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Bitcoin runs on energy. The decentralized network’s amount of energy consumption has resulted in multifaceted
discussions about its efficiency and environmental impact. To put Bitcoin’s energy consumption into perspec-
tive, we propose to relate (a) the energy consumption in TWh and (b) resulting social costs in the form of carbon
emissions to the Dollar value settled on the Bitcoin network. Both metrics allow to relate and quantify the
capacity of Bitcoin as a settlement layer to the network’s energy consumption and resulting carbon emissions,
or social costs. We find that in early 2021 Bitcoin (a) settles between $2,333 and $7,555 for each Dollar spent
on energy and (b) that, on average, a Dollar settled on the Bitcoin blockchain causes in social costs between
0.007% and 0.01%, depending on the estimated energy consumption converted into the costs of carbon emis-
sions. These results help to assess the efficiency, cost and sustainability of Bitcoin and may allow a comparison
of Bitcoin with existing settlement base layers such as Fedwire or gold.

1. Introduction

In early 2021, the market capitalization of all Bitcoins [1]
exceeded $1 trillion [2]. Over the course of the year
2020, over $6.3 trillion were moved on the decentralized
Bitcoin network, which corresponds to a value of about
$17.2 billion per day. In the first two months of 2021
alone, this value amounts to over $80 billion per day and
extrapolates to an annual value settled of over $29 tril-
lion [3]. Putting this figure in the context of, e.g., the cen-
tralized foreign exchange market, which is estimated at
a daily volume of $6.6 trillion [4], the Bitcoin network
would represent 0.26% of this market. If compared to a
payment service such as VISA, Bitcoin’s annually settled
value of $29 trillion would represent roughly 2.5-times
the annually value settled on the VISA network [5]. How-
ever this much-used comparison with VISA that works on
top of an existing base-layer settlement system is not
particularly apt. In fact, a better comparison is to other
base-layer settlement systems like the American clear-
ing house Fedwire, which in 2020 processed about 727
thousand transactions per day with an equivalent value
of $3.3 trillion [6].

A key characteristic of the Bitcoin blockchain is that the
underlying security of the decentralized network is en-
sured by the proof-of-work consensus mechanism [7]. In
this process, so-called miners expend computing capac-
ity by trying to guess a desired string consisting of num-
bers and letters before other miners, whereupon a re-
ward, the so-called block reward, is paid out to the miner
that successfully guessed the string. This “guessing” pro-
cess does not follow any clear logic, but works via repet-
itive trial and error [8]. Accordingly, Bitcoin runs on en-
ergy, which in turn led to much discussion and criticism
[9].

Various studies have set the goal of quantifying the en-
ergy consumption and resulting carbon emissions of the

Bitcoin network [10]-[15] and other proof-of-work block-
chains [16], [17]. This has even led to public scientific de-
bates on the validity of specific models, assumptions or
implications. With the Cambridge Bitcoin Electricity Con-
sumption Index (CBECI) [18] and the Bitcoin Energy Con-
sumption Index (BECI) [19], two scientifically sound meth-
ods have emerged that publish daily estimates of the en-
ergy consumption of the Bitcoin network. As of March
2021, the CBECI estimates an annual electricity con-
sumption of 128 terawatt hours (TWh). At 78 TWh, the
BECI's consumption estimate is significantly lower. Re-
gardless of which of these two values is closer to the ac-
tual power consumption of the network, it can be clearly
stated that it is a quantity of international significance,
as it would mean that the Bitcoin network accounts for
about 0.34-0.57% of the global energy consumption of
22,315 TWhin 2018 [20].

While the energy consumption of the Bitcoin blockchain
is undoubtedly "high", it needs to be understood why
this energy is expended and what benefit is created from
the expenditure. The question of why is easily explained.
Miners on the network receive transaction costs and
newly issued Bitcoins when they successfully solve the
proof-of-work process and validate unconfirmed Bitcoin
transactions [21], [22]. Accordingly, the why can be ex-
plained via a simple monetary incentive. Miners com-
pare the expected monetary reward with their (electric-
ity) costs and are active as long as it is profitable. To put
it simple: If the price of Bitcoin increases and the price of
energy remains the same, the amount of energy a miner
is willing to spend increases accordingly. The much more
complex question of benefits from this energy the topic
of this article. The essential use of Bitcoin is to make dig-
ital values—irrespective of the fact whether it represents
“digital currency” or “digital gold"—secure and transfer-



able without the need of intermediaries. Effectively, in-
termediaries and their associated costs are replaced by
an energy fueled protocol [8].

A first rationale for the significant energy consumption
is the secure storage of value. In this paper we focus on
the second rationale of Bitcoin: the settlement layer.
With a daily settlement equivalent of roughly $80 billion
as of 2021, the Bitcoin network represents the first de-
centralized way to securely transfer value. But how can
this added value of the network be assessed and related
to its (social) cost to understand whether Bitcoin is an
“efficient” or “inefficient” settlement layer?

While an absolute measure of this added value is hardly
possible, we tackle this question in a relative way: We put
the settled value on the Bitcoin network into perspective
to 1) the costs of electricity consumption and 2) the re-
sulting environmental damages caused by the electricity
consumption of Bitcoin miners. This yields two running
indices that quantify Bitcoin's value as a settlement layer
with regard to 1) energy consumed and 2) social costs of
carbon emission. These allow to compare the value of
Bitcoin with other decentralized (blockchain) settlement
layers, such as Ethereum [23], but also to contrast it with
centralized settlement layers such as the American Fed-
Wire, Clearing House Interbank Payments System
(CHIPS) or the European TARGET2 system. These sys-
tems which correspond most closely to a centralized
equivalent of the Bitcoin network, since they represent
base layers with final clearing. On this basis, a relative
evaluation can be made as to what extent the Bitcoin
network is more or less efficient or inefficient than its
centralized counterparties.

This article proceeds as follows. In Section 2, the under-
lying data, assumptions and methods are listed. In Sec-
tion 3, metrics and statistics on the Bitcoin network are
presented, followed by the above-mentioned metrics for
energy consumption and carbon emissions or social
costs. Section 4 reflects on the main results and con-
cludes.

2. Data and variables

The metrics developed in this article are based on differ-
ent data, which in turn come from various sources. Table
1 provides an overview of the variables and respective
data sources/references.

Table 1: Overview of variables.

Variable Description Source

Blockchain metrics

USD settled The amount of successfully transferred 3]
Bitcoin transferred on the blockchain
multiplied with the price of Bitcoin in
USD.

Transactions The amount of successful transactions [3]
on the Bitcoin blockchain.

Energy consumption and carbon footprint

BECI estimate The annualized estimation of Bitcoin's [18]
energy consumption (in TWh).

BECI minimum The annualized estimation of Bitcoin's [18]

minimal energy consumption (in TWh).

CBEC| estimate The annualized estimation of Bitcoin's [19]
energy consumption (in TWh).
CBECI lower The annualized estimation of the lower [19]
bound bound of Bitcoin's energy consumption
(in TWh).
CBECI upper The annualized estimation of the upper [19]
bound bound of Bitcoin's energy consumption
(in TWh).

The first type of data (Bitcoin blockchain metrics) are ac-
curately quantifiable metrics of the Bitcoin blockchain,
which can be extracted from the blockchain in, e.g., daily,
monthly or yearly intervals. The second category of data
(Estimation of Bitcoin's energy consumption and carbon
footprint) include estimates of energy consumption, en-
ergy mix, and carbon intensity of Bitcoin, which are ac-
cordingly subject to a certain degree of uncertainty. For
this reason, we use two different data bases (the CBECI
and BECI), which are likely to be the most frequently
cited sources in literature and media.

3. Metrics for evaluating Bitcoin as a settle-
ment layer.

3.1. Bitcoin network characteristics

Figure 1 shows the four key metrics used in this research
over time. It can be seen that both metrics used to esti-
mate Bitcoin's energy consumption show a clear increas-
ing trend. In 2017 Bitcoin miners consumed 6.6 TWh in
energy and in 2020 already 66 TWh, and for 2021 the
CBECI estimates it to be 130 TWh [19]. 130 TWh is equal
to 130 billion kilowatt hours (kWh), a unit people are
more familiar with. While the number of transactions re-
mains comparatively stable over time, the USD settled
per month shows a strong increase from the end of
2020. In early 2021, over 2.7 trillion USD are settled on
the Bitcoin blockchain.

3.2. Bitcoin's transactions settled in relation to its
energy consumption

We put the sum of Bitcoin transactions (TX;,) in relation
to the network’s estimated energy consumption (EC,):

TX,
TXE, = ZE c Lt
t

This allows us to quantify the basic efficiency of Bitcoin
as a transaction network in relation to energy consump-
tion. This relationship over time is visualized in Figure 2.
For example, in January 2017 a transaction has cost
72kWh, in January 2020 already 666 kWh and in January
2021 it increased to 907 kWh (all figures CBECI esti-
mates). This increasing trend implies that the network
has become less efficient in terms of energy efficiency
for processing individual transactions. Or, as Bitcoin pro-
ponents would claim, that the network has become
much more secure over time.
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Fig. 1: Bitcoin network characteristics and estimates
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Fig. 2: Number of transactions settled in relation to different es-
timates of energy consumption of the Bitcoin network per
month

However, missing from this consideration is the ques-
tion of what exactly a transaction implies or means. For
example, it makes a significant difference whether a
transaction involves an equivalent value of $1 or $1 mil-
lion. Accordingly, the equivalent value of transactions
must be included in the calculation of the ratio to be
meaningful.

3.3. Bitcoin’s value settled in relation to its energy
consumption

In the next step, we calculate the ratio between the
transferred equivalent value of all Bitcoins and the esti-
mated energy consumption of the network. We calculate
the value as the product of the number of transferred
Bitcoins (BTC; ) with the traded Bitcoin price at the time
of the transaction (P(USD); ,):

BTC;, » P(USD);
VSEL» =Z( l,t;C( )L,t)
t

This relationship over time is visualized in Figure 3.
Bitcoin settled $3,689 billion in 2017, $6,470 billion in
January 2020, and interpolated for 2021 will settle
$29,138 billion. Per kWh this translates to a settlement

of $211 (BECI est.) to $278 (CBECI est.) in 2017, around
$92 in 2020, and $252 (CBECI est.) to $378 (BECI est.) in
2021. Assuming a price of $0.05 per kWh as a global av-
erage, this translates to a settlement of $4,220-$5,560 in
2017, $1,840 in 2020 and $5,040-$7,560 in 2021 per Dol-
lar spent on energy. To put it differently, the transaction
costs for a settled Dollar on the Bitcoin network de-
creased from 0.018%-0.024% in 2017 to 0.013%-0.020%
in 2021.
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Fig. 3: USD value settled in relation to different estimates of en-
ergy consumption of the Bitcoin network per month

More detailed information on specific years as well as
upper and lower bounds of energy consumption esti-
mates are shown in Table 2.

3.4. The social costs of Bitcoin's energy consump-
tion

The main argument against Bitcoin is not its energy con-
sumption but rather the social costs caused by this con-
sumption. Applying an estimated weighted average car-
bon intensity of 490 gCO2eq per kWh [12] allows to cal-
culate the carbon footprint of the Bitcoin network. It
yields CO, emission of 6.51 (CBECI est.) to 8.56 (BECI est.)
million tons in 2017, around 34.5 million tons in 2020
and 38.13-57.17 million tons in 2021. With social costs of
one emitted ton of carbon dioxide being estimated at
$50 [24], Bitcoin caused social costs of $0.33-0.43 billion
in 2017, $1.72 billion in 2021, and will cost in 2021 be-
tween $1.91 and $2.86 in 2021.

These increasing social costs can now be put into per-
spective by comparing them with the Dollar settled (Fig-
ure 4). Back in 2017 the ratio of social costs to $ settled
is 0.009% to 0.012%, in 2020 nearly 3x higher with
0.027% and in 2021 lower again with 0.0065%-0.0097%.
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Fig. 4: Social costs per Dollar value settled for different esti-
mates of energy consumption of the Bitcoin network per
month.

4. Concluding remarks

The adoption and ownership of Bitcoin, cryptocurren-
cies and smart contract-based systems, such as decen-
tralized finance (DeFi) or non-fungible tokens (NFTs) are
becoming more and more relevant over time [25]-[28].
The increasing relevance of blockchain networks as a
basic infrastructure for digital interaction and commerce
poses a challenge for society to weigh the costs and ben-
efits of this technology and innovation(s). There is no
question that the Bitcoin network consumes a high
amount of energy.

In this study, we contribute to the debate about the ex-
tent to which this energy consumption and its associated
social costs of Bitcoin are “well spent” or “too high”.

Table 2. Annual statistics on Dollar value settled in relation to energy consumption estimates of Bitcoin and the resulting social

costs.

2017 2018 2019 2020 2021
Value settled in billion USD 3,689.38 3,369.69 3,922.07 6,470.20 29,398.48i
Bitcoin Energy Consumption Index (BECI)
Estimate in TWh 17.47i 62.52 63.96 70.29 77.82
Minimum in TWh 7.19i 40.11 44.35 49.13 52.29
USD settled / estimate in kWh 211.17 53.90 61.32 92.05 377.80
USD settled / minimum in kWh 513.16 84.02 88.44 131.68 562.22
Carbon emission (estimate) in million tons CO2 8.56 30.63 31.34 34.44 38.13
Carbon emission (minimum) in million tons CO2 3.52 19.65 21.73 24.07 25.62
Costs of Bitcoin network (estimate) in billion USD 0.43 1.53 1.57 1.72 1.91
Costs of Bitcoin network (minimum) in billion USD 0.18 0.98 1.09 1.20 1.28
Social costs per Dollar settled (estimate) 0.0116% 0.0455% 0.0400% 0.0266% 0.0065%
Social costs per Dollar settled (minimum) 0.0048% 0.0292% 0.0277% 0.0186% 0.0044%
Cambridge Bitcoin Electricity Consumption Index (CBECI)
Estimate in TWh 13.29 41.82 54.37 70.4 116.67
Lower bound in TWh 5.35 18.93 23.58 34.33 39.71
Upper bound in TWh 45,52 102.32 11217 115.33 316.08
USD settled / estimate in kWh 277.62 80.58 72.14 91.91 251.99
USD settled / lower bound in kWh 689.10 178.05 166.35 188.46 740.39
USD settled / upper bound in kWh 81.05 32.93 34.96 56.10 93.01
Carbon emission (estimate) in million tons CO2 6.51 20.49 26.64 34.50 57.17
Carbon emission (lower bound) in million tons CO2 2.62 9.28 11.55 16.82 19.46
Carbon emission (upper bound) in million tons CO2 22.30 50.14 54.96 56.51 154.88
Costs of Bitcoin network (estimate) in billion USD 0.33 1.02 1.33 1.72 2.86
Costs of Bitcoin network (lower bound) in billion USD 0.13 0.46 0.58 0.84 0.97
Costs of Bitcoin network (upper bound) in billion USD 1.12 2.51 2.75 2.83 7.74
Social costs per Dollar settled (estimate) 0.0088% 0.0304% 0.0340% 0.0267% 0.0097%
Social costs per Dollar settled (lower bound) 0.0036% 0.0138% 0.0147% 0.0130% 0.0033%
Social costs per Dollar settled (upper bound) 0.0302% 0.0744% 0.0701% 0.0437% 0.0263%

i: interpolated; Carbon emissions are in million tons based on 490 gCO2eq per kWh [12]; the cost per ton of CO2 is estimated at

$50 [24].

We argue that a differentiated approach is needed,
which puts the resource consumption and the (social)
costs of the settlement layer Bitcoin in a comparable
context. For this purpose, we set different measures of
Bitcoin’'s estimated energy consumption in relation to a)
the settled value in Dollars and b) the social costs in the
form of estimated carbon emissions. This allows us to
determine key figures that enable comparability with
classic settlement layers. The results show that in 2021,
a single Dollar of (energy) cost enables a settled value
between $5,040 and $7,560. This translates into average
transaction costs of 0.013%-0.020%.

This ratio increases with increasing power consumption
and decreases with the Dollar amount settled. Since

transactions are rather stable, the latter mainly relates
to the price of Bitcoin, which is also the main driver of
the hash power and thus energy invested into Bitcoin
mining. It would thus not surprise, if both effects cancel
each other and the social costs per transacted Dollar re-
mains rather stable over time.

As a second metric to measure the relative efficiency of
the Bitcoin network from a societal point of view, we sug-
gest to compare the social costs resulting from carbon
dioxide emissions of the Bitcoin mining activity to the
value it settles every year. For every Dollar settled on the
Bitcoin network in early 2021, between $0.000065 to
$0.000097 (or 0.065% to 0.0097%) are caused in environ-
mental damages due to CO, emissions. This figure gives



an indication that Bitcoin is indeed an expensive settle-
ment layer, but that it is not totally out of line. It needs
to be kept in mind that this result depends on the social
cost of a carbon emission for which we used $50 per ton.
It also depends on the actual CO, emission from Bitcoin
mining. We simply assumed a global average, although
there are good arguments that the ratio is higher for
Bitcoin mining, which is often fueled by hydro power and
an important contributor to shave peak loads and thus
render renewable energies more efficient. However, it
could also be argued that such energy is missing else-
where and causes other energy demand to use non-re-
newables. Hence, the use of a global average seems ad-
equate.

Potentially an even more informative evaluation of the
efficiency of Bitcoin as a settlement layer comes from a
comparison to other ways of settling value, for example,
a bank wire or a payment in gold. This would need to
take into account that the banking system hosts servers,
maintains buildings, employs people (who not only need
to commute to work, but also cannot engage in a differ-
ent profession). The gold system comes with storage
costs, costs of transportation and a mining process that
is damaging to the environment and the workers, espe-
cially when quicksilver is used. However, to obtain the
social costs of the banking system and the gold system
are complex tasks beyond the scope of this paper.

Of course, it must be noted that there are significantly
less energy-intensive blockchain networks or consensus
mechanisms, which were not considered in more detail
in this study [8]. Accordingly, future studies should not
only include traditional settlement systems in their con-
siderations and comparisons, but also other blockchains
or distributed ledger systems.
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