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When an author under the pseudonym Satoshi Nakamoto published the paper “Bitcoin:
A Peer-to-Peer Electronic Cash System” in 2008, the �rst cryptocurrency using the new
blockchain technology was introduced. Over the last decade, more than 1,000 different
cryptocurrencies, such as Ethereum, Ripple, and Litecoin were developed and Bitcoin's
currency had almost reached an equivalent value of20,000 $/BTC. After recognizing the
disrupting momentum that the blockchain technology generated, scientists started to
develop blockchain use cases for the energy sector. However, the scienti�c literature so
far offers only rough and incomplete estimations when questions about the current and
future energy consumption of the Bitcoin network are raised. This paper introduces a
new scenario model to estimate the mining power demand of theBitcoin and Ethereum
network. Six scenarios are developed on the basis of mining hardware ef�ciency and
network parameter data. The results show that an increase ofthe mining hardware
ef�ciency will only have a limited impact on the overall power demand of blockchain
networks. Furthermore, the current power demand of the Ethereum network is in the
range from 0.6 to 3 GW and therefore, is similar to the one of Bitcoin. In case of linear
growth of the block dif�culty and sigmoidal increase of the hardware ef�ciency until the
year of 2025, the mining power demand for the Bitcoin blockchain will be approximately
8 GW. Furthermore, the model and the scenarios are adaptable to other cryptocurrencies
that use the proof-of-work consensus algorithm to create scenarios for their future
power demand.

Keywords: blockchain, bitcoin, ethereum, mining power demand , scenario, block dif�culty, hardware ef�ciency

1. INTRODUCTION

In 2008, an author under the pseudonym Satoshi Nakamoto published the idea of a decentralized
cryptocurrency based on the blockchain technology (Nakamoto, 2008). The idea became reality in
2009 when the Bitcoin network was launched. Since then, and especially in 2017, when the Bitcoin
price nearly reached 20,000 $/BTC, the blockchain technologywitnessed an immense growth of
attention. Many research papers have so far focused on the usability of the blockchain technology
on the peer-to-peer (P2P) level, and in micro-grid energy markets (Sabounchi and Wei, 2017;
Wang et al., 2017; Mengelkamp et al., 2018). However, since 2017, the public raises questions about
the current, and future energy consumption, and environmental impact of the Bitcoin blockchain
and other cryptocurrencies (altcoins) (DiChristopher, 2017; Popper, 2018). The scienti�c literature
currently o�ers few, and incomplete models to answer these questions.

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org/journals/energy-research#editorial-board
https://www.frontiersin.org/journals/energy-research#editorial-board
https://www.frontiersin.org/journals/energy-research#editorial-board
https://www.frontiersin.org/journals/energy-research#editorial-board
https://doi.org/10.3389/fenrg.2019.00021
http://crossmark.crossref.org/dialog/?doi=10.3389/fenrg.2019.00021&domain=pdf&date_stamp=2019-03-13
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles
https://creativecommons.org/licenses/by/4.0/
mailto:michel.zade@tum.de
https://doi.org/10.3389/fenrg.2019.00021
https://www.frontiersin.org/articles/10.3389/fenrg.2019.00021/full
http://loop.frontiersin.org/people/649644/overview
http://loop.frontiersin.org/people/665481/overview
http://loop.frontiersin.org/people/669047/overview


Zade et al. Is Bitcoin the Only Problem?

Economical models to estimate the energy consumption of
blockchains were introduced in 2015. Hayes presented the �rst
model that estimated the energy consumption of the Bitcoin
network based on the marginal product and costs. The break-
even points are based on the market prices, the di�culty of
the network (an indicator for the computing power in the
blockchain), and an average price for electricity (seeHayes, 2015).
Vries argues that Hayes' model does not cover the investment
costs of the mining hardware and concludes that only 60 % of
the marginal product is used to cover the electricity demand
(de Vries, 2018b). The latter approach is used on the website
of the Digiconomist (de Vries, 2018a). At the end of 2017,
the Bitcoin market price �uctuated heavily, whereas the Bitcoin
block di�culty grew steadily (seeFigure 1). As a result of this
development, the aforementioned economical approaches can
only o�er an upper bound of the overall energy consumption of
the network.

Hashrate-based, bottom-up models were �rst introduced by
Malone and O'Dwyer (2014). The calculation of the Bitcoin
power demand considered the Bitcoin block di�culty and the
e�ciency of the mining hardware (Malone and O'Dwyer, 2014).
Malone et al. calculated only lower and upper bounds of the
mining power demand with the most and least e�cient hardware
available in 2014 because of an unknown combination of the
actual operating hardware. Mora et al. used the equations
developed in the aforementioned model (Mora et al., 2018).
However, the researchers picked for each mined block in 2017 an
arbitrary hardware e�ciency to calculate the power demand. The
procedure was repeated 1,000 times, in order to reduce the impact
of the randomness (Mora et al., 2018). Unfortunately, the latter
approach does not consider the release date and the pro�tability
of the randomly picked mining hardware. Therefore, the estimate
for the power demand and the resulting CO2 emissions is
most likely unrealistically high for 2017. Krause et al. presented
a model that estimates the annual average power demand of
Bitcoin, Ethereum, Litecoin, and Monero for the years of 2016,
2017, and partially 2018 by multiplying an average hardware
e�ciency to the network's hashrate (Krause et al., 2018). The
network's hashrate is calculated by dividing the block di�culty
by the mining rate.

Models, that estimate the future power demand of
blockchains, have for the �rst time been introduced in 2018.
Vries proposed the idea to forecast the future power demand
by analyzing the supply chain of hardware manufacturers such
as Bitmain (de Vries, 2018b). This approach relies on business
secrets that are publicly not accessible and therefore, can hardly
be objectively veri�ed. Mora et al. �t a logistic curve to the
adoption rates of 40 di�erent technologies and use random
samples of the 2017 mined blocks to estimate the future CO2
emissions (Mora et al., 2018). This approach neglects any future
improvements of mining hardware. Furthermore, Mora et al.
consider mining hardware that is uneconomic already in 2017,
and �t the adoption rate of Bitcoin to household appliances that
o�er insu�cient parallels.

In 2017 Vranken, and Giungato et al. published reviews
summarizing the previously mentioned approaches but did not
introduce new methods (Giungato et al., 2017; Vranken, 2017).

Other estimates presented on the Internet claiming to
estimate the energy consumption of blockchains often
are not reproducible, and therefore are excluded from this
scienti�c discussion.

In conclusion, a reliable hashrate-based scenario model for
the future power demand of blockchains is a research gap in the
scienti�c literature (de Vries, 2018b).

This paper presents a new hashrate-based, bottom-up model
that allows the creation of scenarios for the future mining power
demand of the Bitcoin, and Ethereum blockchain. The model is
based on the past development of the mining hardware e�ciency,
and mining di�culty of the network and is applicable to
other blockchains, that use the proof-of-work (POW) consensus
algorithm. Section 2 describes the analysis of the network
di�culty, mining hardware e�ciency, and the setup of the
scenarios. In section 3, the results of the model are presented and
�nally discussed in section 4.

2. METHODS

This section describes the scenario model for the future mining
power demand of the Bitcoin and Ethereum blockchain. The �rst
subsection covers the block di�culty, and the second one the
mining hardware e�ciency. Each subsection is split in two parts:
(a) a brief summary of the past evolution and (b) the created
scenarios. The �nal subsection describes the combination of the
two isolated scenarios into the �nal model for the future mining
power demand.

2.1. Block Dif�culty
The block di�culty is a network parameter in the Bitcoin and
Ethereum blockchain that automatically adapts its value to the
recent block mining rates of the blockchain. Therefore, theblock
di�culty can be used as an indicator for the computational
power of the blockchain network. In order to create reasonable
scenarios, it is crucial to understand the way the block di�culty
changes.

2.1.1. Bitcoin Protocol
According to the Bitcoin protocol, the block mining rate
shall stay constant atTBTC D 10 min/block. Every 2016
blocks TBTC,Adjust,Period D 2016 block, the block di�culty is
automatically adjusted to make up for the deviations from the
intended block mining rate ofTBTC. Equation (1) shows the
adjustment formula.

dBTC D dBTC,prev� (TBTC� TBTC,Adjust,Period)=tBTC,2016,blocks(1)

The block di�culty ( dBTC) is calculated by multiplying the
previous di�culty ( dBTC,prev) with a correction factor. The
correction factor is the quotient of the scheduled timeTBTC �
TBTC,Adjust,Periodand the actual time to mine the last 2016 blocks
tBTC,2016,blocks. Therefore, the block di�culty increases when
the actual timetBTC,2016,blocksis smaller than the intended
time TBTC � TBTC,Adapt,Period to mine the last 2016 blocks.
Furthermore, the correction factor is limited to not fall below
25 %, and to not exceed 400% (Nakamoto and The Bitcoin
Developers, 2012).
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FIGURE 1 | Development of the Bitcoin block dif�culty and the market price from January 2013 until October 2018 (Blockchain Luxembourg S.A., 2018).

Figure 1 visualizes the development of the Bitcoin block
di�culty and the market price from January 2013 to October
2018. Since the beginning of 2014 until October 2018, the
di�culty shows an exponential growth. This growth correlated
with the development of the Bitcoin price until December 2017.
However, since January 2018 the Bitcoin price shows great
�uctuations, whereas the network di�culty constantly rises (see
Figure 1). Considering the adjustment formula of the mining
di�culty in Equation (1) it can be concluded that the computing
power added to the Bitcoin network has been exponentially
growing since 2014.

While preparing this article from November 2018 until the
end of December 2018, the Bitcoin block di�culty decreased
for four consecutive 2-week-periods for the �rst time in Bitcoin
history. This decrease coincides to a signi�cant price drop
from 6,400 to 3,200$ as of December 16, 2018. However in
January 2019, the block di�culty has again increased for two
consecutive 2-week-periods. These �uctuations make it di�cult
to foresee, and extrapolate future developments of the Bitcoin
block di�culty. Therefore, a range of possible scenarios are
presented in the next section.

2.1.2. Bitcoin Scenarios
Considering the exponential growth of the block di�culty in
Figure 1, three basic scenarios for the di�culty are employed that
seem most convenient. The �rst one is assuming a continuous
exponential increase of the di�culty with a least-squares �t. One
data point per day has been used for the �tting. The second
scenario is a linear interpolation of the di�culty from January 1st,
2013 and October 31st, 2018. The third scenario is considering a
stagnating di�culty. Figure 2shows the three chosen scenarios.

The next sections focus on the Ethereum protocol and the
scenarios for the Ethereum block di�culty.

2.1.3. Ethereum Protocol
The Ethereum network is designed to o�er a “more secure,
trustworthy and globally accessible internet,” and will undergo
multiple development phases and versions to reach this goal
(Buterin, 2015b). Those updates had in the past and likely
will in the future continue to have direct impact on the
calculation of the block di�culty. In the original implementation
of 2015, the Ethereum block di�culty (dETH) was calculated
from the previous block di�culty (dETH,prev) and two additional
arithmetic expressions (see Equation 2).

dETH D dETH,prevC dETH,prev==2048

� (1 if tblock � tblock,prev< 13 else� 1)

C2((nblock==100000)� 2)

(2)

The �rst expression is a correction factor, including the spend
time to mine the previous block. If the calculated time is shorter
or longer than 13 s a correction factor is added or subtracted
from the di�culty of the previously mined block. The second
expression is called the di�culty bomb. Every 100,000 blocks
this expression grows exponentially, starting at block 300,000.
The di�culty bomb was implemented to move toward an “ice
age” with the POW algorithm, in order to pressure the transition
to proof-of-stake (POS), an alternative consensus algorithm.
Double dashes symbolize an integer division, curtailing the
remainder (Buterin, 2015a).

Equation (3) shows the updated adjustment formula for the
block di�culty after the Homestead release, which was the
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FIGURE 2 | Exponential, linear, and stagnating scenario for the future development of the Bitcoin block dif�culty �tted to the past dif�culty. Data for the Bitcoin block
dif�culty from Blockchain Luxembourg S.A. (2018).

second version of the Ethereum platform and included multiple
protocol and network changes (Je�rey Wilcke, 2016).

dETH D dETH,prevC dETH,prev==2048

� max(1� (tblock � tblock,prev)==10,� 99)

C2((nblock==100000)� 2) (3)

In the Homestead update released in March 2016, the di�culty
formula was adjusted in such a way that the di�culty does not
change when the time necessary to mine a block stays in the range
from 10 to 19 s. The block di�culty increases whenever the time
drops below the range, and when it exceeds the range it decreases.
The di�culty bomb was not altered in the Homestead update
(Buterin, 2015a).

Equations (4–6) show the updated adjustment formula and
current state of the Ethereum protocol for the block di�culty
after the Byzantium and Constantinople hard forks, which are
updates of the Ethereum protocol (Schoedon and Buterin, 2017;
Schoedon, 2018). The Byzantium and Constantinople hard forks
are part of the Metropolis release, which is the third version
of the Ethereum platform. The Byzantium hard fork happened
in October 2017 and Constantinople is planned for early 2019
(Foundation, Ethereum, 2018).

dETH D max[dETH,prevC (dETH,prev==

DETH,constant) � adj, min(dETH,prev,DMIN )]

C2((nblock,fake==100000)� 2) (4)

adj D max((2 if len(unclesprev) else 1)

� ((tblock � tblock,prev)==9),� 99) (5)

nblock,fake D max(0,nblock � 5, 000, 000 block) (6)

With the introduction of the adjustment factor (adj) the existence
of uncles is factored in the calculation of the block di�culty.
Uncles are blocks that are correctly mined but are not included
into the blockchain, and were not considered until the Byzantium
hard fork. Furthermore, the range in which the block di�culty
stays constant was altered from 9 to 18 s (Buterin, 2016). Figure 3
visualizes the evolution of the Ethereum block di�culty from
March 2015 to October 2018 with a solid black line.

Until the beginning of 2017, the graph shows a steady and
continuous growth of the block di�culty. Especially in mid-
2017, an increasing impact of the di�culty bomb becomes visible
from the exponential steps towards the Byzantium update. In
October 2017, the di�culty drops from 3� 1015 to 1.5� 1015,
due to the reset of the di�culty bomb in the Byzantium update,
by 3,000,000 blocks (Schoedon and Buterin, 2017). Since the
Byzantium update, the block di�culty exponentially rose again
after reaching a level of saturation at approximately 3� 1015.
For the Constantinople release, the Ethereum developers already
agreed on delaying the di�culty bomb for another 2,000,000
blocks (Schoedon, 2018), resulting in a total delay of 5,000,000
blocks Equation (6). Therefore, the impact of the di�culty bomb
will not be visible before 2020 assuming an average mining rate
of 15.9 s (seeFigure 3).
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2.1.4. Ethereum Scenarios
Three scenarios for the future development of the Ethereum
block di�culty are presented inFigure 3. The �rst scenario is the
development of the di�culty bomb only, according to Equations
(4–6). The second scenario is a linear interpolation of the block
di�culty on October 31, 2018 and the initial block di�culty in
2015. The last scenario is a stagnating block di�culty. Stagnation
of the block di�culty is only realistic if the Ethereum community
agrees to further delay the di�culty bomb.

2.2. Mining Hardware
This section summarizes the development of the e�ciency of the
currently available mining hardware and describes the creation of
the e�ciency scenarios for Bitcoin and Ethereum. A pessimistic,
and an optimistic scenario for each the Bitcoin and the Ethereum
mining hardware e�ciency is shown until 2025.

2.2.1. Evolution of Bitcoin Hardware
Bitcoin mining hardware witnessed many advancements in the
past decade. In the �rst years of the Bitcoin network, mining was
still possible with conventional computers and laptops (Bitcoin
Forum, 2012; Bitcoin Wiki, 2018). As Bitcoin became more
popular and the price increased, �eld programmable gate arrays
(FPGA) and then application speci�c integrated circuits (ASIC)
were developed (Bitcoin Wiki, 2018). In 2018, the most powerful
ASIC calculates up to 16 Th/s (Shivam Chawla, 2017).

The investigation of the development of the hardware
e�ciency requires a data set, that contains information about
the energy consumption, the hashrate, and the release date of

the mining hardware. The data, used in this paper, is available
in Zade and Myklebost (2018). Figure 4visualizes the e�ciency
of the mining hardware as crosses at the date corresponding to
their release date or the date the information of the hardware was
originally retrieved. The data starts in 2013 because beforehand
Bitcoin mining was mostly done on personal computers (PC)
and graphical processing units (GPU). Around 2013, FPGAs
were introduced to mine Bitcoins, however were quickly outrun
by ASICs. Since 2013, the e�ciency of the mining hardware
grows steadily.

2.2.2. Ef�ciency Scenarios for Bitcoin Hardware
In order to create reasonable scenarios of the hardware e�ciency
of the Bitcoin network, it is necessary to consider a certain
time lag until the network adopts the newly released hardware.
In Figure 4, a 6 months time lag, which is equivalent to
1/4 of the duration of use, has been added to the release
dates to make up for the adoption time (seede Vries,
2018b). The scenarios are then created with one pessimistic
and one optimistic least-squares �ts. The data that has been
�tted are the release dates inZade and Myklebost (2018)
delayed by the time lag and the corresponding e�ciency
(seeFigure 4). In the �tting, one data point per release date
was used.

The �rst one, is a standardized second order polynomial �t,
and returns the parameters in Equation (7).

� 2nd(t) D 3.0� 10� 13 � t2 � 8.0� 10� 4 � t C 5.4� 105 (7)

FIGURE 3 | Past Ethereum block dif�culty development according toEtherscan (2018)and exponential, linear, and stagnating scenarios for the future.
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FIGURE 4 | Quadratic and sigmoid scenario for the development of the Bitcoin mining hardware ef�ciency �tted to the past development. Data for the hardware
release dates fromZade and Myklebost (2018).

The second �tting curve is a sigmoid curve, which was derived
from Equation (8).

y D
x

jxj C 1
(8)

Equation (9) is a modi�cation of Equation (8), so that it
is applicable to the data with UNIX timestamps. Therefore,
additional parameters are introduced.

� sigm(t) D A �
�

t � B
C C j t � Bj

C D
�

(9)

A variation of the parameterA results in an ampli�cation of the
function values. AlteringB causes a shift on the x-axis andC
a�ects the gradient of the curve. Finally, the parameterDcreates
a shift on the y-axis. A least-square curve �tting function �tted
the parameters. The initial parameters, the lower and the upper
bounds and the optimized values are summarized inTable 1.

Figure 4displays the results of the two �tting functions. The
curves are congruent until the last data point. The quadratic
curve indicates a scenario in which the hardware e�ciency
will increase to approximately 45 Gh/J in 2025. The sigmoid
curve shows a rather pessimistic scenario in which the hardware
e�ciency reaches a saturation at approximately 13 Gh/J in 2025.
The actual development of the hardware e�ciency will most
probably be in between the proposed scenarios, as long as
no breakthrough technology is developed for Bitcoin mining
(seeFigure 4).

TABLE 1 | The parameters used to �t the hardware mining data to a sigmoid
curve [see Equation (9)].

A B C D

Initial values 1.12� 104 1.52 � 109 5 � 108 0.5

Lower bound 5.59 � 103 1.48 � 109 1 � 108 0

Upper bound 4.47 � 104 1.53 � 109 1 � 109 1

Optimized values 1.22� 104 1.48 � 109 1.12 � 108 0.51

2.2.3. Evolution of Ethereum Hardware
The mining process in the Ethereum network was built to be
ASIC-resistant, in order to keep mining pro�table for ordinary
computers (Ethereum Wiki, 2018). This ASIC-resistance was
originally implemented by the Dagger-Hashimoto algorithm
and currently is used in the Ethash implementation. Ethash
forces full clients to create a 1 GB dataset which is updated
every 30,000 blocks, grows linearly over time, and has to
be stored. Mining is only possible, if random parts of the
dataset can be accessed, combined with the block data, and
altogether hashed. Therefore, a GPU is the best mining
hardware, due to its built-in memory and high access rate
(Ethereum Wiki, 2017).

Analogous to the hardware evolution analysis for Bitcoin,
a data set for the Ethereum mining hardware was needed
that includes information about the energy consumption,
hashrate, and release date. However, manufacturers of GPUs
do not normally state the reachable hashes per second nor
the hashes per joule in the technical data, because mining
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Ethers is a new �eld of application. Therefore, the energy
consumption of GPUs are from technical data sheets, whereas
the hashrates are from di�erent websites that o�er test results
(Zade and Myklebost, 2018).

Figure 5 shows the evolution of the mining hardware
e�ciency over time in Mh/J. The displayed data starts in 2012,
since already earlier produced GPUs are likely to be used
for mining Ethers. Unlike the hardware to mine Bitcoins, the
development of the Ethereum mining hardware is widely spread.
This is most probably due to the fact, that GPUs are not primarily
developed to mine Ethers, but instead to enable advanced
computer gaming, image processing, and arti�cial intelligence
applications (Karpištšenko, 2017).

2.2.4. Ef�ciency Scenarios for Ethereum Hardware
Analogous to Bitcoin, it is reasonable to consider a certain
time lag until the network adopts the newly released hardware.
Therefore, the release dates inFigure 4 indicate a 6 months
time lag, which is equivalent to 1/4 of the duration of use
(see de Vries, 2018b). The scenarios are then created with
one pessimistic and one optimistic least-squares �t. The data
that has been �tted are the release dates fromZade and
Myklebost (2018)delayed by the time lag and the corresponding
e�ciency (seeFigure 4). In the �tting, one data point per release
date was used.

Figure 5 shows the results of the two least-squares �ts.
First, the historical data shows, that GPUs are primarily not
optimized or developed to increase the mining e�ciency.
Secondly, manufacturers of GPUs will have limited interest
in optimizing their processing units for mining Ethers,

when Ethereum developers want to shift toward a less
computational expensive protocol with POS. Therefore,
the �rst scenario for the development of the Ethereum
mining hardware e�ciency is rather pessimistic and
follows a linear trend. The second scenario assumes an
optimistic exponential evolution of the hardware e�ciency.
The second scenario would propose a mining e�ciency
of 0.8 Mh/J in 2025.

2.3. Future Mining Power
This section describes the calculation of the future power
demand for Bitcoin and Ether mining. The formula for the
Bitcoin mining power demand is shown in Equation (10)
(Malone and O'Dwyer, 2014).

PBTC_mining D nminer � PHW D
DBTC � 232

1 t � RHW
� PHW D

DBTC � 232

1 t � � HW
(10)

TABLE 2 | Block dif�culty and hardware ef�ciency combination for each scenario
for the Bitcoin network.

Scenario Dif�culty Hardware ef�ciency

1 Stagnating Sigmoid

2 Linear Sigmoid

3 Exponential Sigmoid

4 Stagnating 2nd order

5 Linear 2nd order

6 Exponential 2nd order

FIGURE 5 | Exponential and linear scenario for the development of the Ethereum hardware ef�ciency �tted to the past development. Data for the hardware release
dates from Zade and Myklebost (2018).
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PBTC_mining represents the power demand for Bitcoin mining,
nminer the number of miners within the network,PHW the
power demand of a certain mining hardware,DBTC the di�culty
of the Bitcoin network,1 t the preset time to mine a block
(for Bitcoin 10 min), and RHW the hashrate. The hashrate
and the power demand can be summarized in the mining
e�ciency � HW .

Equation (11) calculates the network-wide power demand to
mine Ethers. The main di�erence is the absence of the lower
bound factor 232.

PETH_mining D nminer � PHW D
DETH

1 t � RHW
� PHW D

DETH

1 t � � HW
(11)

Section 3 displays the results of the di�erent scenarios.

3. RESULTS

This section presents the results of the scenario model for the
power demand of the Bitcoin and Ethereum blockchain.

3.1. Bitcoin Mining Power Demand
Scenarios
Six scenarios are investigated for the Bitcoin blockchain,in order
to analyze the future mining power demand. The development
of the scenarios is described in section 2.Table 2 lists the
combinations of the hardware e�ciency and block di�culty for
each scenario.

TABLE 3 | Block dif�culty and hardware ef�ciency variations for each scenario for
the Ethereum network.

Scenario Dif�culty Hardware ef�ciency

1 Stagnating Linear

2 Linear Linear

3 Bomb Linear

4 Stagnating Exponential

5 Linear Exponential

6 Bomb Exponential

FIGURE 6 | Power demand for Bitcoin mining until October 2018 if only one hardware was used throughout the network and scenarios 1–6until 2025 for the future
development of the power demand. Bitcoin hardware data fromZade and Myklebost (2018).
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Figure 6visualizes three results:

1. How much power the Bitcoin blockchain demanded in the
past, if the entire mining process would have followed the
�tted curves in section 2.

2. How much power the Bitcoin blockchain demanded in the
past, if the entire mining process would have been done on
one of the selected hardware.

3. How much power the Bitcoin blockchain will demand, if one
of the scenarios fromTable 2materializes.

Even though the Bitcoin network went live in 2009, the data
starts in 2013, because mining was done on conventional CPUs
beforehand, and the release of Bitcoin speci�c hardware started
in 2013 (Malone and O'Dwyer, 2014).

The y-axis is a logarithmic scale, in order to show the vast
range of mining power demand. The curves of the hardware start
at their release date or at the time, when the information about
the hardware was �rst made available. For a better visualization,
only a selection of 9 hardware mining machines are shown in
Figure 6. In 2013, the �rst data points are FPGAs (e.g., Icarus)
and were quickly followed by ASICs (e.g., Antminer). The mining
power demand approximately was in the range from 0.1 MW to
10 MW in 2013. With the releases of the �rst ASICs in 2014, the
mining power demand rose drastically to the range from 0.01 GW
to 5 GW. In the beginning of 2018, the range of the mining power
demand was already from 1.5 GW to more than 5,000 GW. The
power demand approximately is at 5 GW, if Bitcoin mining was
done in October 2018 with a mix of the three most e�cient,
displayed ASICs. In 2018, the mining power demand could be
higher than 10,000 GW, if mining was entirely done with the
FPGAs that were released in 2013.

The curves for the six scenarios indicate the potential
development of the power demand of the Bitcoin and Ethereum
blockchain. Green curves show sigmoidal, and turquoise curves
exponential scenarios for the hardware e�ciency of the Bitcoin
mining hardware. Dashed lines indicate the exponential increase,
solid lines a linear rise, and dotted lines the e�ect of a stagnating
block di�culty.

The curves for scenario 1–3 and 4–6 are congruent to each
other from 2014 until the beginning of 2018. The congruence
of the curves is a result of the usage of the historical block
di�culty data that was for all scenarios the same. Furthermore,
the hardware e�ciency only show slight deviations between the
sigmoidal and exponential �t between 2014 and the beginning
of 2018. In 2013, the di�erences of the curves are caused by
the deviating scenarios for the hardware e�ciency inFigure 4.
Di�erences from mid-2018 onwards are a result of the deviating
scenarios for the hardware e�ciency and block di�culty.

In 2025, the power demand of the Bitcoin network will be
greater than 10,000 GW, if the block di�culty continues to
rise exponentially and the hardware e�ciency either follows a
sigmoidal or an exponential growth. Considering the worldwide
installed generation capacity for electricity of 6,300 GW in2015,
these two scenarios are highly unlikely (Central Intelligence
Agency, 2018). In the case of a linear growth of the block
di�culty, the expected power demand of the Bitcoin network
is in the range from 2.5 to 8 GW. A stagnating di�culty

results in an overall power demand in the range from
1.2 to 4 GW in 2025.

Conclusively,Figure 6 shows that the greatest impact results
from the development of the block di�culty and that the Bitcoin
power demand can potentially decrease, if the block di�culty
stagnates or even decreases. Improvements in the hardware
e�ciency will have limited in�uence on the power demand of the
Bitcoin network.

3.2. Ethereum Mining Power Demand
Scenarios
Six scenarios are investigated for the future mining power
demand of the Ethereum blockchain.Table 3 shows the
combinations of the hardware e�ciency and block di�culty
within each scenario.

Figure 7shows three results:

1. How much power the Ethereum blockchain demanded in the
past, if the entire mining process would have followed the
�tted curves in section 2.

2. How much power the Ethereum blockchain demanded, if the
entire mining process would have been performed using the
same hardware.

3. How much power the Ethereum blockchain will demand, if
one of the scenarios fromTable 3materializes.

calculated mining power demand of the Ethereum blockchain for
the researched data inZade and Myklebost (2018)and the above
mentioned six scenarios.

For a better visualization, only 10 of the 45 listed mining
machines are visualized, in order to display the full range of the
power demand inFigure 6 (Zade and Myklebost, 2018). The x-
axis starts at the beginning of the Ethereum network in July 2015,
and ends with the forecast in 2025. The curves of the hardware
start at their release date. In January 2016, the mining power
demand ranged from 3 to 9 MW. In January 2017, the mining
power demand was in the range from 25 to 90 MW. After the
Byzantium update in October 2017, the demand dropped shortly
to a range from 0.45 to 1.5 GW but increased again until January
2018 up to 0.5 to 2 GW.

The mining power demand of the Ethereum blockchain would
have been at approximately 0.9 GW on October 31st, 2018, if
the network used a mixture of the �ve most e�cient GPUs to
mine Ethers. This estimate and the one in section 3.1 about a
similar mixture for the Bitcoin network conclude that the mining
power demand of the Bitcoin and the Ethereum blockchain are
in similar ranges.

The two dashed lines show the development of the power
demand when the block di�culty grows according to the
di�culty bomb and the hardware e�ciency either increases
linearly (dashed brown line) or exponentially (dashed green line).
The average power demand of the scenarios 1 and 4 would exceed
10,000 GW before the beginning of 2020. These scenarios seem,
from the energy system's perspective highly unlikely, considering
the worldwide installed generation capacity for electricityof
6,300 GW in 2015 (Central Intelligence Agency, 2018). The green,
and turquoise solid lines show the mining power demand if the
block di�culty rises linearly. The average power demand in 2025
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FIGURE 7 | Mining power demand of the Ethereum blockchain until October 2018 if only one hardware was used throughout the network and scenarios 1–6 until
2025 for the future development of the power demand. Ethereum hardware data fromZade and Myklebost (2018).

of the scenarios 2 and 5 would be at 1.4 GW. The dotted lines
represent the scenarios 3 and 6 in which the di�culty stagnates
at the level of the October 31, 2018 and the hardware e�ciency
increases exponentially or linearly. The average power demand
would be in 0.4 GW in 2025. Therefore, a stagnating block
di�culty will result in a mining power demand by 2025 of less
than half compared to the scenarios with an linearly increasing
block di�culty.

Similarly to section 3.1, the scenarios for the Ethereum
blockchain indicate that the future power demand most
signi�cantly depends on the block di�culty. The hardware
e�ciency has a limited impact.

4. DISCUSSION

This paper presents a scenario model that estimates the future
mining power demand of the Bitcoin and Ethereum blockchain.
This section discusses the selected model's input scenarios,
limitations, results, and compares them with the scienti�c
literature.

The model creates scenarios for the e�ciency of mining
machines, based on release dates and e�ciencies of hardware

from the last decade. The chosen scenarios follow the trend
of processor e�ciencies described in (Hasler and Marr, 2013;
Marr et al., 2013; Rupp, 2013). However, they do not assume
any breakthrough technology that would improve the e�ciency
of mining hardware by more than 400% in 2025 compared to
October 2018. This method allows the creation of e�ciency
scenarios for mining hardware, which can also be applied to
other technologies.

In the Bitcoin blockchain, the block di�culty only depends
on the block mining rate. In the Ethereum network, the
block di�culty also is a�ected by the di�culty bomb. The
di�erent in�uences on the block di�culty were analyzed,
extrapolated, and �tted with multiple functions, in order to
create reasonable scenarios for the future. The developed
scenarios o�er a wide range of possible developments, because
the computing power in a blockchain is amongst others
dependent on the market price which is hard to predict.
Furthermore, this method cannot cover the impact of protocol
changes, such as in the Byzantium and Constantinople release.
However, the creation of scenarios for the block di�culty
based on the past development appears to be the most
appropriate approach.
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TABLE 4 | Annual average powerdemand of bitcoin and ethereum.

Blockchain Bitcoin Ethereum

Model O'Dwyer Mora et al Krause et al. This study Krause et al. This study

in MW in MW in MW in MW in MW in MW

2014 10–10,000 - - 168 - -

2015 100–100,000 - - 202 - 3

2016 1,000–1,000,000 - 283 364 24 19

2017 - 11,959–12,538a 948 843 299 367

2018 - - 3,441b 3,852c 1,165b 991c

aSince the model of Mora et al. provides only the energy per block in GWh. The annual average power demand has been calculated by dividing the energy per block by the expected
block mining time of0.167h.
bAverage from January 1 to June 30, 2018.
cAverage from January 1 to October 31, 2018.

Large mining farms that were built to pool the computing
power of multiple thousands of mining machines require extra
cooling elements (de Vries, 2018b). However, the analyzed
hardware does only consider on-board cooling elements.
Moreover, the power demand of the GPU's auxiliary equipment is
not considered. Therefore, the results presented in this paperare
a lower bound of the power demand of the Bitcoin and Ethereum
blockchain. The investigation of the cooling demand requires
further research.

In consideration of the aforementioned limitations, this model
calculates the power demand of the Bitcoin and Ethereum
blockchain, and provides the following answers:

1. Mining e�ciency has increased signi�cantly over the past
years. Today's mining would result in a power demand of
more than 1,000 GW in 2018 if mining was done on a mix
of hardware that was released in 2013.

2. Future hardware e�ciency improvements will have only a
limited impact on the total power demand of the Bitcoin and
Ethereum blockchain if the block di�culty follows similar
growth patterns as in the past decade.

3. The power demands of the Bitcoin and Ethereum blockchain
are expected to decrease if the block di�culty stagnates.
However, the demand will stay constant if the block di�culty
only grows linearly.

4. The power demands of the Bitcoin and Ethereum blockchain
are estimated to be in similar ranges, at least 5 and 0.9 GW,
respectively as of October 2018.

For comparison and veri�cation of the presented model,Table 4
shows the average annual power demand of the Bitcoin and
Ethereum blockchain from the scienti�c literature and the
presented scenario model for the years from 2014 to 2018.

For the years 2014 and 2015, the model calculates power
demands for Bitcoin that correspond to the results presented in
O'Dwyer (2017). For 2016, 2017, and 2018, the model's results for
Bitcoin are in similar ranges as the results presented byKrause
et al. (2018). The scenario model does not match the results of
O'Dwyer in 2016 because the hardware selection inO'Dwyer
(2017)was not updated from the author's original selection from
2014 and therefore calculated with less e�cient hardware a higher
power demand range for 2016 (seeMalone and O'Dwyer, 2014).
For 2017, the scenario model calculates an annual average power
demand for Bitcoin of 843 MW and for Ethereum of 367 MW.
Mora et al. (2018)published a model that calculates a power

demand for Bitcoin in the range from 11,959 to 12,538 MW. The
reason behind this high power demand can be explained with the
random selection of hardware that was already uneconomic and
out-dated in 2017 (see section 1). In summary, the comparison of
the results inTable 4veri�es the output of the scenario model and
provides explanations for deviations to other scienti�c models for
the years from 2014 to 2018.

5. CONCLUSION

This paper presented a new hashrate-based model for the
creation of scenarios for the future mining power demand of
the Bitcoin and Ethereum blockchain. Hence, providing an
alternative to economical models that require business secrets,
or technical models that use unrelated adoption rates. The
developments of the block di�culty and the hardware e�ciency
of the last decade provided the basis for the developed scenarios.
The investigation of six scenarios until 2025 revealed thatthe
hardware improvements will have only a limited impact on the
total power demand of the Bitcoin and Ethereum blockchain,
and that the mining power demand of the Ethereum network
is in a similar range as the one of Bitcoin. Furthermore, the
presented methodology can be applied to create scenarios for
the power demand of any other blockchain that uses the POW
consensus algorithm by adjusting the formulas to the network's
characteristics.

Future research shall investigate the impact of the market
price on the block di�culty and the consideration of cooling
equipment in the overall power demand of the Bitcoin and
Ethereum blockchain.
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