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Abstract

Bitcoin mining is a process which requires vast amounts of electricity. This would
impact the electricity market in the respective locations where the mining is taking
place. This thesis examines the e [edts Bitcoin mining has had on the US electricity
market in terms of electricity consumption and prices. By using panel data on
electricity consumption and prices in 39 states in the US, and four sectors, the e [edt
of Bitcoin mining is estimated in terms of percentage increases. The model estimates
an increase in electricity consumption for the aggregated sector to be 0.0083 when
mining is increased by one megawatt. With the same specifications, the model
estimates an increase for the industrial-specific consumption to be 0.0078 percent.
There are lacking su [cieht significance of the estimates in the residential-specific
consumption. For the commercial-specific consumption, the model estimates an
increase of 0.0107 percent. In terms of prices, the model estimates that an increase
in one megawatt of Bitcoin, would increase the electricity price in the aggregated
sector by 0.0058 percent. The model estimates an increase of 0.0145 percent in the
industry-specific price and an increase of 0.0069 percent in the commercial-specific
price. For the residential-specific price, the case is the same as for the consumption.
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1 Introduction

The popularity of cryptocurrencies has been through rapid growth over the last decade.
This has led to various debates discussing di Lerent subjects of the usage. The oldest and
most traded cryptocurrency is Bitcoin. One of the most discussed topics of Bitcoin is the
electricity consumption needed to mine new Bitcoins. There have been several papers
estimating the electricity consumption and the carbon footprint of Bitcoin, most of them

using the same approach, although the results greatly dilerl

This thesis aims to estimate the el[edt Bitcoin mining has had on the US electricity
market. For this, | apply the estimates of one paper to analyze the percentage e [edt this
has had on electricity consumption and electricity prices in the US. Panel-data has been
used in the analysis, where the data has been gathered from various sources and covers
two years, 2020 and 2021. ldeally, the period of the analysis would have been longer,
although there is lacking su [cieht data on Bitcoin mining previous to 2020. Almost all
papers written about this subject, estimate that the electricity consumption of mining is
severe. Therefore, it seems reasonable to believe that mining has led to an increase in

both consumption and prices of electricity.

Further, the structure of the thesis is as follows: Firstly, | give a summary of papers that
have estimated the electricity consumption and the methodology used. Secondly, | will
introduce Bitcoin, and the Bitcoin mining procedure, as well as a brief overview of the
US electricity market. Then an overview of the data is provided. Here | describe the
variables used in the analysis, as well as how they were processed. Further, the summary
statistics of the variables are provided. Moreover, a description of the methodology is laid

out, followed by the results of the analysis.



2 Literature

There has been a variety of papers estimating the electricity demand and consumption, as
well as carbon emissions of Bitcoin mining in recent years. The data and methodology
tend to be the same, although the assumptions usually dilerl Most papers use a method
developed by O’Dwyer and Malone (2014). The method involves using the e [ciehcy
of the hardware used to mine Bitcoin and the hash needed to mine a block. This was
the first paper that used some form of a profitability function to estimate the electricity
consumption, which is known as the bottom-up approach. This methodology has been
further developed by several papers. By doing this they estimated that the power demand
of Bitcoin was between 0.1 and 10 GW in 2014. The e [ciehcy of mining equipment
has been through a rapid development, which makes the power consumption in terms of
hashes per second, way less. Kiifeoglu and Ozkuran (2019) estimate, by using June 2018
as the baseline, that the annual electricity consumption of Bitcoin mining was between
15.47 and 50.24 terawatt hours. They collected data from four dilerknt sources, the
blockchain itself, the e [ciehcy of mining hardware, historical Bitcoin prices, and power
cost data to conduct their calculations. They calculated the upper and lower bound of
the consumption, which relied on the hardware used. The lower bound was calculated
based on the most e [cieht hardware at the time. The upper bound was the break-even
point of mining revenue and electricity costs. This estimate seems to be higher than what

most other papers estimate, so it may be that this is overestimated.

By expanding upon the methodology of O’Dwyer and Malone (2014), Vranken (2017)
included more costs in the profitability function. By doing so, they estimated that the
electricity consumption of Bitcoin mining was between 100-500 MW in June 2017. This
number varies highly, since there is no way to exactly pinpoint the hardware used to mine.
Bevand (2017) used the same approach, although he included more levels of calculation,
which gave more profitability thresholds. The method of Bevand is the method that the
CBECI! based their calculation on, which is another site where many papers base their
estimates upon (University of Cambridge, 2022). He then took the weighted average of
the equipment used, as well as some assumptions regarding the utilized hardware. By

doing so, he estimated that the electricity consumption of mining was between 470 and

1Cambridge Bitcoin Electricity Consumption Index



540 MW in February 2017, and it increased to between 816 and 944 MW in July 2017,
and further to 2100 MW in January 2018. The estimates vary as the weighted average of
the most-used equipment varies. Krause and Tolaymat (2018) estimated that the average
electricity consumption of Bitcoin mining in 2017 was 948 MW, increasing to an average
of 3441 MW in the first half of 2018. They used a bottom-up approach for these estimates.
De Vries (2018) used another method to calculate the estimated electricity consumption
of Bitcoin mining. The methodology de Vries used was based of the model of marginal
product of mining, introduced by Hayes (2017). In this model, the electricity consumption
is measured from a more economical standpoint. Where it is assumed that there is an
equilibrium for miners. That is, the marginal costs of mining are equal to the marginal
product of mining. The marginal product of mining is calculated as the average Bitcoin
price multiplied by the mining reward of one day (at the time of de Vries paper, this
was equal to 8 351 US dollars times 1837 coins). The marginal costs in Hayes paper,
are assumed to be strictly the electricity costs, as he argues that hardware costs and
maintenance costs can be ignored. De Vries expands upon this, as he includes hardware
costs in his analysis. He then calculates the estimated share of electricity costs from
the total costs, by assuming the lowest price recorded of the hardware as well as a life
expectancy of two years. He estimates the share to be between 60 and 70 percent. Lastly,
he then estimates the electricity costs to be 5 cents per KWh, given an estimate of 7.67
GW, or 7670 MW. This way of estimating is known as the top-down approach, which has

been criticized for the tendency to overestimate the electricity consumption.

Another paper by Gallersdorfer et al. (2019) estimated the power consumption, regional
power consumption and the carbon emissions of Bitcoin mining. For power consumption,
they calculated a lower and an upper bound in the same manner as Kiifeoglu and Ozkuran
(2019). They estimated the power consumption at the end of 2016, the end of 2017, and
in November 2018, which they based on ASIC? hardware sales. They used the estimates
for November of 2018 to create an annual estimate for 2018, by multiplying the number of
megawatts by 8760, which is the number of hours in a year. By doing so, they estimated
the annual power draw of Bitcoin mining to be 45.8 terawatt hours. One issue with using
this methodology is the possibility of inaccurate estimates as the mining di Ccullty adjusts

every two weeks, as described in section 3.2. As a consequence, the extrapolating of

2 Application-specific integrated circuit, used specifically for Bitcoin mining



the assumed consumption for one month may result in highly over- or underestimated
results, depending on the activity in the month used. To increase the accuracy of the
carbon emission estimates, they also localized miners by three methods. The first method
included accessing mining pool servers IP, in which they found the distribution of the
network computing power on a continent basis. Asia stood for 68 percent of the network
hash rate, 17 percent contributed from Europe and 15 percent from North America. The
second method they used was using the 10T search engine Shodan®. Here, they found
a more granular distribution at the national level. In the last method they used, they
found the IP-addresses from peer-to-peer nodes, as they communicated via a peer-to-peer
network. This last method seemed to overestimate the concentration of US miners. They
then used the estimates from the power consumption and the regional consumption to
calculate the carbon emissions of Bitcoin mining. This was done by multiplying the
average and marginal emission factors of power generation in the respective region with
the estimated power draw. By doing so, they found that the global carbon footprint of
Bitcoin mining could be estimated to be between 22 and 22.9 MtCO,.

This paper was revisited by de Vries et al. (2022). Here, they used updated data regarding
the location of miners as well as mining equipment. The authors then used the same
approach as the previous paper by matching the updated locations with the carbon
intensity of the electricity generation in the area. They estimated that the electricity
demand for mining was 13.39 GW in August 2021. They did not extrapolate this estimate
to an annual estimation, although following their methodology from the previous paper,
this would have been equal to an annual electricity consumption of 117.3 terawatt hours
in 2021. They did however estimate the carbon emissions from Bitcoin mining to be 65.4
MtCO,.

Mora et al. (2018) is another paper that focuses on the emissions of Bitcoin. They also
used the mining hardware to calculate the electricity consumption of mining. By using
the e [cercy of the hardware and the hashes needed to mine one block, they found an
estimate for the electricity needed to mine said block. Accordingly, they extrapolated this
estimate to find an estimate for the total consumption, which they estimated to be 13 010

MW in 2017. In addition to this, they estimate the annual carbon emissions of Bitcoin to

3An 10T search engine is a search tool that allows identification devices connected to the internet
(10T devices)(Fagroud et al., 2020)



be 69 MtCO, in 2017. This is more than three times the estimated carbon emission in
Gallersdorfer et al. (2019) paper, which indicates that the estimate of Mora et al. (2018)
is highly overestimated. The methodology of the paper seems to be highly inaccurate as
they extrapolate an already inaccurate estimate. The methodology seems sensitive to
changes in both di Cculity adjustments and the development of mining hardware. Another
critical assumption they made, was that transactions draw power consumption, which is

not backed by any other research.

Shan and Sun (2019) did a case study of Bitcoin mining and the CAISO*. Here, they
argue that by relying on a high level of renewable resources to generate electricity, the
grid makes curtailments for reliability reasons. If so, this would reduce both the economic
and environmental benefits of the renewable resources. They argue that the curtailment
could be mitigated by installing Bitcoin mining facilities at the power plants. By running
simulations they estimate that the revenue of installing such a facility could increase the
revenue of the power plants by approximately 5.6 — 48.1 million US dollars, while also
decrease the curtailment by 50.8-79.9 percent, depending on the Bitcoin price and the
mining di Cculty. However, this analysis lacks several important aspects, such as cooling
costs and additional facilities needed to mine Bitcoin. Bastian-Pinto et al. (2021) creates
a case study with wind power and cryptocurrency farms in Brazil. This paper investigates
the proposal of wind farm investors to invest in cryptocurrency mining facilities to hedge
against electricity price risks. Since the electricity price and Bitcoin price is uncorrelated,
the wind farms incentives to keep producing power increase, even though the electricity
price is low. They argue that this could significantly increase the revenue of the electricity
generator, while also reduce the risk of anticipating the construction. Niaz et al. (2022)
provides another study regarding using Bitcoin mining as a source of turning excess energy
into profits. They study ERCOT?®, and follow the argument of Shan and Sun (2019) that
renewable energy leads to power curtailments, due to the lack of su [cieht technology to
store the energy supply. They estimate that 93 percent of the curtailed energy could be
used to mine Bitcoin at the minimal cost, while generating a revenue of 239 million US

dollars to the power plants.

4California Independent System Operator
SElectric Reliability Council of Texas



3 Bitcoin

3.1 Introduction

Bitcoin is a peer-to-peer electronic cash system, envisioned by Nakamoto (2008). A
peer-to-peer system indicates that the participants exchange value directly with each
other, without the need for a trusted third-party. For this system to work, it needs a
secure system to validate the transactions to remove the problem of double spending, as
well as to hinder the tampering of confirmed transactions. This is done via mining, which
uses a proof-of-work system that involves computers to solve complex cryptographical
puzzles. The confirmed transactions are then stored in a blockchain, which is a public

distributed ledger. The ledger is accessible to all nodes in the network.

The blockchain consists of blocks that store information regarding previous transactions.
It contains information regarding time and date, the bitcoin address of the seller and buyer,
the total value of the transaction, and a unique signature that involves the current and
previous blocks(Ashford and Powell, 2022). New blocks are added to the blockchain when
miners are completing the puzzles, and new transactions are validated and announced
on the network. When this is done, the race for the next block begins. This process is
programmed to take around ten minutes for each block. This is also the way that new

coins are added to the network, by miners getting a reward for completing the blocks.

3.2 Bitcoin Mining

As the blockchain relies on miners to complete the puzzle, incentives for them to do so
are important. The Bitcoin reward they receive upon a puzzle completion functions as
such an incentive. The reward for completing a block is 6.25 Bitcoins as of 2022. This
reward is halved every 210 000 blocks, which translates to every four years. In addition
to this, the miners also get aggregated transaction fees for the transactions in the block
they complete. At every moment of time, there are multiple transactions laying in the
mempool(Imtiaz et al., 2019). These are transactions waiting to be verified by miners.
The higher the transaction fee is for the completed transaction, the shorter is the waiting

time for that transaction to be validated, as argued by Easley et al. (2019). The security
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of the network increases with every new block mined. This is due to the increased costs
and di Cculty of tampering with previous transactions. Therefore, the mining process

needs to consist of su [cieht costs to maintain the security of the network.

Each block in the blockchain is minted on the previous block, which is done via a signature.
This signature consists of a nonce (number used once) value that satisfies the hash function,
SHA-256. This nonce value starts with 0 and increases until the miner finds the solution
to the algorithm, which is the case when the hash of the block is less or equal to the
target value. The target value changes depending on the di Cculity, which adjusts every
2016 blocks, or around every two weeks. The block is then added to the blockchain and
broadcasted to all the other nodes on the network, and the nodes will then start working
on the next block. Upon completion, all of the transactions within that block are validated
and forever stored on the blockchain (Kiifeoglu and Ozkuran, 2019). This process is

illustrated in figure 3.1.



3.2

Bitcoin Mining

Figure 3.1: Bitcoin Mining Process
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Over time, more and more specialized hardware for Bitcoin mining has been developed.

In the early stages of Bitcoin mining, miners used central processing units (CPU). The

miners then switched to use graphic processing units (GPU), as they found out that this

yielded more hash per second. In 2013 Canaan Creative developed application-specific
integrated circuits (ASICs) (De Vries and Stoll, 2021). This hardware is specialized to

complete one task, which is to solve the bitcoin algorithm. The development of this

type of hardware has continued, and as of 2021, one could get several di[Lerent kinds of

this, each providing di[erent types of e [ciehcy in terms of hashing power and electricity

consumption. The more e Lcieht hardware, the more hashing power a miner can get for

less use of electricity, which reduces costs for miners.
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The increase in computing power needed to create a new block in the network has led
to miners cooperating and combining their computing power while sharing the rewards.
When the miners combine their hash rate in a mining pool, their chances of succeeding
to mine new blocks drastically increases. In addition, this also increases the revenues
and a more reliable income to the miners. The time it takes for the whole network
to generate one block is ten minutes, however for a single mining unit this is not the
case. The competition between the miners to complete the blocks is tough. For example,
one unit of one of the more popular and e [cieht mining equipment, Antminer S19 Pro,
has a maximum hash rate of 110 TH/s (terahashes per second) (Bitmain, 2022). In
comparison, the biggest mining pool Foundry USA has, in June 2022, a hash rate of
49 681 PH/s (petahashes per second) (BTC.com, 2022). One petahash is equal to one
thousand terahashes. This translates to the maximum hash rate of one unit of Antminer
S19 Pro to be 0.0000024 percent of the Foundry USA mining pool. Therefore, most of the

networks hash consists of di [erknt mining pools, as shown in figure 3.2.

Figure 3.2: Concentration of mining pools
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The amount of computing power needed to mine one block is determined by the di Cculty
and the e [ciehcy of the hardware in use (Gallersdorfer et al., 2019). For instance, as
China banned mining in June 2021, much of the networks hash rate went o [ind. This
led to a decrease in the di Ccullty by 27.9 percent, which is the largest drop of di Cculity
ever recorded on the network (Blockchain.com, 2022). However, the di Cculity normalized

shortly after.
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3.3 Bitcoin Mining in the US

Historically, most of the mining has taken place in China. Cambridge Center for Alternative
Finance has recorded the historical hash rate for a selection of countries since September
2019. Their data by country includes Canada, Iran, Kazakhstan, China, Malaysia, Russia
and United States. There are also recorded hash rates in Germany and Ireland, although
they argue they likely are Chinese miners using VPNs to hide their locations. Other
hash rates not recorded in these countries, are sorted in the category "other". In total,
without the inclusion of other, this covers around 90-95 percent of the network hash rate.
As seen in figure 3.3 and 3.4, China had the majority of the network hash rate until
July, where it suddenly dropped to zero as the government banned mining in June of the
same year. In revisiting bitcoin’s carbon footprint, de Vries et al. (2022) argues that two
events that increases the credibility of the CCAF data. China’s ban on mining, along with
an internet outage in Kazakhstan, gave some empirical insights to validate the CCAF
data. Before the China ban, the data suggested that China represented 44 percent of the
total mining activity. After the ban, the hash rate of the entire network decreased by 45
percent. Before the internet outage at the start of January 2022, Kazakhstan represented
18 percent of the total Bitcoin mining activity according to the CCAF data. Immediately
after this event, the total hash rate of the network decreased by 15 percent. These two

events suggest that the CCAF data is a good proxy for mining locations.






