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Abstract: An unprecedented emergence has occurred for the cryptocurrencies among enterprises, customers, and
investors as a result of the growing number of internet connections worldwide. The most popular cryptocurrency is
Bitcoin representing the rise of digital payment systems. Though, harsh criticism has been also created for
cryptocurrencies about their environmental sustainability and power consumption, decelerating the acceptance of
bitcoin by consumer as a means of payment. The ecological impact or footprint of a process is determined mainly
through life-cycle-assessment (LCA) quantifying all material flows’ inputs and outputs for a process or product and
their effect on the environment. This study provides LCA-based framework to show the environmental impacts of
Bitcoin mining from top ten miner countries (China, USA, Kazakhstan, Russia, Iran, Malaysia, Canada, Germany,
Ireland, Norway). The results show that with the share of 53.3% of the world’s mining, China has the most negative
environmental impact specially in marine ecotoxicity with 26.8 kg 1,4-DCB and human health with 0.0043 DALY but
with the equal mining ratio Germany and Kazakhstan have the most negative environmental impacts.
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1. Introduction

Recently, environmental issues have been of great concern to the society at large including global
warming, depletion of natural resources, loss of biodiversity, and chemical pollution!!). Increasingly,
businesses’ actions affect the environmental sustainability. Therefore, reliable tools are required to manage
the environmental issues and measure and quantify the business activities’ environmental impacts'?. The fast
increment in the crypto-assets’ prices at the end of 2017 represented the effects blockchain-technology on the
world. Although it has various advantages and several applications, according to the young technology’s
supporters, its usage has been known as the primary technology for the Bitcoin network. Bitcoin is based on
the trust of the people accepting it as a means of payment as any currency. Moreover, it is a difficult task to
obtain such trust. This task has become more difficult by emergence of criticism on Bitcoin. This criticism
highlights the Bitcoin network’s heavy energy consumption the and the system’s negative intrinsic incentives.
Considering the questions regarding the sustainability in financial sector and banking, Bitcoin users and
developers have considered the extent required for mitigating the environmental effect of their financial
transactionst®!.

With the rising approval of cryptocurrencies, concerns have been raised about the Bitcoin’s
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sustainability since a high amount of electricity is used by the Bitcoin network for mining. Therefore, it may
have substantial environmental impacts. Various estimations have been published on energy consumption by
Bitcoin, which reflect the uncertainty of these evaluations. For instance, it was claimed that more energy is
used for Bitcoin mining than mining gold™. This was equal to energy consumption of Switzerland™ all the
world’s energy by 2010, It is alone in charge of not reaching the Paris agreement™. According to the
present studies both in academic and gray literature, the energy consumption of Bitcoin is estimated as
22—67 TWh/yr (mid-March 2018), 43 TWh/yr (October 2018), 45 TWh/yr (November 2018), 62 TWh/yr
(average of 2018), 39—83 TWh/yr (mid-November 2018), and 105.82 TWh/yr (29 July 2018)!,

Processing cryptocurrency transactions requires a computational set up which contributes to the
network by solving the cryptographic puzzle. Subsequently, the contributor would receive reward for this
proof of work (PoW) operation which is known as mining. These computational units (miners) consume an
intense amount of electrical power to operate. As the value of the received financial reward outweighs the
costs of contribution, mining cryptocurrencies becomes economically viable, resulting in a significant
growth in electricity consumption. According to estimations, there are currently 1 million miners operating
around the world®. An average BTC miner requires about 1.5 kW of power, equivalent to 36 kWh per 24
hours of operation™.. This is slightly bigger than the daily electricity use per capita in the US, one of the
world’s top energy consumers. While miners are becoming more efficient in terms of energy use, the 50%
increase of total Hash rate over the past year indicates that more miners are being added into the BTC
network. The cumulative power needed to satisfy the annual BTC mining electricity demand of the top ten
mining countries is sufficient to provide electricity to more than 10, 31 and 52 million households in the US,
Germany and Japan respectively. This is more than 15% of Africa’s total electricity consumption with 54
countries and 1.2 billion people.

Regardless of the energy source, producing and transmitting electricity for cryptocurrency mining have
numerous environmental impacts. This makes the growing digital currency market a potentially polluting
sector with an environmental footprint level more than some conventional methods for digital transactions*.
For example, each BTC transaction is believed to have an equivalent carbon footprint of more than one
million VISA transactions™?. It is projected that in less than three decades, the BTC usage alone can produce
enough greenhouse gas emissions to push global warming beyond the Paris agreement’s goal of capping
anthropogenic climate warming below 2 degrees Celsius!*®.. Despite these alarming expectations, the
financial and technological motivations of cryptocurrencies have suppressed the conservation surrounding
their environmental costs. Various approaches have been presented to determine the Bitcoin network’s actual
energy usage. However, the Life-Cycle-Assessment method has not been studied yet. LCA traces the
environmental impacts of all stages during a product’s life cycle such as disposal and production. For
measuring the energy consumption of Bitcoin adequately during mining, first the boundaries and elements of
the mining procedure should be determined along with the related factors on the energy consumption.

Although some studies have been recently conducted to analyze cryptocurrency’s environmental costs,
the uncertainties surrounding the extent of these costs remains considerable!**!. Additionally, past studies
have been only focused on the carbon emissions of BTC mining™™!, not reflecting its other major
environmental impacts such as water and land footprints™® that contribute greatly to the total environmental
footprint of the cryptocurrency sector. Subsequently, global BTC mining is currently emitting more than
69.17 Mt of CO; eq per year. To offset this amount, about 3 billion trees should be planted, taking up an area
almost equal to the area of the UK or 5% of the Amazon rainforest. Hydropower, an energy source with a
higher water footprint due to evaporative losses and a land footprint higher than all renewables except for
bioenergy, is the dominant renewable energy source of BTC operations, satisfying more than 17% of the
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global BTC network’s electricity demand. Figure 1 shows the contributions of different energy sources in
supplying electricity to the global BTC mining network, as of 202127,

Figure 1. Global energy sources for BTC mining.

This study brings new insights in evaluating the effects of the Bitcoin mining network by presenting a
more complete analysis on the environmental impacts hotspots in the BTC mining and by incrementing the
accuracy in the regional electricity mixes modeling. Moreover, this work presents a prospective method by
taking into account the possible changes on the electricity generation or the mining network’s geography in
the future. To achieve these objectives, blockchain is integrated into multiple LCA stages. Adopting LCA as
a powerful scientific methodology is the added value of this analysis along with the use of the established
databases to assess the environmental impacts, such as the effects of mining equipment in analyzing and
presenting a viewpoint on the future impacts. First, midpoint and endpoint environmental impacts of Bitcoin
mining for the top ten miner countries with equal mining ratio are analyzed, then the real amount of each
environmental impact for these countries according to their mining share in the 2021 is obtained.

2. Background

Life cycle assessment is considered a powerful tool for quantifying the basic inputs and outputs of a
product-specific system! . It can assess the footprint associated with a particular product for meaningful
comparisons!*®!, Since the “top-down” principle is used to analyze and design the system, this method solves
the global problem first and emphasizes the consideration of specific solutions under the premise of the
overall optimization of the system, which indicates its better integrity and strong systematic pertinence”. In
addition, multiple life cycle stages and contain various types of environmental impact assessment indicators
can be covered to avoid the transfer of environmental problems between these types of impacts?Y. It can
provide environmental data support for various technical, management or policy decisions in accordance
with the unified international standard (1SO14040 series), equivalent to the national standard (GB24040
series)!?2,

Blockchain as a distributed ledger is able to efficiently record the transactions between two parties on a
verifiable and global basis®!. Satoshi Nakamoto in 2008 proposed the Blockchain concept®. In this
technology, a decentralized consensus is facilitated by maintenance of a digital record of events through
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multiple blocks rooted in programs. The cryptographic hash identifies each block, which is connected with
others in terms of the previous block’s hash to create a chain of blocks!®. The negotiated terms are stored by
the individual block and the outcome is verified. A system of permanent stamp is adopted by the technology
driving a collective responsibility amongst stakeholders for data reliability and safety®!. Every transaction is
authenticated by the system based on the agreement of more than 1/2 of the members contributing to the
network!®”). The working mechanism results in a lower risk of censorship, downtime, and data distortion!?],
It is expected that Blockchain would facilitate a higher level of digital transformation with an objectivity
level with no full control or absolute power for each member and with various applications in multiple
domainst?),

In the initial design of the network, a certain number of bitcoins are defined. These bitcoins are not
available and must be withdrawn by individuals with special devices. but how? Simply put, bitcoin comes
from solving complex mathematical problems. To do this, miner computing devices test different numbers
in a mathematical function called a hash function to predict output. The first person to solve the problem and
arrive at the correct function is a certain amount of bitcoin. The title gets a reward, then announces to the rest
of the network that the answer has been reached here, so the rest of the people move on to the next issue in
the next block. The nature and center of gravity of the bitcoin system is based on what is called the
“blockchain” (Advanced Block Chain). Register on the network without the network breaking down due to
user interference and losing its integrity. Currently, due to the popularity of Bitcoin, the humber of miners
has increased a lot and as a result, mining has become more difficult™. It is true that the production of
bitcoin does not require special costs and physical work, and all work is done by digital devices. But the fact
is that these devices consume a lot of electricity and electricity generation is expensive and often requires
fossil fuels®?. A typical bitcoin mining machine equals the power consumption of two refrigerators and a TV
at the same time. If this device is turned on all year round, it will consume about 15,000 kW hours of
electricity to produce about 40 bitcoins. In Germany, for example, the cost of production per kilowatt-hour is
about 30 cents, which imposes a cost of 4,000 euros on the electricity grid. High heat generation due to this
huge electricity consumption is one of the harms that climatologists and climate change experts have warned
about?®?],

Equipment must be purchased to extract digital currency. This equipment also varies depending on the
amount of activity to be performed®*. In the early days of the advent of bitcoin, the first digital currency
(mining mainly with processors) (CPU) was made, or ordinary computers at home could be profitable for the
minert, You also need the Internet to extract digital currency (mining)®®. One of the most important items
in extraction equipment is electricity. Miners need a lot of electricity™”. You may know that digital currency
extractors are very noisy, they reach high temperatures very quickly, so a cooling device needs to be placed
next to the equipment to increase both the efficiency of the device and its longer life*. The following
requirements are required to extract bitcoins®¥: Extraction or Miner Hardware—Power Cables—Digital
Currency Wallet—High Speed Internet or ADSL Extraction Pool. Table 1 introduces the common market
miners and their properties.

Bitcoin was analyzed by Giungato et al. concentrating on three different aspects related to its
sustainability including social issues, environmental impacts, and economic aspects*’!. A very detailed study
was performed by Hass McCook on the environmental and economic cost of Bitcoin mining™**. An overview
of recent literature about the sustainability of Bitcoin was provided by Vranken concentrating on the
economic and environmental aspects!*?l. More precisely, four questions are examined by the author including
How large is this energy consumption? What factors have role in the bitcoin mining energy consumption?
Does this impede sustainability? If yes, are there alternatives for reducing the energy consumption? In 2014,
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a paper was published by O’Dwyer and Malone on the power consumption of the bitcoin mining
procedure®®, They used the network hash rate as a starting point to estimate the whole Bitcoin network’s
energy consumption. Alex de Vries started by explaining the Bitcoin network as severely energy-hungry to
predict an incrementing power demand for the future*l. De Vries calculates indicated that the network has to
perform 8.7 quintillion hashes at the current mining circumstances for processing one transaction!.
Obviously, the Bitcoin network’s power consumption of the poses a major problem since electricity is the
main fuel for the hashing operations.

Table 1. Miner hardware properties.

Miner hardware Device power (hashes per second) Power consumption (Watts)
Antminer S9J 14 TH/S 1350 W
Whatsminer M10 33 TH/S 2100 W
Antminer S17 53 TH/S 2800 W
Ebit E11 44 TH/S 2000 W

3. Methodology

As indicated by ISO, the LCA study is generally per-shaped as four phases: (1) goal and scope
definition; (2) LCI creation; (3) life cycle influence evaluation; (4) interpretation of results.

3.1. Top ten Bitcoin mining countries

Bitcoin has been focused by the financial market with better investment returns compared to the most
traditional assets during the COVID-19 pandemic. Last year, one bitcoin would cost about $6000. Though, it
is more than $55,000 today, nine times more than one year ago, even reaching over $61,000 at one point.
The largest producer of bitcoin in the worlds is China based on the data from Cambridge Centre for
Alternative Finance (CCAF). The USA accounted for 10.55% of the computing power of the world for
bitcoin between September 2020 and April 2021. This is even higher than Russia, with only 6.91% over the
same period. Figure 2 shows the Bitcoin mining share for each country from September 2019 to May
2021041,
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3.2. Bitcoin from the perspective of LCA

A Blockchain-based LCA framework is presented in Figure 3 to integrate Blockchain as well as other
smart enabling technologies into multiple LCA stages. Hence, the processes are made more effective and
efficient. There are four stages in LCA including inventory analysis, goal and scope definition, interpretation,
and impact assessment!“?l. In all four steps, smart enabling technologies are used in blockchain-based LCA
for achieving operational excellence.

A system architecture of Blockchain-based LCA system was proposed based on the Blockchain-based
LCA framework (Figure 4). There are four layers infrastructure, Blockchain services, applications, and users
in the system. The infrastructure layer is the foundation of the presented system architecture for collecting,
transmitting, and recording data. The Blockchain services layer is a bridge, which connects the applications
and infrastructure layers through cleaning, processing and analysis of the data. The applications layer
visualizes the data and assists in decision making. The system is used by the users via the users layer.
Precisely, the functions of these four layers are based on the requirements at the four LCA phases.

Figure 3. Blockchain-based LCA Framework.
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Figure 4. Blockchain-based life cycle assessment system.

3.2.1. Definition of goal and scope
Goal

A potential LCA study of Bitcoin are most likely aimed to compare its environmental impacts to other
monetary systems and to analyze and quantify the environmental impacts of Bitcoin transactions in terms of
the original Bitcoin network.

Functional unit

By the functional unit, the reference is provided for relating all data and making different systems
presenting the same functionality comparable. The supposed function of a system defines the functional unit.
The functional unit should be outlined precisely as a key element of the LCA. The attributional model’s
functional unit was defined as computing 1 tera hashes (TH).

System boundaries

By establishing the functional unit, the system boundaries should be set, which determine the unit
processes in the LCA and define the procedures for analyzing based on the materials and energy emissions
and flows!”). Consequently, a limited number of processes are examined against a global model™®. So in
order to perform a simple yet accurate LCA of the Bitcoin, cradle to gate analysis is chosen.
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3.2.2. Relevant parameters of a possible inventory analysis

Life-Cycle Inventory Analysis should compilate and quantify all outputs and inputs for a product all
over its entire life-cycle*). Within the mining process, Bitcoin transactions are verified based on the miners’
computing power receiving newly mined bitcoins and transaction fees. Thus, it is essential to examine the
mining procedure and all the activities, and linked energy and materials. Multiple elements are included in
the mining process, thus, its non-essential parts will be sorted out here to reach comparable findings through
LCA.

It is vital to consider two fundamental aspects following giungato!*®! to assess the environmental impact
of Bitcoin, i.e., computer energy consumption and the e-waste disposal. In fact, these are indeed essential
factors, however, they are utilized as a starting point. We will take into account the hardware used in its
whole length rather than the disposal of e-waste, from production to assembly and transportation. We will
consider the type of source of primary energy rather than merely quantifying computer energy consumptions.

Hardware/Material flow analysis

Various hardware producers exist worldwide and the impacts of production vary from producer to
producer obviously. To make the LCA simple as possible with viable results, ASICs machines should be
only examined as a result of efficiency and splitting up the analysis by producers. The different outcomes
should be compared then to establish various outcomes. Then, they are compared with the both outdated
hardware (FPGAs and CPUs) and other payment means with the same function (PayPal, debit card, and cash
transactions).

Materials/Assembly/Transportation

Once the hardware to examine is determined, the materials should be considered along with the
different sub-processes and processes for producing and transporting the hardware. Sophisticated machinery
such as ASICs includes printed circuit boards (PCB), semiconductors, and various silicon wafers and passive
components. Electricity and labor are required for the materials assembly and produce the final product. The
ASIC machines are mainly built by companies with completely build mining hardware. Thus, other uses (and
a consequential assignment of the externalities) of the production site or the workers must not be considered.

Then, it is essential to take into account the transportation of the hardware and its substances
respectively. Materials should be transported to the production site first. Nevertheless, they are not
considered here. Then, the machines must be delivered to either the local distributor or the customers
themselves since mining takes place worldwide. To establish Bitcoin mining material expenditure, the
following aspects should be considered. First, ASICs should be only focused to keep the LCA simple yet
revealing and conclusive since it is the most leading type of hardware and utilized for Bitcoin mining only.
Second, the used ready-made materials should be focused before assembling since taking into account the
raw material extraction could cause the unnecessarily inconclusive and bulky LCA. Third, the location of the
production site and the distribution of miners around the world should be considered for reflecting the
impacts of the hardware transportation accurately.

Operation/Energy analysis

Once the appropriate factors about materials, manufacturing, transportation, and packaging are
established, Bitcoin’s presumably biggest problem should be considered, which is the high-energy
expenditure essential for keeping up the networks. Examining the usage and operation of mining machines
over their lifetime, we should define the enduring environmental impacts of the up and running Bitcoin
network. First, the machines and their range of electric energy consumption should be considered. Electricity

8



Insight - Energy Science (2023) Volume 6 Issue 1

is required by all above-mentioned machines (FPGAs, CPUs, ASICs) to fulfil the generating hashes task.
These models were processed in studies®™, and the results were obtained with a total computational power
within the range of 40-62.3 TWh for 81.4 million transactions in 2018. We should also establish the miners’
locations and consider at the respective energy source as the environmental impacts of Bitcoin supposing that
most mining facilities are placed in areas based on using coal as the main power source. The energy grids are
different in every area. Moreover, the difference in temperature and consequently the differing requirements
for heating and the possibility of reuse of emitted heat is another reason for the importance of location.

The cooling of the hardware and the possible reuse of the emitted heat should be also considered.
Proper temperature is required by mining hardware for adequate operation. Various cooling systems should
be used to maintain mining machinery at a steady temperature. These systems are different based on the
hardware in use. They are mainly oriented by chilled water as coolant and all need extra energy to operate.
Holistic cooling methods mainly meet the thermal necessities utilizing forced convection, multiple fans, and
heatsinks about single ASIC mining rigs with multiple printed circuit boards. So to capture the
environmental impacts adequately during an LCA of one Bitcoin transaction, the following aspects should be
considered about the energy expenditure while using the hardware:

First, the machines are selected based on the proportion for classifying the energy consumption for
Bitcoin mining or other operations. The cooling mechanisms are also necessarily considered. The
distribution of miners around the world are also taken into account, since the location presents critical
information about the climatic circumstances and energy grid in the respective area. Considering the cooling
mechanisms for keep the hardware at a steady temperature is also essential for reusing the heat can be reused
for various objectives.

3.2.3. Attributional baseline model
Bitcoin network

There is scarce and inaccurate information presently available on the Bitcoin miners’ location. Though,
this information is vital to estimate the Bitcoin network’s environmental impacts. This is highly based on the
geographical locations’ electricity mix for mining. In this study, a geographical distribution of the Bitcoin
mining network was developed in terms of the existing information® on mining pools.

Mining activities
Bitcoin network is also based on the equipment utilized for mining since it defines the mining efficiency
known as the electricity consumption per computed TH. The types of equipment used for the model were

based on Martynov’s study®?. Among the miners modeled, 79.9% are Antminer S9, 6.7% Ebang E10, 7.6%
Avalon 841. The remaining 5.8% are modeled as other machines.
Mining equipment

Two main activities are considered in using mining equipment including electricity production and
consumption. The use of electricity for mining is the main contributor to electricity consumption, which is
determined based on each machine’s product specifications. Additional energy may be required in large
facilities, particularly in warmer climates for cooling as well as other inefficiency. An additional electricity
use of 5% was presumed in the model®®.. The electricity consumption was modeled utilizing the electricity
mix from the ecoinvent v3.5 APOS database of each country, in which the miners are placed™.

For the production of mining equipment, the ecoinvent v3.5 process was chosen for “market of desktop
computer without screen”. Such a dataset represents a computer with a weight of 11.3 kg and much lighter
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mining equipment (e.g., 4.2 kg for an Antminer S9). Thus, the amount of input was modified considering the
weight difference (e.g., 4.2/11.3 kg desktop computer for the Antminer S9).

4. Results and discussion

4.1. Environmental impacts for 1 tera hash

The 18 midpoint environmental effects for mining 1 TH for the top ten mining countries compared with
each other is shown in Figure 5a. As can be seen in Figure 5a, China has the most negative impact on ozone
formation human health, global warming, and ozone formation terrestrial ecotoxicity with 39.6 kg CO; eq,
0.13 kg and 0.11 kg NO, eq respectively. Germany has the most negative impact on marine eutrophication,
freshwater eutrophication, marine ecotoxicity, freshwater ecotoxicity, human carcinogenic toxicity, human
non carcinogenic toxicity, land use and mineral resource scarcity with 0.0362 kg P eq, 0.00246 kg N eq, 1.01
kg, 1.38 kg, 1.78 kg, 27.6 kg 1,4-DCB, 0.64 m? a crop eq and 0.0205 kg Cu eq respectively. Iran has the
most negative impact on terrestrial ecotoxicity with 42.8 kg 1,4-DCB and fossil resource scarcity with 9.84
kg oil eq. Kazakhstan has the most negative impact on terrestrial acidification with 0.198 kg SO, eq and
water consumption with 1.28 m®. Russia has the most negative impact on stratospheric ozone depletion with
3E-5 kg CFC eq. United States of America has the most negative impact on ionizing radiation with 5.91 kBq
Co eq.

Figure 5b shows the normalized 18 midpoint environmental effects of each country for 1 TH mining.
This figure shows that the most severe environmental impact of Bitcoin mining is on marine ecotoxicity
which is mostly in Germany, USA and Kazakhstan with 1.38 kg, 1.01 kg and 0.977 kg 1,4-DCB.

Figure 6a shows the 3 endpoint environmental impacts of Bitcoin mining for the top ten miner
countries. As can be seen from Figure 6a for human health, Kazakhstan has the most negative impact with
9.32E-5 DALY, for ecosystems, also Kazakhstan has the most negative impact with 1.94E-7 species.yr and
for resources, Iran has the most negative impact with 3.82 USD. Figure 6b shows the normalized of the 3
endpoint environmental impacts in which it can be concluded that Bitcoin mining has the most severe
impacts on human health compared to ecotoxicity and resources.
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each country for 1 TH mining.
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The hashrate reflects the size of the Bitcoin network, of how many miners are trying to gain the right to add
the next block. However, the hashrate does not reflect the market price or the amount of transaction throughput
meaning it can in the short term, increase or decrease independently of both the market price and the transaction
throughput. Table 2 displays the results for computing 1 TH for all the midpoint impact categories considered in
this study.

Table 2. Environmental impact of 1 TH according to the IPCC and the ReCiPe methods.

Impact category Midpoint impact of 1 TH
Climate change GWP (mg COz-eq), IPCC 14

Climate change GWP (mg CO:2-eq), ReCiPe 13.7

Fossil depletion FDP (MJ) 3.72 <1078
Metal depletion MDP (kg) 6.5 %1077
Human toxicity HTP (kg 1,4-DCB-eq) 5.61 <1076
Terrestrial acidification (kg SO2-eq) 3.2x10°8
Freshwater eutrophication (kg P-eq) 4.63 x10°°
Photochemical oxidation formation POFP (kg ethylene-eq) 3.47 %1078
Ozone depletion ODP (kg CFC-11-eq) 4.88 <107%®
Terrestrial ecotoxicity (kg 1,4-DCB-eq) 9.81 <1071
Marine ecotoxicity (kg 1,4-DCB-eq) 5.01 <1077
Freshwater ecotoxicity (kg 1,4-DCB-eq) 572 <1077

4.2. Environmental impacts for top ten miner countries in 2021

With the share of 53.3% by China, 10.55% by United States of America, 6.91% by Russia, 6.17% by
Kazakhstan, 5.18% by Malaysia, 4.15% by Iran, 3.09% by Germany, 2.59% by Ireland, 0.9% by Canada and 0.6%
by Norway of the total 100% of the Hash mining in 2021 the real environmental impacts of these countries can
be achieved. As can be expected from the high percentage of China, except for ionizing radiation in which USA
has the most negative impact with 62.3 kBq CO eq and for water consumption in which Kazakhstan has the most
negative impact with 7.93 m®, in all other 16 midpoint environmental impacts, China has the most negative
impacts in which marine ecotoxicity is the most severe one with 26.8 kg 1,4-DCB. Also, China had 2.11 x<10?
kg CO; eq impact on global warming in 2021. Figure 7a shows the 18-midpoint real environmental impacts of
the top ten Bitcoin miner countries in 2021 and Figure 7b shows the normalized diagrams of the Figure 7a.

With the high 53.3% share of Bitcoin mining in China, this country has the most negative environmental
impact in all 3 endpoint human health, ecosystems and resources environmental indicators with 0.0043 DALY,
8.78 < 10® species.yr and 41 USD respectively. Also the most severe impact of Bitcoin mining in 2021 was on
human health in which China, USA and Kazakhstan has the most share of it. The 3 endpoint environmental
impacts and their normalized diagram for Bitcoin mining in 2021 are shown in Figure 8a,b.
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Figure 7. (a) the comparison of the 18-tuple environmental effects of each country in 2021; (b) the normalized comparison of the 18-tuple environmental effects of each country

in 2021.
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5. Conclusion

The environmental impact of mining Bitcoin was estimated in the present study, as the most well-known
blockchain-based cryptocurrency. It also discussed the supposedly large energy consumption of the technology.
This assessment has mainly the obstacle of lack of a strong methodological framework and accurate data on key
factors determining the effect of Bitcoin. The well-established Life Cycle Assessment methodology was used in
this study to an in-depth analysis of drivers of the Bitcoin mining network’s past and future environmental
impacts. It was found that the Bitcoin network consumed 62.58 TWh in 2021. Moreover, the main drivers of this
impact was the geographical distribution of miners and the mining equipment efficiency. Contrary to the
previous studies, it was found that the production, service life, and end-of-life of such equipment slightly
contributed to the total impact. Although the overall hashrate is expected to increment, the environmental
footprint and energy consumption per TH mined are expected to reduce.

The LCA determines a process’s system boundaries and the functional unit and examines the resources
utilized for supporting. Thus, it presents the tangible key figures for comparing various processes about their
ecological footprint. The following steps should be considered to achieve valid results:

¢ Defining goal and scope
¢ Inventory analysis

e Impact evaluation

o Interpretation

Here, one tera hash mining is assessed as a functional unit to determine the related factors of the
environmental impact and for power consumption the top ten Bitcoin miner countries. It was found that for 1 TH
mining, Germany has the most negative environmental impacts on marine eutrophication, freshwater
eutrophication, marine ecotoxicity, freshwater ecotoxicity, human non carcinogenic toxicity, human
carcinogenic toxicity, and land use. The reason of the water related impacts, human toxicities and land use
should be the energy basket of Germany in which 8.8% energy production from offshore and 53.2% from solar
energy is responsible for those impacts respectively. For the most important environmental impact which is
global warming, China has the most negative impact with 39.6 kg CO; eq. The reason of this is also the China
energy basket in which coal has the 57% and crude oil has the 20% of the total energy generation system of
China. Canada, Ireland, Malaysia and Norway have less negative environmental impacts which is inferred from
their more-green energy basket and high efficiency mining equipment. It should be noted that for real
environmental impacts in 2021 with the share of 53.3%, China has the most severe impacts specially in human
health with 0.0043 DALY.

Author contributions

Conceptualization, AA and RZ; methodology, MANS; software, RZ; validation, AA, RZ and MANS;
formal analysis, MANS; investigation, RZ; resources, AA; data curation, AA; writing—original draft
preparation, RZ; writing—review and editing, RZ; visualization, MANS; supervision, AA; project
administration, MANS; funding acquisition, AA.

16



Insight - Energy Science (2023) Volume 6 Issue 1

Funding

This research received no external funding.

Conflict of interest

The authors declare no conflict of interest.

References

1.

2.

10.

11.

12.

13.

14.

15.
16.

17.

18.

19.

20.

21.

Singh RL. Global environmental problems. In: Principles and Applications of Environmental Biotechnology for a
Sustainable Future. Springer; 2017. pp. 13-41.

Braig P, Edinger-Schons LM. From purpose to impact—An investigation of the application of impact measurement
and valuation methods for quantifying environmental and social impacts of businesses. Sustainable Production and
Consumption 2020; 23: 189-197.

Daneshgar S, Zahedi R. Investigating the hydropower plants production and profitability using system dynamics
approach. Journal of Energy Storage 2022; 46: 103919. doi: 10.1016/j.est.2021.103919

Howson P, de Vries A. Preying on the poor? Opportunities and challenges for tackling the social and environmental
threats of cryptocurrencies for vulnerable and low-income communities. Energy Research & Social Science 2022; 84:
102394. doi: 10.1016/j.erss.2021.102394

Fadeyi O, Krejcar O, Maresova P, et al. Opinions on sustainability of smart cities in the context of energy challenges
posed by cryptocurrency mining. Sustainability 2019; 12(1): 169. doi: 10.3390/su12010169

de Vries A. Bitcoin’s growing energy problem. Joule 2018; 2(5): 801-805. doi: 10.1016/j.joule.2018.04.016
Goodkind AL, Jones BA, Berrens RP. Cryptodamages: Monetary value estimates of the air pollution and human health
impacts of cryptocurrency mining. Energy Research & Social Science 2020; 59: 101281. doi:
10.1016/j.erss.2019.101281

Kohler S, Pizzol M. Life cycle assessment of bitcoin mining. Environmental Science & Technology 2019; 53(23):
13598-13606. doi: 10.1021/acs.est.9b05687

Jiang S, Li Y, Lu Q, et al. Policy assessments for the carbon emission flows and sustainability of Bitcoin blockchain
operation in China. Nature Communications 2021; 12(1): 1938. doi: 10.1038/s41467-021-22256-3

Zahedi R, Ayazi M, Aslani A. Comparison of amine adsorbents and strong hydroxides soluble for direct air CO-
capture by life cycle assessment method. Environmental Technology & Innovation 2022; 28: 102854. doi:
10.1016/j.eti.2022.102854

Maghzian A, Aslani A, Zahedi R. Review on the direct air CO; capture by microalgae: Bibliographic mapping. Energy
Reports 2022; 8: 3337-3349. doi: 10.1016/j.egyr.2022.02.125

Kumar S. Review of geothermal energy as an alternate energy source for Bitcoin mining. Journal of Economics and
Economic Education Research 2021; 23(1): 1-12.

Mora C, Rollins RL, Taladay K, et al. Bitcoin emissions alone could push global warming above 2 ‘C. Nature Climate
Change 2018; 8(11): 931-933. doi: 10.1038/s41558-018-0321-8

Gurdgiev C, O’Loughlin D. Herding and anchoring in cryptocurrency markets: Investor reaction to fear and
uncertainty. Journal of Behavioral and Experimental Finance 2020; 25: 100271. doi: 10.1016/j.jbef.2020.100271

de Vries A, Gallersdorfer U, Klaaf®n L, Stoll C. Revisiting Bitcoin’s carbon footprint. Joule 2022; 6(3): 498-502.
Corbet S, Yarovaya L. The environmental effects of cryptocurrencies. Cryptocurrency and Blockchain Technology
2020; 1: 149.

Panah PG, Bornapour M, Cui X, et al. Investment opportunities: Hydrogen production or BTC mining? International
Journal of Hydrogen Energy 2022; 47(9): 5733-5744. doi: 10.1016/j.ijhydene.2021.11.206

Ebrahimi M, Mohseni M, Zahedi R. Investigation of thermal performance and life-cycle assessment of a 3D printed
building. Energy and Buildings 2022; 272: 112341. doi: 10.1016/j.enbuild.2022.112341

Mirzavand H, Aslani A, Zahedi R. Environmental impact and damage assessment of the natural gas pipeline: Case
study of Iran. Process Safety and Environmental Protection 2022; 164: 794-806. doi: 10.1016/j.psep.2022.06.042
Zahedi R, Aslani A. Environmental, economic and social impact of five COP26 policies: A computable general
equilibrium analysis for Canada. Energy Science & Engineering 2023; 11(8): 2690-2709. doi: 10.1002/ese3.1481
Tari MK, Faraji AR, Alireza A, Zahedi R. Energy simulation and life cycle assessment of a 3D printable building.
Cleaner Materials 2023; 7: 100168. doi: 10.1016/j.clema.2023.100168

17



Insight - Energy Science (2023) Volume 6 Issue 1

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

Aslani A, Hachem-Vermette C, Zahedi R. Environmental impact assessment and potentials of material efficiency
using by-products and waste materials. Construction and Building Materials 2023; 378: 131197. doi:
10.1016/j.conbuildmat.2023.131197

Helo P, Hao Y. Blockchains in operations and supply chains: A model and reference implementation. Computers &
Industrial Engineering 2019; 136: 242—-251. doi: 10.1016/j.cie.2019.07.023

Berentsen A. Aleksander Berentsen recommends “Bitcoin: A peer-to-peer electronic cash system” by Satoshi
Nakamoto. In: 21st Century Economics. Springer; 2019. pp. 7-8.

Velmurugadass P, Dhanasekaran S, Shasi Anand S, Vasudevan V. Enhancing blockchain security in cloud computing
with 10T environment using ECIES and cryptography hash algorithm. Materials Today: Proceedings 2021; 37: 2653
2659. doi: 10.1016/j.matpr.2020.08.519

Venkatesh VG, Kang K, Wang B, et al. System architecture for blockchain based transparency of supply chain social
sustainability. Robotics and Computer-Integrated Manufacturing 2020; 63: 101896. doi: 10.1016/j.rcim.2019.101896
Khattak HA, Tehreem K, Almogrenet A, et al. Dynamic pricing in industrial internet of things: Blockchain application
for energy management in smart cities. Journal of Information Security and Applications 2020; 55: 102615. doi:
10.1016/j.jisa.2020.102615

Deirmentzoglou E, Papakyriakopoulos G, Patsakis C. A survey on long-range attacks for proof of stake protocols.
IEEE Access 2019; 7: 28712-28725. doi: 10.1109/ACCESS.2019.2901858

Wang Y, Singgih M, Wang J, et al. Making sense of blockchain technology: How will it transform supply chains?
International Journal of Production Economics 2019; 211: 221-236. doi: 10.1016/j.ijpe.2019.02.002

Moosavian SF, Zahedi R, Hajinezhad A. Economic, environmental and social impact of carbon tax for Iran: a
computable general equilibrium analysis. Energy Science & Engineering 2021; 10(1): 13-29. doi: 10.1002/ese3.1005
Hayes AS. Cryptocurrency value formation: An empirical study leading to a cost of production model for valuing
bitcoin. Telematics and Informatics 2017; 34(7): 1308-1321. doi: 10.1016/j.tele.2016.05.005

Schinckus C. Proof-of-work based blockchain technology and Anthropocene: An undermined situation? Renewable
and Sustainable Energy Reviews 2021; 152: 111682. doi: 10.1016/j.rser.2021.111682

Dwivedi YK, Hughes L, Kar AK, et al. Climate change and COP26: Are digital technologies and information
management part of the problem or the solution? An editorial reflection and call to action. International Journal of
Information Management 2022; 63: 102456. doi: 10.1016/j.ijinfomgt.2021.102456

Manimuthu A, Raja SV, Rejikumar G, Marwaha D. A literature review on Bitcoin: Transformation of crypto currency
into a global phenomenon. IEEE Engineering Management Review 2019; 47(1): 28-35. doi:
10.1109/EMR.2019.2901431

Goutte S, Guesmi K, Saadi S. Cryptocurrency mining. In: Cryptofinance and Mechanisms of Exchange. Springer;
2019. pp. 51-67.

Zimba A, Wang Z, Mulenga M. Cryptojacking injection: A paradigm shift to cryptocurrency-based web-centric
internet attacks. Journal of Organizational Computing and Electronic Commerce 2019; 29(1): 40-59. doi:
10.1080/10919392.2019.1552747

Kristoufek L. Bitcoin and its mining on the equilibrium path. Energy Economics 2020; 85: 104588. doi:
10.1016/j.enec0.2019.104588

Williams BS. Terahertz quantum-cascade lasers. Nature Photonics 2007; 1(9): 517-525. doi:
10.1038/nphoton.2007.166

Krause MJ, Tolaymat T. Quantification of energy and carbon costs for mining cryptocurrencies. Nature Sustainability
2018; 1(11): 711-718. doi: 10.1038/s41893-018-0152-7

Giungato P, Rana R, Tarabella A, Tricase C. Current trends in sustainability of bitcoins and related blockchain
technology. Sustainability 2017; 9(12): 2214. doi: 10.3390/su9122214

McCook H. An order-of-magnitude estimate of the relative sustainability of the Bitcoin network. A Critical
Assessment of the Bitcoin Mining Industry, Gold Production Industry, the Legacy Banking System, and the Production
of Physical Currency 2014; 2: 25.

Vranken H. Sustainability of bitcoin and blockchains. Current Opinion in Environmental Sustainability 2017; 28: 1-9.
doi: 10.1016/j.cosust.2017.04.011

O’Dwyer KJ, Malone D. Bitcoin mining and its energy footprint. In: Proceedings of the 25th IET Irish Signals &
Systems Conference 2014 and 2014 China-Ireland International Conference on Information and Communications
Technologies (ISSC 2014/CIICT 2014); 26-27 June 2014; Limerick, Ireland. pp. 280-285.

de Vries A. Renewable energy will not solve bitcoin’s sustainability problem. Joule 2019; 3(4): 893-898. doi:
10.1016/j.joule.2019.02.007

18



Insight - Energy Science (2023) Volume 6 Issue 1

45.

46.
47.

48.

49.

50.

Sl

52.

53.

N&ez Alonso SL, Jorge-Vaaquez J, Fernandez NAE, Forradellas RFR. Cryptocurrency mining from an economic and
environmental perspective. Analysis of the most and least sustainable countries. Energies 2021; 14(14): 4254. doi:
10.3390/en14144254

Hauschild MZ. Introduction to LCA methodology. In: Life Cycle Assessment. Springer; 2018. pp. 59-66.

Albert 1), Brodhag C, Fullana-i-Palmer PF. First steps in life cycle assessments of cities with a sustainability
perspective: A proposal for goal, function, functional unit, and reference flow. Science of the Total Environment 2019;
646: 1516-1527. doi: 10.1016/j.scitotenv.2018.07.377

Patouillard L, Bulle C, Querleu C, et al. Critical review and practical recommendations to integrate the spatial
dimension into life cycle assessment. Journal of Cleaner Production 2018; 177: 398-412. doi:
10.1016/j.jclepro.2017.12.192

Suh S, Huppes G. Methods for life cycle inventory of a product. Journal of Cleaner Production 2005; 13(7): 687-697.
doi: 10.1016/j.jclepro.2003.04.001

Atzei N, Bartoletti M, Lande S, Zunino R. A formal model of Bitcoin transactions. In: Meiklejohn S, Sako K (editors).
Financial Cryptography and Data Security. Springer; 2018. VVolume 10957.

Stoll C, Klaal®n L, Gallersd&fer U. The carbon footprint of bitcoin. Joule 2019; 3(7): 1647-1661. doi:
10.1016/j.joule.2019.05.012

Martynov O. Sustainability Analysis of Cryptocurrencies Based on Projected Return on Investment and Environmental
Impact [Master’s thesis]. Harvard University; 2020.

Qiu Y, Wang Z, Xie T, Zhang X. Forecasting Bitcoin realized volatility by exploiting measurement error under model
uncertainty. Journal of Empirical Finance 2021; 62: 179-201. doi: 10.1016/j.jempfin.2021.03.003

19



