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The accelerated expansion of contemporary computer networks, coupled with the 
proliferation of data-intensive applications, has resulted in a marked escalation in 
energy demand and associated ecological consequences, thereby positioning 
sustainability as a central consideration in network architecture and management. 
Although current green networking approaches predominantly emphasise isolated 
energy optimisation techniques, they frequently lack coordinated strategic 
integration across protocol layers and seldom incorporate explicit carbon emission 
considerations. This study introduces a comprehensive strategic framework for 
sustainable computer networking that unifies energy optimisation, carbon-conscious 
operation, and performance retention within an integrated cross-layer design. The 
proposed framework incorporates sustainability-oriented monitoring, advanced 
decision-making mechanisms, and adaptive control strategies to facilitate harmonised 
network functionality in dynamic and heterogeneous operational environments. To 
support systematic evaluation, formalised energy and carbon quantification models 
are developed, enabling precise assessment of trade-offs between sustainability 
objectives and network performance metrics. A detailed simulation-driven analysis is 
performed under diverse traffic intensities, heterogeneous energy consumption 
profiles, and dynamically evolving network conditions. Empirical findings indicate 
that the proposed framework delivers substantial reductions in overall energy usage 
and carbon emissions when benchmarked against traditional performance-centric 
and energy-aware methodologies, while preserving comparable levels of throughput, 
latency, and packet delivery efficiency. These results substantiate that the deliberate 
incorporation of carbon-aware intelligence, alongside energy optimisation, supports 
environmentally sustainable networking practices without degrading quality of 
service. Furthermore, the framework maintains technological neutrality, allowing 
seamless adaptation and scalability across a broad spectrum of existing and next-
generation network infrastructures. 
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1. Introduction 
The accelerated evolution of computer networking infrastructures, alongside the expansion of 

data-centric services, has produced a pronounced surge in global energy demand and its associated 
environmental repercussions [22]. Contemporary networking ecosystems supporting cloud 
computing, intelligent transport systems, the Internet of Things (IoT), and smart urban 
environments are increasingly recognised as major contributors to operational energy consumption 
and carbon emissions [13]. Consequently, sustainability has emerged as an essential design 
objective that must be addressed in conjunction with traditional performance metrics such as 
throughput, latency, and reliability.  

Over the past decade, intelligent networking paradigms have gained considerable attention for 
enhancing system performance within dynamic and uncertain operational contexts. In particular, 
adaptive routing strategies, decision-support mechanisms, and protocol designs grounded in fuzzy 
logic and optimisation theory have demonstrated substantial effectiveness in managing highly 
variable network conditions. Foundational contributions in this domain introduced fuzzy-based 
routing schemes and intelligent decision models within vehicular ad hoc networks (VANETs) and 
wireless communication environments, where factors such as mobility, traffic density, and 
contextual uncertainty play a dominant role [1-4]. These investigations established that context-
aware intelligence and adaptive decision processes significantly enhance efficiency, resilience, and 
quality of service across complex network topologies.  

Building upon these developments, subsequent research explored optimisation-driven 
methodologies, including genetic algorithms and particle swarm optimisation, to refine network 
adaptability and performance through systematic tuning of routing policies and decision variables 
[6; 8; 12]. Such approaches demonstrated the capacity to balance competing performance 
objectives effectively while improving overall operational efficiency. However, these studies largely 
prioritised performance-centric optimisation, with energy efficiency and environmental 
sustainability treated as secondary considerations or indirect outcomes [9; 32].  

In parallel, green networking has emerged as a critical research trajectory aimed at reducing 
energy consumption within communication systems [14; 15; 35]. Existing solutions in this area 
predominantly concentrate on localised mechanisms, including power-aware routing, sleep 
scheduling, and hardware idle-state management. While these techniques contribute to lowering 
energy usage, they typically operate in isolation and lack coordinated interaction across network 
layers. Moreover, most current approaches focus exclusively on energy reduction without explicitly 
addressing carbon emissions, which depend heavily on energy generation sources and geographical 
deployment contexts. As a result, improvements in energy efficiency do not necessarily translate 
into environmentally sustainable networking practices. Given the demonstrated effectiveness of 
intelligent, adaptive, and optimisation-based networking frameworks in prior studies [1; 12; 34], 
there exists a clear opportunity to extend these principles towards a comprehensive, sustainability-
driven paradigm. Modern networking systems require holistic optimisation strategies that 
simultaneously account for energy consumption, carbon impact, and quality of service. Such an 
approach necessitates cross-layer coordination, dynamic adaptability, and informed decision-
making under heterogeneous and time-varying conditions.  

Addressing these challenges, the present study proposes a strategic framework for green and 
sustainable computer networks that embeds energy efficiency and carbon awareness within the 
core operational logic of networking processes. The proposed framework builds upon established 
intelligent networking methodologies [1] by extending adaptive decision-making principles towards 
environmentally responsible network management rather than purely performance-oriented 
optimisation. Through the integration of sustainability-aware monitoring, intelligent decision logic, 
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and adaptive control within a unified architecture, the framework facilitates substantial reductions 
in energy consumption and carbon emissions while preserving acceptable performance levels.  

The remainder of this paper is organised as follows: Section 2 presents a comprehensive review 
of relevant literature encompassing green networking, intelligent routing, and sustainability-
oriented network design. Section 3 outlines the system design principles and details the proposed 
strategic framework architecture. Section 4 introduces the energy-aware and carbon-aware models 
along with the associated evaluation metrics. Section 5 discusses experimental configuration, 
simulation outcomes, and performance analysis. Finally, Section 6 concludes the paper and 
highlights directions for future research.  

 
2. Literature Review  

2.1 Intelligent and Adaptive Networking Frameworks 
The challenge posed by highly dynamic and heterogeneous networking environments has 

stimulated extensive exploration of intelligent and adaptive networking paradigms. Early 
investigations established that conventional deterministic routing and control mechanisms are 
insufficient for coping with rapid topology shifts, fluctuating traffic patterns, and inherent 
uncertainty. To overcome these limitations, soft computing methodologies and intelligent decision-
making approaches have been introduced, significantly enhancing network adaptability and 
resilience [10; 30].  

A range of studies proposed the application of fuzzy logic within routing and forwarding 
processes in vehicular and wireless network environments, where contextual variables such as node 
mobility, traffic intensity, and link stability exhibit uncertainty. These approaches demonstrated that 
fuzzy inference mechanisms are highly effective in modelling nonlinear relationships among 
network parameters, thereby improving routing decisions relative to conventional techniques [1; 3]. 
Empirical outcomes consistently reported improvements in packet delivery ratio, reduced latency, 
and enhanced routing stability, particularly under dense and highly mobile scenarios. Extending 
these concepts, optimisation-driven intelligent networking frameworks were subsequently 
developed to further refine decision-making processes. In such approaches, parameters including 
fuzzy membership functions, rule weights, and routing variables are dynamically adjusted using 
metaheuristic techniques such as genetic algorithms and particle swarm optimisation [4; 8]. 
Experimental evidence confirmed that hybrid intelligent–optimisation strategies deliver superior 
adaptability and performance, especially under varying traffic loads and network densities.  

2.2 Optimization Based Routing and Network Efficiency  
Optimisation-oriented networking has received substantial attention as a means of improving 

efficiency and scalability. A significant body of research has focused on the utilisation of bio-inspired 
algorithms to enhance routing paths, clustering strategies, and resource allocation in wireless and 
ad hoc networks. These techniques demonstrated notable gains in throughput and network lifetime 
by reducing redundant transmissions and achieving balanced load distribution [12; 19]. However, 
the majority of optimisation-based studies remain predominantly performance-driven, 
concentrating on metrics such as delay, throughput, and packet loss. Energy consumption is often 
treated as a secondary consideration, while environmental sustainability is rarely addressed 
explicitly. Consequently, despite their effectiveness, these approaches do not provide a 
comprehensive solution for sustainable network operation.  

2.3 Green Networking and Energy Aware Approaches  
Green networking has emerged as a critical research domain aimed at reducing the energy 
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footprint of communication systems. Existing literature proposes various energy-aware strategies, 
including power-adaptive routing, node sleep scheduling, and energy-efficient hardware utilisation 
[20; 26; 29]. These techniques are effective in lowering energy consumption within specific network 
components or layers. Nevertheless, most green networking solutions operate in isolation and lack 
coordination across different layers of the network stack. Furthermore, they typically emphasise 
energy reduction without explicitly considering carbon emissions, which depend on energy source 
characteristics and deployment contexts. As a result, energy-efficient operation does not 
necessarily equate to environmentally sustainable networking, particularly in heterogeneous 
infrastructures.  

2.4 Sustainability Aware Networking Frameworks  

Recent research has begun to recognise the importance of embedding sustainability objectives 
within network design [5; 16; 17]. Some studies have proposed high-level frameworks that integrate 
energy efficiency with performance requirements. While these contributions represent progress 
towards sustainable networking, they often lack rigorous modelling, adaptive decision-making 
capabilities, and validation under dynamic conditions [24; 25; 28]. Notably, the extensive body of 
work on intelligent and optimisation-based networking has seldom been incorporated into these 
sustainability-oriented models. This disconnect limits their ability to respond effectively to real-
world dynamics and reduces their practical applicability.  

2.5 Research Gap and Motivation  

From the preceding discussion, it is evident that intelligent and optimisation-based networking 
frameworks have proven highly effective in enhancing performance and adaptability [1; 19]. In 
parallel, green networking research has independently demonstrated the feasibility of reducing 
energy consumption [26; 29]. However, the development of an integrated strategic framework that 
simultaneously incorporates intelligent decision-making, energy efficiency, and carbon awareness 
across network layers remains limited. This study addresses this gap by extending adaptive 
intelligent networking principles into a comprehensive sustainability-oriented framework. Unlike 
existing approaches that target isolated objectives, the proposed framework aims to balance energy 
utilisation, carbon emissions, and quality-of-service maintenance within a unified cross-layer 
architecture [25; 27; 34].  

 
3. System Design and Strategic Framework  

3.1 Design Objectives and Requirements  
Figure 1 illustrates the strategic framework for green and sustainable computer networks. The 

primary objective of the proposed system is to enable environmentally responsible network 
operation while preserving service quality and system stability. To achieve this objective, the 
framework is designed to satisfy the following key requirements:  

3.1.1 Energy Efficiency 
The system must minimise energy consumption across network components, including end 

devices, communication links, and infrastructure nodes, while maintaining acceptable performance 
levels.  

3.1.2 Carbon Awareness 
Carbon-related metrics, including energy source characteristics and carbon intensity, should be 
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explicitly incorporated into network control decisions, enabling environmentally informed 
operational strategies.  

3.1.3 Performance Preservation 
Quality of service (QoS) indicators, such as throughput, latency, and packet delivery ratio, must 

be maintained within acceptable thresholds to ensure user satisfaction and service continuity.  

3.1.4 Scalability and Flexibility 
The system should support heterogeneous network environments and dynamically adapt to 

variations in traffic patterns, workload distributions, and sustainability constraints.  

3.1.5 Cross-Layer Coordination 
Efficient information exchange across network layers is required to eliminate redundant 

operations and enable coordinated energy-aware decision-making.  

3.1.6 Practical Deployability  
Architecture should integrate seamlessly with existing networking technologies without 

necessitating fundamental structural modifications.  

3.2 Overall System Architecture  
The overall system architecture provides a comprehensive representation of the framework, 

encompassing all constituent components and their interactions.  

 
Fig.1: Strategic Framework for Green and Sustainable Computer Network  

The system architecture represents the entire network, encompassing all its constituent 
components. To satisfy the previously defined requirements, a structured multi-layer strategic 
framework is introduced. This framework integrates sustainability-aware monitoring, decision-
making, and control functionalities across the complete networking stack. The architecture 
comprises six tightly interconnected layers, each responsible for specific sustainability-oriented 
operations. 
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3.3 Layered Framework Design  

3.3.1 Device and Infrastructure Layer  
This layer forms the physical foundation of the network, consisting of end-user devices, access 

points, routers, switches, and communication links. Its primary role is to ensure energy-efficient 
functionality at the hardware level. Key functions include:  
• monitoring device-level power consumption,  
• supporting adaptive transmission power regulation,  
• enabling low-power operational states during idle periods.  

This layer supplies fundamental energy and utilisation metrics to higher layers, enabling the 
development of sustainability-driven decisions.  

3.3.2 Network Monitoring and Data Collection Layer  
The monitoring layer is responsible for continuous acquisition of real-time data from the 

underlying infrastructure. This includes:  
• traffic load characteristics,  
• link utilisation metrics,  
• energy consumption patterns,  
• indicators of packet loss and latency.  

The collected data are aggregated and processed to support advanced analytical evaluation. By 
centralising monitoring functions, the framework reduces redundancy in measurements and 
minimises monitoring overhead.  

3.3.3 Sustainability Intelligence and Decision Layer  
This layer constitutes the core intelligence of the proposed framework. Its function is to analyse 

monitored data and generate sustainability-oriented control decisions. The decision-making process 
incorporates:  
• energy efficiency objectives,  
• carbon impact indicators,  
• QoS requirements,  
• network load distribution and congestion levels.  

Based on these inputs, the layer determines optimal actions such as energy-aware routing, 
traffic scheduling, and resource reallocation. The decision logic is designed to be extensible, 
allowing integration of artificial intelligence and optimisation techniques in future developments. 
This layer serves as the analytical core that guides adaptive network behaviour.  

3.3.4 Control and Adaptation Layer  
The control and adaptation layer functions as an interface between decision processes and 

operational execution. It translates high-level sustainability decisions into implementable network 
configurations. Policy enforcement is achieved through:  

modifying route paths,  
• regulating traffic flow rates,  
• enabling or restricting access to network resources,  
• coordinating with edge nodes for computational offloading.  
This layer ensures that sustainability strategies are applied dynamically and consistently 

throughout the network.  
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3.3.5 Application and Service Layer  
The application layer represents end-user services and applications responsible for generating 

network traffic. It communicates service-level requirements, including latency sensitivity and 
bandwidth demands, to lower layers. By incorporating application-level awareness, the framework 
balances performance and sustainability objectives, prioritising critical services while managing non-
critical traffic in an energy-efficient manner.  

3.4 Framework Workflow and Operational Strategy  
The operational workflow of the proposed framework follows a closed-loop mechanism:  

3.4.1  Data Acquisition 
Energy, traffic, and performance metrics are collected from network components.  

3.4.2 Analysis and Evaluation  
The sustainability intelligence layer assesses current network conditions against predefined 

energy and carbon efficiency targets.  

3.4.3 Decision Making 
Appropriate control actions are selected based on trade-offs between sustainability objectives 

and performance requirements.  

3.4.4 Policy Enforcement  
The control layer implements the selected actions to adjust network behaviour.  

3.4.5 Feedback and Adaptation 
The outcomes of implemented decisions are continuously monitored, enabling iterative 

refinement and system adaptation. This closed-loop operational model ensures responsiveness to 
dynamic network conditions while aligning with long-term sustainability goals.  

 
4. Energy and Carbon Aware Modelling and Evaluation Metrics  

4.1 Energy Consumption Model  
To enable sustainability-driven decision processes, a formal energy consumption model is 

embedded within the proposed framework. The total energy consumption of the network is defined 
as the cumulative energy utilisation of all participating network components over a specified 
observation interval.  

Let 𝒩 = {1,2, … ,𝑁} denote the set of network nodes. The total energy consumption 𝐸totalis 
expressed as: 

𝐸total = ∑𝐸𝑖
𝑖∈𝒩

 

Where 𝐸𝑖represents the energy consumed by node 𝑖, which can be decomposed as: 

𝐸𝑖 = 𝐸𝑖
tx + 𝐸𝑖

rx + 𝐸𝑖
idle + 𝐸𝑖

proc 

Here: 
𝐸𝑖

txis the transmission energy, 
𝐸𝑖

rxis the reception energy, 

𝐸𝑖
idleis the idle-state energy, 

𝐸𝑖
procis the processing energy. 
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This decomposition allows the framework to pinpoint energy-intensive operations and 
implement targeted optimisation strategies.  

4.2 Traffic Dependent Energy Modelling 
Energy consumption is directly influenced by network traffic dynamics. Let 𝜆𝑖(𝑡)denote the 

traffic load handled by node 𝑖at time 𝑡. The energy consumption associated with traffic load is 
modelled as follows: 

𝐸𝑖(𝑡) = 𝛼𝑖 ⋅ 𝜆𝑖(𝑡) + 𝛽𝑖 
Where: 

𝛼𝑖represents the energy cost per unit of traffic, 
𝛽𝑖accounts for baseline energy consumption independent of traffic. 
This model enables the system to forecast energy consumption under varying load conditions 

and dynamically redistributes traffic to minimise total energy use.  

4.3 Carbon Emission Model 
To translate energy efficiency into environmental sustainability, the framework integrates a 

carbon emission model that links energy consumption to its associated carbon impact.  
The carbon emission associated with energy consumption 𝐸𝑖is defined as: 

𝐶𝑖 = 𝐸𝑖 × 𝜅 
Where 𝜅is the carbon intensity factor (e.g., kgCO2/kWh), reflecting the energy source 
characteristics. 

The total network carbon footprint 𝐶totalis given by: 

𝐶total = ∑𝐶𝑖
𝑖∈𝒩

 

By incorporating carbon intensity into the decision-making process, the framework facilitates 
carbon-aware routing and resource allocation, prioritising network paths and nodes with lower 
environmental impact.  

4.4 Sustainability Aware Optimization Objective 
The proposed framework models network operation as a multi-objective optimisation problem, 

balancing performance and sustainability. The optimisation objective is defined as: 
mi n   ℱ = 𝑤1 ⋅ 𝐸total + 𝑤2 ⋅ 𝐶total − 𝑤3 ⋅ 𝑄 
Where: 

𝐸totalis the total energy consumption, 
𝐶totalis the total carbon emission, 
𝑄represents aggregated QoS performance (e.g., throughput or packet delivery ratio), 
𝑤1, 𝑤2, 𝑤3are weighting factors controlling the trade-off between sustainability and 

performance. 
This formulation offers flexibility, enabling network operators to prioritise energy savings, 

carbon reduction, or performance according to operational objectives.  

4.5 Evaluation Metrics 
A comprehensive set of evaluation metrics is defined to quantitatively measure the 

effectiveness of the proposed strategic framework.  

4.5.1 Energy Efficiency Metrics 
• Energy Per Bit (EPB) 
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• EPB =
𝐸total

𝐵delivered
 

Where 𝐵delivered is the total successfully transmitted data volume. 
• Network Lifetime 

Defined as the duration until the first critical node depletes its allocated energy budget. 

4.5.2 Carbon Sustainability Metrics 
• Carbon Per Bit (CPB) 

• CPB =
𝐶total

𝐵delivered
 

• Carbon Reduction Ratio (CRR) 

• CRR =
𝐶baseline−𝐶proposed

𝐶baseline
 

4.5.3 Performance Metrics 
• Throughput 
• End-to-End Delay 
• Packet Delivery Ratio (PDR) 
These metrics verify that gains in sustainability are achieved without causing unacceptable 

declines in network performance.  
 

5. Experimental Results and Discussion 

5.1 Experimental Setup 
The performance of the proposed green and sustainable networking framework is evaluated 

through extensive large-scale simulation experiments. The simulation environment is configured to 
replicate realistic networking conditions characterised by heterogeneous nodes and dynamically 
varying traffic patterns. The network topology consists of 50 to 200 nodes arranged in a multi-hop 
mesh configuration. Traffic generation incorporates a mixture of constant bit rate (CBR) streams 
and burst-oriented flows to emulate diverse application demands. Each node is associated with an 
energy model that accounts for transmission, reception, idle, and processing states, while carbon 
emissions are estimated using a carbon intensity parameter reflecting the underlying energy source. 
The proposed framework is benchmarked against baseline approaches using key performance 
indicators, including throughput, delay, and PDR, as summarised in Table 1. Moreover, Table 1 
summarises the network size, simulation duration, traffic models, energy model components, and 
carbon intensity parameters employed in the experiments.  

Table 1 
Simulation Parameters 

Parameter Value 

Network Size 50, 100, 150, 200 Nodes 

Network Topology Multi-Hop Mesh 

Simulation Duration 1000–3000 s 

Traffic Model CBR + Bursty 

Packet Size 512 Bytes 

Traffic Load 0.5–2.5 Mbps 

Transmission Energy 0.6 W 

Reception Energy 0.4 W 

Idle Energy 0.15 W 
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Table 1  
Simulation Parameters (cont…) 

Parameter Value 

Processing Energy 0.2 W 

Routing Update Interval 2 s 

Carbon Intensity Factor 0.45 kgCO₂/kWh 

Performance Metrics Throughput, Delay, PDR 

Sustainability Metrics Energy, Energy/Bit, Carbon 

5.2 Baseline Schemes and Evaluation Scenarios 
The proposed framework is compared against two baseline approaches:  
• Baseline-1 (Performance Oriented Network): Network decisions are guided solely by QoS 

metrics, without consideration of energy consumption or carbon impact.  
• Baseline-2 (Energy Aware Network): Energy usage is minimised, but carbon intensity is not 

incorporated into the decision process.  
Three evaluation scenarios are considered:  
• Variable traffic load conditions,  
• Differences in node energy efficiency,  
• Occurrences of dynamic network disruptions.  
These scenarios enable a comprehensive assessment of the trade-offs between sustainability 

and performance.  

5.3 Quantitative Results 

5.3.1 Total Energy Consumption 
As illustrated in Figure 2, the total energy consumption of the network increases with rising 

traffic load.  

 
Fig.2: Total Network Energy Consumption Under Varying Traffic Load 

However, the proposed framework consistently exhibits lower energy utilisation compared to all 
baseline schemes. At higher traffic intensities, energy reductions in the range of approximately 20–
25% are observed relative to Baseline-1, while savings of around 12–15% are achieved in 



Decision Making: Applications in Management and Engineering 

Volume 8, Issue 1 (2025) 861-877 

871 

 
 

 

comparison with Baseline-2. These improvements are attained through adaptive traffic distribution 
mechanisms and the avoidance of energy-intensive routing paths. The Figure 2 presents a 
comparative analysis between the proposed framework and baseline schemes, highlighting a 
consistent reduction in energy consumption as traffic load increases.  

5.3.2 Energy Efficiency Analysis  
Energy efficiency is further assessed using the energy-per-transmitted-bit metric. As depicted in 

Figure 3, the proposed framework attains the minimum energy expenditure per bit under all traffic 
scenarios, indicating highly efficient utilisation of network resources.  

 
Fig.3: Energy Per Transmitted Bit Comparison 

Lower values correspond to enhanced energy efficiency, which is consistently achieved by the 
proposed framework. Table 2 presents the energy-per-transmitted-bit results obtained by the 
proposed framework in comparison with baseline schemes across varying traffic load conditions.  

Table 2 
Energy Per Transmitted Bit 

Traffic Load (Mbps) Baseline-1 (J/Mb) Baseline-2 (J/Mb) Proposed Framework (J/Mb) 

0.5 2.84 2.57 2.24 

1.0 2.75 2.43 2.08 

1.5 2.74 2.44 2.06 

2.0 2.80 2.49 2.11 

2.5 2.87 2.57 2.17 

5.3.3 Carbon Emission Results 
Figure 4 illustrates the total carbon emissions produced during network operation. The 

proposed framework reduces carbon emissions by up to 22% relative to energy-only optimisation, 
owing to the explicit incorporation of carbon intensity within the decision-making process. These 
results highlight that energy efficiency alone is insufficient to guarantee environmental 
sustainability, underscoring the importance of carbon-aware networking strategies.  
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Fig.4: Total Carbon Emissions Under Heterogeneous Energy Sources 

The Figure 4 highlights the benefits of incorporating carbon-aware decision-making to mitigate 
environmental impact. Moreover, Table 3 summarises the total carbon emissions measured across 
different traffic load conditions for the evaluated schemes.  

Table 3 
Total Carbon Emissions 

Traffic Load (Mbps) Baseline-1 (kgCO₂) Baseline-2 (kgCO₂) Proposed Framework (kgCO₂) 

0.5 0.64 0.58 0.50 

1.0 1.24 1.09 0.94 

1.5 1.85 1.64 1.39 

2.0 2.51 2.24 1.89 

2.5 3.23 2.89 2.41 

5.3.4 Network Performance Evaluation 
Throughput, end-to-end delay, and PDR are employed to verify that sustainability 

enhancements do not compromise service quality. The average values of these performance 
indicators across all scenarios are presented in Table 4. The results show that throughput reductions 
remain below 3%, while increases in delay are confined to 5%, staying well within acceptable QoS 
limits. The Table 4 compares throughput, delay, and PDR for the proposed framework and baseline 
schemes. 

Table 4 
Network Performance Comparison 

Scheme Throughput (Mbps) Delay (ms) PDR (%) 

Baseline-1 2.31 82 98.1 
Baseline-2 2.28 85 97.8 
Proposed Framework 2.25 87 97.6 

 
6. Discussion 

The results of this study provide robust empirical evidence that the proposed sustainability-
oriented networking framework effectively integrates energy efficiency, carbon reduction, and 
network performance. The findings indicate that by incorporating cross-layer intelligence and 
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carbon-aware decision-making, the framework significantly enhances the sustainability profile of 
network operations compared to conventional networking approaches. This aligns with the 
overarching aim of the research: to advance beyond traditional single-objective optimisation 
towards a unified, adaptable, and holistic model capable of addressing the complexities of modern 
networks.  

A key outcome of the analysis is the substantial reduction in overall energy consumption 
achieved by the proposed framework. On average, the framework yields energy savings of 20–25% 
relative to performance-based systems and 12–15% relative to energy-efficient systems. These 
improvements are realised through dynamic traffic management and avoidance of energy-intensive 
routing paths. Unlike traditional models that perform static or sequential single-objective 
optimisations, the proposed framework continuously adapts to evolving network conditions. The 
results demonstrate that intelligent decision-making must be informed by real-time monitoring to 
optimise energy utilisation, particularly in heterogeneous and heavily loaded environments. These 
findings are consistent with prior studies highlighting the benefits of real-time, monitoring-driven 
decision-making [7; 11; 31].  

In addition to total energy reductions, the framework improves energy efficiency, as reflected 
by lower energy-per-transmitted-bit values across all traffic levels. This demonstrates that the 
system not only minimises overall energy consumption but also utilises available resources more 
effectively. The consistency of these improvements across varying traffic loads confirms the 
robustness of the proposed solution. Consequently, sustainability-oriented optimisation can be 
maintained under unpredictable and dynamically changing network conditions, a critical 
requirement for real-world applications such as IoT systems and smart city infrastructures.  A major 
contribution of this study is the explicit integration of carbon awareness into network decision-
making. The proposed framework achieves up to 22% lower carbon emissions compared to energy-
only optimisation strategies, addressing a key limitation of many existing green networking 
solutions that assume a direct correlation between energy efficiency and environmental 
sustainability. By incorporating carbon intensity into routing and resource allocation decisions, the 
framework ensures that energy consumption is evaluated in terms of its environmental impact, 
marking a transition from purely technical optimisation to environmentally responsible networking 
[18] 

 The evaluation of the framework across energy, carbon, and network QoS metrics 
demonstrates improvements in all three areas. While there is a minor performance performance, 
with throughput reductions of less than 3% and delay increases of around 5%, overall network 
performance remains competitive with traditional systems. Packet delivery ratios are maintained at 
high levels comparable to baseline networks, indicating that sustainability enhancements do not 
compromise user experience or service quality. The ability to balance environmental sustainability 
with operational performance is crucial for practical network deployment [23]. Considering the 
slight performance degradation, these small reductions in throughput and delays are acceptable 
trade-offs for the significant sustainability benefits realised. Many real-world applications tolerate 
minor performance decreases in exchange for considerable energy savings and reduced 
environmental impact.  

Future implementations may further minimise these trade-offs through advanced optimisation 
techniques or machine learning integration. Overall, the results reinforce the practicality of 
adopting sustainability-driven frameworks in real-world networks. The study also demonstrates the 
effectiveness of cross-layer design in coordinating decisions across network components. This 
integrated approach, which extends to emerging technologies such as the metaverse [21; 33], 
reduces redundancy and facilitates better coordination by leveraging a comprehensive 



Decision Making: Applications in Management and Engineering 

Volume 8, Issue 1 (2025) 861-877 

874 

 
 

 

understanding of network conditions. Unlike conventional methods, which often operate 
independently, the closed-loop architecture of the proposed framework allows continuous 
adaptation, using real-time data to refine performance and decision-making.  

In summary, the findings confirm that the proposed framework overcomes the limitations of 
existing studies by bridging intelligent networking, energy efficiency, and environmentally 
sustainable operations within a single adaptive solution. The combination of carbon-aware and 
energy-aware strategies improves and sustains network performance within a cross-layer 
architecture. The study demonstrates that sustainability-aware networking is feasible and can be 
implemented without substantially compromising network performance. The framework’s scalable, 
flexible, and dynamic architecture is suitable for all network types, making it highly relevant for 
next-generation networks where sustainability will be a critical consideration.  

 
7. Conclusion  

The paper presents a strategic framework for green and sustainable computer networks, 
adopting a systematic approach that integrates energy efficiency, carbon awareness, and 
performance preservation across multiple network components. Unlike traditional methods that 
target individual optimisation objectives, the proposed framework offers a holistic, sustainability-
focused perspective, aligning monitoring, intelligent decision-making, and adaptive control within a 
single, unified architecture. The framework has been demonstrated to substantially reduce total 
energy consumption and carbon emissions while maintaining competitive network performance, as 
validated through formal energy and carbon modelling and extensive large-scale simulation 
experiments. The results confirm that embedding carbon-aware intelligence alongside energy 
efficiency supports environmentally responsible networking, particularly in heterogeneous and 
dynamic network environments. Importantly, these sustainability gains are achieved with minimal 
impact on throughput, delay, and packet delivery ratio, verifying the practical feasibility of the 
solution. The framework is technology-agnostic and can be applied across diverse networking 
contexts, including wired networks, wireless systems, IoT deployments, and emerging network 
models. Its modular design allows for gradual integration with existing network infrastructures, 
facilitating the incremental adoption of sustainability-oriented networking strategies.  

 
8. Theoretical Implications  

This research advances theoretical understanding in the domains of green networking and 
sustainable digital infrastructure. It extends existing theories of energy-efficient communications by 
incorporating carbon awareness as a fundamental factor in decision-making. This reframes energy 
optimisation not merely as a technical problem but as a broader environmental sustainability 
challenge. Previous studies often treated energy consumption as a proxy for sustainability; in 
contrast, this work provides evidence that carbon intensity must be considered independently 
alongside other sustainability dimensions.  

Furthermore, the research contributes to the theory of intelligent networking by embedding 
sustainability objectives within an adaptive, cross-layer architecture, bridging the gap between 
performance-driven and environmentally oriented models of intelligent networking. By 
incorporating multi-objective optimisation, the framework offers a systematic approach to 
managing trade-offs across energy, carbon, and quality-of-service metrics. Additionally, the 
proposed framework lays the groundwork for integrating soft computing and optimisation 
techniques into sustainability-aware systems, opening new avenues for theoretical development in 
green computing, network design, and digital sustainability. Overall, this research provides a novel 
perspective on the interplay between technological efficiency and environmental responsibility 
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through a unified, integrative approach.  
 

9. Practical Implications  
This research offers practical guidance for network designers, operators, and policymakers 

seeking to develop sustainable digital infrastructures. The proposed framework provides a strategic, 
implementable methodology that enables organisations to reduce energy consumption and carbon 
emissions without compromising network performance. By integrating sustainability-aware 
monitoring and intelligent decision-making, practitioners can achieve real-time optimisation of 
network operations, leading to lower operational costs and more efficient resource utilisation.  

Emerging applications such as IoT, smart cities, and cloud computing generate substantial data 
traffic and impose high energy demands, underscoring the importance of energy-efficient and 
sustainable infrastructure. Furthermore, the inclusion of carbon metrics within the framework 
allows organisations to align networking practices with environmental regulations and broader 
sustainability objectives, including carbon reduction and ESG targets. Policymakers can leverage 
these insights to establish standards and incentives that promote carbon-conscious networking 
technologies. Finally, the framework’s modular and technology-neutral design ensures adaptability 
across diverse networking environments, providing a practical pathway for implementing greener, 
more sustainable communication systems.  

 
10. Future Research Directions 

Future work will focus on integrating advanced artificial intelligence and machine learning 
techniques into the sustainability intelligence layer, enabling predictive and self-adaptive decision-
making. The framework could also be implemented and evaluated on specific technologies, such as 
software-defined networking, edge computing, and vehicular networks, to examine technology-
specific sustainability trade-offs. Additionally, real-world testbed deployments are recommended to 
assess operational feasibility and long-term environmental impacts. Finally, incorporating economic 
cost models and the availability of renewable energy presents a promising direction to further 
enhance sustainability-conscious networking decisions.  
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