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SDN-Enabled Energy-Aware Routing and
Distribution for Circular Sustainable Industrial
Ecosystems: A Dynamic Optimization Approach
Shivaleela Arlimatti1,4,∗, Rajesh Gade1,5, Peter Lindgren2 and Suresh D. Mane3

Abstract: The transition to circular sustainable industrial ecosys-
tems necessitates innovative energy management solutions that
balance environmental responsibility, efficiency, and social adapt-
ability. This research introduces a Software-Defined Networks
(SDN) enabled framework that integrates energy-aware optimiza-
tion techniques to achieve real-time, dynamic energymanagement.
The proposed system addresses key challenges in circular sustain-
able businessmodels (CSBMs), such as optimizing energy distribu-
tion, minimizing waste, and integrating renewable energy sources,
thereby supporting the transition to a circular economy. Indus-
trial ecosystems often suffer from inefficient energy management,
leading to high operational costs, increased carbon emissions,
and poor resource utilization. To overcome these challenges, this
research proposes an intelligent and dynamic energy management
framework that leverages SDN’s centralized control and energy-
aware routing algorithms to optimize energy flow in real time.
This ensures efficient energy utilization, reducing both waste and
costs while enhancing sustainability. The framework incorporates
an energy-aware routing algorithm that prioritizes energy-efficient
paths based on power consumption, latency, and carbon foot-
print. It integrates an SDN controller with Industrial Internet of
Things (IIoT) sensors, which monitor energy consumption, envi-
ronmental conditions, and renewable energy availability. This real-
time data enables the system to dynamically adjust energy distri-
bution, ensuring that energy supply meets demand efficiently. A
key contribution of this research is the integration of renewable
energy sources (e.g., solar panels) and energy storage systems (e.g.,
batteries) into industrial networks. This enhances sustainability
by reducing dependence on non-renewable energy and lowering
the carbon footprint. The framework is designed to be scalable
and flexible, accommodating new energy sources, storage units,
and production demands as industrial ecosystems expand. This
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research contributes to circular sustainable business models by
enabling smarter, greener, and more resilient industrial energy
management, aligning with Triple Bottom Line (TBL) principles
to promote economic, environmental, and social sustainability.

Keywords: Circular sustainable business models (CSBMs),
renewable energy, software defined networks (SDN).

1. Introduction

The increasing demand for sustainable industrial practices has
driven a paradigm shift toward circular industrial ecosystems,
where energy efficiency and resource optimization are critical [1].
Traditional industrial energy management systems often exhibit
inefficiencies due to rigid architectures, limited dynamic energy
distribution capabilities, and poor integration with renewable
energy sources [2]. These shortcomings lead to higher operational
costs, excessive energy waste, and increased carbon emissions,
impeding progress toward a circular economy [3]. The push for
sustainability and digital transformation has accelerated the adop-
tionof advanced technologies enabling real-time, intelligent energy
management [4]. By leveraging SDN and the IIoT, industries can
improve energy efficiency, optimize distribution, and seamlessly
integrate renewables [5].

SDN is a transformative technology that offers central-
ized control, programmability, and dynamic resource allocation,
making it ideal for industrial energy optimization [6]. Unlike
conventional energy networks with static configurations, SDN
enables adaptive routing based on real-time demand, consump-
tion patterns, and environmental factors [7]. When combined
with energy-aware routing algorithms, SDN minimizes power
losses and enhances sustainability in industrial ecosystems. Simi-
larly, IIoT provides critical real-time data on energy consumption,
production, and renewable generation, enabling smarter decision-
making [5]. The integration of SDN and IIoT facilitates an intel-
ligent energy management system that continuously optimizes
energy flows, reducing costs and environmental impact.

Despite SDN’s potential, most research focuses on network
optimization rather than holistic energymanagement in industrial
settings. Existing approaches often lack adaptability to fluctuating
energydemands and strugglewith renewable integration [3].Addi-
tionally, challenges such as computational complexity, data accu-
racy, and cybersecurity risks remain understudied. This research
addresses these gaps by developing a dynamic SDN-enabled opti-
mization framework for real-time energy distribution. By over-
coming these limitations, the proposed system enhances efficiency,
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reduces carbon emissions, and supports circular economy princi-
ples through cross-sectoral business models (CSBMs) [3].

The primary objective of this study is to design a scalable,
SDN-driven energy management system that optimizes industrial
energy distribution. The framework incorporates energy-aware
routing, integrates solar and battery storage systems, and dynami-
cally adjusts flows using IIoTdata. Additionally, the research inves-
tigates computational overhead and security risks while proposing
mitigation strategies to improve system reliability and scalability.

2. Related Work

Circular Sustainable Industrial Ecosystems (CSIEs) are emerging
as a pivotal framework in advancing sustainable industrial prac-
tices by promoting resource efficiency and waste minimization.
This approach emphasizes the transformation of traditional linear
production models into circular systems where waste is repur-
posed as input for other processes, thereby fostering environ-
mental sustainability and economic resilience. Recent studies have
highlighted the integration of circular economy principles within
manufacturing sectors, identifying significant barriers such as
economic, technological, and regulatory challenges, while also
showcasing innovative strategies and business models that success-
fully apply circular principles [8].

The development and implementation of multi-business
models within these symbiotic networks are considered critical
for the successful realization of CSIEs. The concept of Green
Multi Business Models has been extensively explored in paper [9],
with a focus placed on the measurement and innovation of green
business practices. The importance of designing business models
that create, capture, deliver, receive, and consume value in align-
ment with sustainability goals is emphasized in his research. The
complexity of balancingmonetary and non-monetary valuewithin
business models, particularly in symbiotic networks involving
multiple stakeholders, is highlighted by the authors. This balance
is regarded as essential to ensure that green business models
are genuinely sustainable rather than merely superficial adapta-
tions [9].

In the context of industrial symbiosis, the efficient exchange
of resources, energy, and information is facilitated through the
collaboration between different enterprises. The significance of
understanding the coherence between individual business models
and the larger ecosystem in which they operate is underscored in
one of the author’s works on business model ecosystems. This
perspective is regarded as vital for the fostering of innovation and
resilience within industrial symbiotic networks, as it allows for the
strategic alignment of diverse business models towards common
sustainability objectives [10–12].

The implementation of CSIEs necessitates robust and adapt-
able network infrastructures capable of managing complex and
dynamic industrial processes. The integration of advanced tech-
nologies, such as SDN, into these ecosystems can further enhance
their efficiency and adaptability. SDN offers centralized control
and programmability of network resources, enabling dynamic
optimization of data flows and energy consumption. This tech-
nological synergy supports the real-time monitoring and adaptive
management of complex industrial processes, thereby reinforcing
the sustainability and operational efficiency of CSIEs. Studies have
demonstrated that SDN-based energy-aware routing protocols

can optimize power consumption in Wireless Sensor Networks
(WSNs) within the IIoT framework, supporting Industry 4.0
initiatives [13].

Further research has explored the application of SDN
in multi-hop wireless sensor networks, proposing energy-aware
routing algorithms and control overhead reduction techniques
to prolong network lifetime. These approaches leverage SDN’s
centralized control to optimize energy consumption, which is crit-
ical for the sustainability of IIoT services [14].

The convergence of SDN technology with CSIEs offers a
promising avenue for achievingdynamicoptimization in industrial
processes. By enabling real-time monitoring and adaptive control
of network resources, SDN facilitates the seamless integration of
various industrial components, promoting sustainability andoper-
ational efficiency. This dynamic optimization approach addresses
the energy demands of industrial networks and aligns with the
overarching goals of circular economyprinciples, fostering resilient
and sustainable industrial ecosystems [15].

3. System Model

The proposed system model integrates SDN with an Energy-
Aware Algorithm to optimize energy distribution in circular
sustainable industrial ecosystems. The model leverages SDN’s
centralized control capabilities to dynamicallymanage energyflows
while ensuring alignmentwithCSBMs. By incorporating real-time
data collection, renewable energy prioritization, and energy-aware
optimization techniques, this system enhances energy efficiency,
reduces waste, and contributes to environmental and economic
sustainability. The Energy-Aware Algorithm, a core component
of the system, is designed to select the most energy-efficient paths
within an industrial network by considering factors such as power
consumption, latency, and the availability of renewable energy
sources.

In conventional industrial networks, shortest path algorithms
are commonlyused todetermine the shortest pathbasedonmetrics
like distance or latency. However, this approach does not account
for energy consumption or sustainability. The modified Energy-
Aware Algorithm redefines the path selection process by incorpo-
rating energy-related metrics, ensuring that energy is distributed
through the most sustainable and circular pathways. The algo-
rithm assigns weights to network edges based on power usage,
energy efficiency, carbon footprint, and renewable energy avail-
ability. This weighted graph representation allows the system to
prioritize routes that minimize energy waste while maximizing the
utilization of sustainable energy sources.

The industrial network is modeled as a graph (shown in
Figure 1) where nodes represent industrial devices, renewable
energy sources, and energy distribution points, while edges signify
energy distribution and communication links. Each edge in the
graph is assigned a weight based on its energy consumption and
sustainability metrics. A priority queue mechanism ensures that
the algorithm selects themost energy-efficient pathfirst, improving
network adaptability and scalability. The Energy-Aware Algo-
rithm operates in a stepwise manner, beginning with the initial-
ization of tentative energy costs for all nodes, followed by iterative
path exploration based on energy-awaremetrics.Nodes aremarked
as visited once analyzed, preventing redundant computations and
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Figure 1.
Modeled industrial network.

enhancing efficiency. The algorithm then reconstructs the most
sustainable path, ensuring optimal energy distribution in real time.

One of the key advantages of integrating SDN with energy-
aware routing is the system’s real-time adaptability. The SDN
controller continuously collects data from IIoT sensors deployed
across the industrial ecosystem. These sensors monitor various
parameters, including energy consumption, production rates, and
environmental conditions. Based on this data, the SDN controller
dynamically adjusts energy flows, ensuring that energy supply
aligns with real-time demand while prioritizing sustainability. The
system seamlessly integrates renewable energy sources, such as solar
panels and battery storage systems, to reduce reliance on non-
renewable energy and lower the overall carbon footprint of indus-
trial operations.

The proposed system model offers several advantages,
including enhanced energy efficiency, circularity, flexibility, and
scalability. By prioritizing energy-efficient paths, it minimizes
operational costs and ensures that energy is distributed in a
sustainable manner. The circular economy principles embedded
within the model promote resource efficiency and closed-loop
energy management, reducing waste and optimizing renewable
energy use. Furthermore, the model is designed to accommodate
future industrial expansion, allowing for the seamless integration
of additional production units, energy sources, and storage
systems. The combination of SDN, energy-aware routing, and
renewable energy integration provides an intelligent and adaptive
solution for real-time dynamic energy management in circular
industrial ecosystems, paving the way for smarter, greener, and
more sustainable industrial practices.

4. Working of Proposed Framework

The proposed system formalizes the optimization of energy distri-
bution using SDN and Energy-Aware Algorithm. Themodel aims
to minimize energy waste, maximize renewable energy utilization,
and ensure an efficient, sustainable energy flow in industrial ecosys-
tems.

The Algorithm shown below (Algorithm 1) in industrial
network is represented as a weighted graph (as shown in Figure 2),
where nodes correspond to industrial devices, renewable energy
sources, and distribution points, while edges represent energy
distribution links between these nodes. The edgeweights are deter-
mined based on real-time energy consumption data, with lower
weights assigned to paths that have lower energy costs and higher

Algorithm 1.
Energy aware routing algorithm.

Figure 2.
Flow chart of the proposed framework.

renewable energy contributions. The SDN controller continu-
ously collects data from IIoT sensors deployed across the industrial
ecosystem, enabling real-time adjustments to energy routing deci-
sions based on dynamic demand and supply conditions.

The algorithm begins with an initialization step, where all
nodes are assigned a tentative energy cost of infinity, except for
the source node, which is set to zero. A priority queue is used to
select the node with the lowest tentative energy cost, ensuring that
the most energy-efficient paths are explored first. The algorithm
iteratively examines neighboringnodes, updating their energy costs
based on metrics such as energy efficiency, latency, and renewable
energy utilization. If a more efficient path is found, the tentative
cost is updated, and the process continues until all nodes are
visited or themost energy-optimal path is identified. The final step
involves reconstructing the optimal path from the destination back
to the source, ensuring that energy is distributed through themost
sustainable and cost-effective routes.
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A key advantage of this algorithm is its real-time adaptability
when integrated with SDN. The SDN controller dynamically
adjusts energy flow paths based on fluctuating energy demand,
renewable energy availability, and operational constraints. This
scalability and flexibility make it particularly effective for smart
factories and industrial ecosystems, where energy demands
frequently change due to varying production loads and external
conditions. And by prioritizing paths that maximize renewable
energy use, the framework significantly reduces dependence on
non-renewable energy sources, thereby lowering carbon emissions
and operational costs.

The Energy-Aware Algorithm offers a scalable, intelligent,
and sustainable solution for real-time energy optimization in
industrial settings. By combining SDN-driven centralized control
with circular sustainability principles, it ensures optimal energy
efficiency, reduces waste, and supports the transition toward a
circular economy. This approach paves the way for greener, more
resilient industrial operations, shaping the future of sustainable
energy management in industrial ecosystems.

5. Results and Discussion

The proposed SDN-enabled energy-aware routing framework
demonstrates significant improvements in energy management
for circular sustainable industrial ecosystems. By integrating SDN
with an Energy-Aware Algorithm, the system dynamically opti-
mizes energy distribution, ensuring efficient utilization of avail-
able energy resources while minimizing waste. This approach
enables real-time decision-making based on factors such as power
consumption, latency, energy efficiency, and renewable energy
availability, making industrial energy networks more sustainable
and resilient.

One of the key outcomes of this framework is the optimiza-
tion of energy flow through intelligent routing. Unlike traditional
energy management systems that operate on static configurations,
this approach continuously adjusts energy paths based on real-
time data collected from IIoT sensors. The integration of real-
time monitoring and SDN control allows for dynamic adaptation
to fluctuating energy demands, preventing inefficiencies caused
by over- or under-utilization of resources. This adaptability is
crucial in industrial environments, where energy consumption
varies based on production loads, external conditions, and oper-
ational constraints.

Another major benefit of this approach is the prioritiza-
tion of renewable energy sources in the energy routing process.
By incorporating renewable energy availability into the path
selection algorithm, the system ensures maximum utilization of
solar, wind, and energy storage systems, thereby reducing reliance
on non-renewable energy sources. This directly contributes to
lower carbon emissions, supports environmental sustainability,
and aligns with circular economy principles by promoting efficient
resource utilization.

The proposed framework also enhances energy efficiency by
selecting the most energy-optimal paths, reducing overall power
consumption and operational costs. Traditional routing methods
often prioritize shortest-distance paths, which may not necessarily
be the most energy-efficient. In contrast, the Energy-Aware Algo-
rithm evaluates multiple sustainability-related metrics, ensuring

that the selected paths minimize energy losses and improve
network-wide efficiency.

The proposed SDN-enabled energy-aware routing frame-
work offers a scalable and sustainable solution for real-time energy
management in circular industrial ecosystems. By integrating
centralized control, real-time monitoring, and energy-aware opti-
mization, the system significantly enhances energy efficiency,
reduces waste, and promotes the use of renewable energy sources.
This approach plays a critical role in advancing CSBMs, ensuring
that industrial operations remain economically viable, environ-
mentally responsible, and socially sustainable.

6. Conclusion

The proposed SDN-enabled energy-aware routing framework
presents a dynamic and efficient solution for real-time energy
management in circular sustainable industrial ecosystems by inte-
grating SDN and an Energy-Aware Algorithm. This approach
optimizes energy distribution by prioritizing power efficiency,
renewable energy utilization, and sustainability, reducing waste
and minimizing carbon emissions while ensuring adaptability to
fluctuating energy demands. The integration of real-time moni-
toring through IIoT sensors and centralizedSDNcontrol enhances
flexibility, making industrial energy networks more resilient and
efficient. Although challenges such as computational complexity,
data accuracy, and cybersecurity risks remain, addressing these
aspects will further strengthen the framework’s scalability and reli-
ability. This research contributes to advancingCSBMs by enabling
smarter, greener, and more sustainable industrial energy manage-
ment that aligns with the principles of the circular economy and
the TBL approach.
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