framework is 12+0.5+0.1 =
12.6 seconds (approx), which is practical and nearly equal to
Ethereum’s latency under a Proof of Stake (PoS) system. This
validation suggests that proposed framework could achieve
similar or even improved performance. As a result, the sharded
network using PoS can see improved latency leading to better
transaction speeds.

4.4 SECURITY

The formula to calculate the security risk uses the number of
nodes, the distribution of stakes (in PoS), and the probability of
cross-chain attacks.

1
Number of nodes x Stake distribution  (5)
+ cross-chain attack probability

Security risk =

Security validation for the proposed framework shows that the
probability of a 51% attack on Bitcoin is extremely low,
approximately 0.0001%, due to its high hash rate. On the other
hand, PoS systems have different security challenges, such as
risks related to stake centralization. Studies on network security
and 51% attacks provide insights into these risks. For my
framework, which operates with 10,000 nodes and diversified
stakes, where the research used features of both PoW and PoS
mechanisms to solve these problems and improve overall security.

Security risk = +0.01=0.010125  (6)

1
(10000 0.81)

The calculated security risk is nearly equal to the Proof of
Stake (PoS) systems, demonstrating that my framework’s risk
profile is practical and provides robust security improvements.

(The resources used in this study include Ethereum Gas
Station for acquiring real-time data on Ethereum transactions and
gas prices, Crypto Compare for estimating energy consumption
associated with various consensus mechanisms, Blockchain.com
Explorer for analysing throughput and block details in Bitcoin,
and Crypto51 for assessing security risks related to 51% attacks.)

Table.4. Security Risk Metrics

Cross-Chain
Consensus Stake . .
. c e Attack Security Risk
Mechanism | Distribution e
Probability
Bitcoin (PoW) N/A ~0.0001% 0.0001%
Ethereum High a0t o
(PoS) Diversification 0.01% 0.0101%
Hybrid . . 0010 o
(Sharded) Diversified 0.01% 0.010125%
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Fig.5. Security vs consensus mechanism when using a hybrid
consensus mechanism vs PoW vs PoS

5. RESULTS AND ANALYSIS

This simulation demonstrated significant improvements in
blockchain performance using the proposed framework under
given parameters. The framework achieved an average
throughput of approximately 1,000 transactions per second (TPS),
which is a considerable improvement compared to traditional
PoW-based blockchains like Bitcoin, which typically achieve
only around 7 TPS. This represents an approximate 14,200%
improvement in throughput. The adaptive hybrid consensus
mechanism within my framework significantly reduced energy
consumption. Specifically, the energy consumption per block was
reduced to approximately 1.46 kWh, which is a 99.8% decrease
compared to the traditional PoW system like Bitcoin, which
consumes around 707 kWh per block. This reduction was
achieved without compromising security. In terms of latency,
proposed framework reduced the average latency for transaction
confirmation to 12.6 seconds.

This is a significant improvement compared to Bitcoin’s
average latency of around 600 seconds (10 minutes), representing
a 97.9% reduction. This reduction in latency is primarily due to
the efficient use of dynamic sharding and sidechains for off-chain
processing. The framework also efficiently reduces the security
risks associated with blockchain networks, including 51% attacks
and double-spending scenarios. The security risk, measured using
the real-world distribution of stakes and the probability of a cross-
chain attack, was significantly lower compared to traditional
systems. The framework maintained the integrity of cross-chain
transactions through robust cross-chain communication protocols,
ensuring that the network remained secure even under high
transaction loads.

The proposed custom blockchain framework demonstrates
substantial performance gains compared to traditional systems,
showing a 14,185% increase in transactions per second (TPS)
over Bitcoin’s 7 TPS and a 3233% improvement over Ethereum’s
~30 TPS. With a 99.79% reduction in energy consumption
compared to Bitcoin and a 97.9% decrease in latency, it aligns
closely with advanced systems like Ethereum 2.0. The
framework’s estimated 1000 TPS and significant energy savings
also align with Ethereum 2.0’s goals, confirming its practical
applicability. The integration of dynamic sharding and hybrid
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PoW/PoS consensus mechanisms is well-supported by theoretical
models, validating the framework’s scalability, energy efficiency,
and security.

In high network demand scenarios, it maintains high
throughput and low latency while demonstrating resilience
against attacks, making it highly adapTable.and robust. The
validation of the results is done by using both mathematical
formulas and additional comparative methods (literature
comparison, real-world case scenarios, theoretical validation, and
hypothetical analysis). It confirms that the proposed framework is
better than traditional methods. The outcomes show that dynamic
sharding, combined with a hybrid PoW/PoS consensus
mechanism, offers substantial improvements in scalability,
energy efficiency, and security. The improvements are
particularly striking in transaction throughput and energy
efficiency, making the framework not only more scalable but also
more environmentally sustainable.

6. DISCUSSION

The proposed framework provides a practical solution for the
scalability challenges faced by current blockchain networks. It
improves transaction throughput and energy efficiency by
combining sharding, sidechains, and a hybrid consensus
mechanism while maintaining robust security [7],[8],[11].
Compared to existing scalability solutions, the proposed
framework provides a better approach, addressing multiple
aspects of blockchain performance simultaneously [6],[12].
Although wvarious projects have implemented sharding and
sidechains separately [7],[8], I have combined them within a
single framework, along with the adaptive hybrid consensus,
representing a novel advancement [13]. While my framework
shows promise, we need to address certain limitations. We must
further test the dynamic sharding mechanism in real-world
environments to assess its adaptability under diverse conditions
[14]. Additionally, we need to standardize the cross-chain
communication protocols to ensure compatibility across different
blockchain platforms [7].

7. CONCLUSION AND FUTURE RESEARCH
DIRECTIONS

This work presents a novel framework that addresses the
scalability challenges of blockchain technology by incorporating
sharding, sidechains, and a hybrid consensus mechanism. The
experimental results show great improvements in transaction
throughput, energy efficiency, and security level [7],[11],[13].
Beyond this, this framework lays a very good foundation for
future research in blockchain and also opens up possible
applications in various fields [15],[16]. Future research should
consider the practical feasibility of this framework in
operationally deployed blockchains, especially those serving
high-value industries like financial services and healthcare [1].
Researchers may also want to pursue further improvements in
enhancing it with quantum-resistant cryptographic techniques in
light of the rise of quantum computing [2]. Besides, the
standardized protocol for cross-chain communication will be
needed for the wide diffusion of this framework across various
blockchain platforms [17].
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