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Abstract - Blockchain technologies, while revolutionizing 

digital finance and record-keeping, have raised significant 

environmental concerns due to their intensive energy 

consumption. This paper presents a comprehensive, data-

driven analysis of blockchain's carbon footprint, focusing on 

consensus mechanisms like Proof of Work (PoW) and Proof 

of Stake (PoS), and their comparative impact on energy use. 

By integrating global mining data, network performance 

metrics, and sustainability efforts across key platforms, the 

study highlights both the environmental cost and the 

transformative potential of greener alternatives. Findings 

indicate that transitioning PoW networks to PoS or 

integrating renewable sources can drastically reduce 

emissions, although infrastructural, regulatory, and market 

challenges persist. The paper concludes with strategic 

recommendations to guide industry stakeholders and 

policymakers in fostering an environmentally responsible 

blockchain future.  
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I. INTRODUCTION 

 
 

  Blockchain technology has emerged as a cornerstone of 

the digital age, enabling decentralized and immutable 

systems that support cryptocurrencies, smart contracts, 

supply chain tracking, and more. While the benefits of 

blockchain are widely recognized—such as 

transparency, security, and decentralization—its rapid 

adoption has brought with it a substantial, and often 

underappreciated, environmental cost. 

 

At the heart of the issue lies the consensus mechanism 

employed by many blockchain platforms, especially 

Proof of Work (PoW), which demands immense 

computational power and, consequently, vast amounts of 

electricity. Bitcoin and the pre-Merge version of 

Ethereum are notable examples, collectively consuming 

energy on par with entire nations. In contrast, newer 

approaches such as Proof of Stake (PoS), Proof of Space 

and Time, and other alternatives offer significantly 

lower energy footprints, yet are not universally adopted. 

 

This paper addresses the carbon footprint of blockchain 

systems through a data-driven lens. It evaluates the 

comparative energy consumption of major blockchain 

platforms, investigates the role of mining geography, 

explores the efficacy of offsetting initiatives, and 

proposes sustainable alternatives. The central aim is to 

synthesize technical, environmental, and policy insights 

into a cohesive framework for mitigating blockchain’s 

environmental impact. 
 

II. BACKGROUND AND RELATED WORK 

 Blockchain operates on distributed networks that rely 

on consensus mechanisms to validate transactions and 

maintain data integrity. The most criticized among them 

is Proof of Work (PoW), first introduced by Bitcoin’s 

protocol. PoW requires miners to solve complex 

mathematical puzzles, with computational difficulty 

increasing as the network grows. The sheer scale of 

computation has led to concerns regarding energy 

consumption and resultant greenhouse gas emissions. 

Numerous academic and industry studies have 

highlighted these concerns. According to the 

Cambridge Bitcoin Electricity Consumption Index, 

Bitcoin’s annual energy consumption exceeds 130 

terawatt-hours (TWh), rivaling countries like Argentina. 

Prior to its transition to PoS, Ethereum consumed around 

78 TWh annually. Post-Merge, however, Ethereum’s 

energy use dropped by over 99%, illustrating the stark 
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contrast in sustainability between PoW and PoS 

mechanisms. 

Several blockchain projects have begun promoting 

sustainability, either by transitioning to greener 

consensus models or implementing carbon offset 

strategies. For example: 

Chia Network uses a "Proof of Space and Time" model, 

which is less energy-intensive. 

Celo and Algorand have marketed themselves as carbon-

negative. 

Projects like KlimaDAO and Toucan Protocol integrate 

carbon offsets into blockchain finance. 

While promising, many of these initiatives are still in 

their early stages and face scrutiny for lack of 

transparency and potential greenwashing. 

The urgency to quantify and address blockchain’s carbon 

footprint has also drawn attention from 

intergovernmental bodies. Reports from the UNFCCC, 

World Bank, and OECD suggest that without active 

regulation or industry reform, blockchain's emissions 

could rise in tandem with its mainstream adoption. 

III. RESEARCH AND METHODOLOGY 

This study adopts a multi-layered data-driven approach 

to analyse the carbon footprint of blockchain 

technologies. The methodology includes: 
 

A. Energy Consumption and Emissions Metrics: 

Data on annual energy use and estimated CO₂ emissions 

were collected for major blockchain networks from 

reputable databases such as: 

 

Statista 

Digiconomist 

Blockchain explorers (e.g., Etherscan, BTC.com) 

Cambridge Centre for Alternative Finance (CCAF) 

 

This data was then normalized per transaction and per 

block to assess energy and emissions intensity (e.g., kg 

CO₂/transaction). 

 
Fig. 1 Energy per transaction comparison 

Figure 1 illustrates the energy consumption per 

transaction across selected blockchain platforms. Given 

the wide disparity in values, a logarithmic scale is 

applied to enable meaningful visual comparison. The 

data clearly demonstrate the substantial efficiency gains 

of Proof-of-Stake (PoS) mechanisms—such as those 

used by Ethereum (post-Merge), Solana, and 

Algorand—when contrasted with traditional Proof-of-

Work (PoW) systems like Bitcoin. 
 

B. Consensus Mechanism Analysis 

The study compares the energy and emissions intensity 

of PoW, PoS, and emerging mechanisms. It also explores 

the technological and economic implications of 

transitioning from PoW to PoS for various networks. 

 
Fig. 2 PoW vs PoS vs Space architecture 

Figure 2 presents a comparative analysis of PoW, PoS, 

and Proof-of-Space architectures across key technical 

and sustainability metrics, emphasizing trade-offs in 

scalability, security, and decentralization 
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C. Geographical Mining Distribution 

Mining operations are not evenly distributed. The carbon 

intensity of blockchain mining depends heavily on the 

local energy grid. For instance, Bitcoin mining in regions 

powered by coal (e.g., certain provinces in China or 

Kazakhstan) results in higher emissions than in areas 

using hydropower (e.g., parts of Canada). 

By mapping mining activity by region and matching it 

with national carbon intensity data (kg CO₂/kWh), we 

modelled how location influences blockchain’s carbon 

footprint. 

 

Fig. 3 Mining regions & carbon intensity 

Figure 3 provides a regional breakdown of mining 

activity alongside associated carbon intensities. The 

juxtaposition highlights the environmental implications 

of mining concentration in high-emission regions. 

D. Layer 2 and Offset Mechanisms 

Additional analysis was conducted on Layer 2 scaling 

solutions (e.g., Polygon, Arbitrum) that aim to reduce 

on-chain activity and thus energy use. Carbon offset 

projects linked to blockchain platforms were also 

reviewed for effectiveness and transparency. 

 

IV. PRELIMINARY FINDINGS 

 

A. Energy Consumption and Emissions 

The data confirms that PoW-based platforms remain by 

far the most energy-intensive: 
 

Blockchain 

Platform 

Consensus 

Mechanism 

Annual 

Energy 

Use 

Energy per 

Transaction 

Emissions 

Estimate 

Bitcoin PoW 
~133 

TWh 
~707 kWh 

~65 

MtCO₂/year 

Ethereum 

(pre-Merge) 
PoW 

~78 

TWh 
~200 kWh 

~35 

MtCO₂/year 

Blockchain 

Platform 

Consensus 

Mechanism 

Annual 

Energy 

Use 

Energy per 

Transaction 

Emissions 

Estimate 

Ethereum 

(post-

Merge) 

PoS 
~0.01 

TWh 
<0.01 kWh 

<0.01 

MtCO₂/year 

Solana PoS 
~0.01 

TWh 
<0.001 kWh Negligible 

     

This stark contrast illustrates the environmental payoff 

of adopting PoS or similar mechanisms. 

B. Geographical Disparity in Emissions 

A mining farm powered by coal-fired electricity 

produces far more emissions than one using hydropower 

or solar. Our analysis found: 

Over 30% of Bitcoin’s global hash rate was previously 

concentrated in China, where coal dominated. 

After China’s crypto mining ban, countries like the U.S., 

Russia, and Kazakhstan saw mining booms—each with 

different energy mixes. 

Relocating mining to regions with cleaner grids can 

reduce emissions without altering consensus 

mechanisms. 

C. Offset Programs and Sustainability Claims 

Offsetting programs—such as purchasing carbon 

credits—have become popular among blockchain 

projects. However, concerns remain: 

Many offsets lack independent verification. 

Projects like KlimaDAO rely on tokenized carbon 

credits, which may not always reflect actual atmospheric 

benefit. 

V. LAYER 2 SOLUTIONS AND EMERGING 

INNOVATIONS 

While Layer 1 blockchains like Bitcoin and Ethereum 

form the backbone of decentralized systems, they are 

often criticized for inefficiency and environmental 

impact—especially when operating on PoW. To address 

these limitations, Layer 2 solutions have emerged as 

promising pathways for reducing energy consumption 

and enhancing transaction throughput without 

compromising decentralization. 

A. What Are Layer 2 Solutions? 
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Layer 2 refers to protocols that sit atop the base 

blockchain, processing transactions off-chain before 

bundling them back onto the main ledger. Common 

examples include: 

Polygon (Ethereum-based) 

Arbitrum and Optimism (Rollups) 

Lightning Network (Bitcoin) 

These solutions significantly reduce computational 

overhead by minimizing the number of on-chain 

interactions. For example, Polygon reports energy usage 

per transaction to be around 0.0003 kWh, a negligible 

footprint compared to Ethereum Pre-Merge’s ~200 kWh 

per transaction. 

B. Environmental Benefits 

Reduced On-Chain Activity: Bundling transactions 

means fewer blocks are mined, leading to reduced 

energy expenditure. 

Scalability Enhancements: As transaction loads shift to 

Layer 2, the base layer becomes more sustainable. 

Increased Viability for Low-Energy Devices: IoT 

applications can interact with blockchains without 

requiring high energy input. 

However, it is important to note that the effectiveness of 

Layer 2 in reducing emissions depends heavily on how 

the Layer 1 operates. A Layer 2 built on a PoW 

blockchain still indirectly contributes to its emissions, 

albeit at a reduced rate. 

 
Fig. 4 Projected emissions savings 

Figure 4 offers projected carbon emissions under 

baseline and innovation-driven scenarios, underscoring 

the significant mitigation potential of Layer 2 solutions 

and protocol-level optimizations over the coming years. 

VI. CHALLENGES IN ACHIEVING 

BLOCKCHAIN SUSTAINABILITY 

 

A. Entrenched Economic Incentives 

In PoW systems like Bitcoin, miners are financially 

incentivized to maximize hash power, as more 

computing effort typically results in more rewards. This 

economic model inherently promotes greater energy use, 

making sustainability a secondary concern. 

B. Geopolitical Distribution of Mining 

Relocating mining operations to greener grids is 

theoretically beneficial but practically limited. Mining 

firms prioritize electricity cost over carbon intensity. 

Countries offering cheap, non-renewable power (e.g., 

Kazakhstan) attract miners despite environmental costs. 

C. Lack of Standardization in Offset Protocols 

While many blockchain platforms advertise carbon 

neutrality via offsets, there is no universal standard for 

offset credibility. Projects vary widely in how they 

source, verify, and tokenize carbon credits. This creates 

a trust deficit and opens doors for greenwashing, where 

environmental claims are exaggerated or false. 

D. Regulatory Ambiguity 

Environmental regulations for blockchain networks are 

largely underdeveloped. Few jurisdictions mandate 

sustainability reporting for blockchain operations. 

Without a clear regulatory framework, voluntary efforts 

remain inconsistent. 

E. Resistance to Change 

Transitioning from PoW to PoS is not merely a technical 

upgrade—it also represents a cultural and philosophical 

shift. Many in the crypto community see PoW as 

fundamental to decentralization and security. 

Convincing such stakeholders to change requires robust 

economic and security arguments in addition to 

environmental ones. Transitioning from PoW to PoS is 

not merely a technical upgrade—it also represents a 

cultural and philosophical shift. Many in the crypto 

community see PoW as fundamental to decentralization 

and security. Convincing such stakeholders to change 

requires robust economic and security arguments in 

addition to environmental ones. 

 

 



© July 2025 | IJIRT | Volume 12 Issue 2 | ISSN: 2349-6002  

  

IJIRT 182494  INTERNATIONAL JOURNAL OF INNOVATIVE RESEARCH IN TECHNOLOGY  2179  

VII. STRATEGIC RECOMMENDATIONS 

To enable a meaningful shift toward sustainable 

blockchain ecosystems, a combination of technical, 

policy, and economic interventions is needed. 

A. Technical Recommendations 

Promote PoS and Hybrid Mechanisms: Ethereum’s 

successful transition sets a precedent. Other platforms 

should follow suit, or at least experiment with hybrid 

consensus models. 

Encourage Layer 2 Adoption: Developers should be 

incentivized to design applications using low-energy 

Layer 2 protocols. 

Develop Energy-Aware Protocols: Future blockchain 

designs should consider carbon impact as a core protocol 

metric. 

B. Policy and Regulatory Measures 

Carbon Disclosure Requirements: Jurisdictions should 

require blockchain operators and miners to report carbon 

intensity metrics. 

Sustainability Audits: Token issuance and DeFi 

protocols can be subjected to sustainability scoring by 

independent third parties. 

Incentivize Green Mining: Offer tax rebates or energy 

credits for mining operations powered by renewable 

sources. 

C. Industry-Led Initiatives 

Consortium-Based Carbon Registries: Multiple 

blockchain projects could collaborate on shared, 

transparent carbon tracking. 

Sustainability Standards for Token Projects: Like ESG 

ratings for companies, token projects can adopt 

voluntary disclosures of energy use and sustainability 

practices. 

Education and Community Building: Foster awareness 

through webinars, hackathons, and developer grants 

focused on sustainability. 

VIII. CONCLUSION 

Blockchain technology has the potential to transform a 

wide array of industries—from finance and logistics to 

health care and governance. However, this 

transformation must not come at the cost of 

environmental degradation. The carbon footprint of 

blockchain, particularly PoW-based platforms, is 

substantial and well-documented. Yet, solutions are 

within reach. 

Through this data-driven investigation, we observe that 

the shift from PoW to PoS can yield up to 99% 

reductions in energy consumption. Supplementing 

these efforts with Layer 2 protocols, geographic 

relocation of mining, and robust offset mechanisms can 

further improve environmental performance. That said, 

sustainable blockchain is not just a technological 

challenge—it is also economic, regulatory, and 

ideological. 

The findings in this study call for immediate collective 

action from stakeholders across the blockchain 

ecosystem—developers, miners, investors, regulators, 

and users—to prioritize energy-efficient innovations. 

Blockchain does not need to be a climate casualty. With 

the right incentives and global cooperation, it can be a 

part of the climate solution. 
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