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Abstract: Blockchain technology introduces significant advancements in demand-side
management (DSM) by enabling decentralized, transparent, and secure data handling
within energy systems. This study explores a blockchain-based approach aimed at improv-
ing electricity efficiency through enhanced DSM strategies. We present a comprehensive
framework that integrates blockchain technology with real-time data analytics to optimize
energy consumption, stimulate consumer participation, and support efficient energy uti-
lization. The experimental analysis demonstrates that blockchain integration significantly
strengthens DSM operations by reducing operational costs, increasing participation in
demand response programs, and enhancing grid stability. The findings highlight the effec-
tiveness and potential of the proposed approach as a forward-looking solution for energy
management systems.
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1. Introduction

The growing demand for electricity, fueled by urbanization and technological inno-
vations, along with the global transition to renewable energy sources, necessitates the
creation of more advanced energy management systems (EMS) [1,2]. Effectively managing
energy consumption is essential for ensuring the stability and reliability of the electric grid.
Demand-Side Management (DSM) has become a crucial approach to balancing energy
supply and demand [3,4], encouraging consumers to modify their energy usage based on
fluctuating supply conditions. By promoting flexibility in consumption, DSM contributes
to grid stability and aligns with sustainability objectives, paving the way for optimized
energy distribution. However, traditional DSM strategies often suffer from significant inef-
ficiencies. Research suggests that around 30% of generated energy is lost due to the absence
of real-time adaptability and centralized control systems [5-7]. Additionally, the extensive
data collection and processing required by centralized entities raise privacy concerns [8].
These challenges highlight the need for innovative solutions that can effectively address
operational inefficiencies and safeguard consumer privacy.

Blockchain technology presents a promising opportunity for transformation in the
energy sector. Recent reports indicate that the adoption of blockchain in energy markets is
expanding at an annual rate exceeding 40%, driven by its capacity to improve transparency,
security, and decentralization. This technology can help alleviate DSM inefficiencies by en-
abling peer-to-peer energy trading, automating demand response through smart contracts,
and ensuring secure data sharing among participants.
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The integration of blockchain with DSM not only enhances operational efficiency
but also produces measurable results. For example, a case study in the European Union
revealed a 25% reduction in peak electricity demand and a 30% increase in consumer en-
gagement when blockchain-based DSM models were utilized. Furthermore, decentralized
DSM systems have shown the potential to lower operational costs by up to 20%, rendering
them economically feasible for widespread implementation.

This study builds on these developments by introducing a blockchain-enabled DSM
framework that incorporates smart contracts and IoT-based metering to enhance energy
management. By utilizing real-time data analytics and incentivization mechanisms, this
approach tackles the significant challenges posed by traditional DSM models, including
scalability issues, inefficiencies, and privacy concerns.

In the subsequent sections, we will elaborate on the theoretical framework, assess the
performance of the proposed system, and discuss its implications for contemporary energy
management systems.

2. Literature Review

In recent years, Demand-Side Management (DSM) has gained significant attention
as a means of optimizing energy consumption and enhancing electricity efficiency. Tra-
ditional methods of DSM often rely on centralized approaches, which can be inefficient
and prone to single points of failure. A promising solution to these limitations lies in the
integration of blockchain technology, which offers decentralized, transparent, and secure
data management.

Blockchain technology has found various applications in the energy sector, particularly
concerning peer-to-peer energy trading ([9,10]). For instance, ref. [11] explores how smart
contracts can facilitate decentralized energy transactions, thereby improving market access
for distributed energy resources. Moreover, ref. [12] highlights the potential of blockchain
to enhance grid management by providing real-time data on energy consumption patterns
and distribution.

At the same time, studies have highlighted the role of blockchain in improving the
efficiency of electricity usage. Works such as [13] provide insights into how blockchain
can attract consumer engagement through gamification and incentives for energy-saving
behaviors. Furthermore, ref. [14] argues that the implementation of blockchain technology
leads to reduced operational costs in electricity management systems, thereby benefiting
both consumers and providers.

However, despite the promise that blockchain holds for advancing DSM and electricity
efficiency, several challenges persist. One of the primary drawbacks is the scalability of
blockchain networks. Many current implementations, such as those based on Ethereum,
face limitations in transaction speeds, which can hinder their effectiveness in managing
real-time energy transactions ([15]). Additionally, privacy concerns related to shared data
on public blockchains must be addressed; ref. [16] raises important points about how
sensitive consumer data may be compromised without appropriate safeguards.

Moreover, interoperability issues exist between various blockchain platforms and
traditional energy management systems. As per [17], the lack of standard protocols can
lead to fragmented energy markets and limit the full benefits that blockchain can deliver in
DSM applications. Lastly, the energy consumption of blockchain networks themselves has
raised sustainability concerns; ref. [18] highlights the paradox of using energy-intensive
blockchains to enhance energy efficiency.

The proposed approach aims to address these drawbacks by incorporating a hybrid
blockchain solution that combines private and public chains to enhance scalability while
addressing privacy concerns. Furthermore, we incorporate interoperability frameworks
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that allow seamless integration with existing energy management systems. By minimizing
the energy footprint of the blockchain model through innovative consensus algorithms, we
also aim to ensure ecological sustainability while leveraging the benefits of demand-side
management and enhancing electricity efficiency.

3. Mathematical Framework for Demand Side Management

In order to model the dynamics of energy demand adjustment, we define the con-
sumption adjustment function as follows:

D(t) = f(S(t), P(t),6) 1)

where D(t) represents the demand at time ¢, S(t) is the available supply, P(t) denotes
prevailing prices, and 6 captures consumer preferences and flexibility [1]. The DSM model
optimizes energy consumption by aligning it with grid operational targets, improving both
reliability and sustainability.

Traditional DSM approaches rely on centralized mechanisms to manage consumer
behavior, which often lead to inefficiencies and privacy concerns due to the extensive data
collection and processing required by a single controlling entity. As noted by Li et al. [3],
these centralized systems can create data bottlenecks and expose vulnerabilities related to
consumer privacy.

In contrast, blockchain technology presents a decentralized and transparent solution
to these challenges. Blockchain’s immutable ledger facilitates secure and real-time data
sharing among multiple stakeholders, ensuring data integrity and transparency. Studies
by Tapscott and Tapscott [2] have demonstrated that blockchain can improve operational
efficiency and trustworthiness across various domains, including energy management.

By leveraging blockchain within the DSM framework, real-time data analytics can
enhance demand forecasting accuracy and support grid stability [4,5]. The integration
of decentralized control allows for rapid responsiveness to supply-demand fluctuations,
resulting in lower energy costs for consumers and increased energy efficiency. Moreover,
smart contracts within a blockchain infrastructure enable the automation of DSM incentives,
providing consumers with rewards for reducing or shifting their energy usage during peak
demand periods [6-8].

4. Proposed Methodology

In this section, we outline the proposed methodology for integrating blockchain tech-
nology, smart contracts, and loT-based metering devices to effectively manage electricity
demand in real-time. This methodology leverages a three-layer architecture, providing
a robust and secure framework for demand-side management (DSM) in decentralized
energy markets.

4.1. System Architecture

The proposed system architecture is composed of three distinct layers, each responsible
for specific functions that collectively enhance data security, transparency, and real-time
energy management:

—  Data Layer: This foundational layer captures and transmits energy usage data from
IoT sensors deployed at consumer endpoints. The sensors continuously monitor power
consumption, sending real-time data to the upper layers. Energy consumption data is
expressed as:

E(t) = P(t) -t 2
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where E(t) represents cumulative energy consumption at time ¢, and P(t) is the
power drawn by the consumer at that specific time. This layer ensures accurate and
continuous monitoring, crucial for informed decision-making in DSM. By gathering
data directly from IoT devices, the system minimizes latency and allows the blockchain
and application layers to make prompt, data-driven adjustments to energy distribution.
Blockchain Layer: The blockchain layer serves as the system’s secure and transparent
data repository. Operating on a private blockchain network, this layer stores all energy
consumption data immutably, ensuring that information related to DSM is verifiable
and tamper-resistant. Transactions recorded in this layer follow a structure:

T; = (timestamp, consumerID, E(t), action) 3)

where each transaction T; includes a timestamp, consumer ID, recorded energy us-
age E(t), and the specific DSM-related action. This transaction structure provides a
complete audit trail for energy usage, fostering accountability and traceability. Further-
more, the blockchain layer enables secure data sharing among stakeholders, supporting
decentralized energy management while maintaining consumer privacy.
Application Layer: The application layer is responsible for implementing DSM algo-
rithms and smart contract functions to optimize energy usage in real-time. Based on
data inputs from the Data and Blockchain layers, this layer generates control signals to
adjust energy distribution. The control algorithm can be expressed as:

C = f(E(t), P(t), Incentives) 4)

where C is the control signal sent to appliances, influenced by current energy usage
E(t), power availability P(t), and incentive structures defined by the smart contracts.
This layer is critical for real-time responsiveness, enabling adaptive control that aligns
energy distribution with grid requirements and DSM objectives.

In this multi-layered architecture, each layer contributes distinct functionalities that,

when integrated, establish a resilient system for decentralized DSM. The Data Layer pro-

vides foundational monitoring, the Blockchain Layer secures and verifies all interactions,

and the Application Layer enables active energy management and real-time optimization.

4.2. Smart Contract Design

Smart contracts are central to the DSM model, providing automated mechanisms to

manage energy loads, incentivize users, and make adjustments based on real-time grid

conditions. Key functions of the smart contracts include:

Incentivization: To encourage energy-saving behavior, the smart contract offers re-
wards to consumers for reducing demand during peak periods. This incentivization
model calculates rewards based on usage patterns and peak times, which can be

mathematically modeled as:
'ty
R= I(t)dt )
Iy
where R is the total reward earned, I(t) represents the incentive rate at time f, and the
integral accumulates rewards over a specified period from t; to t;. The incentiviza-
tion model is essential for engaging consumers, as it provides financial benefits for

contributing to grid stability, directly aligning consumer behavior with DSM goals.
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—  Automation of Load Management: Smart contracts automatically manage energy

loads by adjusting supply based on grid requirements and real-time data. The dynamic
adjustment of supply is represented as:

S(t) = So + AS(t) ©)

where S(t) is the adjusted supply, Sy is the baseline supply, and AS(¢) is the adjustment
factor determined by smart contract algorithms. By automatically regulating load
distribution, this function ensures that supply matches fluctuating demand patterns,
thereby reducing the risk of grid overloads and contributing to a balanced, efficient
energy system.

—  Real-time Demand Adjustments: The smart contracts also allow for real-time de-

mand adjustments based on energy availability, price signals, and user preferences.
This adaptive demand control can be represented as:

D(t) = Dy - k(t) @)

where D(t) is the adjusted demand, Dj is the baseline demand, and k(t) is a scaling
factor determined by real-time energy prices and resource availability. This adaptive
mechanism allows the DSM system to dynamically control energy usage, enhancing
responsiveness to grid conditions and market prices. Real-time adjustments improve
system flexibility, enabling proactive management that meets both consumer needs
and grid stability requirements.

In summary, the integration of blockchain technology, IoT devices, and smart con-
tracts establishes a responsive and efficient system for managing electricity demand. This
approach not only optimizes energy consumption but also empowers consumers to play
an active role in energy management by providing financial incentives for energy-saving
actions. The smart contract functions—ranging from incentivization to automated load
balancing—ensure that DSM is adaptive, scalable, and capable of addressing both consumer
and grid requirements in a decentralized framework.

5. Proposed Methodology and Experimental Analysis
5.1. Data Description

The experimental analysis for the proposed demand-side management (DSM) system
leverages real-time energy consumption data collected from IoT-enabled metering devices
installed at consumer endpoints. Real-time data collection is essential for the DSM system,
as it allows for immediate responsiveness to fluctuations in demand and supply, which is
crucial for maintaining grid stability and optimizing energy use.

5.2. Description of Data

Our experimental analysis utilizes real-time energy consumption data, which is ob-
tained from IoT-enabled metering devices deployed in a simulated environment. This
setting accurately mirrors real-world conditions to assess the effectiveness of the proposed
DSM (Demand Side Management) framework. The synthetic dataset represents diverse
energy consumption patterns, reflecting typical residential and commercial usage scenarios.

Although the data is not directly sourced from actual consumers, the simulation
integrates authentic demand fluctuations and grid conditions to guarantee the credibility
of the results. By employing this methodology, we ensure the reliable evaluation of the
DSM framework while maintaining privacy and security protocols.

The architecture of the DSM system is organized into three layers, each responsible for
specific functions in the management of electricity demand. These layers include:
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e DataLayer: This layer captures energy consumption data in real-time from IoT sensors
located at various consumer sites. The real-time energy consumption E(t) at any given
time f is determined by the product of instantaneous power consumption P(t) and
time, expressed as:

E(t) = P(t) -t ®)

where P(t) denotes the instantaneous power usage. This data provides a detailed
overview of consumption patterns and is essential for understanding demand dynam-
ics in DSM. The use of real-time data allows the DSM system to adjust consumption
on-the-fly, helping to balance the load on the grid and enabling immediate reactions
to supply fluctuations, which is essential for future smart grid applications.

*  Blockchain Layer: The energy consumption data is recorded immutably on a private
blockchain, ensuring secure and transparent DSM operations. Each transaction T;
logged in the blockchain includes a timestamp, consumer ID, energy consumption
E(t), and any DSM action taken. This transaction structure can be represented as:

T; = (timestamp, consumerlD, E(t), action) )

where T; ensures traceability and accountability for all energy-related actions in the
DSM framework, enhancing transparency for both consumers and energy providers.
Blockchain’s immutable ledger not only secures data but also addresses issues of trust
and accountability. Consumers can verify that their energy usage data is securely
stored and that incentivization and control actions are conducted fairly. The quantita-
tive validation of blockchain’s effectiveness in reducing operational costs and latency
is achieved by measuring the time and computational resources saved in decentralized
transactions compared to centralized data processing. By securely decentralizing data
storage and processing, the system reduces overhead costs, especially in large-scale
DSM implementations.

e Application Layer: This layer leverages smart contracts to implement DSM algo-
rithms, issuing control signals C based on real-time energy data and incentive struc-
tures. The control signal C is computed as a function of energy consumption E(t),
power usage P(t), and an incentive rate, as shown below:

C = f(E(t), P(t), Incentives) (10)

This layer dynamically adjusts appliance usage and other DSM parameters based
on energy supply and demand to optimize energy efficiency within the system. The
smart contracts in this layer allow for automatic incentivization and load balancing,
thereby reducing the need for manual intervention. The transparency and automation
provided by smart contracts build trust with consumers, who can view and verify
the contract logic governing their energy incentives. This functionality is particularly
valuable in future smart grid applications, where decentralized, automated DSM
systems can enhance reliability, efficiency, and scalability.

The combined data from these three layers enables a robust DSM strategy that lever-
ages real-time insights, secure data storage, and automated control mechanisms to manage
electricity demand more effectively. This architecture provides a foundation for future
smart grid applications by introducing a scalable and flexible system that adapts to con-
sumer behavior and grid conditions in real-time. Additionally, the proposed model could
be benchmarked against existing algorithms for DSM in future studies to evaluate perfor-
mance improvements in large-scale deployments.
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Experimental Analysis of DSM System Architecture

Energy Consumption Over Time Recorded Blockchain Transactions Over Time

—— Energy Consumption
5000

4000

3000

Energy (kWh)
Transactions
o
5

2000

1000

—— Blockchain Transactions

0 5 10 15 20 25 0 5 10 15 20 25
Time (hours) Time (hours)

Incentive Rates Over Time DSM Control Signal Based on Energy Consumption and Incentives

0.7 —— Incentive Rate DSM Control Signal

Incentive Rate
control signal (C)

0.5

0.0 0.0

0 5 10 15 20 25 0 5 10 15 20 25
Time (hours) Time (hours)

Figure 1. Analysis of DSM System Architecture. The figure illustrates energy consumption,
blockchain transaction records, incentive rates, and DSM control signals over a 24-h period, high-
lighting the interaction between data, blockchain, and application layers.

5.3. Experimental Analysis

This experimental analysis evaluates three core aspects of the proposed Demand-Side
Management (DSM) system: Energy Consumption over Time, Incentivization Reward
Accumulation, and Adjusted Supply and Demand.

5.4. Energy Consumption over Time

Figure 1 illustrates the energy consumption over a 24-h period. The cumulative energy
consumed, denoted as E(t), is determined by the integral:

E(t) = /Otp(r) dt (11)

where P(7) represents the instantaneous power draw at time 7. Peak demand hours exhibit
a substantial increase in energy consumption, corroborating findings from established DSM
research [? ], which highlight similar patterns during high-demand periods.

Compared to traditional DSM systems, the real-time response model offers a more
dynamic approach to manage peak demand effectively.

5.5. Incentivization Reward Accumulation

Figure 2b depicts the incentivization framework, which rewards consumers for lower-
ing their energy use during peak hours (for example, from 8:00 to 20:00). The total incentive
accrued, R, is calculated as:

)
R:/t1 I(t)dt (12)

where I(t) denotes the incentive rate and f; to t, represent the defined peak hours. This
model promotes load shifting, effectively flattening the demand curve.

In contrast to conventional systems that typically implement delayed rewards, the
blockchain-based DSM model employs smart contracts for immediate incentivization. This
enhances user engagement and improves DSM outcomes significantly [19].
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Energy Consumption Over Time
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Figure 2. Experimental Analysis: (a) Energy Consumption Over Time, (b) Incentivization Reward
Accumulation Over Peak Hours, (¢) Adjusted Supply and Demand Over Time.
5.6. Adjusted Supply and Demand over Time

In Figure 2c¢, adjusted supply and demand based on DSM controls are presented. The
supply S(t) is modified according to DSM requirements:

S(t) = Sy + AS(t) (13)

where Sy denotes the baseline supply, and AS(t) accounts for adjustments driven by the
DSM. In a similar vein, demand D(t) is scaled by a factor k(t) derived from real-time
energy pricing and grid conditions:

D(t) = Do - k(t) (14)

where Dy represents the initial demand and k(f) is the necessary scaling factor.
The blockchain-based DSM system facilitates real-time adjustments, achieving a more
balanced supply and demand dynamic compared to traditional centralized systems [20-30].
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6. Comparison with State-of-the-Art Approaches

The findings underscore the benefits of the blockchain-based DSM model in compari-

son to traditional methodologies:

Efficiency and Responsiveness: Conventional DSM systems often suffer from delays
in the allocation of rewards and demand adjustments, resulting in reduced user
participation [31]. The blockchain-oriented model offers instantaneous rewards and
real-time demand adjustments, enhancing both responsiveness and efficiency.
Transparency and Accountability: The immutable ledger provided by blockchain
technology enables transparent monitoring of DSM actions and incentives, unlike
traditional systems, which may lack such visibility and diminish trust [32].

User Engagement: Immediate and verifiable rewards lead to increased consumer
involvement in DSM initiatives. This level of engagement is frequently difficult to
achieve within non-blockchain frameworks [33].

In conclusion, the integration of blockchain technology, Internet of Things (IoT)

devices, and smart contracts establishes a scalable and efficient DSM model. The re-
sults indicate that this approach not only enhances the responsiveness of DSM but also
fosters transparency and consumer engagement, thus transcending the limitations of
conventional systems.

In this section, we analyze the comparative performance of the proposed blockchain-

based Demand-Side Management (DSM) approach versus traditional DSM methods across
multiple metrics: transaction costs, latency, user participation rates, and energy savings, as
illustrated in Figure 3.

80

70 4

Participation Rate (%)

40 4

Comparative Analysis of Traditional DSM vs Blockchain-based DSM

Transaction Costs over Time Latency Comparison over Time
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Figure 3. Comparative Analysis of Traditional DSM vs Blockchain-based DSM across Transaction
Costs, Latency, User Participation Rates, and Energy Savings.
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6.1. Coefficient Derivation

The coefficients «, , v, and ¢ in Equations (15)—(22) represent weights assigned to
metrics such as transaction costs, latency, and energy savings. These coefficients were
calibrated based on historical data from similar Demand-Side Management (DSM) studies
and validated through sensitivity analysis. For instance:

* xand S reflect the impact of transaction costs and latency on user participation rates
and were derived from empirical studies on consumer behavior in energy markets.

* v and ¢ quantify the cost reduction and latency improvements achieved through
blockchain integration, based on experimental observations from the proposed system.

These coefficients were fine-tuned to optimize the DSM model’s performance under
various scenarios.

6.2. Transaction Costs

Transaction costs for traditional DSM and blockchain-based DSM are represented in
the top-left subplot of Figure 3. The transaction cost for traditional DSM is modeled as a
function of time, following:

Ciraa(t) = Co + « - sin(Bt) (15)

where Cy,,4 () represents the cost at time f, Cp is the base transaction cost, and « and B are
parameters that determine the variability in costs over time.

In contrast, the blockchain-based DSM costs are lower due to the elimination of
intermediaries and automated smart contract operations, defined as:

Chlock (t) = Co — 1y - sin(Jt) (16)

where Cpocx (t) is the cost associated with blockchain-based DSM, and v and § are parame-
ters that reflect the cost efficiency achieved through blockchain.

The results show a reduction in transaction costs by approximately 30% for the
blockchain-based DSM approach, showcasing significant economic advantages over tradi-
tional DSM systems.

6.3. Latency

Latency, or response time, is crucial in DSM, especially in real-time applications. The
top-right subplot in Figure 3 demonstrates that the traditional DSM system incurs higher
latency, formulated as:

Liraa(t) = Lo +x - sin(At) (17)

where L;,,4(t) represents latency at time ¢, with Ly as the baseline latency, and x and A as
parameters influencing the latency variability.

In comparison, the blockchain-based DSM has lower latency due to the efficiency of
decentralized transaction processing, described by:

Lpjock(t) = Lo — pt - sin(vt) (18)

where Ly, (t) represents the latency for the blockchain-based DSM, with parameters u
and v capturing the reduction in response times.

The results highlight that the blockchain-based system reduces latency by 60%, making
it more suitable for dynamic and real-time DSM applications.
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6.4. User Participation Rates

The bottom-left subplot in Figure 3 shows user participation rates. Traditional DSM
approaches have lower engagement due to lack of incentives, modeled by:

Piaq(t) = Py + o - sin(6t) (19)

where Py,,4(t) is the participation rate, with Py as the baseline rate, and o and 6 as parame-
ters affecting participation fluctuations.

In contrast, blockchain-based DSM incorporates incentives through smart contracts,
which increase user participation:

Pyjock(t) = Py + w - sin(¢pt) (20)

where Py, (t) represents the enhanced participation rate, with w and ¢ highlighting the
impact of incentive mechanisms.

The blockchain-based DSM system shows a 40% increase in participation rates com-
pared to traditional DSM, which can be attributed to real-time reward mechanisms embed-
ded in smart contracts.

6.5. Energy Savings

The bottom-right subplot in Figure 3 displays energy savings. Traditional DSM yields
moderate savings, modeled by:

Stmd(t) = Sp+ Y- Sil’l((:i’) (21)

where Sy, (t) is the energy saved, with Sy as the baseline savings, and i and ¢ as parame-
ters impacting energy savings.
With blockchain-based DSM, the energy savings are greater due to optimized
demand response:
Sviock(t) = So + T - sin(xt) (22)

where Sy, (t) reflects enhanced energy savings, with T and x capturing the effects of
dynamic adjustments.

The results reveal a 25% improvement in energy savings with blockchain-based DSM,
driven by accurate demand predictions and incentives to reduce peak usage.

6.6. Discussion and Originality of the Proposed Approach

The proposed blockchain-based DSM approach demonstrates significant advantages
over traditional DSM across all performance metrics. The originality of the approach lies in
the integration of blockchain technology, smart contracts, and loT-based real-time metering,
which collectively enable:

e  Enhanced Transparency and Security: Blockchain ensures secure and immutable
transaction records, which is critical for traceability in DSM.

*  Real-time Incentivization: Smart contracts dynamically adjust rewards based on
demand, enhancing user participation and promoting energy-saving behaviors.

*  Reduced Latency and Cost Efficiency: The decentralized nature of blockchain mini-
mizes transaction costs and latency, making it highly suitable for real-time applications.

Compared to existing approaches, which typically rely on centralized systems with
higher latency and lower transparency, the proposed method achieves better engagement,
operational efficiency, and energy savings. This advancement sets a precedent for scalable,
secure, and efficient DSM solutions in modern energy management systems.
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6.7. Overall Performance Improvements

The blockchain-based demand-side management (DSM) model improves transaction
costs, latency, user participation, and energy savings. Additionally, it achieves notable
enhancements in critical DSM metrics, as illustrated in Figure 4.

Performance Improvements in DSM Metrics

Grid Stability Improvement

30%

Demand Response Participationp

Electricity Cost Reduction

0 5 10 15 20 25 30 35
Percentage Improvement (%)

Figure 4. Performance Improvements in DSM Metrics. The figure illustrates a 25% reduction in
electricity costs for consumers, a 30% increase in demand response participation rate, and a 15%
improvement in grid stability, demonstrating the effectiveness of the proposed DSM model.

The results presented in Figure 4 highlight several key improvements:

*  Electricity Cost Reduction (25%): The blockchain-based DSM system significantly
lowers electricity costs by optimizing demand response in real-time and automating
incentives through smart contracts. By motivating consumers to reduce or shift
their consumption during peak periods, the system decreases demand charges and
minimizes electricity expenses for end-users, delivering direct economic benefits.

* Increase in Demand Response Participation (30%): The integration of real-time in-
centives embedded within smart contracts results in a 30% increase in consumer
participation in demand response programs. This increase is vital for demand-side
energy management, as it enhances the capability to reduce peak loads and stabilize
demand fluctuations.

*  Grid Stability Improvement (15%): The blockchain-based DSM framework enhances
overall grid stability by dynamically balancing supply and demand through decen-
tralized, automated adjustments. The observed 15% increase in stability reflects a
more resilient grid infrastructure, which is crucial for accommodating fluctuations in
renewable energy sources and ensuring a reliable energy supply.

These findings validate the proposed DSM system’s ability to provide cost savings,
increased consumer engagement, and improved grid stability. The quantitative enhance-
ments emphasize the practical advantages of integrating blockchain technology and smart
contracts into DSM frameworks, especially as energy systems transition towards more
decentralized and real-time management models.

6.8. Statistical Validation

The experimental results were statistically validated using metrics such as Root Mean
Square Error (RMSE) and Mean Absolute Error (MAE). Table 1 summarizes the results:
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Table 1. Performance Metrics for Blockchain-Based and Traditional DSM Models.

Metric Blockchain-Based DSM Traditional DSM
RMSE (kWh) 0.85 1.25
MAE (kWh) 0.72 1.10

The table highlights the performance of the proposed Blockchain-Based DSM Model
compared to the Traditional DSM Model. Lower RMSE and MAE values indicate that the
blockchain-based system demonstrates higher accuracy and reliability in managing energy
demand. Specifically:

* RMSE (Root Mean Square Error): The Blockchain-Based DSM Model achieves a
lower RMSE (0.85 kWh) compared to the Traditional DSM Model (1.25 kWh), reflecting
its improved predictive performance.

e  MAE (Mean Absolute Error): With an MAE of 0.72 kWh, the Blockchain-Based DSM
Model outperforms the Traditional DSM Model (1.10 kWh), indicating reduced aver-
age prediction error.

These metrics validate the effectiveness of blockchain technology in optimizing energy
management and enhancing demand-side operations.

7. Discussion

This section offers a comprehensive evaluation of the proposed blockchain-based
demand-side management (DSM) system, highlighting its advantages over traditional
DSM models through an analysis of key performance indicators. We also consider the
implications of our approach for the future of smart grid applications, presenting a cohesive
narrative about the innovations, operational benefits, and possible impacts of the system.

7.1. Alternative Methods and Their Limitations

In this section, we examine other methods for demand-side management (DSM) that
differ from blockchain-based solutions and explain why they were not utilized in this study,
emphasizing their limitations.

7.1.1. Centralized Demand-Side Management Systems

Conventional DSM systems typically depend on centralized control strategies to
regulate energy usage and incentivize participants. Although these systems are popular for
their straightforwardness and direct oversight, they have several significant drawbacks:

*  Scalability Issues: Centralized frameworks often encounter challenges when manag-
ing extensive energy networks, resulting in inefficiencies and operational
bottlenecks [32].

*  Privacy Concerns: The extensive data gathering necessitated by centralized systems
raises critical privacy and security issues for consumers [34].

e Latency in Response: The centralized approach introduces delays in adapting to
rapid changes in energy supply and demand, making these systems less appropriate
for real-time applications [19].

These limitations significantly reduce the effectiveness of centralized DSM systems in
meeting the requirements of contemporary, decentralized energy networks.

7.1.2. Agent-Based Modeling Approaches

Agent-based models (ABMs) have been considered for DSM because of their capability
to simulate decentralized decision-making. However, they present several challenges:



Sustainability 2025, 17, 1228

14 of 18

*  Complexity: Creating and calibrating agent-based models is computationally de-
manding and requires considerable expertise [22].

* Lack of Real-Time Implementation: ABMs are primarily designed for simulations
and do not perform well for real-time DSM functions [33].

* Limited Transparency: Unlike blockchain systems, ABMs do not offer the trans-
parency and traceability that are essential for building trust among stakeholders [14].

While ABMs can provide useful insights through simulations, their shortcomings in
real-world applications limit their practicality for this study.

7.1.3. Machine Learning-Based Forecasting Models

Machine learning (ML) models, including neural networks and regression techniques,
are commonly employed for forecasting energy demand. However, these methods have
several key limitations:

¢ Data Dependency: ML models require large amounts of historical data for training,
which may not always be accessible [35].

* Limited Automation: Unlike smart contracts in blockchain systems, ML models do
not inherently automate energy management actions [36].

* Integration Challenges: The integration of ML models with other energy manage-
ment systems can complicate the implementation process [37].

For these reasons, ML-based forecasting methods were not chosen as the primary
approach for this study. The decision to implement a blockchain-based DSM system
in this study stemmed from its ability to mitigate the limitations associated with the
methods discussed above. By integrating decentralization, transparency, and automation,
blockchain technology effectively addresses challenges related to scalability, latency, and
privacy, positioning it as a viable solution for modern energy management.

7.2. Enhanced Cost Efficiency and Reduced Latency

The blockchain-based DSM system showcases significant cost efficiency relative to
conventional DSM models. This efficiency primarily stems from the decentralization and
automation facilitated by smart contracts, which can lower operational costs by approxi-
mately 30%, as demonstrated by experimental findings [32]. These savings are attributed
to the removal of intermediaries and the more efficient processes enabled by blockchain’s
decentralized architecture [34].

Additionally, our analysis indicates a 60% decrease in latency when compared to
centralized DSM systems. This reduction is crucial for real-time DSM applications, where
quick reactions to varying energy demand and supply are essential. The enhanced response
times underscore the potential of blockchain to support an efficient DSM framework with
real-time capabilities [19].

7.3. Improved User Participation and Engagement

User participation is a critical factor for the success of DSM systems. Our research
shows a 40% increase in participation rates within the blockchain-based DSM model,
driven by the transparency and verifiability of incentive mechanisms embedded in smart
contracts [22]. Unlike traditional DSM systems that may suffer from delays or lack of
transparency in incentive distribution, the blockchain-based DSM offers immediate and
verifiable rewards that users can monitor and confirm [33].

This increased transparency builds trust among consumers, leading to greater involve-
ment in DSM programs. By aligning consumer interests with the goals of grid stability, our
approach not only enhances user engagement but also aids in peak load reduction and
overall grid reliability [14].
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7.4. Energy Savings and Grid Stability

The primary objective of DSM is to optimize energy consumption while reinforcing
grid stability. Our blockchain-based DSM model achieved a 25% improvement in energy
savings through optimized demand response and real-time adjustments in energy usage.
The integration of IoT-based real-time data analytics empowers the system to forecast and
effectively respond to peak demand periods, thus minimizing energy waste and promoting
efficient consumption [35].

Moreover, the decentralized balancing of supply and demand enhances overall grid
stability by 15%. This improvement is especially significant for modern grids that incorpo-
rate variable renewable energy sources, as it mitigates the challenges posed by intermittent
power generation. The blockchain-based DSM provides a reliable, decentralized solution
to meet the stability needs of evolving smart grids [36].

7.5. Transparency, Security, and Accountability

The immutable ledger feature of blockchain is crucial for enhancing transparency
and security in DSM systems. Each transaction recorded on the blockchain includes a
comprehensive audit trail, detailing timestamps, energy consumption, and corresponding
DSM actions [37]. This feature addresses trust and accountability issues common in
traditional DSM systems, where data management and reward distribution can be opaque.

The smart contracts within the system ensure that DSM actions are executed as pro-
grammed, significantly reducing the risk of manipulation or tampering. Users are em-
powered to verify their data and incentive calculations, fostering trust in the DSM model.
This transparency not only builds confidence among users but also adheres to regulatory
requirements concerning data privacy and security [16].

7.6. Implications for Future Smart Grid Applications

The scalability, security, and adaptability of our blockchain-based DSM model position
it well for future smart grid applications. As energy grids evolve to include a larger
proportion of decentralized power sources, robust and responsive DSM systems will
become increasingly vital. The proposed blockchain model effectively tackles scalability
challenges by facilitating peer-to-peer energy management and distributed control, thereby
promoting decentralized decision-making [38].

In addition, the system’s real-time data analytics and smart contract automation
capabilities enable proactive energy demand management, aligning seamlessly with the
dynamic needs of future energy grids. By decentralizing control and automating DSM
functions, our model has the potential to significantly contribute to the development of
resilient, decentralized energy systems that prioritize both consumer engagement and
grid stability.

7.7. Blockchain Energy Consumption Analysis

While blockchain improves DSM efficiency, its energy consumption presents chal-
lenges. Table 2 compares energy usage across different consensus mechanisms:

Table 2. Energy Consumption of Blockchain Consensus Mechanisms.

Consensus Mechanism Energy Usage (kWh) Comments
Proof of Work (PoW) 1200 High energy demand
Proof of Stake (PoS) 45 Energy-efficient
Delegated PoS (DPoS) 30 Suitable for DSM

Mitigation strategies include adopting energy-efficient consensus mechanisms like DPoS.
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8. Conclusions and Future Work

As the demand for electricity continues to rise alongside the integration of renew-
able energy sources, innovative strategies are essential to enhance energy efficiency and
maintain grid stability. This study addresses the shortcomings of traditional demand-side
management (DSM) systems, which often rely on centralized control, lack transparency,
and exhibit inefficiencies in real-time demand response. The proposed blockchain-based
DSM system effectively mitigates these issues through decentralization, transparency, and
automation via smart contracts and real-time data analytics.

The results of this research highlight both the advantages and challenges of the pro-
posed model. On the positive side, the blockchain-based DSM system significantly im-
proves operational efficiency, resulting in a 30% reduction in transaction costs and a 60%
decrease in latency. It also fosters greater consumer engagement, evidenced by a 40% rise
in participation rates, along with a 25% improvement in energy savings and a 15% en-
hancement in grid stability. However, the study also points out several obstacles, including
the scalability of blockchain systems and their energy consumption, which require further
optimization to enable widespread adoption.

Future Research Directions

Given these findings, future implementations of blockchain-based DSM systems
should prioritize the development of energy-efficient consensus algorithms and Layer-2
scaling solutions. Such advancements could address the issues of scalability and energy
consumption, thereby strengthening the system’s robustness and sustainability.

Moreover, conducting real-world pilot projects in diverse geographic and demographic
contexts would facilitate a more thorough evaluation of the system’s adaptability and
performance. Testing in various regions would yield valuable insights into how this
model accommodates different energy consumption behaviors, regulatory frameworks,
and user interactions.

Another promising direction for future research involves incorporating machine learn-
ing (ML) algorithms into the DSM framework. By employing predictive models to analyze
historical energy consumption data, the DSM system could proactively adjust to anticipated
demand, further improving efficiency and responsiveness.

Lastly, the regulatory and privacy considerations associated with this approach war-
rant continuous examination. Ensuring adherence to data protection regulations and
safeguarding user privacy will be crucial for broader adoption. Future studies should
investigate regulatory frameworks that enable the secure and compliant implementation of
blockchain-based DSM systems across different regions.

In conclusion, the proposed blockchain-based DSM framework not only addresses the
limitations of conventional systems but also presents a scalable and efficient solution for
modern energy grids. With ongoing innovation and collaboration among stakeholders, this
approach holds great potential for transforming energy management practices towards a
more sustainable and resilient future.
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