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• By a simulation-based Bitcoin blockchain carbon emission model, we find that
without any policy interventions, the annual energy consumption of the Bitcoin
blockchain in China is expected to peak in 2024 at 296.59 Twh and generate
130.50 million metric tons of carbon emission correspondingly.

• Internationally, this emission output would exceed the total annualized
greenhouse gas emission output of the Czech Republic and Qatar. Domestically,
it ranks in the top 10 among 182 cities and 42 industrial sectors in China.

• We show that moving away from the current punitive carbon tax policy to a site
regulation policy which induces changes in the energy consumption structure of
the mining activities is more effective in limiting carbon emission of Bitcoin
blockchain operation.
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• As Bitcoin attracted considerable amount of attention in recent years, its
underlying core mechanism, namely blockchain technology, has also quickly
gained popularity.

• Due to its key characteristics such as decentralization, auditability and
anonymity, blockchain is widely regarded as one of the most promising and
attractive technologies for a variety of industries, such as supply chain finance,
production operations management, logistics management and the Internet of
Things (IoT).

• Despite its promises and attractiveness, its first application in the actual
operation of the Bitcoin network indicates that there exists a non-negligible
energy and carbon emission drawback with the current consensus algorithm.
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• The system dynamics (SD) based model is widely introduced for carbon emission
flows estimation of a specific area or industry.

• SD modelling has two main advantages: first, by combining the feedback loops of
stock and flow parameters, SD is able to capture and reproduce the endogenous
dynamics of complex system elements, which enables the simulation and
estimation of specific industry operations. In addition, since the SD based model
is focused on disequilibrium dynamics of the complex system, intended policies
can be adjusted for scenario policy effectiveness evaluation.

• Consequently, based on system dynamics modeling, we develop the Bitcoin
blockchain carbon emission model (BBCE) to assess the carbon emission flows of
the Bitcoin network operation in China under different scenarios.
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Supplementary Fig. 2 | Carbon footprint for
Proof-of-Work algorithm of Bitcoin blockchain.
The PoW validation process of Bitcoin
blockchain involves miners solving a
cryptographic puzzle to adjust the nonce and
generate a hash value lower than or equal to a
certain target value, where miners earn 6.25
Bitcoin currently as new block reward. The
mining and calculation process of Bitcoin
blockchain requires steadily growing amount of
energy due to the fierce competition between
miners. Both coal-based and hydro-based energy
consumed by Bitcoin miners are collected to
formulate the carbon emission flows of the whole
Bitcoin blockchain. The mining area distribution
of Bitcoin blockchain is obtained from
https://btc.com/stats
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Fig. 1 | Mining pool distributions of
Bitcoin blockchain. As of April 2020,
China accounts for more than 75% of
Bitcoin blockchain operation around
the world. Some rural areas in China
are considered as the ideal destination
for Bitcoin mining mainly due to the
cheap electricity price and large
undeveloped land for pool construction.
The mining pool statistics is obtained
from https://btc.com/stats.
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Table 1 | Scenario parameter settings

Scenarios Measures Market 

access

Miner site 

selection

Carbon 

tax

Benchmark 

(BM)

Baseline policy 

intervention

100% 40% 2

Market 

access

(MA)

Raise the market access 

standards for Bitcoin 

miner efficiency

50% 40% 2

Site 

regulation

(SR)

Strict regulation on 

Bitcoin industry in the 

coal-based energy region

100% 20% 2

Carbon tax

(CT)

Extra Punitive carbon 

tax on Bitcoin mining 

100% 40% 4

Note: Exogenous auxiliary parameters are introduced to assess the carbon emission flows under different Bitcoin policy
measures. In terms of variable settings, three main parameters are chosen as the scenario factors in the proposed
BBCE model, including market access (MA), miner site regulation (SR) and carbon tax (CT).

We consider three main Bitcoin policies
conducted at different stages of the Bitcoin
mining industry, which then formulates the
four scenario assessments for Bitcoin
blockchain carbon emission flows (in Table
1).

Utilizing the above scenarios, carbon
emission flows and energy consumptions of
Bitcoin blockchain are assessed, the carbon
and energy reduction effectiveness of
different policies are evaluated in BBCE
simulations from the period of 2014 to 2030.
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Fig. 2 | Estimated annualized scenario
simulation results. Estimated annualized energy
consumption (a) and carbon emission flows (b)
of Bitcoin operation in China are generated
through monthly simulation results of BBCE
modelling from 2021 to 2030. The blue, red,
yellow and green bars in a and b indicate the
annual energy consumption and carbon
emission flows of Chinese Bitcoin industry in
Benchmark, Site regulation, Market access and
Carbon tax scenario, respectively. Each data is
presented as mean values +/- SEM based on
95% confidence intervals calculated by two-
tailed t-tests (p<0.05). n=204 emission
observations.
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Fig. 3 | Bitcoin industry energy
consumption and carbon emission
comparisons. In Fig. 3, the peak energy
consumption and carbon emission of
Bitcoin industry are compared to annual
energy consumption and ranking by
countries (a), carbon emission and
ranking by countries (b), the carbon
emission by Chinese cities (c) and
industrial sectors (d)
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The estimated Bitcoin carbon
emission in China exceeds the total
greenhouse emission of the Czech
Republic and Qatar in 2016, ranking
it 36th worldwide and ranks in the top
10 among 182 Chinese prefecture-
level cities and 42 major industrial
sectors.
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Fig. 4 | BBCE scenario assessment
comparisons. a-i, monthly network energy
consumption (a), carbon emission per
GDP (b), carbon emission flows (c),
network hash rate (d), miner cumulative
profits (e), block hash difficulty (f),
energy consumption cost (g), miner profit
rate (h) and carbon emission cost (i)
under each intended policy are simulated
and calculated by BBCE framework.
Based on the regressed parameters of the
BBCE model, the whole sample timesteps
of network carbon emission assessment
cover the period from January 2014 to
January 2030.
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• Although the MA scenario enhances the market access standard to increase Bitcoin
miners’ efficiencies, it is regarded as an emission-prompted policy rather than an
emission-reduced policy based on the simulation results.

• In the MA scenario, we observe the phenomenon of “Incentive Effects” proposed by
previous works, which is identified in other fields of industrial policies, such as
monetary policies, transportation regulations and firm investment strategies.

• The results of the MA scenario indicate that market-related policy is likely to be less
effective in dealing with high carbon emission behaviors of the Bitcoin blockchain
operations.
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• The carbon taxation policy is widely acknowledged as the most effective and most
commonly implemented policy on carbon emission reduction. However, the
simulation results of the CT scenario indicate that carbon tax only provides limited
effectiveness for the Bitcoin industry.

• The carbon emission patterns of the CT scenario are consistent with the BM
scenario until Bitcoin miners are aware that their mining profitabilities are affected
by the punitive carbon tax on Bitcoin mining.

• On the contrary, the evidence from the SR scenario shows that the carbon-related
policies are able to provide negative feedbacks for the carbon emissions of Bitcoin
blockchain operations.
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The BBCE model consists of
three interacting subsystems:
Bitcoin blockchain mining and
transaction subsystem, Bitcoin
blockchain energy consumption
subsystem and Bitcoin
blockchain carbon emission
subsystem.
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• To increase the probability of mining a new block and getting rewarded, the mining
hardware will be updated continuously and invested by network participants for
higher hash rate, which would cause the hash rate of the whole network to rise. In
order to maintain the constant 10-minute per new block generation process, the
difficulty of generating a new block is adjusted based on the current hash rate of the
whole Bitcoin network.

• Overall, the profit of Bitcoin mining can be calculated by subtracting the total cost
of energy consumption and carbon emissions from block reward and transaction fees.
Miners will stop investing and updating mining hardware in China when the total
cost exceeds the profit rate. Consequently, the whole network hash rate receives a
negative feedback due to the investment intensity reductions.
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• The network mining power is determined by two factors: first, the network hash rate
positively accounts for the mining power increase in Bitcoin network when high hash
rate miners are invested.

• However, the updated Bitcoin miners also attempt to reduce the energy consumption
per hash, i.e., improve the efficiency of Bitcoin mining process, which helps to reduce
the network mining power consumption.

• In term of the energy consumption of the whole network, the power usage
effectiveness is introduced to illustrate the energy consumption efficiency of
Bitcoin blockchain as suggested by Stoll.

• Finally, the network energy cost of Bitcoin mining process is determined by the
network energy consumption and average electricity price, which further
influences the dynamics behaviors of Bitcoin miner’s investment.
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• The proposed BBCE model collects the carbon footprint of Bitcoin miners in both
coal-based and hydro-based energy regions to formulate the overall carbon emission
flows of the whole Bitcoin blockchain in China.

• In comparison to miners located in hydro-rich regions, miners located in coal-based
regions generate more carbon emission flows under the similar mining techniques and
energy usage efficiency due to the higher carbon intensity of coal-based energy

• The level variable GDP consists of Bitcoin miner’s profit rate and total cost,
which suggests the productivity of the Bitcoin blockchain.

• It also serves as an auxiliary factor to generate the carbon emission per GDP in
our model, which provides guidance for policy makers to implement punitive
carbon taxation on Bitcoin industry.
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Supplementary Fig. 1 | Flow diagram of
BBCE modelling. Parameters of the
Bitcoin blockchain carbon emission
system in Supplementary Fig. 1 are
quantified in BBCE simulations, which
are suggested by the feedback loops of
Bitcoin blockchain. The whole
quantitative relationships of BBCE
parameters are demonstrated in
Supplementary Methods.
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• Our BBCE model has been constructed in Vensim software (PLE version 8.2.1).

• The time-related Bitcoin blockchain data are obtained from www.btc.com, including
network hash rate, block size, transaction fee and difficulty. In addition, the auxiliary
parameters and macroenvironment variables for network carbon emission flows
assessment are set and considered through various guidelines.

• The monthly historical data of Bitcoin blockchain are utilized for regression and
simulation from the period of January 2014 to January 2020 through Stata software
(version 14.1). Based on the regressed parameters, the whole sample timesteps of
network carbon emission assessment cover the period from January 2014 to January
2030 in this study, which is available for scenario investigations under different
Bitcoin policies.
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Supplementary Table 2 Initial value of auxiliary parameters in the BBCE model

Parameter Value Unit Parameter Value Unit

Carbon tax 0.01 USD/kg Market access standard for 

efficiency

100 %

Carbon intensity of 

coal-based energy

0.9 Kg/kwh Power usage effectiveness 1.1 -

Carbon intensity of 

hydro-based energy

0.2 Kg/kwh Miner site selection 40 %

Energy price 0.05 USD/kwh Proportion of Chinese miners 70 %

The initial value of static parameters in BBCE model are shown in
Supplementary Table 2, the actual values of the parameterizations adopted
are reported in Supplementary Methods
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• In order to test the suitability and robustness of BBCE modelling system structures
and behaviors, three model validation experiments are introduced and conducted in
our study, i.e., the structural suitability tests (see Supplementary Fig. 3), reality and
statistical tests (see Supplementary Fig. 4), and sensitivity analysis (see
Supplementary Fig. 5).

• The model validation results indicate that the proposed BBCE model can effectively
simulate the causal relationship and feedback loops of carbon emission system in
Bitcoin industry, and the parameters in BBCE model have significant consistencies
with actual Bitcoin operating time-series data.
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Supplementary Fig. 3 | Model assessment
results of BBCE modelling. Based on the
System Dynamics Model Documentation and
Assessment Tool, this Figure presents the
basic BBCE modelling assessment results.
The whole assessment results are
demonstrated in Supplementary Notes.
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Supplementary Fig. 4 | Reality and statistical test
results. This Figure illustrates the historical and
projected mining hash rate (a) and mining
efficiency (b) comparison results based on the
actual bitcoin time-series data. We introduce R2 to
interpret the goodness of fit and parameter
consistencies of BBCE modelling.
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Supplementary Fig. 5 | Sensitivity analysis results. (a)-(d) provide alternative initial parameter settings of power usage efficiency (PUE) in each scenario
and comparisons of the estimated carbon emission flows under different parameterizations. (e)-(h) provides alternatives initial proportions of Chinese
Bitcoin servers located in coal-based region. The red dash lines in (a)-(d) denote parameterization of PUE at 1.15 and the green dash lines at 1.05. The
red dash lines in (e)-(h) denote parameterization of proportions of Chinese Bitcoin servers located in coal-based region at 43% (at 23% in Site Regulation
scenario) and the green dash lines at 37% (at 17% in Site Regulation scenario). The blue solid lines from (a)-(d) denote the parameterizations of PUE at
1.1 in each scenario, and that of (e)-(h) denote the parameterizations of proportions of Chinese Bitcoin servers located in coal-based region at 40% in
each scenario (20% in Site regulation scenario, which are utilized in the actual BBCE modelling.
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• In recent years, blockchain technology has been introduced and adopted by abundant
traditional industries that seek to optimize their operation process in the real world,
such as supply chain finance, smart contract, international business and trade, as
well as manufacturing operations.

• Although PoW is designed to decentralized Bitcoin transactions and prevent
inflation, we find that it would become an energy and carbon-intensive protocol,
which eventually leads to the high carbon emission patterns of Bitcoin blockchain
operation in China. The evidence of Bitcoin blockchain operations suggests that with
the broaden usages and applications of blockchain technology, new protocols should
be designed and scheduled in an environmentally-friendly manner.
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• This change is necessary to ensure the sustainability of the network - after all, no one
wants to witness a disruptive and promising technique to become a carbon-intensive
technology that hinders the carbon emission reduction efforts around the world.

• The auditable and decentralized transaction properties of blockchain provide a novel
solution for trust mechanism construction, which can be beneficial and innovative for
a variety of industrial development and remote transactions.

• However, the high GHG emission behavior of Bitcoin blockchain may pose a barrier
to the worldwide effort on GHG emission management in the near future. As a
result, the above tradeoff is worthy of future exploration and investigation.

• Ultimately, the choice of adopting and using this technology lies in the hands of
humans. Consequently, we should carefully evaluate the trade-offs before applying
this promising technology to a variety of industries.
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