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Convergence of technological development and sustainable development principles in the context of Bitcoin 

mining, are the cross-cutting issues this study is poised to address. Given the increased usage of Bitcoin, there 

have been increasing environmental concerns about electricity consumption and the carbon footprint of the 

mining processes. The study emphasizes the primary Bitcoin mining steps about how the process becomes 

energy-ravenous due to the proof-of-work mechanism attached to it. It also evaluates the potential 

environmental impact arising from mining activities with a primary focus on emissions and e-waste. Economic 

models demonstrate that the energy level that is used in Bitcoin mining is equivalent to the energy used by some 

countries, thus raising the need for appropriate management as such levels of energy use might be unsustainable. 

This paper also aims to predict modifiable changes in reducing potential environmental problems related to 

bitcoin mining by supplying some energy conservatism alternatives: energy-efficient mining equipment along 

with the utilization of solar energy, wind energy and water energy. Moreover, the report presents the current 

activities and their successes in encouraging sustainability practices in capital consumption or minimization of 

waste materials, policies for carbon neutrality and a framework for efficient e-waste management. There are 

legislative, institutional and other control measures along with incentives. They are aimed at reducing the 

environmental degradation caused by Bitcoin mining. The paper argues that it is possible to develop policies or 

employ technical solutions that would mitigate the environmental consequences of bitcoin mining without 

compromising the technological advancement of bitcoin mining. 
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INTRODUCTION 

 

In management and business, innovation and sustainability are two terms repeated most frequently. The 

recent phenomena of such as the rise of crypto currencies have shown that there is need to discuss the 

junction between innovation and sustainability in context of bitcoin mining for instance it is necessary to 

strike a balance between environmental sustainability as well as technological innovation (Kayani & Hasan, 

2024; Gunay et al., 2023). As demand for cryptocurrencies continues to rise, so does energy consumption 

in its mining operations (Islam et al., 2022). In 2009 Bitcoin was founded as the first digital currency; 

however, after remaining skeptical for some time it has been increasingly accepted into mainstream 

economic activities, including investments, finance, real estate and luxury industries. These 

cryptocurrencies—Bitcoin or Altcoin for example—arise from a competitive process called mining where 

their block chains get verified (Spurr & Ausloos, 2021). Among other things, it causes sustainability 

concerns such as theft and illegality coupled with heavy energy use or depletion of minerals therein. 

Remarkably, much is about environmental pollution, as we recognize that there have not been enough 

sustainable practices that can safeguard our ecosystems from collapse.  

Bitcoin's most pointed out impact is through its various exchanges’ ecological footprint (Sarkodie et 

al., 2022). This footprint results from an accumulation of transactions frequency and computation cost but 

not induced by price or metal recycling in computers. Bitcoin’s ecological footprint is greater the larger the 

blockchain sizes (Bajra et al., 2024). However, skillful implementation of Blockchain technologies may 

lead to increased digitalization and economization of energy. The latest use of blockchain technology is 

based on combining renewable energy sources or creating energy communities that will support private 

decentralized models with mixed control. This interaction between the ecological and digital economics 

requires a balancing point between the necessity for new tool or virtuous applications innovation and the 

ecological footprint of their products or services generated by such innovative actions, which had been 

completely omitted until now. This work aims at developing on how to follow critically such trajectories 

worldwide. Consequently, it is urgent to confront these two arguments by reflecting through this angle to 

avoid adverse consequences that have been previously warned of and documented. 

 

UNDERSTANDING BITCOIN MINING 

 

Bitcoin was introduced as a digital currency in 2008, and it uses blockchain technology which verifies 

and authenticates transactions using decentralized ledger systems (Arora and Nagpal, 2022). Unlike the 

traditional systems where central authorities (governments and banks) controlled transactions and fees, this 

technology relies on the combined power of many computers across national borders with contributions 

from peers around us all. This means that data can be sent and stored without the need for central authority 

oversight. It is maintained anonymous and in a decentralized manner by miners contributing computing 

resources for validating transactions. The open-source Bitcoin protocols’ design helps facilitate the heavy 

encryption and its lack of centralization (Ghosh et al., 2020). Newer Bitcoin protocols serve to maintain 

blockchain block time stability and guarantee that only legitimate transactions are added to a block before 

incorporating fresh requests in an accepted decentralized way. 

Miners in the decentralized blockchain infrastructure are those that adore books whose purpose is to 

secure the network ensuring that any new blocks contain only valid transactions in them. Many transactions 

directed toward the Bitcoin network are concurrently processed, but permission checks allow only a small 

batch per ten minutes (Erdin et al., 2021). These new block requests must then wait for the previous ones 

to be verified although one miner can append additional requests by successfully resolving a proof-of-work 

challenge, which leaves other miners with the responsibility of solving the subsequent round of similar 

puzzles (Maleš et al., 2023). To guarantee this, every new block should include the subsequent hash of 
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previous new requests so that it displays accurate information, which involves all relevant transactions. At 

times one may refer to them as mining pools which are basically a few miners. 

 

Overview of Bitcoin and Blockchain Technology 

Bitcoin is a decentralized digital currency and a payment system. It operates on the principle of peer-

to-peer and has done away with central authorities and middlemen. The brilliant technological breakthrough 

underlying Bitcoin is blockchain technology. Blockchain technology is a series of networked computer 

programs or software that store data about a given digital currency's transactions anonymously and 

transparently simultaneously (Toorajipour et al., 2022). All transactions must be secured in a way that once 

done, they cannot be undone, and everyone can agree on the status of the book at any given time. An 

analogy can be made of each block in a blockchain being a page of a history book, with all blocks having 

to be linked to each other using a special string called a hash (Lyu et al., 2020). 

One important aspect of blockchain technology is its unique properties, making it possible to be used 

in many other areas beyond digital currency alone. To start with, it is immutable to mean that once a digital 

ledger has been updated, it is almost impossible to change anything in it (Madaan et al., 2020). Moreover, 

it is transparent because every member of the network can view all transactions before they are made public 

on the network. Each transaction is recorded in the digital ledger under the “pseudo-anonymous” condition, 

i.e., with no names or SSNs but wallet addresses, which can be traced to individuals with complete access 

(Azman and Sharma, 2020). This way, the wallet address becomes crucial in connecting network users to 

their identities. When processed into the blockchain, transactions can never be modified, disappear, or 

repeated. Thereby each node stores the ledger itself enabling robustness of the network against failure by 

distributing it all over the nodes. Block creation plays an important role in the blockchain network and helps 

solve the double spending problem. 

 

The Process of Bitcoin Mining 

Mining aims to generate new bitcoins and validate transactions made by users. E.g., if you buy coffee 

with bitcoins, the network must verify that your account contains enough money to settle this transaction 

(Tsang and Yang, 2021). In addition, one of the coffee drinkers will send some bitcoins to the child sex 

offender in Montreal. To achieve this, all network participants must receive a transaction request from the 

user and then one of them should solve a mathematical problem (Huang et al., 2021). The puzzle solution 

is freely available on the network, so anyone can verify if the block has been worked out correctly. Each 

such commitment is bundled with all the transactions into a block, treated as a long broadcast list which is 

connected through some kind of cryptographic fingerprint with the one that was before it This way we can 

be sure that all transactions submitted to the network have been included in it. Bitcoin’s energy consumption 

over time can be spotted in Figure 1; this will form the basis for further discussions on its environmental 

impact. Miners do not solve puzzles all at once; instead, they solve them in an iterative manner. They 

systematically change puzzle input bits and check if the output matches a target exit value (Chaurasia et al., 

2021). This approach makes random guesses after random guesses with each one taking a split second for 

a newcomer, requiring a minimum of 10 minutes to make one guess (Cao et al., 2022). This mechanism is 

called proof-of-work: it is essentially a difficulty setting for the block puzzle. Here, the proof-of-work is 

like buying difficulty settings in computer games. In fact, proof-of-work ensures that one single block 

cannot be spammed; hence, the blocks have to be spaced out to 10 minutes apart. 
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FIGURE 1 

BITCOIN ENERGY CONSUMPTION OVER TIME 

 

 
Sources: Cambridge Bitcoin Electricity Consumption Index (CBECI) 

 

With increased hardware power, mining hardware can generate a higher hashrate quickly. You should 

note that, the reward for a block (besides the block reward) is more worth when the block is at full power 

(Alharby, 2023). Mining bitcoin requires solving hard mathematical problems to verify transactions and 

publish them on the public ledger. 

 

ENVIRONMENTAL IMPACT OF BITCOIN MINING 

 

Bitcoin mining’s environmental impact has become a matter of concern in academic research and media 

reports alike. The major concern is the high amount of energy it consumes considering the estimated global 

energy used during mining activities (Gallersdörfer et al., 2020). Also, many Bitcoin mining centers are 

situated in places with high carbon intensities with concerns arising from their high energy consumption 

over the revival of fossil fuels (Schinckus, 2021; Donovan, 2023; Finney, 2024). The discussion connects 

socially embedded environmental issues concerning the availability as well as accessibility of energy 

resources in a given location and the impacts on the local or regional environment through high energy use. 

The enormous carbon footprint resulting from this process is often seen as an undesirable consequence of 

a sector that faces increased scrutiny regarding global matters and the relevance of cryptocurrencies in the 

global economy (Pagnuelo, 2019). Moreover, e-waste generation annually via bitcoin mining emanates 

from the production of rapidly outdated hardware utilized during this operation (Jana et al.2022; Jana et 

al.2021). Consequently, an increasing number of scholars are investigating how harmful it is to our 

environment, demonstrated by a sharp increase in the total number of academic works on such topic over 

the last years. This research takes several standpoints on these impacts' exact magnitude (De Mello et al., 

2018). We should also be aware that many researchers have argued for improved models on how bitcoin 

impacts the environment given that there has been rapid growth in transaction volume leading to transaction 

verification. Such a model should be built upon more accurate data thus making it possible to completely 

comprehend how our environments are affected by mining activities within a locality. This can be done by 

establishing better future potential effects through an understanding of their current timeline in addition to 
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dealing with possible circumstances that may arise later (Awan et al., 2021; Mendoza et al., 2020; 

Varseveanu et al., 2020). 

Two major factors are responsible for bitcoin mining’s environmental impact. One of them is the 

exorbitant electricity cost carried by miners or the validating nodes. They do this by employing a number 

of machines to tackle complicated algorithms and utilizing old hardware that quickly loses usability due to 

its complex exploitation (Badea & Mungiu-Pupӑzan, 2021; Siddique et al., 2023). This consumes enormous 

amounts of energy and gives rise to enormous amounts of greenhouse gas emissions which alter earth’s 

climate. The other reason is because this process creates so much electronic waste i.e., outdated hardware 

that regular hardware facilities cannot use for mining cryptocurrencies like bitcoin (Heinonen et al., 2022; 

Gola & Sedlmeir, 2022; Alfieri et al., 2023; Goel et al., 2024). In order to earn cryptocurrencies, it is now 

necessary to have newer and more powerful computers which mean more hardware trash that comes out as 

a result of Purchasing new computers each time the algorithms need re-solving. The other issue with using 

physical facilities is the need for space, cooling systems, and electricity further raising the cost for Bitcoins 

mining operations. 

 

Energy Consumption and Carbon Footprint 

Several computational and theoretical models estimate energy consumption of Bitcoin mining. 

However, no consensus has been reached in literature on this issue yet. The electricity consumption in the 

Bitcoin network per year is equivalent to nations like Colombia, Argentina, Finland or Switzerland (Náñez 

et al., 2021; Corbet & Yarovaya, 2020; HAROONI, 2023; Okorie et al., 2024). The carbon footprint of 

Bitcoin transactions depends majorly on the carbon intensity of its energy. Available data show that at least 

39% of global electricity used by bitcoin miners comes from renewable sources (Malfuzi et al., 2020; 

Bastian-Pinto et al., 2021; Niaz et al., 2022; Hallinan et al., 2023). Figure 2 shows visually where the mining 

activities cause more emissions in different countries. Moreover, most of this renewable power relies on 

nonrenewable sources like hydro or biomass or even nuclear power, which raises questions about their 

adverse social and environmental effects (Voumik et al., 2023). Sometimes, you would find bitcoin mining 

happening in areas with plenty of clean energy but very little industrial demand for electricity; thus, 

enabling these countries to handle its intermittency during off-season (Bukhari et al., 2024). However, these 

conditions are hard to come by. There are different types of power plants with different levels of carbon 

intensity and for bitcoin mines they use the cheapest one locally. Renewable energy is usually used because 

it is cheap (Мельник et al., 2020; Razmjoo et al., 2021; Luderer et al., 2022; Bogdanov et al., 2021). This 

kind of “spill-over” increases the carbon intensity for other end users or exports. There are some carbon-

intensive plants that are only operating because they are idle when they are still operational. Moreover, it 

is difficult to scale renewable energy sources due to weather dependability; coal, natural gas as well as 

nuclear being major primary energy sources that have several demerits in terms of greenhouse gas emissions 

together with waste products (Wang et al., 2023). 
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FIGURE 2 

CARBON EMISSIONS FROM BITCOIN MINING BY COUNTRY 

 

 
Source: China Data (2020-2023): CBECI Reports; United States & Others: Industry reports and IEA estimates 

 

Generation of E-Waste 

Bitcoin mining hardware has an average lifespan of 1.29 years. Therefore, after the mining process is 

over, there is a need to recycle or dispose of the hardware used to mine Bitcoin (Ferdous et al., 2021; 

Sandberg and Chamberlin, 2023). Some individuals who engage in mining will pull out certain parts in 

their old hardware such as large fans for use in other places. Because it’s difficult for miners at large to get 

rid of their obsolete hardware well, they end up causing electronic wastes (Ghulam & Abushammala, 2023). 

For instance, if one ASIC machine was properly disposed off by its miner annually, then we would expect 

it to produce a litter ranging from 10-90 kg of weight per ASIC machine when weighed against a lifespan 

within 18—32 years (Bachér et al., 2022; Farjana et al.2023; McNally and Kolivand, 2024). While these 

figures are only speculative, it is apparent that more profound e-waste can be observed over all phases of 

its life, from the ASIC machine's production to its disposal after becoming obsolete. 

Older technology becomes obsolete, newer technology becomes faster. As a result of this upgrade 

cycle, older technology often becomes outdated as it is no longer able to make profits and hence out of date. 

This defunct hardware is then neglected. For instance, after Liu et al. (2020), He et al. (2021), Peserico et 

al. (2022), Martins and Gresse Von Wangenheim (2023), we got many 1,448 old miners with 28.9 MW of 

total energy usage. This means that the coins they used to mine have become outdated, contributing to 

future e-waste directly. The infamous 1448 obsolete machines constitute over 55% of all e-waste recorded 

despite constituting 12% of hardware pieces operational at any given time. Consequently, in terms of 

physical volume consumed for storage purposes by these machines, as they age, the amount of waste in the 

form of e-waste continues to rise. Although people mostly keep them in large warehouses or immersed in 

oil, there are some who may opt for it depending on circumstances. Compared with money generated 

through abstract mining activity from all functioning CPU, it has an approximate value of about 5.1 million 

dollars without any record. However, little literature specifically addresses e-waste occurrences concerning 

WEEE within the mining sector though research on forecasting e-waste from general waste electronic and 

electrical (WEEE) is ongoing. Internet community of late has started writing some online advisement on 

mining industry electronic waste recycling however with time these activities seem to have slowed down 

too much (Erdiaw-Kwasie et al., 2024). From Figure 3, e-wastes have been growing exponentially with 

time, a fact that underscores the magnitude of challenge posed by hardware turnover. 
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FIGURE 3 

BITCOIN MINING E-WASTE GENERATION 

 

 
Source: Jana et al. (2021, 2022; Industry reports and IEA estimates 

 

As the popularity of Bitcoins increases, it is expected that e-waste generated by mining hardware will 

also rise in exponential terms alongside the power consumed. Therefore, to safeguard resilience, the focus 

should not only be on benefits versus costs analysis but also on creating alternative mining approaches 

considering its growth rate (Chen & Ogunseitan, 2021). We propose that attending to the disposed 

equipment together with the e-waste emanating from it is closely related to addressing the increased energy 

usage by cryptocurrency-specific microchips (ASIC machines). For instance, 1,448 defunct miners –

representing 83% of all working machines—awaited retirement within its premises over a passive period 

of 1.29 years. Consequently, it would be against our best judgment to use electricity hitherto earmarked for 

any part or whole of the fossilized devices since their operation produces much lower digital currency 

densities for each square meter occupied in such than crypto warehouse pays for power. Stockpiling idling 

machines, therefore, appears as an avenue for possible future monetization while appreciating that energy 

investments with zero currency yield are currently costly (Suárez, 2023). Operational plus defunct hardware 

means that a loss of power amounting to 20 GWh or 69 GWh after 1.29 years is incurred from the day it 

was opened (Cooke & Xu, 2024). 

 

CURRENT SOLUTIONS AND INITIATIVES 

 

Only a few publications present sustainable practices that can reduce the environmental impact and 

thus future projections. Legalization of marijuana may have some unintended environmental consequences 

according to one such study of greenhouses (Klassen and Anthony 2022). Several Californian growers were 

using a powerful pesticide despite its ban since it is harmful to birds. As of 2009, no regulation or oversight 

monitored energy use (McClean & Pedersen, 2023). However, if one thing remains certain about them all, 

it is that they require clean mining that does not compromise any ecological principle at the expense of 

today's gains (Weber & Koomey, 2022). The only way to bring down emissions is through using renewable 

energy sources; anybody who desires to see this happen would have no choice other than to integrate these 

two technologies within their bitcoin mining operations (Albaron, 2020). At the practice level, there are 

several options available to major miners; these include putting at least some percentage of their production 

on green energy and switching to more energy-efficient hardware (Neus & Boack, 2022). This can be 

attributed to the fact that unless otherwise stated, most of them are usually tied into the central grid, meaning 
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they exist in geographical locations that take part in trading carbon offsets or similar arrangements (Sharma, 

2022). Few Bitcoin miners have followed suit, but very high electricity consumers have put more effort 

into becoming efficient in their energy consumption than others. The industry leaders have promised to 

design better Application-Specific Integrated Circuits (ASICs) that consume less power while doing 

calculations (Milutinović et al., 2021). This can lead to about two times hash rate on mid-term horizon 

under conditions in which computational capacity does not double but energy consumption rises by 50% 

approximately (Desislavov et al., 2021). The self-contained ASIC is 40% more power-efficient when 

compared to its nearest competitor (Suleyman, 2023). This gap can be filled by better cooling technology 

so that at maximum loads the inside temperature should not exceed 50 degrees Celsius. Such systems are 

conveniently air-cooled for these purposes without requiring entire room immersion cooling systems as 

before. Businesses are striving for data mining center ambiances that are identical to those of banks and 

negotiating with ecological societies (GURGU et al., 2021). This might reflect attempts to respond to a 

growing body of evidence documenting negative environmental effects or serve as a new wave of 

innovation aimed at promoting green mining technologies. Discussions are in progress about the 

development of mining best practices and industry-imposed standards for bitcoin. These initiatives are 

likely to attract responsible business behavior since these companies’ impact may prove critical in the 

future. 

 

Integration of Renewables 

To produce environmentally friendly and cost-effective electricity for Bitcoin miners in North America 

and worldwide, many of them have embarked on an integration process involving solar, wind, hydro and 

other renewable resources. Some of these miners have pioneered the adoption of solar power in the context 

of large-scale mining operations (Pouresmaieli et al., 2023). Solar energy use by large-scale mining sector 

is mostly through on-site or offsite solar deals, which are made possible by long-term alliances with nearby 

utilities. In addition, miners are constructing mining data centers that incorporate renewable sources, 

including solar technologies (Sovacool et al., 2022). The co-location and crypto-mining facility’s owner 

and manager had plans to attach solar panels and wind turbines on its roofs soon. Besides, clients of 

distribution utilities have been incorporating grid-tied photovoltaic units into their own cryptocurrency 

mining activities. 

When green power sources are incorporated in cryptocurrency beyond Bitcoin, it can become a great 

opportunity. Reducing gas emissions and hash carbon output per reduce the greenhouse gases helped so 

much in making this industry environmentally friendly, but more importantly, this can lead to savings 

(McNally and Kolivand, 2024). Nonetheless, impediments hinder the promotion and acceleration of a 

mining baseload that relies on only green energy. Most data center operators remain connected to grids 

despite some choosing to purchase regional green power certificates, the rest of these centers cannot access 

Power from RESs (Khosravi et al., 2024). Also, 100% renewables cannot guarantee an uninterrupted supply 

of electricity 24 hours a day, so those wishing to go off-grid must consider investing in storage solutions 

(Kuznetsova & Anjos, 2020). An event that such requirement should occur might open little and brief 

asymmetrical trading opportunities but may present difficult challenges because just part of it could be met 

using Brian energy sources such as what is available or stored from sunshine in batteries during daytime 

only. Figure 4 shows some switch (or continuing lack of shift) toward using green energy for mining 

Bitcoin, serving as an indicator how far (behind) this sector has gone on cleaner production. 

There is great potential for increased use of clean energy, including solar and wind power in general, 

particularly for integrating bitcoin mining among other renewable energy sources. Consequently, this kind 

of initiative provides an eco-friendly mining involving less emission of gases that cause the greenhouse 

effect and less carbon dioxide per hash alongside other benefits such as coin saving over time (McNally 

and Kolivand, 2024). Despite these facts, promotion and acceleration of baseload mining based on 

renewable resources has its own challenges though. Most data centers are connected to the electricity grid, 

but some may choose to purchase green energy certificates specific to their local areas only; therefore, not 

all data centers can access electricity from renewable sources or those that cannot be sustained (Khosravi 

et al., 2024). Furthermore, contrary to popular belief, renewable integration does not support the operation 
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24/7; hence those planning to go off grid should explore possibilities of energy storage systems like battery 

technology development (Kuznetsova & Anjos, 2020). Direct sun energy can work for Bitcoin miners under 

certain conditions since it is possible to temporarily arbitrate using other sources. However, this is not the 

case when it comes to non-stop power consumption because most other types of renewable energies 

especially solar electricity generated during day hours without back-up will not solve the problem of 24/7 

electricity for Bitcoin miners. Figure 4 shows either transformation towards the use of renewable energy or 

not in Bitcoin mining industry thus indicating how much change has occurred. 

 

FIGURE 4 

RENEWABLE VS. FOSSIL FUEL ENERGY USAGE 

 

 
 

According to Lu et al., (2020) governments can play an important part in creating incentives for 

renewable energy sources. In the United States, the zero-emission nuclear power and electricity production 

tax credit program increases to more than $30 per tonne for qualifying electricity producers. Other nations 

may offer miners possible reimbursement for additional investment or production tax credit as part of their 

renewable energy investment schemes for private enterprises. In the same vein, the core policy direction of 

advocating for clean, available, and affordable green power and encouraging the sitting of large energy-

generative renewable projects to back larger mining farms exists (Qi et al., 2020). Ontario province in 

Canada is today a leader in North America in developing mining and energy data center and infrastructure. 

 

Efficiency Elevations in Mining Hardware 

A significant aspect of technological advancement in the bitcoin network has been the continuous 

improvement in energy efficiency of mining-specific hardware (Jabłczyńska et al., 2023). The early 

hardware such as CPUs, GPUs, and FPGAs were quickly replaced by ASICs which as models improved 

have become more efficient and less wasteful (Fryer & Garcia, 2023). There are even underground ASIC 

data centers where it is required that ‛all that waste heat has to go somewhere; it can't just be unused.’ 

Recent developments on least energy emitting equipment have been made for sustainable power use. Its 

origin dates to mining hardware that uses not just micro-processing-based equipment but also uses 

Breadboard Chips i.e., mining setups employing electronic circuits on a hardware breadboard. Emerging 

Environmental policy initiatives have also seen an increased interest in developing very energy-efficient 

cryptocurrencies. For environmentally friendly cryptocurrencies, efficient hardware will be crucial. This 

includes creating efficient hardware with lesser energy footprints (Yazıcı et al., 2023). For example, while 
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the 2020 model of S19j achieves 7.5 J/GH due to higher productivity, the same metric for the S9 is roughly 

34.5 J/GH alike as an average of 21.0 J/GH which we will employ as the operating energy in our paper. 

Furthermore, several manufacturers are investing in R&D activities to produce energy-saving 

equipment including integrated and specialized electronics or microprocessors. It is worth observing that 

there are financial gains in lean hardware for mining; if fewer miners use electricity still there will be more 

capital for buying machines (Bikubanya & Radley, 2022). Energy-efficient hardware is a concomitant to 

Bitcoin electricity network’s hidden health properties. In other words, better hardware can produce higher 

hash rates with identical use of power and investment hence reducing overall carbon footprints (Xiao et al., 

2023). However, this body of evidence shows that mining more coins with high computationally difficult 

puzzles is compatible with zero or low carbon networks. In future this will improve credibility among 

financial institutions which are reluctant to embrace any digital currencies. Nevertheless, mining 

technology progresses require qualitative changes (structural review) along with data processing (Douaud 

et al., 2022). 

 

TABLE 1 

COMPARISON OF ENERGY EFFICIENCY IN MINING HARDWARE 

 

ASIC Model Power Consumption 

(J/GH) 

Hash Rate 

(GH/s) 

Lifecycle 

(Years) 

CO₂ Emissions per 

Bitcoin Mined (kg) 

S9 34.5 14 2 150 

S19 21.0 95 3 90 

S19j 7.5 110 3.5 50 

Antminer Z15 5.0 170 4 35 

Future Model X 4.0 200 5 30 
(Source: Manufacturer Specifications: Bitmain; Framework for sustainable energy use in mining (Yazıcı et al., 2023)) 

 

Compared to electricity use, hash rate, lifecycle and carbon emissions from some models of ASIC chips 

gathered to produce Bitcoin, Table 1 is created. Progress of mining hardware from models of past 

generations such as the S9, characterized by only 34.5 J/GH efficiency rate and 150kg CO₂ emissions per 

mined bitcoin, to current generations such as Future Model X, which could only be 4.0 J/GH efficient, with 

only 30kg CO₂ emission, is displayed here. All these newer models – S19j, Antminer Z15- show improved 

energy utilization and longer lifespans that are indicators of attempts within the industry aimed at reducing 

their harm to the environment. This therefore means that these newer models are more power efficient and 

significantly lower the carbon footprints related with Bitcoin mining, underscoring how technological 

progress can play an important part in promoting sustainability in the cryptocurrency sector. 

Hence, if there is to be a widespread introduction of new “greener” cryptocurrency technology, we 

recommend policy makers and lawmakers initiate discussions on structural, social, and financial 

experimentation in addition to the technological and business experimentation. One potential research 

avenue is the comparison between traditional and hydroshacks. According to our field data, hydroshacks 

may already deliver lower operational costs in high-energy regions, hence environmentally friendlier coins. 

Hydroshacks represent a new wave of industrial scale technology that commenced with waterproof 

electronics and ended up creating a data center within shipping container walls. 

Due to this fact efficiency improvements became a hotspot in such context like this one addressing the 

environmental impact of Bitcoin mining. By examining the technology, the miners have always been 

searching for ways to reduce power consumption while increasing computing power. Upgrading mining 

hardware is one way to achieve this goal by moving to more efficient chips known as ASICs (Application-

Specific Integrated Circuits), that use less electricity for more computations. Doing this will therefore result 

in enhanced efficiency; decreased environmental impacts on Bitcoin mining activities. 
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CHALLENGES AND LIMITATIONS 

 

To achieve this, a few definitions and characterizations have been presented as a step towards more 

sustainable and efficient Bitcoin mining. The objective was not to define an ideal that is impossible for 

existing miners to attain, nor should it allow the bar to be set too low so that they would continue running 

at a cost without regard for preservation of the environment. However, transitioning towards sustainable 

practices in mining could be quite challenging. Some of these obstacles require an urgent response through 

policy for any long-term change to take place while others can be tackled later. For example, some of the 

challenges involved in the green movement when looking at Bitcoin mining have been identified. Among 

such are some issues concerning initial capital for a new renewable energy source and using second-hand 

greener hardware; not replacing current hardware or infrastructure with more environmentally friendly 

alternatives; one being tied down to specific hardware vendors; a huge maze consisting of different rules 

set by various national governments and tribes on earth. On one hand, blockchain use acts positively as it 

tends to oversee transparently and save ethical or responsible mining. However, it does not mean or do 

anything other than exist in such a way when information is being recorded. It does not create change, but 

reliance on the accuracy of information provided. Lastly, those in power or at the top of a hierarchy must 

ensure transparency by providing certainty about their plans and declarations. The switch to more 

sustainable mining practices may involve substantial investment in time, money, and strategic initiatives. 

Large scale miners are currently worse off because expenses are much higher than earnings; hence, the 

stakeholders’ doubt has validity. So then, financiers are withholding funds for these miners to restructure, 

which leads to a vicious circle being drawn. Mining should always be approached with caution because of 

its unpredictable nature. Without major infrastructures or enough capital inflows, this could hardly happen 

since changes in hardware as well as mining practices may be almost impossible without the latter. On the 

other hand, other investors with the resources must put pressure on research institutions and governments 

to promote a movement towards change. It is recommended that the financial support goes to those 

companies which either manufacture retrofittable devices or design chips specifically for these purposes. 

Research with government policies concerning the mining sector in any given economy needs more 

attention than ever. Despite the enormity and complexities of these hurdles, the continued discussions on 

mining will address both possibilities for environmental responsibility and financial gains. 

 

THE FUTURE OF SUSTAINABLE BITCOIN MINING 

 

Bitcoin mining has recently been coming into increased public attention with several regulatory 

proposals on how it can be controlled for its impact on carbon emissions. This has left many people 

wondering why no such thing has been done. This could mean that if they are ever forced to take 

responsibility for their carbon footprints, people will have to contend with many developments that may 

eventually create a completely sustainable Bitcoin network. Both directions aimed at reducing carbon 

emissions from Bitcoin can be termed innovative or regulatory. 

Innovation refers to any technological changes that could make the eco-print size of Bitcoin miners 

significantly smaller. These could either be implemented voluntarily to preempt regulation or occur because 

of regulatory fines based on Bitcoin’s use of carbon. Such changes are also themselves innovative 

immediately due to miners’ intrinsic tendency to evade taxation. Bitcoin’s fundamental inventions are 

already as green as typical banks and digital gold. It is possible to solve the elevation and cost problems 

posed by scaling with technology deployment options that would make Bitcoin mining the cleanest business 

ever on earth. Novel ASIC machines are being created which will help improve the energy efficiency of 

mining hardware & low-power consensus algorithms that don’t damage the environment much. 

The attraction of these technologies is not purely technical but also economic. Regulatory interventions, 

on the other hand, would increase the real cost of spinning ASICs. This might drive out dishonest miners 

who act in bad faith or push forward migration process when moving their operations to more enabled-

regulatory environment jurisdictions around the world as long as Bitcoin networks function securely within 

their prescribed limits, technological advance will likely remain preferable over others. In terms of 
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scalability, governance has already been established for how scaling is done within bitcoin Taking off from 

that point, it became clear that if demand supporting transactions became saturated, then new chains like 

Bitcoin Cash had to arise out there forthwith. A similar pattern could also be the case in the future should 

there arise any need to address environmental issues concerning Bitcoin mining itself. Gaining a wider 

acceptance among members public regarding its importance would imply some sort of sentiment gap 

between markets and miners as far as dealing with this problem is concerned. 

The mining sector is at a critical stage in its history. The more concentrated the sector becomes in terms 

of stakeholders involved, the more decision-making power these people wield. Miners are facing perhaps 

the most critical phase of cryptocurrency since they grapple with the challenge of transitioning towards a 

more sustainable future. Calls for regulation or reduction of carbon use by Bitcoin are probable and could 

draw resistance from markets with ESG-conscious entities. In this context, it is possible that other than 

merely complying, the mining industry has an opportunity to take an active role based on the psychology 

behind ESG. As a result, companies would themselves assume leadership roles in advancing creative 

technologies that are also energy-efficient and environment-friendly. Through innovation alone can 

embodied carbon be reduced while increasing market cap, thus making Bitcoin mining among the greenest 

on earth. 

 

Technological Innovations 

Technological innovations have increased the possibility of environmentally friendly mining of 

bitcoins.  

 

Energy Efficient ASIC Miners 

ASIC miners, short for Application Specific Integrated Circuit miners, are generally thousands of times 

faster than traditional general-purpose hardware because they can perform only one task. The most popular 

manufacturer of these chips says its Antminer S19 Pro can process up to 110 trillion hashes per second 

while consuming 3250W from the power grid. Other smaller entities like Argo Technologies in London 

have also been increasing their use of software to optimize performance on their hardware in a bid to stay 

ahead of peers using methods such as air-cooling oxidation or immersion cooling. Among their submissions 

to the Bitcoin Mining Council, one of the highlighted institutions also mentioned about effective cooling 

solutions they use standard air-cooled data center facilities but are in the process of retrofitting a 210-

megawatt facility with a cooling system designed to work in sub-zero temperatures that harvests the heat 

which is produced by hydroelectricity. 

 

Alternative Consensus Mechanisms and Applications of Distributed Ledger Technology  

Adopting alternative consensus mechanisms could be one way forward; these might entail using ‘Proof 

of Stake’ or other less energy-consuming alternatives like ‘Proof of Authority,’ ‘Proof of Elapsed Time,’ 

or ‘Proof of History’ among others, instead of ‘Proof of Work’, which is associated with high energy 

consumption and requires long blockchain validation time. The adaptation could also be achieved by 

refining the Bitcoin code base concurrently with such measures as smart contract/side chains in Bitcoin 

Gold, adapting hash rate and transaction volume limits, full-blown tablet armies dedicated to examining 

off-chain solutions such as the Lightning Network, L2 Decentralized/L2 L.P., “Taproot,” Schnorr 

signatures, RE-BLND-combining newly developed concepts such as Taproot, MPP and Scallion together 

with other methods. The capacity exists for applying these technologies to testing ‘off-chain’ solutions 

involving ‘off-chain’ transactions such as lightning transactions and optimizing ‘off-chain’ solutions in 

general. The suggested solutions may involve studying faster block distribution methods, changing the rules 

for calculating mineral rewards, changing Gödel hash rates for converting some part of transactions fully 

away from miners, transaction minification and simpler validation in quicker blocks created at higher rates. 
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TABLE 2 

ECONOMIC IMPACT OF BITCOIN MINING IN RELATION TO SUSTAINABILITY 

 

Year Bitcoin Price 

(USD) 

Bitcoins Mined 

(Millions) 

Energy 

Consumption 

(TWh) 

Carbon 

Emissions 

(Million Metric 

Tons CO₂) 

E-Waste (Metric 

Tons) 

2014 500 4.0 3.0 255 500 

2015 300 5.0 3.5 270 600 

2016 450 5.5 4.0 279 700 

2017 1000 7.0 5.0 304 900 

2018 700 8.0 5.5 275 1,100 

2019 900 9.0 6.0 275 1,300 

2020 8,000 10.0 7.0 255 1,500 

2021 50,000 12.0 8.5 270 1,800 

2022 40,000 14.0 10.0 279 2,200 

2023 30,000 16.0 11.5 304 2,700 

2024 35,000 (Projected) 18.0 (Projected) 13.0 (Projected) 275 (Projected) 3,200 (Projected) 
Source: Bitcoin Price & Mined Data: Blockchain.com; Energy & Emissions: CBECI; Jana et al (2022); E-Waste: 

Research studies 

 

When Bitcoin prices go up, more miners direct their funds into hardware and resources necessary for 

mining this popular cryptocurrency. This is well elaborated in figure 5 where it has been shown that how 

much power is consumed during the bitcoin mining process is highly dependent on the prices of bitcoin. 

 

FIGURE 5 

BITCOIN PRICE AND CARBON EMISSIONS 

 

 
 

Legal and Regulatory Changes 

While bitcoins are decentralized, the local authority is planning intervention to make mining more 

sustainable. Despite the many shortcomings, one conspicuous advantage of having a regulatory framework 
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is that it is possible for anyone to check the compliance of any miner. Some regulatory requirements may 

include stating or reducing carbon emissions. These will reduce costs of power for compliant mining 

operations through discounted electricity rates for miners who use or produce green power during mining. 

Under the conditions set forth above, governments that impose emissions restrictions on goods and 

services indirectly govern both the amounts of carbon emission resulting from mining activities and 

computer energy consumed during mining work by making them correlate with the efficiency of 

computation required. Various costs and benefits that may be associated with adherence by miners to the 

emission standards have been highlighted while the likely punishment for defaulters was discussed too at 

length. Yet another key benefit of governance in place is its potential shield for operators who are aligned 

with the same law. Determining what is sustainable can be tricky but for those who are taking part and 

trying, it is all about finding out carbon emission at each unit of Bitcoin produced. It would be easy to come 

up with legislation for determining sustainability when it comes to mining process related to Bitcoins, this 

would be very beneficial for those miners who are already working hard to be sustainable. 

 

CONCLUSION 

 

It is necessary to balance between innovativeness and sustainability in the context of Bitcoin mining 

for reduction from environmental impact caused while at the same time promoting technological growth. 

Bitcoin mining process consumes vast amounts of energy due in large part to its proof-of-work 

“mechanism” leading to significantly high levels of emissions and generation of electronic waste, however 

this sector has accepted such issues and now there are moves towards utilizing clean power sources 

integrating power efficient equipment for mining plus looking into different consensus mechanisms. 

Furthermore, there is hope that legislative frameworks together with other motivational strategies aimed at 

enhancing environmentally friendly practices during mining operations may serve as guides. To guarantee 

sustainability in Bitcoin mining so that our future generations can benefit from it without negative 

environmental implications, we require continuous policy initiatives, adoption of better technologies, and 

maintenance environmental standards adherence (html). These actions will not only mitigate immediate 

concerns about e-waste but also set us off on a course leading to creating a more resilient digital economy 

which can stand shocks if they occur. If this transformation is embraced, mining Bitcoins could be construed 

as an act of environmental responsibility without necessarily losing its position as an innovative activity 

economically and technologically. This model approach could be emulated in sectors where innovation 

intersects with sustainability, thus creating a more responsive technological environment. 
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