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Abstract. In 2021, a massive relocation of cryptocurrency mining farms from China to Kazakhstan caused one of 
the largest energy crises in Asia and Europe. This work aims at an understanding of the current debate of cryptocur-
rency mining activities on the environment. The review highlights: 1. The existence of a positive relationship between 
cryptomining activities and the deterioration of environmental quality; 2. The contribution of renewable energies and 
blockchain algorithms to mitigate the above effects. Main results suggest the need for a supranational institution to 
monitor the current cryptocurrency production to complement current policies by the European Commission and 
United Nations.
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Introduction 

The main purpose of this theoretical analysis is to 
investigate the current debate of cryptocurrency min-
ing activities on the environment. In addition, since the 
above activities rely on blockchain technology, the pre-
sent paper also touches the endogenous effects of Block-
chain technology on the environment through crypto-
currency mining production. 

Energy consumption of cryptocurrencies is a growing 
concern (Lansky, 2019; An et al., 2020; De Vries, 2020; 
Badea & Mungiu-Papazan, 2021). The latest trend by the 
Cambridge Bitcoin Electric Consumption Index (Cam-
bridge Centre for Alternative Finance [CBECI], n.d.-a) 
show that these activities require a significant amount of 
electricity. The data provided by the CBECI are support-
ed, among others, by the analysis of Bondarev (2020), 
and the methodology to map Bitcoin mining has proved 
reliable despite its limitations. 

The high energy consumption provides a signifi-
cant impact on the environment, as cryptocurrency 
mining is often powered by non-renewable energy 
sources such as coal or natural gas (Wendl et al., 2023). 
Additionally, cryptocurrency mining requires the use 

of specialized hardware, which can be expensive and 
difficult to dispose of Bondarev (2020), De Vries et al. 
(2022).

At international level, there exists a lack of shared 
regulations and policies to limit the environmental im-
pact caused by cryptomining activities (Wang et  al., 
2022). Such situation is fundamental for a rethinking 
of the role of international institutions able to guar-
antee the sustainability of the cryptocurrency mining 
(Truby, 2018; Lansky, 2019). The regulatory issue is 
widely debated for the significant impact caused on the 
environment, security, and stability of the cryptocur-
rency market (Baek & Elbeck, 2014; Goodkind et  al., 
2020; Yan et al., 2022). 

Furthermore, beyond the purely juridical and 
economic-political sphere, blockchain technology is a 
core issue underlying the functioning of cryptocurren-
cies (Chaum, 1983; Crosby et al., 2016). The Proof of 
Work (PoW) was the first consensus algorithm used on 
blockchain other than ensuring the security of Bitcoin 
(Nakamoto, 2008).  Therefore, current challenges from 
blockchain technologies for cryptocurrency mining 
production are also important aspects to deepen the 
investigation on the effects of cryptocurrency mining 
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on the environment (Narayanan et al., 2016; Krause & 
Tolaymat, 2018; Lamba, 2022).

The remainder of the paper is structured as fol-
lows: Straightforward, we illustrate the methodology 
used for selecting the relevant literature; Section 1 
delves into the literature on the environmental impact 
caused by the use of blockchain technology in crypto-
mining activities; Section 2 reports the main econo-
metric models and indexes currently in the spotlight 
of the international debate; Section 3 describes main 
environmental impacts evidence with a focus on the 
massive relocation of cryptocurrency mining farms 
from China to Kazakhstan; finally, the last section con-
cludes, illustrates some limitations and provides useful 
insights for further research.

1. Methodology

To set up the research, we used the Preferred Reporting 
Items for Systematic Reviews and Meta-Analyses (PRIS-
MA) methodology, so as to have a minimum amount of 
evidence to rely on during the analysis. Also, we used 
Mendeley software to identify and select the relevant lit-
erature and employed proper keywords to facilitate the 
screening process. In a subsequent step, we considered 
an in-depth reading of selected papers to better analyse 
the context of the debate.

We used the query “Cryptocurrency AND Environ-
mental impact” and considered the following selection to 
retrieve relevant articles:

Identification: We reviewed Scopus and Mendeley as 
main databases and found 275 articles. We dropped 44 
duplicated papers. In addition, we removed 121 records 
which were either not eligible, or not in line with the 
focus of this work.  A total of 110 papers were then avail-
able for the subsequent phase.

Screening: At this stage we proceeded to remove all 
works considering local or national dynamics (n = 13), 
or that did not provide significant data according to the 
context of this literature review (n = 8). In doing so, the 
sample was reduced to 89 records. 

Inclusion: After further revision, scientific articles 
providing methods, data and information already includ-
ed in previously observed articles (n = 19), as well as ar-
ticles reporting dubious or outdated evaluation methods 
(n = 10) and works related to different disciplinary fields 
(n = 19) were excluded from the analysis; all the remain-
ing works related to the obtained database comprised 41 
items. Finally, we also considered 10 additional records 
included in the reference section of the above remaining 
paperworks. The final sample contains 51 items.

2. Theoretical insights from the literature: the 
blockchain technology and its environmental 
impact

One of the main issues related to cryptomining activities 
are the algorithms employed by blockchain technology 

for energy savings. In particular, the transitioning from 
energy-intensive “Proof-of-Work” (PoW) algorithm to 
more efficient “Proof-of-Stake” technologies (Swan, 2015; 
Starceva & Cheklaukova, 2020). 

When using PoW, users generally solve a complex 
mathematical puzzle to validate transactions and earn a 
cryptocurrency reward. This process requires a signifi-
cant amount of power and electrical energy, as crypto-
miners compete against each other to solve the puzzle 
before other cryptominers. Bitcoin is the most well-
known cryptocurrency that adopted the PoW algorithm. 
With the Proof of Stake (PoS), users “stake” their crypto-
currencies to earn the right to validate transactions and 
create new blocks. Therefore, those users holding a large 
amount of cryptocurrency have a greater chance of be-
ing selected to validate transactions and earn the crypto-
currency reward. Ethereum is a famous cryptocurrency 
adopting the PoS algorithm. One of the main differences 
between PoW and PoS is that the former is more energy 
intensive than the latter, since the process of selecting 
validators is randomly performed by PoS. Additionally, 
PoS is generally considered more efficient than PoW 
since it requires fewer hardware resources and a lower 
amount of electrical energy to operate. This means that 
cryptocurrencies using PoS have a lower environmental 
impact than those  using PoW (Bach et al., 2018).

The work of Cao et al. (2020) compares the perfor-
mance of PoW, PoS, and Directed Acyclic Graph (DAG) 
based blockchains. The analysis revealed that PoW-based 
blockchain is energy intensive compared to the others. 
Instead, DAG-based blockchains demonstrated high 
throughput and low energy consumption. In addition, 
the DAG technology is a consensus methodology based 
on the concept of “Tangle”, where blocks are validated 
in a non-sequential and parallel way. This technique has 
been used by the IOTA cryptocurrency and presents sev-
eral advantages, such as greater scalability and energy ef-
ficiency compared to PoW and PoS (Cao et al., 2020).

Wendl et al. (2023) examine the environmental im-
pact of cryptocurrencies using PoW and PoS consensus 
algorithms. The authors identify several factors contrib-
uting to assess the differences between PoW and PoS 
consensus algorithms in terms of environmental impacts. 
These include the computing power required for mining, 
block creation time, block size, reward system, and net-
work security. Main limitations and challenges associated 
with using PoS consensus algorithms, include the risk 
of centralization and the potential for network attacks. 
The authors suggest that PoS consensus algorithms may 
offer a more sustainable alternative to PoW in terms of 
energy consumption and carbon footprint. However, the 
authors also emphasize the need for further research to 
understand the implications of PoS consensus algorithms 
on security and decentralization of cryptocurrency net-
works (Wendl et al., 2023).

Koštál et al. (2018) examine the transition from PoW 
to PoS consensus algorithm. Their work took into ac-
count pros and cons of both consensus algorithms and 
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assessed the implications of transitioning to PoS. For ex-
ample, the transition process should be accurately man-
aged to ensure no data loss or security breaches. Addi-
tionally, the transition could result in a change in the 
distribution of cryptocurrency ownership, which could 
impact market prices (Iwamura et al., 2019). The paper 
by Koštál et al. (2018) suggests that the transition from 
PoW to PoS should be gradually and predictably man-
aged; in particular, network nodes should be informed in 
advance about the transitioning process and the possible 
changes that may occur during this process. Additionally, 
a clear roadmap should be provided specifying the tim-
ing and details of the transition.

Alahmad et al. (2018) compare PoW and PoS exam-
ining the differences in terms of security, efficiency, and 
sustainability. The results showed that PoS would not 
require as much processing power as PoW. Also, PoS 
is more scalable than PoW, as adding new nodes to the 
network would not require an excessive amount of re-
sources. In terms of environmental sustainability, PoS is 
clearly more profitable than PoW, as it requires much less 
electricity for mining activities.

Lepore et al. (2020) conduct a review of blockchain-
based consensus systems, examining various consensus 
algorithms such as PoW, PoS, and Pure PoS used by 
the “Algorand” blockchain. Their work examines the 
performance of these consensus algorithms in terms of 
transaction speed, security, and scalability. Main results 
showed that PoW is the most secure among the exam-
ined consensus algorithms; while it is the most expensive 
and least efficient in terms of transaction speed. PoS and 
Pure PoS, on the other hand, are more efficient and less 
expensive than PoW, but can be less secure due to lack of 
incentives for validators (Lepore et al., 2020).

Kohli et al. (2022) analyse the required energy con-
sumption and carbon footprint of cryptocurrencies and 
proposed some solutions to address these issues such as 
the use of the DAG technology. Another proposed so-
lution is the use of renewable energy such as solar or 
wind energy to provide power to cryptocurrency mining 
activities. However, the use of renewable energy can be 
costly and would require specific infrastructures (Kohli 
et al., 2022).

Lasla et al. (2022) propose Green-PoW, a PoW con-
sensus algorithm for blockchain using a more energy-ef-
ficient approach. This would reduce energy consumption, 
without compromising security and decentralization of 
the network. The proposed Green-PoW algorithm uses 
a hybrid approach, combining traditional PoW technol-
ogy with machine learning techniques to reduce energy 
consumption associated with the mining activity. In par-
ticular, this technology is based on the use of an artifi-
cial neural network (ANN) to predict the probability of 
mining success in order to limit the required comput-
ing power. The effectiveness of the proposed algorithm 
is assessed through simulations and comparisons with 
the traditional PoW protocol. Main results show that 
Green-PoW can reduce mining energy consumption up 

to 50% compared to the traditional PoW protocol. The 
advantage of this technology is that it can be used by 
existing PoW systems, without the need to switch to PoS 
or similar consensus (Lasla et al., 2022).

In terms of financial issues, Milunovich (2022) as-
sesses the relationship between PoW and PoS in differ-
ent cryptocurrencies and shows that these two modes 
of consensus are related but not interchangeable. The 
author analyse data related to cryptocurrency prices 
between 2013 and 2021. Main results show that PoW 
and PoS cryptocurrencies have a significant relationship, 
meaning that price variations across cryptocurrencies 
are correlated. In addition, the author argue that PoS 
cryptocurrencies have a stronger connection than PoW 
cryptocurrencies. To avoid price volatility, a portfolio 
differentiation is also advised (Klein et al., 2018; Pham 
et al., 2022).

Further innovation for implementing cryptocur-
rency technology is proposed by Xu et  al. (2021) with 
the introduction of a new consensus mechanism called 
Proof of Engagement (PoE). This mechanism aims to 
overcome some of the limitations of existing solutions. 
PoS was originally designed to cope with the problem 
of energy consumption. PoE, on the other hand, reduces 
energy consumption and weakens the absolute control of 
full-time miners and mining pools over the blockchain 
network. 

However, this leads to a negative secondary effect 
where the “rich” gets richer and earns more profits com-
pared to the remaining investors. A non-competitive 
market can then be effectively realised, thus reducing 
the incentive of the system to attract new “miners” (Xu 
et al., 2021).

3. Environmental impact indexes from the 
literature

3.1. Most shared econometric models and indexes 

Most of the recent literature (Vranken, 2017; Wang et al., 
2022) is based on the econometric model used by Marc 
Bevand (2017), and subsequently developed by the Cam-
bridge Centre for Alternative Finance (CBECI, n.d.-b). 
The developed index provides the possibility of carrying 
out inference related to the total emissions of Green-
house Gas (GHG) due to the cryptomining activity  – 
with reference to the Bitcoin currency only. 

According to several studies (Stoll et  al., 2019; 
De  Vries, 2020; Gallersdörfer et  al., 2020; Jiang et  al., 
2021) and in line with the CBECI methodology, local 
differences can be included in the carbon intensity  of 
the power mix by differentiating among regions. Start-
ing from this data, as well as from IP pool addresses, it 
is possible to define the shared quota per region based 
on the geographical distribution of the involved pools. 

Furthermore, other studies (Kamal & Hassan, 2022; 
Ren & Lucey, 2022; Wang et  al., 2022), proposed a 
cryptocurrency environmental attention index (ICEA) 
to capture the economic phenomenon in terms of 
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cryptocurrency response to major related events (Baker 
et al., 2016; Corbet & Yarovaya, 2020; Ghosh & Kumar, 
2021; Lucey et al., 2021). This index scales raw data from 
the observed total number of articles in the same pub-
lication source at the same time; ICEA is based on the 
vector error correction model (VECM) and structural 
VECM (SVECM)  – impulse response function (IRF); 
forecast error variance decomposition (FEVD) and his-
torical decomposition (HD) are useful for characterizing 
the dynamic relationships between ICEA and aggregate 
economic activities (Wang et al., 2022). 

3.2. Limitations of models and indexes

The literature agrees in attributing certain limitations 
to the above models, as these depend on the analysis of 
proxy data and factors. As for the model developed by 
CBECI, this is generally validated through the identifica-
tion of IP addresses and the distribution and intensity of 
the levels of distributed hash rates. The latter are neces-
sary to map the mining activities. 

The use of proxy data also affect the environmental 
component such as emissions, electricity demand and re-
lated GHG emissions. In addition, these factors limit the 
consequent approximation of historical intervals (e.g., 
countries adopting protectionist economic policies, such 
as China).

On the other hand, the robustness check carried out 
by Wang et  al. (2022) for the UCRY model limits the 
econometric model to the use of Bitcoin only, whereas 
the impact of ICEA on IP is significantly positive in the 
short rather than the long term. However, this index does 
not allow inferences to be made regarding the correla-
tion between the uncertainty of the price of cryptocur-
rencies and the environmental impact generated by the 
cryptomining activities. For these reasons it is a useful 
index for assessing the market trend, and the strategies 
and policies to be implemented (Corbet et al., 2021). In 
addition, the construction of the ICEA is based on data 

provided by a third-party database, other than presenting 
high volatility of the cryptocurrency in question.

4. Evidence of the environmental impact of 
cryptomining activities from the literature: a 
theoretical analysis

4.1. Carbon footprints of cryptomining activities

In general, the indexes mentioned in the previous section 
highlight a strong correlation between cryptomining ac-
tivities and environmental pollution. Wendl et al. (2023) 
and several recent studies (Stoll et  al., 2019; Li et  al., 
2019; An et  al., 2020; Gallersdörfer et  al., 2020; Chen 
& Xu, 2022; Badea & Mungiu-Papazan, 2021; De Vries 
et al., 2022), agree that cryptocurrency mining requires 
a significant amount of electricity from different sources.

Figure 1 shows that main electricity sources for Bit-
coin generation derive from coal or natural gas (Digi-
conomist, n.d.); Below, similar results are observable in 
terms of carbon footprint (Figure 2).

Figure 2.  Bitcoin energy consumption  
(source: Digiconomist, n.d.)

Surprisingly, the carbon footprint and the consump-
tion of electricity and waste from electronic equip-
ment is the equivalent of 2,791,925 VISA transac-
tions or 209,950  hours of viewing videos on YouTube, 

Figure 1. Electricity sources of the Bitcoin network over time (source: Digiconomist, n.d.)
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respectively (De Vries et al., 2022). This is similar to the 
energy consumption of an average American family in 
77.41 days or the weight of 2.17 iPhone 12s or 0.73 iPads 
(Digiconomist, n.d.).

This scenario allows us to highlight the technological 
environment in which cryptomining activities take place. 
An illustration is provided in the next section.

4.2. Empirical evidence from a case study: the 
relocation of Chinese mining farms to Kazakhstan

A previous research work (Basile, 2022) highlighted 
the relationship between macro-economic variables 
and cryptomining activities and their effects on GHG 
emissions. Whereas, other debate focused on regulatory 
aspects and cryptomining activities in Kazakhstan (Za-
kon, 1995, 2016, 2018; Ashimbayev & Tashenova, 2018; 
Cvetkova, 2018; Chudinovskikh & Sevryugin, 2019). As 
for the former, the analysis can refer to the Kazakh case 
where several Chinese cryptomining activities moved 
due to relocation.

On June 21, 2021, the People’s Bank of China (PBOC), 
under pressure from the Beijing government, enforced 
repressive legislation against cryptocurrency mining ac-
tivities. The aim was to reduce the risks of illegal cross-
border transfers of illegal assets and activities such as 
money laundering – e.g., the PRC was the global leader 
of cryptomining activities (Syzdykova & Zhetibaev, 2020; 
Riley, 2021). In particular, the provinces of Sichuan and 
Xinjiang were the leaders in the sharing of the hashrate. 
Whatever the PRC government’s goals, this event trig-
gered the phenomenon described as the “great migration 
of mining” to countries where energy prices are among 
the lowest in the world, particularly in southern United 
States and Kazakhstan. 

Now, let us consider the data computed from the 
CBECI through the econometric model cited in the pre-
vious section. Below, three tables depict the evolution of 
mining (e.g., hashrate levels) in Kazakhstan, the PRC, 
and the USA before and after the vetoes promoted by the 
PRC, starting from September 2019 until August 2021 
(two months after the suppression of mining promoted 
by the PRC). We carry out this choice since the USA and 
Kazakhstan became major cryptomining producers after 
the repressive legislation adopted by the PRC.

The absolute hash level shown in Table 1, highlights a 
notable increase in Kazakhstan starting from June 2021. 
Table 2 highlights significant figures in terms of the av-
erage monthly share of hash rates by country; according 
to the CBECI, in August 2021, Kazakhstan is the second 
country worldside after the USA (USA = 35.40%; Ka-
zakhstan = 18.10%).

Beyond bitcoins, recent 2021 data for the global dis-
tribution of mining energy is only partially available, but 
past figures (Table 3) show that 65% to 75% of the world’s 
bitcoin mining has taken place in China, mainly in four 
Chinese provinces: Xinjiang, Inner Mongolia, Sichuan, 
and Yunnan. Hydropower in Sichuan and Yunnan can 
be considered as renewable energy pivot, while Xinjiang 

and Inner Mongolia are home to many of China’s coal-
fired power plants. In addition, data are unstable, as min-
ers move from one Chinese region to another to benefit 
from abundant electricity at competitive or lower market 
prices.   

Figure 3 shows the impact of mining farm relocation 
on real GDP in the service sector – which includes cryp-
tomining activities (World Bank, n.d.).

Figure 3. Kazakhstan main economic activities 2017–2021 
(World Bank, n.d.)

Between the end of 2020 and the first nine months 
of 2021, an increase of 3 points in the service sector after 
the pandemic event was recorded (Figure 3). On the other 
hand, the most interesting data is that relating to real GDP. 

Table 1. Evolution of the hashrate network (Eh/s) (source: 
CBECI database, n.d.-a, n.d.-b)

Evolution of network hashrate (Eh/s)

PRC USA Kazakhstan

September 2019 66.8 3.6 1.3
September 2020 91.1 9.6 5.5
August 2021 0.0 42.7 21.9

Table 2. Evolution of country share (%) (source: CBECI 
database, n.d.-a, n.d.-b)

Evolution of country share (%)

PRC USA Kazakhstan

September 2019 75.5 4.1 1.4
September 2020 67.1 7.1 4.1
August 2021 0.0 35.4 18.1

Table 3. Evolution of Chinese province production share on 
an annual basis (source: CBECI database, n.d.-a, n.d.-b)

Evolution of Chinese province shares (%)

September 2019 September 2020 August 2021

Sichuan 49.5 61.1 0.0
Xinjiang 19.1 9.6 0.0
Yunnan 13.5 14.9 0.0
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Figure 4. Kazakhstan’s real GDP (Jan. 2019 – Jan. 2022) 
(source: World Bank, n.d.)

In terms of real GDP, this increased to 81269.23 KZT 
Billion in the fourth quarter of 2021, sharping from 
52676.39 KZT Billion in the third quarter (Figure  4). 
The GDP deflator, on the other hand, decreased by 4 
points in 2020 compared to the previous year (Trading 
economics, n.d.). Nonetheless, if we compare the above 
information with data provided by CBECI, we can argue 
that the recovery period was mainly due to an increase in 
the mining activity than the impact of the real economy 
in the country.

This result is also corroborated by the levels of GHG 
emissions, which show a substantial increase in the con-
sidered period. Kazakhstan is highly dependent on aging 
coal-fired electricity plants, which supply about 70% of 
the country’s electricity compared to 37% globally (In-
ternational Energy Agency [IEA], n.d.). According to 
the Global Petrol Prices database (n.d.), in June 2021, 
the average price of electricity in Kazakhstan was USD 
0.049 per kWh. This is much lower compared to the 
world price of USD 0.137 per kWh which contributed to 
relocating cryptomining farms from the bordering Chi-
nese provinces. 

Figure 5. Kazakhstan’s emissions forecast (1990–2060) 
(source: World Bank, n.d.)

As it can be observed in Figure 5, 2019 Kazakhstan’s 
emissions (excl. LULUCF) were in the figure of 355 Mt 
CO₂-eq (World Bank, n.d.). This makes the country one 
of the highest emitters regionally and among the top-20 
globally.

5. Discussion

5.1. Results 

The present work provided a theoretical analysis for 
cryptomining activities and their environmental im-
pacts in terms of GHG emissions and energy use. The 

investigation also provided evidence of main modelling 
approaches used in the literature, with particular refer-
ence to the Kazakh case. 

The investigation allows us to reflect upon the fol-
lowing points: firstly, the use of inferential models is 
based on assumptions and error biases (Stoll et al., 2019; 
De Vries et al., 2022). 

Secondly, several studies identified the absence of a 
supervisory governmental body – at state or internation-
al level  – capable of guaranteeing a certain stability of 
exchange rates, environmental sustainability and energy 
safety (Mora et al., 2018; Lansky, 2019; Khan et al., 2020). 
The absence of supranational organizations monitoring 
cryptomining activities, might also cause the rise of fur-
ther “Kazakh” cases worldwide (Financial Action Task 
Force, 2014; Cvetkova, 2018; Ashimbayev & Tashenova, 
2018; Chudinovskikh & Sevryugin, 2019; Sagymbekov, 
2020).

5.2. Limitations of the research

This research is not without limitations: firstly, we used 
only two international scientific databases such as Sco-
pus and Mendeley. Nonetheless, since these belong to 
Elsevier, this guarantees an acceptable level of coverage. 
Secondly, the preliminary nature of the present work pre-
vented us to include further studies in the considered 
sample, particularly the works showing potential close-
ness of contents among each other.

Conclusions and further implications

The main results suggest the need for a supranational 
organization with the aim of codifying a common in-
ternational legislation, to avoid the proliferation of 
energy and political crises such as the Kazakh one. 
Therefore, cryptocurrency mining activities, if not 
properly regulated in the long term, may present so-
cio-economic and policy risks for real economies at 
national and/or international level. We argue about 
the need of a common international legislation, thus 
reinforcing the efforts already made by the interna-
tional community to counterbalance potential energy 
price volatility and market competition.

In terms of actual cryptomining technologies, PoW 
and PoS may trace a path towards energy transition 
and energy democracy processes as advocated by the 
United Nations. Despite skepticism and limitations, 
the UN strategy converges on the need for imple-
menting effective energy policies in the short and long 
term as highlighted in the 2030 Agenda for Sustain-
able Development and the latest COP 27. A similar 
view is also advocated by the European Union with 
regard to the adoption of the Green Deal strategy. Fu-
ture research concerning the achievement of the pro-
posed objectives in relation to the energy transition in 
cryptomining activities would provide useful insights 
to the current international debate on energy safety, 
regulation and cryptocurrencies.
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