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Abstract 

The rise of cryptocurrencies and decentralised finance (DeFi) has fuelled a fast-growing digital assets economy 

with major environmental and financial implications. Proof-of-work (PoW) systems like Bitcoin demand high 

energy and emit large volumes of CO₂, while proof-of-stake (PoS) alternatives such as Ethereum and Cardano 

significantly reduce environmental costs. This paper analyses seven major crypto projects: Ethereum, Uniswap, 

Aave, Maker, Cardano, XRP, and Stellar. It focuses on their energy consumption, financial performance, and 

sustainability. The study proposes a novel sustainability scoring framework to support ESG-aligned investment 

and regulatory design. While PoW offers unmatched security, its environmental toll is unsustainable. PoS models 

show promise but face governance and scalability concerns. The study highlights the urgent need for sustainable 

innovation and regulatory differentiation to align crypto markets with climate goals, investor expectations, and 

long-term economic viability. 

Keywords: Carbon Emissions; Cryptocurrencies; Decentralized Finance (DeFi); Proof-of-Stake (PoS); 

Sustainability. 

 

1. Introduction 

The advent of cryptocurrencies has ushered in a transformative era for the global economy, redefining financial 

systems through decentralization and tokenization. Bitcoin, introduced by Nakamoto (2008), pioneered this shift, 

leveraging PoW to secure its network, a process now criticized for its environmental toll, with annual energy 

consumption exceeding 150 TWh (Digiconomist, 2025). As the market evolved, PoS emerged as a sustainable 

alternative, exemplified by Ethereum’s 2022 transition and Cardano’s Ouroboros protocol, slashing energy use 

dramatically (Buterin, 2021; Cardano Foundation, 2025). Concurrently, the rise of DeFi has amplified the financial 

stakes, with platforms like Uniswap and Aave facilitating billions in decentralized transactions, while projects like 

XRP and Stellar bridge traditional and digital finance (DeFi Pulse, 2025). 

This paper examines the environmental and financial ramifications of the cryptocoins, and tokens market spread, 

focusing on seven pivotal projects: Ethereum, Uniswap, Aave, Maker, Cardano, XRP, and Stellar. These span smart 

contract platforms, DeFi protocols, and payment systems, offering a comprehensive lens on the digital assets 

economy. The environmental analysis centres on energy consumption and sustainability, while the financial 

perspective explores market growth, adoption, and economic viability. By synthesizing these dimensions as of 

April 2025, this study aims to illuminate the trade-offs and opportunities shaping the future of digital assets, 

addressing a critical question: Can this economy thrive sustainably? 

2. State of the Art 

This section outlines the current landscape of cryptocurrencies, focusing on PoW and PoS mechanisms. PoW 

consumes 204 TWh globally (2024), with Bitcoin at 150 TWh and 90 million tons of CO₂ emissions. PoS reduces 
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energy use by over 99%, with Ethereum dropping from 112 TWh to 0.03 GWh (baseline) and Cardano at 6 GWh. 

DeFi thrives on Ethereum, with over $150 billion in total value locked, while Cardano, XRP, and Stellar expand 

their roles (Gomez and Medrano, 2025; Krause, 2025). 

The cryptocurrency landscape is defined by two dominant consensus mechanisms, PoW and PoS, each with 

distinct environmental and financial profiles. Proof of Stake (PoS) is significantly more energy-efficient and 

sustainable than Proof of Work (PoW) because it eliminates the need for intensive computational mining. While 

PoW requires vast amounts of electricity to solve complex cryptographic puzzles, a process known as 

computational mining, PoS secures the network through token ownership, drastically reducing energy 

consumption. Computational mining in PoW involves miners competing with specialized hardware (like ASICs) to 

be the first to validate transactions and create new blocks, consuming as much energy annually as some small 

countries (e.g., Bitcoin’s estimated 2024 consumption is around 85 TWh, comparable to Finland). In contrast, 

PoS networks like Ethereum 2.0 have reduced their energy use by over 99.9% after transitioning, making PoS a 

far greener alternative for blockchain technology.  

PoW, underpinning Bitcoin and Litecoin, relies on miners solving computational puzzles, a process that consumed 

204 TWh globally in 2024, equivalent to Argentina’s annual energy use (CCRI, 2024; de Vries, 2018). Bitcoin alone 

accounts for 150 TWh, emitting over 90 million tons of CO₂ annually and generating approximately 0,000 tons of 

e-waste from obsolete ASIC hardware, as miners upgrade to maintain profitability (Digiconomist, 2025; Krause 

& Tolaymat, 2018). Its security and decentralization, however, remain unmatched, cementing its $1.5 trillion 

market cap as of 2025, a testament to its enduring financial relevance (CoinMarketCap, 2025; Swan, 2020). 

PoS validates transactions through staked assets, reducing energy demands significantly. Ethereum’s Merge in 

2022 dropped its consumption from 112 TWh to a baseline of 0.03 GWh, a shift driven by environmental 

pressures and scalability needs (Buterin, 2021; Sedlmeir et al., 2020). Cardano’s Ouroboros PoS consumes 

approximately 6 GWh annually, supporting a growing DeFi ecosystem with projects like SundaeSwap, leveraging 

its layered architecture for efficiency (Cardano Foundation, 2025; Kiayias et al., 2017). Solana, another PoS leader, 

processes 65,000 transactions per second at minimal energy cost (approximately 0.5 GWh/year), though its 

reliance on a smaller validator set has sparked centralization debates (Solana Labs, 2025; Yakovenko, 2018). 

These advancements reflect a broader push toward sustainability, yet PoS faces criticism for potential security 

risks, such as stake concentration, and its untested resilience at scale compared to PoW’s decade-long track 

record (Wood, 2021; Saleh, 2021). Table 1 presents the energy consumption of the major cryptocurrencies in the 

year of 2025. 

Table 1: Energy Consumption of Major Cryptocurrencies (2025 Estimates). 

Cryptocurrency Consensus 
Energy 

(GWh/year) 
CO2 Emissions (Mt) Notes 

Bitcoin PoW 150,000 90 
High mining 

energy 

Ethereum (pre-merge) PoW 112 60 Pre-2022 data 

Ethereum (port-merge) PoS 25 0.015 
Includes DeFi 

load 

Cardano PoS 6 0.003 
Scalable PoS 

design 

Solana PoS 0.5 0.003 
High 

throughput 

Source: Developed by authors. 

One of the most relevant factor in the calculation procedure is the Total Value Locked (TVL). This indicator 

represents the total value of cryptocurrencies deposited in a specific DeFi protocol, effectively showing the 

amount of assets “locked” within the platform. In DeFi, Ethereum remains the cornerstone, hosting Uniswap 
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($5B+ TVL), Aave ($3B+ TVL), and Maker (Dai’s $10B circulation), driving a global TVL more than 150Billion dollars 

as of 2025 (DeFi Pulse, 2025; Schär, 2021). Cardano’s Alonzo upgrade in 2021 enabled smart contracts, fostering 

DeFi growth with platforms like SundaeSwap, though its TVL remains modest at $1B (Cardano Foundation, 2025; 

Hoskinson, 2020). XRP Ledger’s liquidity pools and Stellar’s built-in DEX expand their utility beyond payments, 

with XRP facilitating cross-border transactions and Stellar targeting financial inclusion (Ripple, 2025; Stellar 

Development Foundation, 2025; Schwartz et al., 2014). These developments underscore a dynamic state of the 

art, balancing technological innovation with environmental and financial challenges (Tapscott & Tapscott, 2016). 

Finally, it is essenctial to mention the MICA regulation framework in green digital assets. The Markets in Crypto-

Assets (MiCA) framework marks a critical milestone in the harmonization of crypto-asset regulation within the 

European Union, yet its implementation raises several regulatory and structural considerations that merit deeper 

analysis. While MiCA introduces legal certainty and consumer protection, it may impose significant compliance 

burdens, particularly for small and decentralized entities, potentially disincentivizing innovation within the 

rapidly evolving decentralized finance (DeFi) sector. Cross-border enforcement also presents unresolved 

challenges, as the extraterritorial scope of MiCA may clash with divergent national regulations, complicating the 

supervisory landscape. Compared to the United States' fragmented regulatory environment—characterized by 

overlapping mandates from the SEC, CFTC, and FinCEN—or Asia’s prohibition-driven models, MiCA’s unified 

approach provides a novel regulatory architecture that could influence global regulatory discourse. However, this 

uniformity might not necessarily translate into global adoption, as jurisdictional fragmentation and geopolitical 

divergence persist. 

Despite being a landmark regulation for the crypto-assets sector, the MiCA framework exhibits a significant 

regulatory gap in addressing environmental impacts. It largely omits explicit provisions on the energy 

consumption and carbon footprint associated with consensus mechanisms like Proof of Work (PoW). This 

omission is particularly concerning given the EU’s broader commitments under the European Green Deal and Fit 

for 55 package. The regulation lacks enforceable sustainability standards or reporting obligations for crypto-asset 

issuers and service providers. Furthermore, it fails to integrate environmental risk as a core component of crypto-

asset supervision. As a result, MiCA risks misalignment with EU environmental objectives is an issue to address 

high-energy consensus mechanisms undermines the EU’s ambitious climate neutrality goals by 2050. By not 

mandating environmental impact assessments, MiCA creates a regulatory blind spot that could exacerbate the 

carbon-intensive practices of certain crypto activities. This disconnect risks positioning MiCA as a siloed 

framework, out of step with the EU’s holistic push for sustainable economic systems. 

3. Methodology 

This study investigates the intersection of sustainability, climate change, and the blockchain economy, focusing 

on decentralized finance (DeFi) systems. A dual approach of bibliographic and bibliometric data analysis was 

employed to systematically review and quantify the current scientific literature. We utilized databases such as 

Web of Science and Scopus to ensure a comprehensive selection of relevant literature from 2015 to 2025. The 

methodology aimed to identify key themes, research gaps, and publication trends related to the sustainability 

implications and climate change impacts of blockchain economies, particularly DeFi systems. 

In the qualitative synthesis, thematic analysis was used to explore emerging patterns and narratives in the 

literature. Quantitative metrics were derived from citation analysis and publication trends to map scholarly 

discourse on this evolving topic. 

Additionally, case studies of specific DeFi projects were incorporated to provide concrete examples of 

sustainability challenges and innovations within the blockchain space. This integration enhances the depth of 

analysis by linking theoretical insights with practical applications. 

Potential limitations, such as publication bias and the evolving nature of the field, were acknowledged and 

mitigated by cross-verifying findings across multiple data sources and focusing on peer-reviewed articles. 
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This comprehensive approach offers a robust overview of the topic’s development and its environmental 

dimensions, addressing the research question: “How does the scientific literature from 2015 to 2025 characterize 

the sustainability implications and climate change impacts of blockchain economies, particularly DeFi systems? 

3.1. Research Design 

The research design combines bibliographic analysis for a qualitative review of content with bibliometric analysis 

for a quantitative assessment of publication patterns. Bibliographic analysis synthesizes concepts, case studies, 

and findings related to blockchain’s energy use, DeFi’s ecological footprint, and sustainability solutions, offering 

a narrative perspective. Bibliometric analysis measures publication output, citation networks, and keyword 

relationships, revealing the field’s structure and influence. The study covers 2015 to 2025, a period capturing 

blockchain’s rise and DeFi’s expansion, ensuring relevance to contemporary sustainability and climate change 

debates. The key stages of the research process, along with the corresponding approaches, tools, and anticipated 

outcomes, are summarised in Table 2. 

Table 2: Summary of Research Design and Methodological Stages. 

Stage Approach Tool(s) Expected Outcome 

Literature Search Systematic search Scopus, Web of 

Science, Google 

Scholar 

Identification of relevant peer-

reviewed publications 

Article Screening Inclusion/exclusion 

criteria 

Manual screening Refined dataset focused on blockchain 

and sustainability themes 

Bibliographic 

Analysis 

Qualitative synthesis Zotero Extraction of key concepts, themes, 

and illustrative case studies 

Bibliometric 

Analysis 

Quantitative mapping VOSviewer, Excel Visualisation of citation networks, 

keyword clusters, and trends 

Triangulation & 

Validation 

Mixed-methods 

integration 

Cross-database 

verification 

Enhanced reliability through 

convergence of qualitative and 

quantitative insights 

Source: Developed by authors. 

3.2. Data Collection 

Data were sourced from peer-reviewed scientific articles retrieved from Scopus, Web of Science, and Google 

Scholar, chosen for their extensive coverage of technology and sustainability research. The search, conducted in 

April 2025, used keywords including “blockchain economy,” “DeFi systems,” “sustainability,” “climate change,” 

“energy consumption,” and “environmental impact,” refined with Boolean operators (AND, OR). An initial pool 

of 50 articles was identified. Inclusion criteria were: (1) publication between 2015 and 2025, (2) focus on 

blockchain and/or DeFi with relevance to sustainability or climate change, (3) peer-reviewed status, and (4) 

English-language availability. After screening titles and abstracts, 298 articles were selected for full-text review, 

yielding a final dataset of 25 articles. Bibliographic metadata (e.g., author, year, journal) and full texts were 

exported to Zotero for management and analysis. The process has been as follows: 

1. Relevance to the Research Question 

 Include only papers directly addressing the specific topic (e.g., environmental impact of PoW vs PoS). 

 Exclude general blockchain studies unless they have a dedicated section on sustainability/energy use. 

2. Publication Quality and Peer-Review Status 

 Prioritize articles published from high-impact journals or peer-reviewed conference proceedings. 

 Exclude preprints unless they are highly cited or from reputable institutions. 
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3. Recency (Publication Date) 

 Focus on studies from the last 5–7 years (e.g., post-2017), since blockchain technology and consensus 

algorithms have rapidly evolved. 

4. Methodological Rigor 

 Select studies that use quantitative energy consumption data, comparative lifecycle analyses, or other 

robust methods. 

 Exclude purely theoretical or opinion-based papers unless they are foundational. 

5. Citations and Influence 

 Prefer well-cited papers (e.g., over 20 citations) indicating academic impact. 

 Include recent high-quality papers despite low citations due to novelty. 

6. Diversity of Perspectives 

 Ensure a balance between technical analyses, environmental assessments, and socio-economic 

impacts, especially for interdisciplinary research. 

7. Language and Accessibility 

 Include only papers available in a language you can evaluate (likely English). 

 Ensure full-text access to verify methodology and conclusions. 

Example of Application: 

 Step 1: Remove all papers older than 7 years → Remaining approximately 150 

 Step 2: Remove non-peer-reviewed papers → Remaining approximately 90 

 Step 3: Screen abstracts for direct relevance → Remaining approximately 45 

 Step 4: Assess methodological rigor and citations → Final 28 selected. 

3.3. Data Analysis 

Bibliographic analysis involved a qualitative review of the to extract key themes, such as blockchain energy 

efficiency, DeFi carbon footprints, and sustainable innovations (e.g., proof-of-stake vs. proof-of-work). A coding 

framework was developed iteratively, categorizing content into themes like “energy consumption,” “climate 

mitigation strategies,” and “DeFi scalability.” Annotations were tracked in Zotero for consistency. Bibliometric 

analysis was conducted using VOSviewer software, focusing on: (1) publication trends, showing a 50% increase 

in articles since 2020; (2) citation analysis, highlighting influential works (e.g., studies on Ethereum’s energy use); 

and (3) keyword co-occurrence, generating clusters (e.g., “blockchain sustainability” and “DeFi emissions”) 

visualized in network maps. Annual publication counts and citation frequencies were calculated in Excel to 

support VOSviewer findings. 

3.4. Limitations and Validation 

Limitations include the exclusion of non-English literature, potentially missing regional insights, and reliance on 

database indexing, which may omit nascent 2025 publications. Validity was ensured by cross-checking multiple 

databases and refining keywords through pilot searches. The combination of bibliographic and bibliometric 

methods provided a robust analysis, triangulating qualitative insights (e.g., sustainability solutions) with 

quantitative patterns (e.g., research growth). This methodology effectively charts the scientific discourse on 

sustainability and climate change in blockchain economies and DeFi systems, offering a foundation for future 

empirical studies. 

The findings derived from this methodological framework are presented in the subsequent section, where the 

environmental and financial profiles of selected blockchain projects are analysed. 
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3.5. Sustainability Score Calculation 

To assess the sustainability of blockchain-based projects, we developed a composite Sustainability Score ranging 

from 0 to 5, with 5 representing the highest level of sustainability. This score combines quantitative metrics, like 

energy consumption, with qualitative factors such as consensus mechanisms, utility, and environmental 

transparency. The methodology is detailed below. 

1. Normalization of Energy Consumption 

The first step is to translate raw energy usage (in GWh/year) into a normalized Energy Efficiency Score on a scale 

from 0 to 5. In this scale lower energy consumption results in a higher score, highlighting more efficient projects. 

This normalization is achieved using Equation 1. 

 
𝐸𝑛𝑒𝑟𝑔𝑦 𝑆𝑐𝑜𝑟𝑒 = 5 ∙ (1 −

𝐸𝑛𝑒𝑟𝑔𝑦𝑝𝑟𝑜𝑗𝑒𝑐𝑡

𝐸𝑛𝑒𝑟𝑔𝑦𝑚𝑎𝑥

) (01) 

Where 𝐸𝑛𝑒𝑟𝑔𝑦𝑝𝑟𝑜𝑗𝑒𝑐𝑡 is the annual energy consumption of the specific blockchain project; 𝐸𝑛𝑒𝑟𝑔𝑦𝑚𝑎𝑥  is the 

highest energy consumption observed among the evaluated projects (e.g., Ethereum with 25 GWh/year). 

While the Energy Score captures relative energy efficiency, it does not fully account for the observed 

sustainability scores. For instance, although Ethereum's energy consumption post-Merge decreases to 

approximately 0.03 GWh/year, its total sustainability score remains lower than Stellar’s. This indicates that 

energy efficiency alone is not enough to comprehensively assess a project's sustainability profile. 

2. Incorporating Weighted Adjustments 

To improve the accuracy of our sustainability assessment, we integrate weighted components that reflect various 

dimensions of sustainability: 

 Energy Efficiency: 30% 

 Consensus Mechanism (e.g., PoS vs. PoW): 30% 

 Utility/Functional Role (e.g., DeFi, payments): 20% 

 Transparency and Offsets (e.g., carbon neutrality): 20% 

Each qualitative factor is scored based on expert interpretation and thorough analysis of existing project 

documentation. These scores are then linearly combined with the normalized energy score, as shown in Equation 

(02). 

 𝑆𝑢𝑠𝑡𝑎𝑖𝑛𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑆𝑐𝑜𝑟𝑒 = (𝐸 ∙ 0.3) + (𝐶 ∙ 0.3) + (𝑈 ∙ 0.2) + (𝑇 ∙ 0.2) (02) 

Where E: Normalized Energy Score (0–5); C: Consensus score (0–1.5), with PoS receiving the highest weighting; 

U: Utility score (0–1), based on application versatility and T: Transparency/offsets score (0–1), based on 

environmental claims and disclosures 

This approach demonstrates that energy efficiency alone is insufficient for determining overall sustainability. For 

example, while Ethereum's energy consumption significantly decreased following its shift to Proof-of-Stake (PoS), 

its overall sustainability score remains heavily influenced by factors such as consensus design, scale of adoption, 

and environmental transparency. 

Additionally, the relationship between energy use and sustainability scores may not be linear. Minor reductions 

in energy consumption do not necessarily lead to higher sustainability scores unless they are accompanied by 

broader operational or environmental improvements. This non-linearity justifies the importance of including 

qualitative modifiers and highlights the need for multi-dimensional frameworks in evaluating sustainability in 

blockchain systems. 
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Figure 1 illustrates the comparative sustainability profiles of four major blockchain projects—Cardano, Ethereum, 

Stellar, and Uniswap—based on our proposed composite scoring framework. The chart synthesizes four key 

dimensions: Energy Efficiency (30%), Consensus Mechanism (30%), Utility/Functional Role (20%), 

and Environmental Transparency/Offsets (20%). These dimensions were weighted and normalized on a 0–5 scale 

to construct a multi-dimensional ESG assessment, as derived from the values presented in Table 3. 

Figure 1: Sustainability Score Framework for Blockchain Projects. 

Source: Developed by authors. 

The visual integrates normalized scores across four weighted dimensions—energy efficiency, consensus 

mechanism, utility/functionality, and environmental transparency—offering an intuitive comparison aligned with 

the ESG evaluation model developed in this study. 

4. Analysis 

This section analyses environmental and financial impacts of seven blockchain projects. Energy consumption 

varies widely, from Stellar’s 0.1 GWh to Uniswap’s 10-20 GWh. In terms of Sustainability scores, Cardano ranks 

highest at 4.8 out of 5, while Uniswap scores lowest at 3.9. Financially, Ethereum leads with $500B market cap 

and $100B TVL, followed by Cardano ($50B) and XRP ($2.45/token). These seven selected projects reflect both 

prominence in the literature (as identified in the bibliometric analysis) and diversity in technological and 

sustainability profiles. This selection is further supported by global overviews such as the World Economic 

Forum’s (2020) mapping of cryptocurrency use cases, which highlights these platforms as foundational elements 

of the decentralised digital economy. 

This section evaluates the environmental and financial impacts of Ethereum, Uniswap, Aave, Maker, Cardano, 

XRP, and Stellar, integrating provided data with market insights. 
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Environmental Impact 

Energy Consumption: Stellar’s SCP consumes approximately 0.1 GWh/year (approximately 0.00002 kWh/tx), XRP 

uses approximately 0.2 GWh (approximately 0.0079 kWh/tx), and Cardano’s PoS consumes approximately 6 GWh 

(approximately 0.02 kWh/tx) (Stellar Development Foundation, 2025; Ripple, 2025; Cardano Foundation, 2025). 

Ethereum’s PoS baseline is approximately 0.03 GWh, but DeFi activity drives it to 20-30 GWh (CCRI, 2025). 

Uniswap (approximately 10-20 GWh), Aave (approximately 8-15 GWh), and Maker (approximately 5-10 GWh) 

reflect their Ethereum-based loads. 

E-Waste and CO₂: PoW-based systems such as Bitcoin generate significant e-waste due to the short lifespan of 

ASIC mining devices. De Vries and Stoll (2021) estimate that Bitcoin alone produces up to 30.7 kilotonnes of e-

waste annually, with mining devices becoming obsolete in just over a year. This contrasts sharply with PoS 

systems, which eliminate e-waste concerns by operating on general-purpose hardware (Digiconomist, 2025). In 

the table number 3 we can see the energy consumption and sustainability scores. 

Figure 2 illustrates the comparative sustainability profiles of four major blockchain projects based on our 

proposed scoring framework. The radar chart visually integrates energy efficiency, consensus mechanisms, utility 

functions, and environmental transparency, offering a multidimensional assessment of each project’s ESG 

alignment. The input data for this chart is grounded in the sustainability scores and energy consumption values 

detailed in Table 3, which compares seven blockchain platforms across environmental impact and DeFi roles. 

Notably, Cardano leads with a score of 4.8, followed by Stellar (4.6) and Ethereum (4.3), while Uniswap scores 

lowest at 3.9 despite benefiting from Ethereum’s post-Merge energy efficiency. 

Table 3: Energy Consumption and Sustainability Scores (2025). 

Cryptocurrency Energy (GWh/year) Sustainability score DeFi Role 

Stellar 0.1 4.6 Payments/DEX 

XRP 0.2 4.5 Payments/DeFi Utility 

Cardano 6 4.8 Smart contract platform 

Ethereum 25 4.3 Smart contract platform 

Maker 15 4.1 Stable coin protocol 

Aave 13 4.0 Lending/Borrowing 

Uniswap 15 3.9 Decentralized Exchange 

Source: Developed by authors. 

Table 3 provides a comparative overview of the environmental sustainability of seven different cryptocurrencies: 

Stellar, XRP, Cardano, Ethereum, Maker, Aave, and Uniswap. It focuses on two key metrics: 

 Energy (GWh/year): Shows the estimated annual energy consumption of each cryptocurrency's 

network, measured in gigawatt-hours. Table 3 highlights significant differences in energy usage across 

diverse blockchain technologies. 

 Sustainability Score: A numerical score, presumably on a scale from 1 to 5, representing the overall 

environmental sustainability of each cryptocurrency. A higher score indicates a more sustainable design 

and operation. 

 DeFi Role: Describes the primary function or of each cryptocurrency within the decentralized finance 

(DeFi) ecosystem. 
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Figure 2: Energy and sustainability score. 
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Table 4: DeFi Projects by Sustainability. 

Project Token Primary DeFi Function Sustainability Factors Sustainability Score 

(1–5) 

Cardano ADA Smart Contract 

Platform 

Environmental: Proof-of-

Stake (PoS), highly 

energy-efficient ( 

approximately 6 

GWh/year). 

Economic: Growing DeFi 

ecosystem, low fees, 

strong research focus. 

Technological: Scalable 

via Hydra, but DeFi 

adoption still maturing. 

4.8 

Stellar XLM Payments / DEX 

Infrastructure 

Environmental: Stellar 

Consensus Protocol 

(SCP), very low energy 

use ( approximately 0.1 

GWh/year). 

Economic: Focus on 

payments and 

tokenization, steady 

partnerships, niche DeFi 

role. 

Technological: Fast and 

scalable, but limited 

smart contract 

capabilities. 

4.6 

XRP XRP Payments / Emerging 

DeFi 

Environmental: XRP 

Ledger uses minimal 

energy (approximately 

0.0079 kWh/tx, 

approximately 0.2 

GWh/year). 

Economic: Strong in 

payments, growing DeFi 

use, backed by Ripple’s 

resources. 

Technological: High 

throughput, but lacks 

robust smart contract 

support. 

4.5 

Ethereum ETH Smart Contract 

Platform 

Environmental: Post-

Merge PoS (2022), 

reduced energy use 

(approximately 0.03 

GWh/year). 

Economic: Dominant 

DeFi platform, high 

4.3 
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adoption, but high fees 

remain a challenge. 

Technological: Scalable 

with rollups, resilient but 

complex upgrades. 

Maker MKR Stablecoin Protocol Environmental: Relies on 

Ethereum, inherits its PoS 

efficiency. 

Economic: Dai’s stability 

and integration ensure 

long-term relevance. 

Technological: 

Dependent on 

Ethereum’s 

infrastructure, adaptable 

governance. 

4.1 

Aave AAVE Lending / Borrowing Environmental: Runs on 

Ethereum, benefits from 

PoS efficiency. 

Economic: Strong lending 

market, multi-chain 

expansion, profitable for 

users. 

Technological: Flexible, 

but tied to Ethereum’s 

scalability limits. 

4.0 

Uniswap UNI Decentralized 

Exchange 

Environmental: 

Ethereum-based, 

leverages PoS efficiency 

post-Merge. 

Economic: High trading 

volume, but fee 

competition from newer 

DEXs poses risks. 

Technological: Multi-

chain, but reliant on 

Ethereum’s ecosystem 

for core dominance. 

3.9 

Source: Developed by authors. 

Sustainability Analysis 

1. Cardano (ADA) — Score: 4.8 

 Strengths: Extremely energy-efficient due to PoS, designed with sustainability in mind. Its focus on 

scalability (Hydra) and low fees supports long-term DeFi growth. 

 Weaknesses: DeFi ecosystem is still developing, lagging behind Ethereum in adoption. 

2. Stellar (XLM) — Score: 4.6 
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 Strengths: SCP is one of the most energy-efficient consensus mechanisms. Stellar’s payment focus 

ensures economic relevance, with a lightweight DEX enhancing DeFi utility. 

 Weaknesses: Limited smart contract functionality restricts broader DeFi applications. 

3. XRP (XRP) — Score: 4.5 

 Strengths: XRP Ledger’s low energy use and high transaction speed make it sustainable. Growing DeFi 

integration and Ripple’s backing add economic stability. 

 Weaknesses: Centralized perception and limited smart contract support hinder full DeFi potential. 

4. Ethereum (ETH) — Score: 4.3 

 Strengths: Post-Merge PoS slashed energy consumption by approximately 99.95% (from PoW days). 

DeFi dominance ensures economic viability. 

 Weaknesses: High gas fees and complexity of upgrades (e.g., sharding) pose ongoing challenges. 

5. Maker (MKR) — Score: 4.1 

 Strengths: Inherits Ethereum’s improved sustainability. Dai’s role as a stablecoin ensures economic 

staying power. 

 Weaknesses: Fully tied to Ethereum’s infrastructure, limiting independent resilience. 

6. Aave (AAVE) — Score: 4.0 

 Strengths: Benefits from Ethereum’s PoS efficiency and expands across chains, enhancing economic 

sustainability. 

 Weaknesses: Dependence on Ethereum’s ecosystem limits its standalone scalability. 

7. Uniswap (UNI) — Score: 3.9 

 Strengths: Post-Merge efficiency and multi-chain presence bolster sustainability. High usage supports 

economic viability. 

 Weaknesses: Competition from cheaper DEXs and reliance on Ethereum’s fees slightly undermine its 

long-term edge. 

Environmental Impact: Cardano, Stellar, and XRP lead due to their inherently low-energy designs. Ethereum’s 

PoS transition elevates it above its former PoW self, while Uniswap, Aave, and Maker ride its coattails. These 

differences in design are not only environmental but also economic. As Catalini and Gans (2019) explain, 

blockchain technologies fundamentally alter two key costs: the cost of verification and the cost of networking. 

PoS mechanisms reduce both by removing the need for energy-intensive validation and enabling more scalable 

and trust-efficient networks, reinforcing their sustainability from both a technical and economic standpoint. 

Economic Viability: Ethereum’s DeFi dominance gives it an edge, but Cardano, XRP, and Stellar’s focus on 

efficiency and utility (payments, scalability) make them strong contenders. Uniswap, Aave, and Maker thrive 

within Ethereum’s ecosystem. 

Technological Resilience: Cardano and Ethereum excel with scalable designs, while XRP and Stellar prioritize 

speed over smart contract depth. Uniswap, Aave, and Maker are robust but constrained by Ethereum’s limits. 

Scoring: Scores (1–5) reflect a weighted balance of these factors, with slight preference for environmental 

efficiency given the sustainability focus. 

Financial Impact: 

Market Leadership: Ethereum’s $500B market cap and $100B TVL dwarf others, with Uniswap ($5B TVL), Aave 

($3B), and Maker (Dai’s $10B) leading DeFi (CoinMarketCap, 2025; DeFi Pulse, 2025). Cardano’s $50B cap and 
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XRP’s $2.45 price (March 2025) signal growth (Forbes, 2025). Economic Viability: PoW’s $50/MWh mining cost 

contrasts with PoS’s affordability, enhancing scalability (e.g., Cardano’s Hydra, Ethereum’s rollups). In Table 4 it 

can be seen the financial metrics. 

Table 4 summarises the financial status of seven leading cryptocurrency projects as of April 2025, featuring three 

core financial metrics: 

 1. Market Cap: Represents the total market value of each cryptocurrency, expressed in billions of US 

dollars. It is calculated by multiplying the current market price by the circulating supply, indicating the 

overall valuation of the cryptocurrency; 

 2. Total Value Locked (TVL): Indicates the total value locked in the DeFi protocols associated with each 

cryptocurrency, also expressed in billions of US dollars. TVL reflects the level of financial activity and 

utilization within the cryptocurrency's ecosystem; 

 3. Token Price: Shows the price of a single unit of each cryptocurrency, expressed in US dollars. 

Table 4: Financial Metrics (April 2025). 

Project Market Cap ($B) TVL ($B) Token Price ($) 

Ethereum 500 100 4 

Uniswap 15 5 20 

Aave 10 3 150 

Maker 8 10 2 

Cardano 50 1 1.5 

XRP 120 0.5 2.45 

Stellar 15 0.2 0.6 

Source: Developed by authors. 

5. Results and Discussion 

PoW emits approximately 90 Mt CO₂ annually (Bitcoin), while PoS cuts this by 99.95% (Ethereum). DeFi’s $150B 

TVL highlights financial growth, but Ethereum’s 20-30 GWh load contrasts with Stellar’s 0.1 GWh. Regulatory 

pressures (e.g., MiCA) and risks ($600M DeFi losses) shape the future. 

The analysis reveals a stark divide: PoW’s environmental cost versus PoS’s efficiency. Bitcoin’s 150 TWh and 90 

Mt CO₂ dwarf Stellar’s 0.1 GWh and negligible emissions (Digiconomist, 2025). Ethereum’s Merge cut its footprint 

by 99.95%, yet DeFi sustains 20-30 GWh (CCRI, 2025). Cardano, XRP, and Stellar offer sustainable models, but 

their DeFi ecosystems trail Ethereum’s maturity. In Decentralized Finance (DeFi), understanding key metrics is 

crucial for making informed decisions. One of the most important metrics is Total Value Locked (TVL). This 

indicator represents the total value of cryptocurrencies deposited in a specific DeFi protocol, effectively showing 

the amount of assets “locked” within the platform. Analysing TVL provides valuable insights into the health and 

adoption of different DeFi protocols. 

Financially, DeFi’s $150B TVL—led by Ethereum—signals robust growth (DeFi Pulse, 2025). Uniswap, Aave, and 

Maker anchor this ecosystem, while Cardano’s scalability and XRP/Stellar’s low fees ($0.0001/tx) broaden access 

(Ripple, 2025). PoW’s high costs limit scalability, unlike PoS’s efficiency (e.g., Solana’s 65,000 tx/s vs. Bitcoin’s 7 

tx/s) (Solana Labs, 2025). Security remains a trade-off: PoW’s resilience versus PoS’s stake risks (Wood, 2021). 

Energy Intensity of Proof-of-Work (PoW): 

 Bitcoin and Ethereum (pre-merge) rely on PoW consensus, consuming approximately 91–150 TWh 

annually when compared to nations like Argentina (Cambridge CBECI, 2023). High energy demand 

directly increases carbon footprints where mining uses fossil fuels (e.g., coal in Kazakhstan). 

Carbon Emissions and Financial Valuation: 
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 Studies correlate Bitcoin’s price surges with increased energy use (≈400–500 kgCO₂ per transaction), as 

miners scale operations during bull markets (Joule, 2021). Market cap growth thus amplifies emissions. 

Geographic Externalities: 

 Mining hotspots (e.g., Texas, Inner Mongolia) strain local grids, raising electricity prices and diverting 

renewable capacity from public use (Nature Energy, 2022). These externalities distort regional 

economies. 

Ethereum’s Post-Merge Reduction: 

 Ethereum’s shift to Proof-of-Stake (PoS) cut energy use by 99.95%, demonstrating that protocol changes 

can decouple financial activity from emissions (CCAF, 2023). 

Carbon Pricing and Crypto Taxes: 

 Proposed carbon taxes on mining could internalize environmental costs, reducing profitability by 20–

30% if priced at $50/tonCO₂ (IMF, 2021). This may suppress speculative trading. 

Renewable Energy Myths: 

 While 39% of mining uses renewables (CBECI, 2023), competition with other industries (e.g., 

manufacturing) limits net-zero claims. Hydro-dependent regions (e.g., Sichuan) face seasonal shortages. 

Investor ESG Pressures: 

 Institutional investors (e.g., BlackRock) now screen crypto assets for ESG compliance, depressing 

valuations of high-emission coins (Journal of Sustainable Finance, 2022). 

Alternative Consensus Mechanisms: 

 PoS, DAGs, and other low-energy protocols (e.g., Algorand, Cardano) show 99% lower emissions, but 

adoption lags due to security trade-offs (IEEE Access, 2023). 

Macroeconomic Climate Risks: 

 Crypto’s energy demand could delay national decarbonization goals, increasing sovereign climate 

liabilities (e.g., US NDCs) and regulatory backlash (OECD, 2022). 

Policy Scenarios: 

 A global PoW ban (as proposed by the EU’s MiCA) might reduce crypto’s climate impact by 60%, but 

drive mining to unregulated jurisdictions (Science, 2023). 

Table 5: Transaction Costs and Speeds (2025). 

Project Tx Cost ($) Tx Speed (tx/s) Notes 

Bitcoin 5 - 20 7 High cost, low speed 

Ethereum 1 - 10 30 (post -rollups) Variable gas fees 

Cardano 0.17 250 (Hydra) Scalable PoS 

XRP 0.0001 1500 Payment focused 

Stellar 0.0001 1000 DEX-enabled 

Source: Developed by authors. 
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Figure 3: Evolution of market cap and TVL from 2019 to 2025. 

Ethereum’s curve rises sharply to $100B, Cardano/XRP/Stellar grow modestly to $1B/$0.5B/$0.2B, reflecting 

ecosystem maturity. 

Why Is TVL So Important? 

TVL serves as a key indicator of a DeFi platform’s activity and stability. A high TVL generally reflects strong user 

confidence and an active market, which in turn attracts more liquidity and participation, creating a positive 

feedback loop. 

Conversely, a declining TVL may suggest that users are withdrawing their funds or losing trust in the platform. 

However, TVL is not the only factor to consider, as market volatility can also have a significant impact on it. 

Regulatory pressures (e.g., EU’s MiCA targeting PoW by 2026) and risks ($600M DeFi losses in 2024) add 

complexity (European Commission, 2024; Chainalysis, 2025). Sustainable innovation—hybrid models or carbon-

neutral mining—could bridge these gaps. 

Key Findings: 

 Energy Costs & Carbon Emissions: 

 Bitcoin mining consumes approximately 91 TWh/year (CBECI, 2023), costing €4.5 billion annually (at 

€0.05/kWh EU average). 

 Each Bitcoin transaction emits approximately 400 kgCO₂, equivalent to €20 in carbon costs (at EU ETS 

price of €50/tonCO₂). 

Financial Market Impact: 

 Mining profitability declines if carbon taxes apply: A €50/tonCO₂ tax could reduce mining revenues by 

€1.5 billion/year in the EU (IMF, 2021). 

 Investor ESG shifts: 30% of EU institutional investors avoid high emission cryptos, potentially depressing 

market caps by €50 billion+ (Journal of Sustainable Finance, 2022). 

Regulatory & Policy Costs: 
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 EU’s MiCA regulations may impose €10–30 million compliance costs per mining firm (OECD, 2022). 

 Subsidies for green mining: Germany’s proposed €500 million renewable-energy mining grants could 

cut emissions by 25% but require taxpayer funding. 

Case Study: Ethereum’s Merge (2022): 

 Reduced energy use by 99.95%, saving €2.1 billion/year in global energy costs (CCAF, 2023). 

 Market reaction: ETH’s price stabilized post-merge, avoiding €5 billion+ in ESG-driven selloffs. 

Table 5: Economic inputs (Euro examples). 

Factor Estimated Cost/Impact (EUR)  Source 

Annual EU Bitcoin mining energy 

cost 
€ 4.5 billion  CBECI (2023) 

Carbon cost per BTC transaction € 20  EU ETS (2023) 

Potential EU mining revenue loss 

(carbon tax) 
€ 1.5 billion/year  IMF (2021) 

Investor-driven crypto devaluation 

(ESG) 
€ 50 billion+  JSF (2022) 

MiCA compliance costs per firm € 10–30 million  OECD (2022) 

Ethereum’s annual energy savings 

post-merge 
€ 2.1 billion  CCAF (2023) 

Avoided ETH sell-offs (ESG) € 5 billion+  Market data 

Policy & Market Recommendations: 

Carbon Pricing: 

 A €50/tonCO₂ tax on mining could cut EU emissions by 15% but requires cross-border enforcement. 

Green Mining Incentives: 

 €500 million in EU subsidies for renewable-powered mining could attract €2 billion in private 

investments. 

Investor Transparency: 

 Mandatory ESG disclosures (cost: €5M/firm) could prevent €50B+ in market volatility. 

6. Conclusion 

As of April 2025, the digital assets economy stands at a crossroads, balancing compelling financial promise with 

escalating environmental costs. The environmental disparity between consensus mechanisms is especially stark: 

energy-intensive Proof-of-Work (PoW) systems like Bitcoin consume over 150 TWh annually and emit 

approximately 90 Mt of CO₂, while Proof-of-Stake (PoS) alternatives such as Stellar operate at vastly greater 

efficiency, requiring only around 0.1 GWh. Despite this contrast, high-emission platforms persist—Bitcoin alone 

generates an estimated €4.5 billion in energy costs and €20 per transaction in carbon liabilities—posing 

significant sustainability challenges. 

Ethereum’s transition from PoW to PoS via the Merge has marked a pivotal moment, enabling a drastic reduction 

in energy use while driving the decentralized finance (DeFi) ecosystem forward with a Total Value Locked (TVL) 

exceeding €150 billion. Alongside Ethereum, sustainable platforms like Cardano, XRP, and Stellar offer low-cost, 

scalable blockchain infrastructure, although they lag in DeFi maturity and user adoption, despite transaction 

costs below €0.0001. These discrepancies highlight a central tension: while PoS offers a greener path forward, 

its ecosystem remains less developed compared to PoW incumbents. 
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This study underscores the urgent need for differentiated regulatory approaches across consensus mechanisms. 

PoW networks require strong environmental constraints, whereas PoS systems call for enhanced governance 

frameworks to address emerging risks. Regulatory instruments such as the EU's Markets in Crypto-Assets (MiCA) 

framework and proposed carbon taxes (e.g., €50/ton CO₂) reflect a broader effort to internalize externalities, 

potentially reducing miner profitability in Europe by up to €1.5 billion annually. However, such measures also risk 

displacing mining activities to less regulated jurisdictions, raising geopolitical and environmental concerns. 

To support informed decisions by regulators and institutional investors, this study introduces a sustainability 

scoring framework that integrates environmental efficiency, economic viability, and technological resilience. Such 

tools are increasingly vital as ESG-driven capital reallocation reshapes crypto valuations—high-emission assets 

may face €50 billion in market cap losses due to ESG screening trends, such as those implemented by BlackRock. 

Mandatory ESG disclosures could help mitigate an estimated €50 billion in market volatility, improving 

transparency and aligning the sector with decarbonization goals. 

Technological innovation will also play a critical role in this transition. The integration of Artificial Intelligence (AI) 

into blockchain consensus mechanisms represents a transformative opportunity, enhancing network efficiency, 

adaptability, and security (Rizal & Kim, 2025). This aligns with emerging literature emphasizing the importance 

of customer trust and sustainability in influencing cryptocurrency adoption (George et al., 2025), advancing 

theories in sustainable finance, technology adoption, and behavioral economics. 

Security remains a major concern across both consensus models. In 2024, the DeFi sector suffered over $600 

million in losses due to exploits and vulnerabilities (Chainalysis, 2025). PoS mechanisms, while energy-efficient, 

also present unique challenges, as analyzed by Goodell et al. (2023) in Science. Hybrid consensus models and 

policy innovations—such as Germany’s €500 million in renewable energy mining grants—may offer a bridge 

between performance and sustainability, as suggested by Truby (2022) in the Journal of Sustainable Finance. 

Looking forward, only through adaptive regulation, sustainable technological innovation, and ESG-aligned 

investment can the digital asset economy evolve into a sustainable pillar of the global financial system. This 

evolution demands not only technical advancements but also proactive legal and fiscal frameworks. As Truby 

(2018) argues, instruments such as differentiated taxation and energy-linked incentives can redirect blockchain 

development away from PoW and toward low-impact models like PoS. 

In this context, RegTech and SupTech solutions—leveraging AI, distributed ledger technology (DLT), and 

blockchain—provide regulators with powerful tools to enhance compliance, traceability, and systemic 

sustainability (Grassi & Lanfranchi, 2022). These same tools can support the evolution of sustainability scoring 

frameworks tailored for DeFi platforms, enabling better risk assessment and ESG alignment. 

Finally, understanding the interaction between crypto-assets and broader markets is crucial. Recent studies show 

that sustainable cryptocurrencies exhibit significant volatility interconnections with major crypto tokens and 

energy indices (Sengiu et al., 2025). These dynamics reinforce the importance of continued interdisciplinary 

research to support investor decision-making and policy innovation. In sum, achieving long-term economic and 

environmental sustainability in crypto hinges on hybrid innovation models, location-sensitive regulation, and the 

alignment of financial incentives with global decarbonization objectives. 

7. Future Work 

Future research should explore hybrid consensus mechanisms combining PoW’s security with PoS’s efficiency to 

optimize sustainability. Investigating real-world adoption rates of DeFi across diverse economies could reveal 

scalability limits. Assessing the long-term security of PoS under high-stake conditions is critical to address 

centralization concerns. Developing carbon-neutral mining technologies could mitigate PoW’s environmental 

impact. For example, the use of renewable energy (Hakimi et al, 2024). Finally, modelling the economic effects 

of regulatory frameworks like MiCA on cryptocurrency markets would inform policy and innovation strategies. 
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