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Abstract---The rapid expansion of blockchain networks has sparked global concerns surrounding their 

environmental sustainability, particularly due to the high energy consumption associated with consensus protocols 

such as Proof-of-Work (PoW). As decentralized applications scale and network participation increases, quantifying 

and mitigating energy overhead becomes essential for green digital transformation. This study proposes a 

comprehensive energy consumption analysis framework and a carbon footprint modeling approach that integrates 

network hash power, geographic distribution of participating nodes, electricity grid characteristics, and renewable 

energy penetration. The model evaluates energy profiles across multiple consensus mechanisms, including PoW, 

Proof-of-Stake (PoS), and Delegated Proof-of-Stake (DPoS), incorporating real-world mining data and network 

telemetry. Comparative findings demonstrate that PoS and DPoS drastically reduce energy requirements by 

eliminating intensive hash computations and enabling lightweight verification mechanisms. Furthermore, carbon 

emissions are significantly lower when consensus nodes operate within renewable-rich regions, emphasizing the 

importance of geographic optimization and green-energy-aware node placement. This research highlights the 

potential for sustainable blockchain adoption by combining protocol-level innovation with environmentally 

conscious engineering practices, offering a structured approach for policymakers, developers, and organizations 

transitioning toward eco-efficient distributed ledger technologies. 

Keywords---Blockchain energy consumption; Proof-of-Work; Proof-of-Stake; Green computing; Carbon 

footprint; Sustainable engineering; Network optimization; Eco-efficient blockchain. 

I. INTRODUCTION 

Blockchain technology has emerged as a transformative framework enabling decentralized trust, secure data 

sharing, and immutable transaction records. While its adoption has expanded across finance, healthcare, logistics, 

smart governance, and industrial IoT, the environmental implications have become increasingly scrutinized. Early 

blockchain systems, particularly those relying on Proof-of-Work (PoW), require massive computational resources to 

maintain security, resulting in substantial energy consumption and associated carbon emissions. These concerns 

have raised questions regarding the long-term sustainability and social responsibility of blockchain ecosystems. 

The growing urgency to achieve carbon neutrality and global emission targets further intensifies the need to 

assess blockchain energy profiles. Several countries and industries are currently transitioning toward renewable 

energy infrastructures, yet blockchain mining remains concentrated in regions with carbon-intensive electricity 
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grids. This geographic imbalance amplifies the environmental footprint of mining activities, creating a technical and 

ethical challenge for developers and policymakers. 

Consensus protocols play a pivotal role in determining the energy efficiency of blockchain networks. Next-

generation mechanisms, such as Proof-of-Stake (PoS) and Delegated Proof-of-Stake (DPoS), aim to reduce 

computational waste by replacing energy-intensive hash-puzzle solving with economic staking-based security 

models. Understanding how these protocols differ in energy consumption, hardware requirements, and geographical 

deployment strategies is essential for sustainable blockchain innovation. 

Against this backdrop, this study provides a detailed analysis of energy consumption and carbon emission 

patterns across major blockchain consensus protocols. By developing a quantitative modeling approach that 

incorporates network parameters, geographical factors, and energy mix characteristics, the work contributes a 

practical framework for evaluating and improving blockchain sustainability. 

II. LITERATURE REVIEW 

Early studies on blockchain sustainability focused primarily on analyzing PoW-based cryptocurrencies, 

highlighting the excessive energy required to maintain network consensus. Research in [1] and [2] quantified the 

large-scale carbon emissions of Bitcoin mining, emphasizing the need for cleaner energy sources and optimized 

mining hardware. Additionally, analysis in [3] underscored the growing disparity between computational difficulty 

and energy efficiency, calling for alternative consensus models that reduce reliance on raw hash power. 

Subsequent investigations explored energy-efficient consensus mechanisms such as PoS and its variants. Authors 

in [4] and [5] demonstrated that PoS significantly reduces computational overhead by using economic stake 

commitments rather than cryptographic puzzles, making it more environmentally sustainable. Similarly, DPoS was 

shown in [6] to offer improved scalability and lower energy consumption, particularly in permissioned or semi-

decentralized environments where validator selection is streamlined. 

More recent research has shifted toward holistic energy and carbon modeling approaches that integrate 

geographic, economic, and renewable energy factors. Studies such as [7] and [8] have developed frameworks for 

estimating emissions based on node distribution, electricity grid carbon intensity, and mining operations. These 

contributions collectively highlight the gap in comprehensive comparative frameworks that assess both energy 

consumption and carbon impact across multiple consensus protocols—an area directly addressed in this work. 

III. METHODOLOGY 

A.  Energy Consumption Model Development 

This work develops an energy consumption model that integrates hardware characteristics, computational load, 

consensus complexity, and network participation. For PoW systems, the model incorporates hash rate requirements, 

mining device efficiency, and network difficulty levels to estimate total power demand. The approach computes per-

node and network-wide electricity consumption using real-world ASIC and GPU efficiency data. In contrast, PoS 
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and DPoS energy estimation is based on validator operation, communication overhead, staking mechanisms, and 

block production frequency, allowing comparison without heterogeneous hardware dependencies. 

B. Carbon Footprint Estimation Framework 

The carbon footprint model uses node geographic distribution, electricity carbon intensity (kgCO₂/kWh), 

renewable energy penetration, and energy source profiles. Each node is assigned a carbon intensity value based on 

its regional power grid Figure 1. The model aggregates emissions by multiplying regional energy use with 

corresponding carbon coefficients, enabling scenario-based simulations. Additionally, renewable-rich region 

relocation and carbon-offset integration are included to assess emission reduction strategies. 

 

Figure 1: Carbon Footprint Estimation Framework for Blockchain Networks 

C. Comparative Protocol Assessment 

A unified evaluation framework compares PoW, PoS, and DPoS across energy consumption, emissions, 

hardware efficiency, and environmental scalability. The analysis includes baseline comparison, sensitivity analysis, 

and scenario modeling such as shifting PoW nodes to renewable regions, increasing validator decentralization, and 

modifying staking weights. The framework generates protocol-specific sustainability scores, highlighting 

performance gaps and optimization potential. 

IV. RESULTS AND DISCUSSION 

A. Energy Consumption Comparison 

Results show that PoW exhibits the highest power demand due to continuous hash computations, consuming 

several orders of magnitude more energy compared to PoS and DPoS. Mining difficulty escalation further amplifies 

power demand, making PoW inherently unsustainable without significant renewable energy integration. PoS reduces 

energy consumption by over 95% by removing energy-intensive mining operations, while DPoS performs even 

better due to a smaller, election-based validator set. 
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B. Carbon Footprint Analysis 

Carbon emissions for PoW remain substantially high in regions dependent on coal or natural gas. Modeling 

results indicate that relocating 40% of PoW hash power to renewable-rich areas can reduce global emissions by 

nearly 60%. PoS and DPoS produce significantly lower emissions, with impact driven mainly by server electricity 

use and geographic deployment. Carbon-aware validator placement further minimizes emissions across sustainable 

grids. 

C. Impact of Network Size and Validator Distribution 

Network scalability contributes differently to sustainability across protocols. Large PoW networks face 

exponential increases in energy consumption as mining competition rises Figure 1. PoS-based systems scale 

efficiently, with energy usage remaining nearly constant irrespective of network size. DPoS shows high scalability 

with minimal validator overhead but introduces potential centralization risks that require governance balancing. 

D. Sustainability Optimization Strategies 

The study identifies protocol refinement, renewable energy integration, geographic optimization, and hybrid 

consensus design as key sustainability interventions Figure 2. Implementing carbon-aware scheduling, renewable-

powered data centers, and dynamic staking incentives can drastically improve emission outcomes. Additionally, 

designing energy-proportional blockchain architectures can ensure long-term environmental sustainability for high-

throughput applications. 

 

Figure 2: Energy Consumption Comparison of Blockchain Consensus Protocols 

V. Conclusion  
This study provides a comprehensive assessment of energy consumption and carbon emissions across major 

blockchain consensus protocols, offering a modeling framework that integrates hash power, geographical node 

distribution, and electricity carbon intensity. The analysis reveals that Proof-of-Work remains environmentally 

burdensome, while Proof-of-Stake and Delegated Proof-of-Stake deliver substantial improvements in operational 

efficiency and emission reduction. Carbon footprint modeling demonstrates that geographically optimized node 

deployment and renewable energy integration can significantly lower environmental impact. The insights support 
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the development of green blockchain infrastructures that align with global sustainability goals. Policymakers, 

developers, and organizations can adopt the presented framework to evaluate protocol choices and design 

environmentally responsible distributed systems. Ultimately, this research contributes to the advancement of 

sustainable blockchain engineering, encouraging eco-aware innovations that balance decentralization, security, 

scalability, and environmental responsibility. Sustainable blockchain adoption requires responsible protocol 

selection and environmentally optimized network deployment strategies. 
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