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ABSTRACT
Assuring environmental sustainability is essential for the continuity of the ecosystem. Every sector of the economy has some 
degree of impact on environmental sustainability. The United Nations (UN)’ Sustainable Development Goals (SDGs) have placed 
these objectives within a broader global framework, offering a global plan aimed at ensuring environmental sustainability. This 
study assesses the role of cryptocurrency mining on environmental sustainability, incorporating monthly data for the period 
from 2015 to 2023. In this context, the impact of the electrical energy consumed in Bitcoin mining, which has the largest trans-
action volume among cryptocurrencies, and the climate policy uncertainty on Bitcoin greenhouse gas (GHG) emissions are 
examined by applying dynamic stimulated autoregressive distributed lag (DARDL) and kernel-based regularized least squares 
(KRLS) methods. The results of the empirical analysis indicate that the increase in Bitcoin electricity consumption and climate 
policy uncertainty have a significant negative impact on Bitcoin GHG emissions. Put another way, cryptocurrency mined using 
fossil fuels and climate policy uncertainty poses a considerable threat to environmental sustainability. These findings are crucial 
for policy makers and all stakeholders who want to achieve environmental sustainability goals to develop proactive proposals. 
It is also highlighted that Bitcoin mining should bring environmental regulations that can mitigate environmental degradation.

1   |   Introduction

Over the past century, the dramatic increase in the use of high-
carbon fossil fuels has significantly accelerated CO2 emissions, 
contributing to the rise of greenhouse gas (GHG) emissions that 
trap heat in the atmosphere. Additionally, the increase in atmo-
spheric GHG emissions has caused the Earth's temperature to 
exceed its natural levels. Particularly, the rise of global warming 
and climate change-related natural events, along with escalat-
ing issues such as water and food crises, has made this a critical 
concern for all of humanity. Therefore, in addition to the life 

sciences, social sciences also bear a great responsibility in ensur-
ing ecological balance for a sustainable world. In light of these 
developments, countries that are parties to the United Nations 
(UN) Framework Convention on Climate Change (UNFCCC) 
aim to achieve net-zero emissions by 2050. The Sustainable 
Development Goals (SDGs) place these targets within a broader 
global framework, providing a comprehensive plan to ensure en-
vironmental sustainability (United Nations 2015). Additionally, 
the European Union has announced its goal of becoming the 
“first carbon-neutral continent” by 2050 through the European 
Green Deal.
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Achieving net-zero emissions requires significant transforma-
tions in energy, finance, transportation, industry, waste manage-
ment, and other related sectors. In this context, understanding 
the relationship between cryptocurrency mining and environ-
mental degradation has become an important issue. This study 
focuses on Bitcoin (BTC), which has the highest transaction vol-
ume among cryptocurrencies, and the type of energy used in 
its mining process. BTC has grown as a financial instrument, 
yet concerns have risen due to its consensus mechanism, which 
requires miners to consume large amounts of electricity. As this 
energy is largely derived from fossil fuels, it increases carbon 
emissions and causes significant environmental damage (Stoll 
et al. 2019; Mora et al. 2018).

To mitigate this impact, BTC miners have begun adopting re-
newable energy sources as a more environmentally friendly and 
cost-effective alternative. Energy sources such as solar, wind, 
and hydroelectric power help reduce both operational costs 
and environmental impact in mining activities. Notably, large-
scale BTC mining operations have increasingly turned to solar 
energy (Pouresmaieli et  al. 2023). Miners establish long-term 
partnerships with local and regional energy companies to de-
velop solar energy projects and integrate renewable sources into 
data centers (Sovacool et  al.  2022). This integration enhances 
sustainability while ensuring long-term cost savings (McNally 
and Kolivand 2024).

However, renewable energy sources have limitations in provid-
ing uninterrupted power, making energy storage solutions es-
sential. Most mining data centers remain connected to the grid, 
and even with renewable energy adoption, meeting all energy 
demands from these sources can be challenging. Therefore, im-
proving energy storage capacity is crucial for utilizing renew-
able energy more efficiently in mining operations (Kuznetsova 
and Anjos 2020).

Governments can support the mining sector by promoting re-
newable energy use through incentives and policies. For ex-
ample, the United States (US) offers tax credit systems for 
zero-emission energy sources, providing incentives exceeding 
$30 per ton for eligible electricity sources (Lu et al. 2020). Other 
countries may introduce additional investment or production 
tax credits to encourage miners to adopt renewable energy. Such 
policies facilitate the expansion of green energy projects and 
support the transition of large-scale mining facilities to sustain-
able energy sources.

While some points on renewable energy use and mining hard-
ware improvements have been addressed, their integration into 
predictive models remains insufficient. Current models pri-
marily rely on static assumptions to estimate the energy con-
sumption and carbon footprint of mining activities, failing to 
incorporate adaptive hardware developments, such as immer-
sion cooling systems and modular mining setups (Hossain and 
Steigner  2024). These technologies have the potential to en-
hance energy efficiency and reduce environmental impact, yet 
their role in shaping predictive models remains underexplored. 
Immersion cooling systems significantly improve thermal effi-
ciency, reducing electricity demand while extending hardware 
lifespan—factors crucial for sustainable mining operations 
(Orun and Kurugollu 2023). Similarly, modular mining setups 

allow for greater flexibility by positioning mining farms closer 
to renewable energy sources, thereby minimizing reliance on 
fossil-fuel-based grids and optimizing operational efficiency 
(Masanet et al. 2024). However, without proper integration into 
computational models, these advancements cannot be accurately 
reflected in environmental impact assessments. To strengthen 
technological insights and improve predictive capability, future 
research must focus on refining existing models to incorporate 
AI-driven energy consumption analyses and dynamic carbon 
emission simulations (Andersson et al. 2020). Advanced mod-
eling frameworks should account for the long-term impact of 
immersion cooling, the scalability of modular mining, and their 
potential for reducing carbon emissions in real-world applica-
tions. Additionally, adaptive machine learning techniques can 
be employed to create more responsive models that adjust pre-
dictions based on evolving hardware efficiency metrics. Without 
these advancements, sustainability assessments of BTC mining 
will remain incomplete, limiting the sector's ability to align 
with global climate goals. Therefore, the integration of next-
generation mining hardware into predictive models is essential 
for achieving a more precise and forward-looking evaluation of 
BTC mining's environmental footprint.

Despite technological advancements in cryptocurrencies, their 
environmental impact remains a significant concern. Carbon 
emissions associated with BTC mining pose major challenges, 
particularly in countries dependent on coal-based electricity 
grids (De Vries  2018). The energy consumed for BTC mining 
is comparable to the annual electricity consumption of some 
countries (De Vries 2018), contributing to GHG emissions and 
further expanding BTC's carbon footprint (Mora et al. 2018). In 
particular, BTC mining operations in China have raised sustain-
ability concerns due to their reliance on fossil fuels such as coal 
(Stoll et al. 2019).

Reducing energy consumption is becoming increasingly import-
ant to align the cryptocurrency sector with environmental sus-
tainability goals. Regulatory frameworks and global initiatives 
play a crucial role in mitigating BTC mining's environmental 
impact. While former US President Donald Trump withdrew 
the US from the Paris Agreement, the country rejoined under 
President Joe Biden. The European Green Deal aims for carbon 
neutrality by 2050 and could introduce binding regulations for 
energy-intensive industries. Additionally, some US states have 
adopted policies promoting mining activities powered by renew-
able energy.

Decisions made at climate summits such as COP26 and COP27 
have sought to strengthen international cooperation to reduce 
the environmental impact of energy-intensive activities like 
cryptocurrency mining. The Global Methane Pledge, signed 
at COP26, provides a cross-sectoral framework for reducing 
GHG emissions (UNFCCC  2021). While COP28 did not focus 
specifically on cryptocurrencies, it emphasized the importance 
of financial innovation and sustainable investments in climate 
action. For instance, at COP28, the United Arab Emirates 
(UAE) introduced Alterra, the world's largest private climate 
investment fund, committing $30 billion to fair climate finance 
(UNFCCC 2023). At COP29, a commitment was made to pro-
vide $300 billion annually in climate finance to support devel-
oping countries in mitigating climate change (UNFCCC 2024).
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China's restrictions on BTC mining serve as an example of ef-
forts to regulate the sector's environmental impact. More ef-
fective global energy policies and regional regulations must be 
implemented to mitigate the consequences of cryptocurrency 
mining. The integration of renewable energy sources and the 
adoption of more efficient mining technologies remain key strat-
egies in reducing these impacts. BTC's high energy consump-
tion due to its Proof-of-Work (PoW) mechanism highlights the 
contradiction between environmentally friendly financial in-
struments and energy-intensive cryptocurrencies. While green 
financial products aim to reduce environmental risks, the rising 
popularity and electricity consumption of cryptocurrencies con-
flict with these sustainability goals. Addressing BTC's energy 
consumption is crucial for aligning the cryptocurrency sector 
with global climate targets.

The consensus mechanism used by a cryptocurrency is a key 
factor in determining its environmental impact. For example, 
BTC's PoW system is criticized for its high energy consump-
tion. However, alternative consensus mechanisms also need to 
be examined. Ethereum's transition to the Proof-of-Stake (PoS) 
system reduced its energy consumption by 99%. Similarly, less 
energy-intensive projects like Cardano and Solana demonstrate 
the potential for achieving sustainability goals (Khosravi and 
Säämäki 2023). Addressing this issue requires the development 
of more energy-efficient hardware, wider adoption of renewable 
energy, and a shift toward alternative low-energy consensus 
mechanisms (Siddik et al. 2023). The concentration of mining in 
countries with abundant low-cost energy, such as Kazakhstan, 
Russia, and Iran, has contributed to the persistence of high car-
bon emissions. In Kazakhstan, for example, the rapid expansion 
of mining activities has strained the national power grid, lead-
ing to electricity shortages and prompting the government to im-
pose stricter regulations on mining operations (IEA, 2023). This 
development underscores the necessity of evaluating mining's 
environmental impact not only based on total energy consump-
tion but also in relation to the energy mix and regional regu-
latory frameworks. Conversely, mining operations in countries 
with a higher share of renewable energy, such as Canada and 
Scandinavian nations, have demonstrated significantly lower 
carbon footprints due to the availability of hydroelectric and 
wind power infrastructure (Sedlmeir et  al.  2022). However, 
mining in these regions faces limitations due to higher opera-
tional costs and regulatory uncertainties, which have restricted 
large-scale adoption (Gallersdörfer et al. 2020).

Given the critical role of regional energy policies in shaping 
the environmental impact of BTC mining, further research 
should focus on how shifting energy sources affect overall sus-
tainability. The implementation of regulatory measures, such 
as carbon taxes, renewable energy incentives, and transparent 
energy reporting mechanisms, could play a pivotal role in mit-
igating mining's environmental footprint (Masanet et al. 2024). 
Additionally, the development of international carbon tracking 
protocols and the enforcement of environmental reporting stan-
dards for mining operations would enhance transparency and 
accountability, ensuring that BTC mining aligns more closely 
with global sustainability goals.

A comprehensive analysis of the crypto ecosystem is essential. 
Ethereum, initially using PoW, transitioned to PoS in 2022 with 

“The Merge,” significantly reducing energy consumption and 
eliminating mining competition (Khosravi and Säämäki 2023). 
Additionally, Solana's low energy consumption, at only 0.166 
Wh per transaction, provides a model for improving cryptocur-
rency sustainability.

BTC mining has rapidly expanded in developing countries 
due to low energy costs and regulatory uncertainties, but this 
growth has led to high carbon emissions and increased strain 
on energy grids. Following China's 2021 ban, mining opera-
tions shifted to countries like Kazakhstan, Iran, Venezuela, and 
Malaysia, where energy is cheaper. In Kazakhstan, coal-based 
electricity usage has significantly increased carbon emissions, 
while Iran struggles with frequent power outages due to unreg-
ulated mining activities. In Venezuela, subsidized electricity has 
encouraged mining, but poor infrastructure and strict govern-
ment controls have limited sustainable development. Malaysia, 
on the other hand, faces major energy losses due to illegal min-
ing, prompting the government to introduce stricter regulations 
(Alzoubi 2023). While BTC mining offers economic opportuni-
ties in these regions, stronger regulations and increased adop-
tion of renewable energy sources are essential for long-term 
sustainability (Masanet et al. 2024).

Another major concern regarding cryptocurrencies is electronic 
waste (e-waste) generated from mining hardware. As the crypto 
market grows, mining hardware is continuously upgraded, cre-
ating a challenge for disposal. E-waste contains toxic chemicals, 
including heavy metals such as lead, which can harm the en-
vironment and biodiversity if not properly managed (Lu 2023).

Water consumption is another environmental factor associated 
with cryptocurrency production. The water footprint of crypto-
currencies is nearly twice that of traditional currencies, as crypto 
mining is concentrated in regions with high water intensity in 
electricity production. Fossil fuel and nuclear power plants re-
quire significant amounts of water for cooling processes, further 
increasing crypto mining's environmental impact.

In an effort to mitigate environmental drawbacks, BTC miners 
have begun adopting renewable energy sources to provide envi-
ronmentally friendly and cost-effective energy. Energy sources 
such as solar, wind, and hydroelectric power help reduce both 
the energy costs of mining operations and their environmental 
impact. In particular, solar energy has been observed to grow 
rapidly in the large-scale mining sector (Pouresmaieli et  al. 
2023). Miners establish long-term partnerships with local and re-
gional energy companies to implement solar energy projects and 
integrate renewable energy sources into data centers (Sovacool 
et al. 2022). This integration not only enhances environmental 
sustainability but also provides long-term cost savings (McNally 
and Kolivand 2024).

However, the ability of renewable energy sources to provide un-
interrupted 24/7 power is limited, making energy storage solu-
tions crucial. Most mining data centers are grid-connected, and 
even if they choose to use renewable energy, they may not be 
able to meet all their energy needs from these sources alone. In 
this regard, improving energy storage capacity is a critical re-
quirement for the more efficient use of renewable energy in min-
ing operations (Kuznetsova and Anjos 2020).
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Governments are also expected to support the mining sector 
through policies such as tax credits and green energy projects 
to encourage the use of renewable energy. For example, in 
the US, tax credit systems for zero-emission energy sources 
provide incentives of more than $30 per ton for eligible elec-
tricity sources (Lu et al. 2020). In other countries, additional 
investment or production tax credits may be offered to min-
ers under renewable energy investment plans. Such policies 
promote the broader implementation of green energy projects 
and enable large-scale energy production initiatives to support 
mining farms.

In conclusion, BTC mining poses a significant environmental 
challenge due to its high electricity consumption and depen-
dence on fossil fuels. As global climate policies and sustainabil-
ity initiatives accelerate, evaluating the environmental impacts 
of cryptocurrencies and exploring cleaner energy solutions will 
become increasingly important. The contribution of this study to 
the literature lies in its detailed examination of energy (electric-
ity) consumption and environmental impacts in cryptocurrency 
mining, one of the fundamental functions of blockchain tech-
nology. Specifically, it will focus on the impact of BTC mining 
on carbon emissions during the process of adding new blocks 
to the blockchain. Additionally, it will address energy consump-
tion and the GHG emissions caused by the computational power 
required to validate a block.

According to the obtained data, energy consumption and carbon 
emissions associated with BTC mining have increased annually 
since 2013. For instance, while annual electricity consumption 
was 0.06 terawatt-hours (TWh) in 2013, it reached 138.96 TWh 
by 2023, with carbon emissions rising significantly over the same 
period (Cambridge Centre for Alternative Finance 2023b). This 
increase demonstrates that the environmental impact of min-
ing activities is inconsistent with global climate goals, as they 
largely rely on coal and other fossil fuel-based energy sources.

This study will also explore how these environmental impacts 
can be mitigated through energy-saving measures and the use of 
more efficient devices, providing recommendations for making 
current mining activities more sustainable. Another objective of 
this research is to examine the relationship between BTC min-
ing and environmental degradation, aiming to reduce these neg-
ative impacts through clean energy solutions and more efficient 
mining technologies. It also seeks to propose steps for reducing 
GHG emissions from BTC production in line with the deci-
sions made at the UN Climate Change Conference in Glasgow 
(COP26) and the Climate Change Conference in Sharm El-
Sheikh (COP27). The emphasis on emission reduction at COP26 
and the introduction of the “loss and damage” mechanism at 
COP27 have once again highlighted the critical importance of 
reducing fossil fuel-based energy consumption.

In this context, the high energy consumption associated with 
BTC mining is in clear contradiction with sustainability goals. 
Our aim is to support the transition of energy sources used in 
BTC mining from fossil fuels to renewable energy and to pro-
mote the adoption of alternative, less energy-intensive consen-
sus mechanisms such as PoS. By doing so, the cryptocurrency 
sector can be aligned with global climate targets. Additionally, 
this study aims to determine the impact of climate policies on 

BTC's GHG emissions. Therefore, the hypotheses of this study 
are as follows:

H1.  The type of energy used in BTC mining triggers environ-
mental degradation.

H2.  Increasing uncertainty in climate policies contributes to 
rising BTC GHG emissions.

H3.  The use of renewable energy sources in BTC mining can be 
an effective strategy for mitigating carbon emissions.

H4.  As BTC's market value increases, the demand for mining 
rises, leading to higher energy consumption and exacerbating its 
environmental impact.

1.1   |   Research Gap

Previous studies have examined the environmental impacts 
of BTC mining from various perspectives. For instance, The 
Carbon Footprint of Bitcoin by Stoll et al. (2019) analyzes BTC's 
global carbon emissions, while Bitcoin Emissions Alone Could 
Push Global Warming Above 2°C by Mora et  al.  (2018) high-
lights the risks of BTC mining on climate change. Additionally, 
Bitcoin's Growing Energy Problem by De Vries  (2018) quantita-
tively assesses the increasing electricity consumption of BTC 
mining.

However, more recent studies have focused increasingly on the 
growing environmental concerns associated with BTC mining. 
For example, The Environmental Stake of Bitcoin Mining: Present 
and Future Challenges by Arfelli et  al.  (2024) estimates that 
in 2022 alone, BTC mining was responsible for approximately 
51.7 million tons (Mt) of CO2 emissions due to electricity con-
sumption. Similarly, Balancing Innovation and Sustainability: 
Addressing the Environmental Impact of Bitcoin Mining by 
Hossain and Steigner  (2024) emphasizes the ongoing conflict 
between financial innovation and sustainability, arguing that 
without regulatory interventions or a transition to renewable 
energy, BTC's environmental impact will continue to increase.

Although previous studies have examined BTC mining's electric-
ity consumption and emissions, they often lack a comprehensive 
analysis integrating global sustainability frameworks. Research 
indicates that BTC's annual electricity consumption has reached 
levels comparable to those of some small countries (Cambridge 
Centre for Alternative Finance 2023a; De Vries 2018). According 
to the Cambridge University Bitcoin Electricity Consumption 
Index, BTC mining consumes over 100 TWh of energy annu-
ally, exceeding the yearly energy consumption of countries 
like Argentina and the Netherlands (Cambridge Centre for 
Alternative Finance 2023b; De Vries 2018). This situation cre-
ates a significant conflict between the cryptocurrency sector 
and global climate goals (Mora et al. 2018; Stoll et al. 2019).

Moreover, BTC mining is still largely powered by non-renewable 
energy sources such as coal and natural gas, further exacerbating 
carbon emissions (Jiang et al. 2021; Krause and Tolaymat 2018). 
The direct correlation between BTC's market value and energy 
consumption suggests that as BTC demand increases, so does 
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its environmental burden (Stoll et  al.  2019; De Vries  2018). 
Therefore, understanding the interplay between BTC's energy 
consumption, market dynamics, and environmental sustain-
ability remains crucial.

By incorporating the SDGs framework, this study examines the 
dynamic effects of BTC's electricity consumption (BEC) and 
climate policy uncertainty (CPU) on GHG emissions. Utilizing 
advanced econometric methods such as dynamic stimulated 
autoregressive distributed lag (DARDL) and kernel-based reg-
ularized least squares (KRLS), developed by Hainmueller and 
Hazlett  (2014), it provides a deeper analysis of the short- and 
long-term relationships between these variables. Unlike tradi-
tional approaches, this research considers both linear and non-
linear dynamics, offering a more comprehensive perspective on 
BTC's carbon footprint.

Additionally, BTC miners have increasingly adopted renewable 
energy sources such as solar, wind, and hydroelectric power to 
mitigate environmental concerns. While these alternatives help 
reduce mining costs and emissions, their intermittent nature 
and energy storage limitations remain significant challenges 
(Kuznetsova and Anjos 2020). This study contributes to the lit-
erature by examining the feasibility of integrating renewable 
energy into BTC mining operations and evaluating its role in 
achieving sustainability goals.

Thus, this study fills a critical gap in the literature by proposing 
practical strategies to align cryptocurrency mining with global 
sustainability goals. It not only investigates BTC's energy con-
sumption and environmental impact but also explores potential 
solutions, including renewable energy adoption and alternative 
consensus mechanisms such as PoS.

In this context, the study consists of eight sections based on 
this theoretical framework. The first section introduces the 
study. The second section presents the literature review, while 
the third section addresses the research gap. The fourth section 
explains the methodology, followed by the fifth section, which 
details data, conceptual framework, and model specification. 
The sixth section presents the empirical findings, and the sev-
enth section provides the discussion. Finally, the eighth section 
concludes with the conclusion, policy recommendations, limita-
tions of the study, and future research directions.

2   |   Literature Review: Theoretical and Empirical 
Studies

Blockchain technology is transforming many industries and 
business processes by providing a decentralized, secure, and 
transparent data-sharing system. However, the widespread 
use of this technology also brings certain environmental 
threats. Blockchain technology should not be considered 
solely as a new technological advancement; it should also be 
evaluated holistically by taking into account its environmen-
tal impact, energy consumption, and societal consequences 
(Sedlmeir et al. 2020).

One of the biggest criticisms of this technology is its environ-
mental impact. The primary reason for this is the high electricity 

consumption of blockchain networks that rely on the PoW con-
sensus mechanism. When combined with the use of fossil fuels, 
high energy consumption leads to environmental consequences 
and threatens the sustainability of energy resources (Kiayias 
et al. 2017).

Bublyk et al. (2023) in their research, estimated that BTC's en-
ergy consumption will reach a minimum of 142 TWh per year 
by 2026 and found that in 2022 alone, BTC mining caused at 
least 27.4 Mt of CO2 emissions, harming the environment. 
Furthermore, a 95% correlation was found between IT sector 
spending, the energy consumption of BTC and Ethereum, and 
the total market capitalization of the cryptocurrency sector. The 
research identified BTC's energy intensity as a significant sus-
tainability issue and suggested encouraging the use of renewable 
energy sources or residual energy sources such as natural gas.

Lu  (2023) examined the environmental impact of cryptocur-
rencies and found that BTC mining consumes 150 TWh an-
nually, exceeding the total energy consumption of countries 
like Norway and Argentina. This results in significant GHG 
emissions, intensifying the effects of climate change. Lu also 
highlighted Ethereum's transition to the PoS, which reduced 
its energy consumption by 99.9%, as an example of the need to 
adopt energy-efficient methods. However, to address the energy 
intensity issue of BTC's current PoW system, the study proposed 
implementing more efficient mechanisms such as Green-PoW or 
merged mining. Additionally, the study suggested that by pro-
moting carbon credits and the use of renewable energy sources 
in crypto mining, a sustainable digital financial ecosystem 
could be created.

Siddik et  al.  (2023) analyzed the energy consumption and en-
vironmental impact of cryptocurrencies, finding that these 
systems have a significantly larger environmental footprint 
compared to traditional financial systems. Their research found 
that cryptocurrencies consumed 236 TWh of energy in 2021, 
which was 83% higher than the energy consumption of tradi-
tional monetary systems. Furthermore, crypto mining activi-
ties alone were responsible for 139 Mt of CO2 emissions and an 
annual total water consumption of 3668 million cubic meters. 
The study emphasized that the energy consumption of BTC and 
other cryptocurrencies largely depends on the energy sources 
and regulatory policies of the countries where mining activities 
take place. For example, China's ban on crypto mining in 2021 
reduced the carbon intensity of mining operations by 10% but 
led to a 73% increase in water consumption. The researchers 
recommended using more energy-efficient algorithms such as 
PoS and concentrating mining activities in low-carbon-intensive 
regions to reduce energy consumption and mitigate environ-
mental impacts. The study concluded that the energy intensity 
of cryptocurrencies poses a major sustainability challenge and 
that integrating renewable energy sources is crucial to address-
ing this issue.

Miśkiewicz et al. (2022) analyzed the impact of cryptocurrency 
trading on economic growth, renewable energy consumption, 
and environmental degradation, providing a long-term perspec-
tive on these relationships. The study found that cryptocurrency 
trading positively influences gross domestic product (GDP), 
fixed capital formation, and globalization. However, it also 

 10991719, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sd.3471 by Istanbul G

elisim
 U

niversitesi, W
iley O

nline L
ibrary on [15/08/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



6 of 23 Sustainable Development, 2025

discovered that crypto trading does not have a long-term rela-
tionship with the share of renewable energy in total energy con-
sumption. The study highlighted the impact of cryptocurrencies 
on energy consumption and carbon emissions, noting that BTC's 
energy consumption has reached 204.50 TWh, which is equiv-
alent to Thailand's annual energy consumption. Additionally, 
BTC mining's carbon footprint was measured at 114.06 Mt of 
CO2, comparable to the carbon footprint of the Czech Republic.

Regarding e-waste, BTC transactions generate 34.36 kt of e-
waste annually, a figure comparable to the amount of small IT 
equipment waste in the Netherlands. The study described cryp-
tocurrency trading as creating a dilemma cycle—acting as a tool 
that supports economic growth and provides resources for green 
technology development while simultaneously contributing to 
increased energy consumption and environmental degradation. 
The researchers recommended implementing innovative tech-
nologies and energy-efficient mining protocols to reduce energy 
consumption and environmental damage. Additionally, they 
emphasized the need for green taxes and government policies to 
help reduce carbon emissions.

According to the Paris Climate Agreement, it is emphasized 
that global cooperation is necessary to address the climate cri-
sis. However, the design of the BTC system, which generates 
high energy consumption, poses a threat to the implementation 
of global agreements (Truby 2018). While cryptocurrencies are 
a promising technology with numerous potential applications, 
their high energy consumption and carbon footprint present a 
significant threat to global warming (Mora et al. 2018; Corbet 
and Yarovaya 2020). The impact of BTC on carbon emissions is 
also a major concern.

In recent years, several studies have examined the effects of 
BTC's carbon emissions on climate change. Stoll et  al.  (2019) 
calculated that as of November 2018, BTC's annual electricity 
consumption was 45.8 TWh, with annual carbon emissions 
ranging between 22.0 and 22.9 Mt of CO2. These results indi-
cate that BTC's emissions are comparable to those of Jordan, 
Sri Lanka, or nearly Canada. De Vries (2018) reported that as of 
2018, BTC's energy consumption resulted in a carbon footprint 
of 19.0–29.6 million metric tons of CO2 (475 g CO2/kWh). In this 
scenario, the average carbon footprint per transaction was es-
timated to be between 233.4 and 363.5 kg CO2. By comparison, 
the carbon footprint of a VISA transaction is 0.4 g CO2, while a 
Google search produces 0.8 g CO2.

Sarkodie et al.  (2023) observed that an increase in BTC trans-
action volume led to a 24% long-term increase in BTC's energy 
consumption and carbon footprint, while a dynamic shock in 
trading volume resulted in a 46.54% rise in BTC's energy con-
sumption and carbon emissions. Kohli et al.  (2023) found that 
BTC consumes as much energy as Sweden and that BTC's CO2 
emissions are similar to those of Greece. Additionally, a study 
conducted by Palta and Alsu (2013–2021) analyzed the relation-
ships between energy expenditures, carbon emissions, GDP, 
and BTC production using panel data analysis. According to 
the panel data analysis, a long-term negative relationship was 
found between BTC production and carbon emissions, suggest-
ing that BTC production may have a reducing effect on carbon 
emissions.

Kohli et  al.  (2023) stated that cryptocurrencies are one of the 
main factors contributing to an increased carbon footprint and 
that the energy consumption of a single BTC account is equiva-
lent to the energy consumption of a refrigerator over 8 months. 
Gallersdörfer et  al.  (2020) measured the energy consumption 
of cryptocurrencies and BTC based on algorithms, current 
hash rates, and suitable mining devices, determining that BTC 
accounts for two-thirds of total energy consumption, while 
the remaining cryptocurrencies make up the other one-third. 
Additionally, Das and Dutta (2020) argued that BTC mining is 
unsustainable unless efficient mining practices and low-cost 
electricity sources are available. These studies highlight the 
scale of the energy consumption and carbon footprint issues 
caused by BTC. However, some projects, particularly Ethereum, 
are attempting to mitigate this issue by adopting more energy-
efficient consensus mechanisms such as the proof of stake 
system.

The social and economic consequences of blockchain technol-
ogy are also critical factors that need to be addressed. The adop-
tion of this technology threatens certain traditional business 
models and institutions, which could lead to unemployment 
and income inequality. Additionally, concerns regarding data 
privacy and security have emerged with the use of blockchain-
based applications. Therefore, blockchain technology must be 
carefully considered to maintain social and economic balance.

Discussions on BTC's energy consumption and environmental 
impact frequently take center stage, particularly due to criti-
cisms of the energy-intensive PoW mechanism. However, this 
perspective focuses solely on PoW-based systems like BTC and 
does not sufficiently cover alternative blockchain consensus 
mechanisms. In particular, the advantages of the PoS mecha-
nism in terms of energy efficiency are worth examining in this 
context. Recent data indicates that PoS-based systems consume 
significantly less energy compared to BTC.

Ethereum's transition to the PoS mechanism through the process 
known as “The Merge” clearly illustrates the extent of this dif-
ference. Before The Merge, Ethereum's annual energy consump-
tion was approximately 70 TWh, whereas after the transition, its 
energy consumption decreased by 99.9%. Currently, Ethereum's 
annual energy consumption ranges between 963 kW and 33 kW, 
while energy consumption per transaction is measured between 
0.02095 kWh and 0.000718 kWh (Ibañez and Rua 2023). When 
compared to BTC's energy consumption per transaction, which 
stands at 2.927 kWh, it becomes evident that Ethereum's envi-
ronmental impact is several orders of magnitude lower.

Similarly, Solana, another blockchain utilizing the PoS mech-
anism, has managed to reduce energy consumption per trans-
action to 0.000517 kWh. Considering its high transaction 
throughput (TPS) capacity, Solana's energy efficiency presents 
a significant advantage. Other PoS-based platforms such as 
Hedera and Algorand also stand out with their remarkably low 
energy consumption levels. Hedera's energy consumption per 
transaction is recorded at just 0.000003 kWh, while Algorand's 
consumption per transaction is measured at 0.003411 kWh. 
These figures demonstrate that PoS-based blockchain systems 
offer far more sustainable alternatives in terms of energy effi-
ciency compared to PoW-based systems like BTC. Additionally, 
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comparisons with centralized financial systems such as VisaNet 
indicate that PoS-based systems can be competitive in terms of 
energy consumption. For example, VisaNet's energy consump-
tion per transaction is approximately 0.00328 kWh, whereas 
many PoS-based blockchains consume even less energy than 
this (Ibañez and Rua 2023).

In this context, focusing solely on PoW-based mechanisms when 
evaluating BTC's environmental impact overlooks the energy 
efficiency advantages offered by PoS-based blockchains. For a 
more balanced assessment, a comprehensive comparison of the 
energy consumption and environmental impact of different con-
sensus mechanisms is necessary. These comparisons will help 
us better understand the potential effects of technological inno-
vations on environmental sustainability.

In the literature, studies on the environmental impacts of BTC 
mining have generally focused on energy consumption and car-
bon emissions, while the effects of CPUs on these processes have 
not been adequately addressed. In particular, the interaction be-
tween environmental damage caused by energy consumption 
and uncertainties in climate policies, as well as how this situ-
ation contributes to carbon emissions, has not been thoroughly 
examined in existing studies. Additionally, the years considered 
in these studies often coincide with the period when BTC's pop-
ularity increased.

Moreover, there is a notable lack of comprehensive evaluation re-
garding the impact of renewable energy use on the environmen-
tal sustainability of BTC mining and the feasibility of alternative 
mining mechanisms. In this regard, this study carefully explains 
the potential positive aspects of systemic changes. Furthermore, 
while analyzing the effects of BTC mining on carbon emissions, 
it aims to propose solutions to align these impacts with SDGs. 
The study particularly emphasizes the importance of promoting 
renewable energy sources, improving energy efficiency in min-
ing technologies, and reducing CPUs.

In this respect, the study seeks to go beyond the limited energy- 
and environment-focused perspective in the existing literature, 
offering both an academic and practical contribution.

3   |   Methodology

3.1   |   Augmented Dickey and Fuller (1979) 
and Phillips and Perron (1988) Unit Root Tests

The study first examines the degree of integration or stationarity 
of the series using the augmented Dickey–Fuller (ADF) unit root 
tests proposed by Dickey and Fuller in 1979 and the Phillips–
Perron (PP) unit root tests developed by Phillips and Perron in 
1989. A common feature of ADF and PP unit root tests is that 
they do not account for structural breaks and non-linearity. The 
following regressions are carried out for the Dickey–Fuller (DF) 
unit root test:

where Δ is the difference operator, a0 is the constant term, T 
states the trend, while ut is the error term, and t is time dimen-
sion. If there is an autocorrelation problem in the ut error term, 
the above equation is transformed as follows:

The model is designed to eliminate the problem of autocorrela-
tion, as the DF test does not work effectively in the presence of 
autocorrelation. ΔYt−i term is performed in the model to elimi-
nate the autocorrelation. By applying the DF test to this equa-
tion, the model takes the form of the extended DF (ADF) test 
based on autoregressive processes at different levels as well as 
the extended AR(1) process. In addition, the PP (1989) method, 
which has a non-parametric character, extends the assumption 
of the DF test equation regarding the error term and changes the 
ratio of the coefficient so that serial correlation does not affect 
the asymptotic distribution of the test statistic.

3.2   |   Zivot and Andrews (2002) and Güriş (2019) 
Unit Root Tests

If we look at the development process of unit root tests, the 
development of tests with structural breaks is an important 
stage. In the first stage, unit root tests were developed in 
which structural breaks were determined exogenously. Later, 
however, Zivot and Andrews  (2002) proposed a model in 
which the dates of structural breaks could be determined en-
dogenously. Here, Phillips and Perron (1988) added structural 
break dates exogenously to the model when establishing the 
null hypothesis, but ZA now proved that it would be possible 
to select the structural break dates from within the series. The 
following models are created for the ZA unit root test (Zivot 
and Andrews 2002).

(1)Model without constant and trend: ΔYt = δYt−1 + ut

(2)
Model with constant and without trend: ΔYt = a0 + δYt−1 + ut

(3)
Model with constant and trend: ΔYt = a0 + a1T + δYt−1 + ut

(4)

Model without constant and trend: ΔYt = δYt−1 + � i

m
∑

i=1

ΔYt−i + ut

(5)

Model with constant and without trend: ΔYt = a0 + δYt−1 + � i

m
∑

i=1

ΔYt−i + ut

(6)

Model with constant and trend: ΔYt = a0 + a1T + δYt−1 + � i

m
∑

i=1

ΔYt−i + ut

(7)

Model (A): Δyt = �1 + �yt−1 + � t + �1DUt(�) +

k
∑

j=1

djΔyt−j + et

(8)

Model (B): Δyt = � + �yt−1 + � t + �1DTt(�) +

k
∑

j=1

djΔyt−j + et

(9)

Model (C): Δyt = �1 + �yt−1 + � t + �1DUt(�) + �1DTt(�) +

k
∑

j=1

djΔyt−j + et
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Here, TB represents the date of the structural break. The Δyt−j 
term should be added in the model to ensure that the error term 
is free of autocorrelation. et represents the error term with no 
autocorrelation and normal distribution. Model A relates to 
the break in the mean, while Model B indicates the break in 
the slope. Model C is the equation that shows that a structural 
change modifies both the mean and the slope. When applying 
the ZA test, Model C is first estimated and the appropriate model 
is selected according to the significance of the parameters of the 
dummy variables DU and DT. If both dummy variables DU and 
DT are statistically significant, Model C is appropriate, if only 
DU is significant, Model A is appropriate, and finally, if only 
DT is significant, Model B is appropriate. However, although 
the ZA unit root test detects structural breaks endogenously 
without non-linearity, it uncovers sharp structural breaks due 
to the use of dummy variables in the model.

For this reason, unit root tests have been developed that take 
into account both soft breaks and nonlinearity. The Fourier 
Kruse (FKruse) unit root test is a non-linear unit root test with 
Fourier function developed by Güriş  (2019). The FKruse unit 
root test procedure can be illustrated as follows:

where k* is the optimum frequency and can be between 1 and 5; 
then, OLS is performed to estimate the equation and minimize 
the sum of the squares of the error terms. vt is specified as the 
error term. vt can be calculated using Equation (10) as follows:

The test statistics are computed by the following estimation 
using the error terms obtained in Equation (11):

After applying, if the null hypothesis of the existence of a unit 
root is rejected, it can be said that it is stationary around a de-
terministic function that breaks for the variables. All in all, it 
should be said that the null hypothesis of all unit root tests used 
in this study is that the series has a unit root, while the alterna-
tive hypothesis is that there is no unit root in the series.

3.3   |   Dynamic Stimulated Autoregressive 
Distributed Lag Models (DARDL)

The ARDL cointegration test introduced by Pesaran et al. (2001) 
is a convenient method for variables with different degrees of 

integration. The traditional ARDL test is used to estimate long-
run and short-run coefficients for variables of the form I(1) and 
I(0) I(1). Later, the augmented autoregressive distributed lag 
(A-ARDL) bound test was developed by Sam et  al. (2019) for 
variables with integration degrees such as I(0) and I(1) I(0). In 
this study, the dynamic simulated ARDL model proposed by 
Jordan and Philips (2018) was run as the prerequisites for this 
test were provided. The feature of this model, and the reason 
for its selection, is that it can automatically stimulate, quan-
tify, and represent the actual variation in an explanatory vari-
able and its impact on the dependent variable, ceteris paribus 
(Sarkodie et al. 2019; Sarkodie and Owusu 2020). Figure 1 is 
given for analysis steps of the research.

4   |   Data, Conceptual Framework, and Model 
Specification

This paper uncovers the nexus between BEC, CPU and BTC 
GHG emissions (BTCGHG) in the world, utilizing monthly data 
from 2015 to 2023. The theoretical model of this paper is based 
on the Environmental Kuznets Curve (EKC). As it is known, 
the EKC, which is generally considered to be parabolic, the de-
pendent variable is created by modeling environmental vari-
ables, and the independent variables are GDP and the square 
of GDP (Dinda 2004; Stern 2004; Celik et al. 2024). However, 
in this study, the dependent variable was modeled as the GHG 
emissions variable of BTC mining, and the independent vari-
ables were BEC and the square of BEC. It is also included in the 
model to measure the impact of uncertainty in climate policy.

In this context, the mathematical and econometric model can be 
presented as follows:

where �0 states the constant term, while ut denotes the 
error term. In addition, �1…�3 denote the slope coefficients, 
“ln” indicates the natural logarithm, t subscript indicates 
time dimension. Within the framework of the above hy-
potheses, the expectations regarding the slope coefficients 
(𝛼1 > 0, 𝛼2 > 0, 𝛼3 > 0) in the model are that the independent 
variables considered could increase the BTCGHG. In this 
respect, the description of the variables is given in Table  1. 
Therefore, BTCGHG and BEC data were collected by the 
Cambridge Centre for Alternative Finance, while CPU data 
were obtained from https://​www.​polic​yunce​rtain​ty.​com/​. It 
should also be noted that global data are utilized in the analy-
sis process of this study.

Moreover, Figure 2 indicates time change of variables at monthly 
frequency after 2015. Accordingly, with the popularity of cryp-
tocurrencies over the years, the increase in energy consumption 
and the growth in GHG emissions caused by the increase in BTC 
production are clearly observable.

Furthermore, Table 2 demonstrates that the mean of lnBTCGHG 
is 2.81, while the mean of lnBEC is 3.47, the mean of lnBEC^2 is 
13.63, and the mean of lnCPU is 5.09. It can also be seen that the 

DTt
∗ =

{

t−TB t>TB

0 otherwise.

DUt =

{

t t>TB

0 otherwise

(10)yt = �0 + �1sin

(

2�k∗t

T

)

+ �2cos

(

2�k∗t

T

)

+ vt

(11)vt = yt − �0 − �1sin

(

2�k∗t

T

)

− �2cos

(

2�k∗t

T

)

(12)Δvt = �1v
3
t−1 + �2v

2
t−1 +

p
∑

j=1

�jΔvt−j + �t

(13)lnBTCGHG = f(lnBEC, lnBEĈ2, lnCPU)

(14)
lnBTCGHGt = α0 + α1lnBECt + α2lnBEC

2
t
+ α3lnCPUt + ut
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standard deviation of lnBTCGHG is 1.23, the standard deviation 
of lnBEC is 1.25, the standard deviation of lnBEC^2 is 7.69, and 
the standard deviation of lnCPU is 0.43.

In continuation of descriptive statistics, Figure  3 displays the 
results of the correlation analysis. It can be said that the re-
sults of the correlation analysis are in line with expectations. 
Accordingly, a positive relationship was found between BEC 
and BTCGHG. Similarly, a positive relationship was found be-
tween CPU and BTCGHG. Another notable result is the high 
correlation between BTC production and BEC. The reason for 
this, of course, is that BTC production is directly dependent on 
electricity consumption.

5   |   Empirical Findings

Table 3 indicates the results of the ADF, PP, Zivot ve Andrews 
(ZA), and FKruse unit root tests. The ADF and PP unit root 
tests are linear unit root tests without structural breaks. They 
may not give reliable results in the presence of structural 
breaks and non-linearity. Therefore, ZA with sharp structural 
breaks and without taking non-linearity into account and the 
FKruse unit root test with soft breaks and then taking non-
linearity into account were considered first. ADF and PP 

FIGURE 1    |    Analysis steps of the research  Source: Constructed by authors.

TABLE 1    |    Description of variables.

Variable Code Unit Source

Bitcoin 
greenhouse gas 
emissions

BTCGHG Terawatt Cambridge 
Centre for 

Alternative 
Finance

Bitcoin electric 
consumption

BEC Terawatt Cambridge 
Centre for 

Alternative 
Finance

Climate policy 
uncertanity

CPU Index https://​www.​
polic​yunce​

rtain​ty.​com/​
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unit root test results indicate that lnCPU is stationary at the 
level, while other variables are stationary at their first differ-
ences. Furthermore, ZA unit root test results also reveal that 
lnBECKARE and lnCPU are stationary at the level, while 
lnBTCGHG and lnBEC are stationary at their first differences. 
Finally, Figures 4 and 5 illustrate the results of the quantile-
based ADF and PP unit root tests proposed by Adebayo and 
Ozkan (2024). It can be said that these results are in line with 
the results of the traditional unit root tests. The results of the 
unit root test indicate that ARDL is a suitable method for es-
timating the coefficients, since the results of the unit root test 
point to a mixed integration of the variables.

Before evaluating the dynamic ARDL test results, the quan-
tile on quantile regression (QQR) introduced by Sim and Zhou 
(2015) results are examined. The QQR approach is used for 

bivariate analysis, combining QR and nonparametric estima-
tions (Adebayo and Acheampong  2022; Somoye et  al.  2024). 
Figure  6 illustrates the results of Quantile on quantile regres-
sion analysis. According to the results in Figure  6a, it is ob-
served that BEC increases BTCGHG at different quantile levels. 
In particular, it is found that a 1% increase in BEC at the upper 
quantile level increases BTCGHG by approximately 10%–15%. 
Next, Figure  6b demonstrates that BEC^2 increases BTCGHG 
predominantly at different quantile levels. Finally, Figure  6c 
indicates that the rise in CPU leads to growth in BTCGHG by 
15%–20% at the upper quantile level, while at the lower quantile 
level, CPU has a neutral effect on BTCGHG.

Following the QQR results, Figure  7 illustrates the results 
of Wavelet quantile regression (WQR). Hence, Figure  7a il-
lustrates the relationship between BTCGHG and BEC using 

FIGURE 2    |    Time change of variables at monthly frequency after 2015.

TABLE 2    |    Descriptive statistics of the variables.

Variable Obs Mean Std. dev. Min Max

lnBTCGHG 108 2.814343 1.237212 0.392042 4.379398

lnBEC 108 3.475775 1.250535 1.004302 5.059172

lnBEC^2 108 13.63037 7.698112 1.008622 25.59522

lnCPU 108 5.094411 0.431667 3.894375 6.019296
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the wavelet quantile regression (WQR) method introduced 
by Adebayo and Ozkan  (2024). It can be seen that BEC has 
a positive impact on BTCGHG for all periods. In particular, 
in the long term, an increase in BEC leads to an increment in 
BTCGHG by 1.10%. Figure 7b also demonstrates the relation-
ship between BTCGHG and BEC^2. According to this result, 
the increase in BEC^2 also contributes to the rise in BTCGHG 
in the short, medium, and long term. Figure  7c also depicts 
the link between BTCGHG and CPU. According to this, an in-
crease in CPU leads to an increment in BTCGHG in the short, 
medium, and long term.

When ARDL test results are monitored, first of all, the results 
of the bounds tests in Table 4 reveal that the values of the cal-
culated F-statistic and t-statistic are greater than the critical 

values at the 1% significance level. Accordingly, the null hypoth-
esis that there is no cointegration between variables is rejected. 
Therefore, cointegration relationships are detected between 
variables. In short, these results state that the selected variables 
have a long-run relationship and move together.

Table 5 indicates the results of the dynamic ARDL simulation. 
First, the results of the F-test statistic indicate that the model 
is statistically significant. Accordingly, it can be seen that the 
increase in lnBEC has a positive effect on lnBTCGHG in both 
the short and long term. A 1% increase in lnBEC raises lnBTC-
GHG by 0.64% in the short term and 0.33% in the long term. 
In addition, a 1% increase in lnBTC^2 rise in lnBTCGHG by 
0.05% in the short term. In other words, the increase in en-
ergy consumption has led to an increase in GHG es. On the 

FIGURE 3    |    Correlation analysis results.

TABLE 3    |    Results of unit root tests.

Panel A. Results of unit root tests with no structural breaks and nonlinearity

Variable

ADF PP

Level 1st diff. Level 1st diff.

t-Statistic t-Statistic t-Statistic t-Statistic

lnBTCGHG −1.16 (0.68) −10.12 (0.00)*** −1.16 (0.68) −10.12 (0.00)***

lnBEC −1.17 (0.68) −11.16 (0.00)*** −1.16 (0.68) −11.14 (0.00)***

lnBEC^2 −0.66 (0.85) −10.91 (0.000)*** −0.63 (0.85) −10.91 (0.00)***

lnCPU −4.46 (0.00)*** — −4.32 (0.00)*** —

Panel B. Results of unit root tests with structural breaks and nonlinearity

Variable Zivot and Andrews (2002) Breakpoints Fourier Kruse (2019)

lnBTCGHG −4.26 2017 M5 6.99

lnBEC −4.48 2017 M6 8.6

lnBEC^2 −5.22** 2017 M12 9.17

lnCPU −7.36*** 2017 M11 21.48***

Note: (*) significant at 10%, (**) significant at 5%, and (***) significant at 1%.
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12 of 23 Sustainable Development, 2025

other hand, it is noted that the R-squared is 0.847. This result 
indicates that the independent variables have high explana-
tory power for the dependent variable. Likewise, the results of 

the diagnostic tests show that there is no problem with auto-
correlation and heteroskedasticity at a statistically significant 
level of 1%.

FIGURE 4    |    Results of the quantile ADF unit root test.

FIGURE 5    |    Results of quantile PP unit root tests.
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Following that, the estimated short and long-term effects of 
1% positive and negative shocks that may occur in any period 
in the independent variables used in the study's model (BEC, 
BEC2, CPU) on BTC GHG emissions were simulated applying 
the dynamic ARDL simulation model. The graphs obtained 
as a result of the simulation are visualized in Figure  8. The 
graphs on the left in Figure 8 display the effect of a 1% nega-
tive shock on lnBTCGHG, while the graphs on the right show 
the effect of a 1% positive shock on lnBTCGHG. Looking at 
the upper plots, it can be revealed that a 1% negative shock 
to lnBEC significantly reduces lnBTCGHG in the short-term 
and then reaches a constant long-term value of about 1.8. 
Nevertheless, a 1% positive shock in lnBEC significantly in-
creases lnBTCGHG in the short term and then reaches a con-
stant long-term value of about 3.6. It is also simulated that 1% 

negative and positive shocks in lnBEC^2 have no direct im-
pact on lnBTCGHG in the short and long term. However, a 1% 
negative shocks in lnCPU significantly reduces lnBTCGHG 
in time and a 1% positive shock in lnCPU rises in BTCGHG 
in time. To sum up, it has been concluded that increases in 
BEC increase BTC GHG emissions and ultimately increase 
environmental degradation. On the contrary, a decreases in 
BEC have been found to lower the amount of BTC GHG emis-
sions. In addition, as CPUs diminish, the amount of BTC GHG 
Emissions decreases, while as CPUs grow, the amount of BTC 
GHG emissions increases accordingly.

Table 6 indicates the pointwise derivatives using KRLS. The 
goodness of fit of the KRLS model is 0.994, which means that 
99% of the variation in BTC GHG emissions can be explained 

FIGURE 6    |    Quantile on quantile regression analysis results.
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14 of 23 Sustainable Development, 2025

by the independent variables in the model. Accordingly, the 
results of the KRLS test prove that a 0.38% increase in lnBEC 
leads to a raise in lnBTCGHG, while a 0.06% increase in 

lnBEC^2 contributes to a rise in lnBTCGHG. Overall, an in-
crease in BEC results in an upward trend in BTC GHG emis-
sions. The results of the robustness estimation (robust OLS, 
FMOLS, and VAR analysis) presented in Table  7 also show 
consistency with the relevant values. In particular, the vari-
ance decomposition results evidence that the influence of the 
independent variables on the GHG emissions of BTC is much 
higher as the time period becomes longer. Therefore, looking 
at the 10th time period, approximately 79.2% of BTC GHG 
emissions are caused by IT, while approximately 10.10% of 
BTC GHG emissions are caused by CPU. In addition, about 
7.8% of BTC GHG emissions are affected by BEC, while about 
2.56% of BTC GHG emissions are affected by BEC^2.

Next, the marginal effect of the independent variables on the 
dependent variable were considered. Figures  9–11 depict the 
marginal effects of the independent variables. First, Figure  9 

FIGURE 7    |    WQC results.

TABLE 4    |    ARDL bounds cointegration test.

f-test
10% critical 

value
5% critical 

value
1% critical 

value

f-stat: 
5.527

2.72 3.77 3.23 4.35 4.29 5.61

t-test
10% critical 

value
5% critical 

value
1% critical 

value

t-stat: 
−4.614

−2.57 −3.46 −2.86 −3.78 −3.43 −4.37
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indicates the marginal effect of BTC electricity consumption on 
lnBTCGHG. Accordingly, as BEC increased, the amount of BTC 
GHG increased up to a threshold. However, after the threshold 
it partially decreased and then became stable. In addition to 
this result, as shown in Figure 10, when the square of BTC en-
ergy consumption increased, there was a linear increase in the 
amount of BTC GHG. Finally, in Figure 11, as CPU increased, 
the amount of BTC GHG showed an upward trend. However, 
after a certain threshold, there was a decrease in the amount of 
GHG emissions. A general overview of the results obtained can 
be seen in Figure 12.

6   |   Discussion

Studies on the environmental impacts of BTC mining primar-
ily focus on the high energy consumption of the PoW consen-
sus mechanism and the resulting GHG emissions. BTC mining 
has been criticized for its significant energy and electricity con-
sumption, which negatively impacts the environment due to its 
reliance on fossil fuels. Stoll et  al.  (2019) examined this issue 
in detail and reported that in 2018, BTC mining contributed to 
22 Mt of CO2 emissions globally. This amount is equivalent to 
the annual carbon emissions of some small countries, highlight-
ing the environmental impacts of BTC's fossil fuel-based energy 
consumption on global warming and environmental degrada-
tion. De Vries  (2018) echoed a similar view, emphasizing the 

negative environmental impacts of BTC mining. According to 
the Cambridge Centre for Alternative Finance  (2023a), BTC 
mining consumes over 100 TWh of energy per year, which is 
comparable to the annual energy consumption of countries like 
Argentina. Since this energy consumption is largely dependent 
on fossil fuels, it poses a significant barrier to combating climate 
change (Mora et al. 2018).

However, some researchers argue that the environmental im-
pacts of BTC mining could be more positive. They suggest that 
advancements in mining technology and the transition to re-
newable energy sources could mitigate these effects. Similarly, 
Shahbaz et  al.  (2020) claimed that technological innovations 
could optimize energy consumption and positively affect envi-
ronmental outcomes.

As an alternative to PoW's high energy consumption, Ethereum's 
transition to PoS system is regarded as a significant example of 
reducing environmental impacts. Sedlmeir et al. (2020) argued 
that the PoS mechanism consumes significantly less energy 
compared to PoW and suggested that BTC could similarly re-
duce its environmental damage by making a similar transition. 
However, they also pointed out that this transition could present 
technical and ideological challenges for BTC. Kirikkaleli and 
Adebayo  (2021) also found a relationship between the use of 
renewable energy and economic growth that supports environ-
mental sustainability. Neagu (2019) research on economic com-
plexity and environmental sustainability further supports the 
argument that the correct application of technology can reduce 
environmental harm.

In conclusion, discussions surrounding the environmental 
impacts of BTC mining are shaped by differing perspectives. 
On one side, there is criticism regarding BTC's environmental 
harm due to its high energy consumption and dependence on 
fossil fuels. On the other side, some argue that transitioning to 
renewable energy and technological advancements could mit-
igate these environmental impacts. In this context, adopting 
new technologies and consensus mechanisms that optimize 
BTC's energy consumption, particularly transitioning from the 
PoW system to the PoS system, as we have highlighted in our 
study, will be crucial to making cryptocurrency mining more 
sustainable.

Studies on the environmental impacts of BTC mining have 
mostly focused on general metrics such as energy consump-
tion and carbon footprint. However, regional differences and 
their effects on environmental sustainability have not been 
examined in sufficient depth. In particular, the types of en-
ergy sources used in BTC mining are closely related to the 
energy infrastructures and regulations of different countries. 
However, analyses in this context have generally remained 
limited, and a comprehensive comparison of the regional im-
pacts of BTC mining has not been conducted. For example, in 
2020, China accounted for 73% of BTC mining. However, due 
to government bans and regulations on BTC mining, this share 
dropped to 21% by 2022. As a result, BTC mining has largely 
shifted to countries such as the US and Kazakhstan. The share 
of BTC mining in the US increased by 34%, while Kazakhstan's 
share rose by 10%. This shift has also affected the energy mix 

TABLE 5    |    Estimates of the dynamic simulated ARDL model.

Coef. SE p

lnBTCGHG(t-1) −0.357*** 0.077 0.000

∆lnBEC 0.649*** 0.105 0.000

lnBEC(t-1) 0.338*** 0.083 0.000

∆lnBEC^2 0.050*** 0.017 0.000

∆lnCPU 0.026 0.023 0.272

lnBEC^2 (t-1) 0.001 0.006 0.856

lnCPU(t-1) 0.019 0.023 0.416

Constant −0.286** 0.124 0.024

Observation 108

F-statistics (p-value) 0.000***

R-squared 0.847

Root MSE 0.069

Diagnostic tests

Heteroskedasticity Test 
Breusch-Pagan-Godfrey

1.53 [0.16]

B–G LM Test 4.65 [0.01]

Cusum Stabil

Simulations 1000

Note: ***states statistically significant at the 1% level, while **denotes 
statistically significant at the 5% level. Simulations = 1000. B–G LM test denotes 
Breusch–Godfrey Serial Correlation LM Test.
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16 of 23 Sustainable Development, 2025

used in BTC mining. Following China's exit from mining, the 
share of coal in the global BTC network's energy supply de-
creased from 53% in 2020 to 46% in 2022. Nevertheless, the 
global BTC network remains highly dependent on fossil fuels. 
For instance, in Kazakhstan, BTC mining relies primarily on 
energy produced from fossil fuels such as coal and natural gas. 
Due to its low electricity costs (70% cheaper), Kazakhstan has 
attracted significant investments in BTC mining (Cambridge 
Centre for Alternative Finance 2023b).

The US has become the second-largest country for BTC min-
ing, with mining activities varying across different states. 
For example, Georgia (31%), Kentucky (11%), Texas (10.9%), 
and New York (9.8%) are the largest BTC mining hubs in the 
country (Cambridge Centre for Alternative Finance  2023b). 
Since there is no federal regulation banning BTC mining in 
the US, state-level energy policies contribute to variations 
in the environmental impacts of mining. States like Georgia 
focus more on renewable energy sources, whereas Kentucky 

FIGURE 8    |    The negative and positive shock of lnBEC, lnBEC^2, and lnCPU on lnBTCGHG.
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relies on coal-based energy, leading to higher carbon emis-
sions. Similarly, Russia is another major BTC mining hub. The 
amount of electricity used for BTC mining in Russia is equiv-
alent to 37% of the US's BTC mining electricity consumption 

and 17% of China's. Malaysia continues BTC mining based on 
fossil fuel energy production, while countries like Canada, 
which have greater access to renewable energy sources, have 
a significant advantage in reducing their carbon footprint. On 

TABLE 6    |    Pointwise derivatives using KRLS.

lnBTCGHG Avg. SE t p > t P25 P50 P75

lnBEC 0.389*** 0.011 36.915 0.000 0.303 0.369 0.405

lnBEC^2 0.063*** 0.002 38.031 0.000 0.050 0.069 0.080

lnCPU 0.023 0.033 0.692 0.491 −0.081 0.027 0.106

Diagnostic

Lambda 0.196 Sigma 3.000 R2 0.994 obs 108

Tolerance 0.108 Eff. df 13.600 Looloss 1.337

***States statistically significant at the 1% level.

TABLE 7    |    The results of robustness tests.

Variable Robust OLS FMOLS

Variance decomposition of LNBTCGHG

Period S.E. LNBTCGHG LNBEC LNBEC_2 LNCPU

LNBEC 0.925*** 0.971*** 2 0.24 99.39 0.09 0.12 0.40

LNBEC^2 0.009** 0.002 4 0.32 92.65 2.17 0.83 4.35

LNCPU 0.018 0.01 6 0.39 86.52 4.68 1.51 7.29

C −0.622*** −0.646*** 7 0.42 84.20 5.71 1.81 8.28

R2 0.994 0.995 8 0.45 82.32 6.57 2.07 9.03

Adjusted R2 0.994 0.995 9 0.47 80.79 7.26 2.32 9.63

Sum squared resid 0.828 0.835 10 0.49 79.52 7.82 2.56 10.10

Note: ***states statistically significant at the 1% level, while **denotes statistically significant at the 5% level. Lag length was selected as 2 for VAR analysis.

FIGURE 9    |    Representation of the pointwise marginal effect of Bitcoin electric consumption.
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18 of 23 Sustainable Development, 2025

the other hand, Kazakhstan has become an attractive BTC 
mining hub due to low energy costs, but this poses serious 
threats to environmental sustainability.

The results indicate that comprehensive changes in regulatory 
frameworks are needed to reduce the environmental impacts of 
BTC mining. In this context, tax incentives could be introduced 
to encourage mining activities to shift toward renewable energy 
sources, while carbon taxes could be implemented to discourage 

fossil fuel use. Policies requiring local governments to transpar-
ently report energy consumption would not only improve the 
traceability of environmental impacts but also promote energy 
efficiency.

Additionally, the widespread adoption of more energy-efficient 
consensus mechanisms, such as Proof of Stake, should be en-
couraged, and regulations should be developed to minimize the 
impact of mining operations on local energy infrastructures. 

FIGURE 10    |    Representation of the pointwise marginal effect of Bitcoin electric consumption squared.

FIGURE 11    |    Representation of the pointwise marginal effect of climate policy uncertanity.
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Establishing carbon tracking protocols through international 
cooperation would also be a crucial step in aligning BTC mining 
with environmental sustainability.

In order to effectively mitigate the environmental impacts of 
BTC mining, proposed solutions must go beyond general reduc-
tions in energy consumption and instead adopt a stakeholder-
specific approach. Financial institutions and investment 
funds, for example, could develop green crypto investment 
portfolios that prioritize companies powered exclusively by 
renewable energy. This would also enable environmentally 
conscious investors to align their assets with Environmental, 
Social, and Governance (ESG) principles. Regulatory bodies 
could implement carbon taxes targeting high-emission min-
ing operations and offer tax incentives to encourage the use 
of clean energy sources. In decentralized regulatory environ-
ments like the US, state-level mandates on energy transpar-
ency and source reporting could significantly reduce regional 
disparities in carbon emissions. Environmental organizations 
and civil society groups may also play a vital role by estab-
lishing real-time, publicly accessible digital platforms to mon-
itor energy usage in mining operations, thereby increasing 
accountability (Mora et  al.  2018; Gallersdörfer et  al.  2020). 
Furthermore, an internationally recognized green certifica-
tion system for mining companies could incentivize sustain-
able practices across the industry. A compelling example of 
environmentally conscious transformation is Ethereum's 2022 
shift to the PoS consensus mechanism, which reportedly re-
duced its energy consumption by 99.95% (De Vries  2018). In 
this light, achieving environmental sustainability in BTC 
mining will depend not only on technological innovation but 
also on comprehensive institutional and regulatory reforms.

Technological advancements aimed at mitigating the environ-
mental impact of BTC mining can play a significant role. In 
particular, the integration of more efficient mining hardware 
and renewable energy has great potential to reduce this im-
pact. New Application-Specific Integrated Circuit (ASIC) ma-
chines can significantly improve the energy efficiency of mining 

equipment, which could be effective in reducing the environ-
mental footprint of the BTC network. Additionally, low-energy 
consensus models can be implemented to limit the environmen-
tal damage caused by BTC mining.

Such innovative solutions are not only attractive from an en-
gineering perspective but also economically viable, potentially 
transforming BTC mining into a more sustainable business 
model. Furthermore, the adoption of innovative technologies 
can serve as a proactive measure against regulations and create 
a significant opportunity to reduce the environmental impact of 
BTC mining. These technological advancements will not only 
help mitigate environmental harm but also enable BTC mining 
to become more sustainable.

7   |   Conclusion, Policy Recommendations, 
Limitations of the Study, and Future Studies

7.1   |   Conclusion

Global warming and climate change are among the most 
pressing issues facing the world today. Global warming and 
climate change threaten the entire ecosystem. The main cause 
of global warming and climate change is the increased uti-
lization of fossil fuels, especially with the second industrial 
revolution. There are many sectors and man-made reasons for 
the increase in the use of fossil fuels, particularly in the indus-
trial sector. Based on the net-zero emissions target set by the 
UN Sustainable Development and Climate Summits, all fac-
tors that negatively affect GHG and carbon dioxide emissions 
should be comprehensively examined. In recent years, the de-
velopment of blockchain technology and cryptocurrencies has 
also had some impact on the climate. In particular, the aim 
was to analyze the impact on GHG emissions of the electri-
cal energy consumed in BTC and BTC mining, which have 
the largest transaction volumes in cryptocurrency markets. In 
this context, the empirical results obtained indicate that the 
electrical energy consumed in BTC production significantly 
increases BTC GHG emissions. In addition, it is concluded 
that CPU also increases BTC GHG emissions, while decreas-
ing CPU decreases GHG emissions.

7.2   |   Policy Recommendations

The environmental impacts of BTC mining, particularly due 
to its high energy consumption and GHG emissions, present 
significant challenges to global sustainability goals. Much of 
this environmental degradation stems from the PoW consen-
sus mechanism, which requires large amounts of energy to 
secure the BTC network and verify transactions. This process 
is often criticized for its reliance on fossil fuels, as it increases 
global carbon emissions and hampers efforts to combat cli-
mate change (Mora et al. 2018; Stoll et al. 2019). Despite the 
technological and financial advancements that BTC and other 
cryptocurrencies have brought to the global economy, the envi-
ronmental costs associated with mining should not be ignored.

Today, many projects compete with BTC, and it is noteworthy 
that these projects are generally more environmentally friendly 

FIGURE 12    |    General overview of the results obtained.
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compared to BTC. For example, alternative blockchain projects 
such as Cardano, Tezos, and Polkadot use more efficient and eco-
friendly consensus mechanisms like PoS instead of BTC's energy-
intensive PoW mechanism. These projects not only reduce 
energy consumption but also offer solutions to enhance trans-
action speed and efficiency. Additionally, Cardano consumes 
1.6 million times less energy than BTC, making it a significantly 
more sustainable option. Moreover, Ethereum's transition to PoS 
has been a major step toward energy efficiency and has set an 
example for other blockchain projects. By significantly reducing 
its annual energy consumption, Ethereum has minimized its en-
vironmental impact. Similarly, projects like Ripple and Flow also 
prioritize energy efficiency, making blockchain technology more 
accessible to a broader user base. Ripple processes transactions 
with much lower energy consumption compared to BTC, while 
Flow operates 200,000 times more efficiently than BTC (Alzoubi 
and Mishra 2023).

In this context, focusing solely on BTC presents a narrow perspec-
tive on the development and potential of blockchain technology. 
The advancements in other cryptocurrencies and the industry-
wide transformation should not be limited to evaluations based 
only on BTC's energy efficiency and environmental impact. The 
cryptocurrency world is shaped by various innovative blockchain 
projects that go beyond BTC and drive the sector forward.

Addressing the negative environmental impacts of BTC min-
ing and aligning the cryptocurrency sector with global climate 
goals requires significant policy changes. One of the most effec-
tive solutions to this issue is transitioning from PoW to a more 
energy-efficient consensus mechanism, such as the PoS system. 
The main reason discussed in our study is that this transition re-
duces both electricity consumption and GHG emissions. As seen 
in Ethereum's recent transition, this change requires signifi-
cantly less computational power and energy, leading to a reduc-
tion in energy consumption of over 99% (Sedlmeir et al. 2020). 
A similar transition for BTC should be supported by both regu-
latory pressures and industry incentives. Governments and reg-
ulators should encourage research and development of PoS and 
other low-energy alternatives and support the adoption of these 
technologies through tax reductions, subsidies, or other policy 
measures.

In addition to transitioning to energy-efficient systems like PoS, 
the cryptocurrency mining industry should be encouraged to 
adopt renewable energy sources. Currently, a significant portion 
of BTC mining is concentrated in regions where electricity produc-
tion heavily relies on fossil fuels, particularly coal and natural gas. 
This situation contradicts commitments to reducing carbon emis-
sions and transitioning to clean energy under the Paris Agreement 
(UNFCCC 1998). Policymakers should implement stricter regula-
tions requiring a certain percentage of mining operations' energy 
sources to come from renewables. In countries where BTC min-
ing activities are prevalent, such as the US and Kazakhstan, laws 
should be introduced to promote the use of renewable energy in 
mining operations. To accelerate the transition of miners to solar, 
wind, or hydroelectric power, financial incentives such as grants, 
subsidies, or tax credits could be provided (Truby 2018).

Iceland serves as a significant example of successful international 
policies aimed at reducing the environmental impact of BTC 

mining and other cryptocurrencies. The country effectively utilizes 
geothermal and hydroelectric energy sources to generate power, 
thereby supporting the high energy consumption of mining activ-
ities. Additionally, there are strong claims that geothermal energy 
could be the future of BTC mining (Kumar 2021). This approach 
minimizes the carbon footprint while making renewable energy 
usage more attractive through tax incentives provided by the local 
government to mining companies. Iceland's strategy serves as a 
model for other countries in regulating cryptocurrency mining.

Furthermore, the Moonlite Project, established in 2017, presents 
a remarkable example. Moonlite is committed to using 100% 
renewable energy for mining BTC and other cryptocurrencies. 
Operating in Iceland, the project relies on wind, geothermal, 
and hydroelectric power for its mining operations. Additionally, 
Iceland's cold climate eliminates the need for cooling, making 
mining more efficient.

Canada's Quebec province also promotes environmentally friendly 
BTC mining by leveraging renewable energy sources. The province 
supports growth in this sector by offering tax credits and subsidies 
for renewable energy investments to mining companies. However, 
in regions like Quebec, where energy costs are low, mining activi-
ties tend to concentrate, while the use of eco-friendly energy aims 
to help reduce the carbon footprint (Atkins et al. 2021).

In conclusion, the renewable energy-based policies of countries 
like Iceland and Canada, along with Ethereum's transition to 
PoS and projects like Moonlite, offer concrete and practical solu-
tions to mitigate the environmental impact of BTC and other 
cryptocurrency mining activities. These examples provide valu-
able references for achieving sustainability goals in the cryp-
tocurrency sector and contribute to the development of a more 
environmentally friendly crypto ecosystem.

To ensure the environmental recommendations for cryptocur-
rency mining are truly impactful, it is essential that they go 
beyond general principles and offer specific, enforceable, and 
measurable strategies for policymakers. In countries with high 
mining activity such as the US, Kazakhstan, and China—licens-
ing frameworks could mandate that at least 70% of the electric-
ity used in mining operations comes from verified renewable 
sources. Mining firms that meet or exceed this threshold could 
qualify for fiscal incentives such as a 20% corporate tax reduc-
tion, carbon offset credits, or infrastructure subsidies (Popkova 
et al. 2023). In parallel, mandatory annual reporting on carbon 
emissions and energy sourcing by crypto mining facilities ver-
ified through independent audits would enhance transparency 
and enable more responsive regulatory oversight.

Given the cross-border nature of cryptocurrency networks, such 
national regulations must be complemented by international 
cooperation. For instance, as outlined in the European Union's 
2023 Markets in Crypto-Assets (MiCA) regulation, mandatory 
environmental disclosures for mining operations should become 
a global standard. In addition, multilateral platforms such as the 
International Renewable Energy Agency (IRENA) or the G20 
Energy Working Group could spearhead the development of a 
“Green Mining Certification” system. This framework would es-
tablish a shared set of criteria based on energy efficiency, renew-
able sourcing, and emissions thresholds, helping to identify and 
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promote environmentally responsible mining operations across 
jurisdictions (Zetzsche et  al.  2021). These measures would not 
only support global climate goals but also enhance the legitimacy 
and sustainability of the broader blockchain ecosystem.

Future research directions and emerging trends in crypto-
currency mining hold significant importance in terms of 
environmental sustainability. The increasing number of 
“carbon-neutral” or zero-carbon emission projects represents a 
key trend supporting sustainability efforts in this field. A deeper 
investigation of these developments will help us understand how 
the cryptocurrency mining sector can undergo a transformation 
to reduce its environmental impact.

Additionally, topics such as new energy-efficient solutions in 
blockchain technology and its integration with technologies like 
artificial intelligence and machine learning are gaining impor-
tance as future research areas. Studies should explore how these 
new technologies can be utilized to optimize mining processes 
and develop more sustainable alternatives. Another critical re-
search direction in terms of environmental sustainability is the 
integration of cryptocurrency mining with other industries and 
potential changes in industrial applications. Research on how 
such innovative developments can play a role in reducing the 
environmental impact of the cryptocurrency sector could make 
significant contributions to the literature.

In conclusion, international cooperation is crucial in address-
ing the global environmental challenges posed by BTC mining. 
Given the decentralized nature of the cryptocurrency sector, co-
ordinated efforts among countries will be essential to developing 
standardized environmental regulations for mining operations. 
This could include establishing global emission standards for 
cryptocurrency mining, creating green certifications for mining 
equipment, and fostering partnerships between governments, 
private companies, and environmental organizations to promote 
sustainable mining practices.

7.3   |   Limitions of the Study and Future Studies

One of the main limitations of the study is the time period cov-
ered. At the same time, another limitation is that only BTC with 
the largest transaction volume was selected among the crypto-
currencies. In this context, the relevant restrictions can be re-
vised in the future.

Future research should focus on how this technology can achieve 
environmental sustainability by seeking ways to overcome cur-
rent energy efficiency issues. In particular, how blockchain can be 
aligned with environmental sustainability goals should be open 
to discussion from both technological and political perspectives.

One of the biggest areas of debate regarding the reduction of 
blockchain technology's energy consumption and environmen-
tal impacts is the development of alternatives to the current PoW 
consensus mechanism. Ethereum's transition to the PoS system 
sets an example by significantly reducing energy consumption.

Another important topic concerning the sustainability of cryp-
tocurrency mining is the use of renewable energy sources. 

Currently, a significant portion of BTC mining relies on fossil 
fuel-based energy sources, leading to environmental pollution. 
The integration of renewable energy sources, particularly clean 
energy alternatives such as solar, wind, and hydroelectric power, 
into mining activities is proposed as a critical solution to miti-
gate this issue. Future research could develop proposals on how 
this transition can be managed technically and economically.

Government regulatory frameworks are also a key factor in re-
ducing the environmental impacts of blockchain technology. 
More research should be conducted on how regulatory and fi-
nancial policy tools can be used to reduce the energy consump-
tion of blockchain technologies. In addition to tools such as 
carbon taxes and emissions trading systems, regulations man-
dating the use of renewable energy in mining activities should 
be discussed. It is suggested that such regulations can not only 
make mining activities more sustainable but also internalize 
environmental externalities. Tools such as carbon pricing and 
green energy incentives could be decisive in this process.

Furthermore, technological innovations hold significant poten-
tial for improving the energy efficiency of blockchain technol-
ogy. By developing more efficient mining equipment, energy 
consumption can be optimized. Technological advances in this 
direction could enable mining processes to be carried out with 
devices that consume less energy. Research in this area could 
find technological solutions to address sustainability challenges 
in regions where energy-intensive mining activities take place.

In addition to the environmental impacts of blockchain tech-
nology, its socio-economic effects should not be overlooked. 
Particularly in regions where cryptocurrency mining is concen-
trated, studies on its impact on local economies could provide 
important insights into the societal and economic outcomes of 
this technology. The effects of blockchain-based applications 
on labor markets, income distribution, and traditional business 
models should be further discussed in terms of societal balance.

In conclusion, future studies on the environmental impacts of 
blockchain technology will provide important insights into 
how technological developments aimed at improving energy 
efficiency, the integration of renewable energy sources, and reg-
ulatory interventions by governments will take shape. These 
studies will help determine the steps that need to be taken for 
blockchain technology to contribute to a sustainable future.
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