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Climate sustainability through a dynamic duo: Green hydrogen 
and crypto driving energy transition and decarbonization
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Climate change persists as a pressing global issue due to high greenhouse gas emissions from  
fossil fuel–based energy sources. A transition to a greener energy matrix combined 
with carbon offsetting is imperative to mitigate the rate at which global temperature 
ascends. While countries have deployed faith in green hydrogen to accelerate worldwide 
decarbonization efforts, the concurrent rise of blockchain- operated crypto- applications, 
such as bitcoin, has exacerbated climate change concerns. In this study, we propose tech-
nological solutions that combine the green hydrogen infrastructure with bitcoin min-
ing operations to catalyze environmental and socioeconomic sustainability in climate 
change mitigation strategies. Since the present state of crypto- operations undeniably 
contributes to worldwide carbon emissions, it becomes vital to explore opportunities 
for harnessing the widespread enthusiasm for bitcoin as an aid toward a sustainable and 
climate- friendly future. Our findings reveal that green hydrogen production, paired with 
crypto- operations, can accelerate the deployment of solar and wind power capacities to 
boost conventional mitigation frameworks. Specifically, leveraging the economic poten-
tial derived from green hydrogen and bitcoin for incremental investment in renewable 
energy penetration, this dynamic duo can enable capacity expansions of up to 25.5% 
and 73.2% for solar and wind power installations. "erefore, the proposed technological 
solutions that leverage green hydrogen and bitcoin mining, bolstered with appropriate 
policy interventions, can not only strengthen renewable power generation and carbon 
offsetting capacities but also contribute significantly to achieving climate sustainability.

FOLPDWH�FKDQJHɄ_ɄJUHHQ�K\GURJHQɄ_ɄUHQHZDEOH�HQHUJ\Ʉ_ɄEORFNFKDLQ

Climate change patterns are primarily attributed to increased greenhouse gas (GHG) emis-
sions due to anthropogenic activities and natural systems. Energy- derived carbon dioxide 
(CO2) emissions continue to drive the global carbon debt (1, 2), with fossil fuels persisting 
as the primary energy source (3–6). !is concerning trend underscores the urgency of 
reducing carbon emissions across various sectors, which has led to the development of several 
pathways for climate change mitigation (7–9). To mitigate fossil- based GHG emissions, 
countries must deploy renewable energy sources (10–12), a crucial component of the con-
ventional mitigation framework that aids in accelerating the energy transition (7). Even 
with the implementation of targeted policies, incentives, and risk reduction measures (13), 
this transition to a cleaner energy structure faces obstacles such as high capital investment 
and the intermittent nature of renewable energy sources (14–16). As an extension of the 
conventional mitigation framework, several countries also plan to use an energy carrier to 
import clean energy (17–19). Green hydrogen, in particular, is expected to play a pivotal 
role in mitigating climate change by supplying renewable energy (20–22). It has received 
extensive policy support for the deployment of electrolyzer infrastructure and self- su"cient 
renewable capacity (23–26), and the rising demand for carbon- free hydrogen is expected 
to boost international hydrogen trade (27–31). However, the production of traditional 
carriers results in energy ine"ciencies and losses along with direct carbon emissions based 
on the fuel used in transportation (32–34). Despite the inherent limitations of traditional 
energy carriers, green hydrogen production can support renewable power facilities while 
catering to the growing hydrogen demand derived from clean energy sources.

While transitioning from a fossil- driven economy to a hydrogen one is expected to secure 
substantial regulatory endorsement in decarbonization initiatives, the past decade has also 
witnessed a signi#cant increase in energy expenses of blockchain- based applications. 
Historically, fossil- powered blockchain applications have exacerbated the climate change 
problem, with some cryptocurrencies, such as bitcoin, having an energy demand comparable 
to Argentina (35). !e dominance of grid- powered mining in the crypto industry has 
resulted in staggering carbon debt, which continues to grow at a steady rate (36–39). By 
shifting the power source of cryptocurrencies to promote renewable infrastructure deploy-
ment, an essential link within the clean energy value chain can be established. Correspondingly, 
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negative mitigation technologies o$er a promising way to decar-
bonize various sectors, particularly through carbon o$setting, com-
plementing the conventional climate mitigation framework (40, 
41). Direct air capture (DAC), a cost- intensive technology, can be 
utilized to attain carbon neutrality for cryptocurrency mining (42). 
Moreover, legislative actions, such as the in%ation reduction act 
(IRA) (43–45), can facilitate a clean power supply to mining oper-
ations and reduce dependence on the grid. By implementing these 
measures, cryptocurrency mining can potentially be operated with 
net- zero GHG emissions, and the resulting economic potential can 
be harnessed to facilitate climate change mitigation.

In this work, we hypothesize that the dynamic duo comprising 
green hydrogen and bitcoin can accelerate the widespread deploy-
ment of renewable energy sources, facilitate the implementation of 
carbon o$setting mechanisms, and incentivize sustainable practices 
in the energy sector. To test the hypothesis, this study aims to 
investigate a systematic multipronged strategy for conventional 
climate change mitigation in US states, utilizing renewable power 
facilities to mine bitcoin and produce green hydrogen. Harnessing 
renewable energy for mining activities and green hydrogen produc-
tion can yield dual bene#ts, both economic and environmental. 
!is approach can minimize emissions tied to the consumption of 
fossil fuels and expedite the widespread adoption of renewable 
energy sources. Additionally, we propose a technological solution 
of using crypto- operations as virtual energy carriers centered on 
the development of renewable infrastructure to supply clean energy 
across diverse locations. Virtual energy carriers o$er an e"cient 
and interchangeable alternative to traditional energy carriers to 
import clean energy, avoiding energy losses from equipment inef-
#ciencies and eliminating transportation- related carbon emissions. 
!is study presents a comparative analysis of renewable power uti-
lization, considering a traditional energy carrier like green  hydrogen 
and bitcoin as a virtual carrier. Last, we examine scenarios for 
grid- powered crypto- operations with green hydrogen power supply 
across di$erent US states under carbon- neutral conditions for aug-
menting the negative mitigation framework. Speci#cally, the sce-
narios presented here analyze the economic potential of this 
combined operation, which can enhance the carbon o$setting 
capacity and serve as a catalyst for decarbonization endeavors.

!e conventional mitigation framework relies on enhanced 
renewable energy penetration to mitigate fossil- based GHG emis-
sions. !is work investigates how the pro#tability from the com-
bined operation of bitcoin mining and green hydrogen production 
powered through renewable energy sources can increase capital 
investment in the conventional mitigation framework. We con-
sider the development of solar and wind power facilities across 
various US states, which subsequently provide power to mining 
and auxiliary equipment, as well as the green hydrogen infrastruc-
ture. !e proposed technological solution seeks to capitalize on 
the growing demand for carbon- free hydrogen and cryptocurren-
cies to enhance pro#tability. !is increased pro#tability can then 
be channeled into capital investment for renewable energy infra-
structure, ultimately bolstering the conventional mitigation frame-
work. In addition, we consider future scenarios to assess the 
e$ectiveness of our approach in light of anticipated advancements 
in renewable energy technology. Overall, the study's methodology 
presents a comprehensive strategy that synergistically links both 
operations to increase pro#ts, which can then be utilized as a 
capital investment in renewable energy infrastructure, thereby 
strengthening the conventional mitigation framework.

As an extension of the conventional mitigation framework, we 
examine the potential of utilizing crypto- operations, such as bitcoin, 
as virtual energy carriers that can leverage their monetary value for 
renewable power generation in diverse settings. We initiate our 

investigation with a comparative analysis of the percentage utilization 
of available power, focusing on renewable power installations to pro-
duce a traditional energy carrier like green hydrogen. !is work also 
#nds the percentage utilization achievable if crypto- operations like 
bitcoin were integrated with solar and wind facilities with identical 
speci#cations. Subsequently, we employ the levelized cost of power 
generation to  evaluate the amount of clean energy that can be funded 
through the monetary value of cryptocurrencies as virtual carriers. 
Furthermore, we explore the e$ectiveness of the proposed techno-
logical solution of a virtual carrier in future scenarios, utilizing pro-
jections of technological advancements that reduce levelized power 
generation costs. !is technological solution demonstrates that using 
crypto- operations as virtual energy carriers presents a promising 
strategy for enhancing the utilization of clean energy sources and 
fostering the growth of renewable- powered infrastructure.

!e adoption of negative mitigation technologies holds the 
potential for advancing decarbonization e$orts in multiple sec-
tors by implementing carbon o$setting that e$ectively supports 
the conventional mitigation framework. We assess the possibility 
of using traditional grid- power supply for miners, combined 
with green hydrogen power generation, to mine carbon- neutral 
bitcoins. !e monetary value of the mined currency can then be 
used to fund the capture of CO2 based on the levelized cost of 
carbon capture technologies, ultimately advancing the negative 
mitigation framework. !is work takes into account the bitcoin 
mining setup in di$erent states, consisting of miners and auxil-
iary equipment operated on the grid power supply, as well as the 
impact of IRA on the green hydrogen power input. We consider 
a base case evaluation with no incentives for green hydrogen 
power input and an incentivized scenario to evaluate the pro#t-
ability of carbon- neutral mining and the investment in negative 
mitigation technologies. !e incentivized scenario examines the 
role of tax credits in enhancing the pro#tability of carbon- neutral 
mining and subsequent investment in negative mitigation tech-
nologies. !is study also considers how di$erent degrees of 
incentivization can lower the costs of green hydrogen power 
generation and, consequently, the total carbon capture funded 
by the pro#ts generated from bitcoins.

!e key #ndings of this work include the following:

•  Propel decarbonization of the grid: Energy transition can be 
empowered through the economic potential of the proposed 
multipronged strategy, which enables a one- megawatt initial 
investment in rated capacity into 1.25 MW of solar and 1.73 
MW of wind energy capacity.

•  Accelerated “Climate- Greening” Potential: Technological 
advancements allow this dynamic duo of green hydrogen and bit-
coin to enhance the e$ectiveness of the multipronged strategy for 
conventional climate mitigation framework by 149% in solar power 
capacity and a 140% increase in wind power capacity by 2050.

•  Additional generation capacity: Leveraging crypto as virtual 
carriers can enhance renewable capacity and potentially achieve 
up to 98% and 92% utilization of available solar and wind 
power, respectively.

•  Climate Laws: As a boost to the decarbonization e$orts in var-
ious sectors, the IRA can incentivize US states to generate green 
hydrogen power and mine carbon- neutral bitcoins, which could 
promote a minimum negative mitigation capacity of 7.4 tCO2- eq 
per bitcoin mined.

•  State- speci!c “climate incentivization”: A substantial propor-
tion of renewable energy sources in the power grid and favorable 
electricity prices enable states such as Idaho to support 22.6 
tCO2- eq carbon capture capacity for every bitcoin mined.D
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!e policy implications of this work can be summarized as 
follows:

•  Climate goals: !e convergence of technological advancements 
in renewable energy and green hydrogen infrastructure, com-
bined with cryptocurrency value, can accelerate renewable energy 
penetration to create a more sustainable energy landscape.

•  Energy policy: By utilizing crypto- operations as virtual energy 
carriers, policymakers can signi#cantly increase renewable energy 
capacity in diverse settings while minimizing energy losses from 
equipment ine"ciencies and eliminating transportation- related 
carbon emissions.

•  Environmental policy: Providing policy support to green hydro-
gen power generation and supporting states with low fossil fuel 
dependence can simultaneously decarbonize crypto- operations 
and support the negative mitigation framework.

Materials and Methods
Data Collection and Sources. The availability of appropriate data sources is 
crucial to examine the feasibility of the proposed technological solutions. The 
System Advisor Model by the National renewable energy laboratory (NREL) and 
the Visual Crossing Weather Application Programming Interface have been used to 
get the wind speeds and solar irradiation intensities to calculate power generation 
in different states (46, 47). The projected values for the cost parameters, such as 
levelized cost, capital expenditure, and operational and maintenance costs for 
solar and wind power generation facilities, were obtained from NREL’s Annual 
Technology Baseline documentation (48). The other important data required, 
including the bitcoin prices and the network difficulties, have been obtained 
from the available mining database (49). The mining database was also used to 
get the network specifications, including the geographical distribution of mining 
computational power (50). Correspondingly, specifications for the mining equip-
ment match the market data for the available miners (51). Regarding estimating 
the avoided emissions based on the analysis of life cycle emissions, we utilize the 
ecoinvent database to get the characterization factors (52). The contribution of the 
different hydrogen pathways in meeting the global demand is taken from the 
previous works for the avoided emission calculations (53, 54). The other essential 
parameters for the study, including the equipment specifications, have also been 
obtained from previous literature (42, 55–64).

Optimization Modeling Framework. In this section, we introduce the opti-
mization modeling framework used to assess the different parts of the study. 
The general systems optimization framework used in the study for the proposed 
technological solutions is  presented below.

PD[ 139�RI�SURSRVHG�WHFKQRORJLFDO�VROXWLRQV

V�W� /RDG�EDODQFH�FRQVWUDLQWV�JLYHQ�LQ�SI Appendix�� 
(TV��S1–S5��S33–S35��S53–S54��DQG�S70–S71

2SHUDWLRQDO�FRQVWUDLQWV�JLYHQ�LQ�SI Appendix�� 
(TV��S6–S16��S36–S39��S55–S59��DQG�S72–S75

(FRQRPLF�HYDOXDWLRQ�FRQVWUDLQWV�JLYHQ�LQ�SI Appendix�� 
(TV��S17–S32��S40–S52��S60–S69��DQG�S76–S82

The load balance constraints utilize the data for wind speed and solar irra-
diation for the different states installing a renewable power generation facility 
with a fixed capacity. The calculated wind or solar power values indicate the total 
available power distributed among the utilized and surplus power at different 
time intervals. Similar load balance constraints are applicable in the comparative 
analysis of traditional and virtual carrier operations. However, these constraints 
vary in the negative mitigation framework. The total available power represents 
the power imported from the respective state electricity grids and power genera-
tion using green hydrogen. The operational constraints in the optimization frame-
work govern the equipment performance. For example, the operation of mining 
equipment leads to the generation of heat, which must be removed using heat 
pumps. The power consumption in the heat pumps can be estimated using the 
specified coefficient of performance. These constraints include the energy supply 

from traditional carriers and the CO2 capture quantities from DAC units, which are 
calculated based on equipment efficiencies. Correspondingly, these also specify 
the maximum limit on the power dedicated to different equipment based on the 
number of units utilized and the individual capacities. The economic evaluation 
in the study estimates the total revenue for the project based on the summation 
of the income for different time intervals, including the revenue generated for 
mining bitcoin and green hydrogen production for the respective scenarios. The 
income generated from the crypto mining process depends on the price of the 
currency, the number of coins rewarded on adding a new block, power dedicated 
to mining equipment, and the current network difficulty. The capital expenditure 
for the different process components is computed using unit capital cost and the 
number of units utilized. The operating cost for the process components is esti-
mated by summing the operational and maintenance cost units in different time 
intervals or as the percentage of the capital cost for each year of operation. Some 
components in the total operating cost are the storage and transportation cost for 
the captured CO2 or the transportation cost of the produced carrier. Based on the 
considered project life, we utilize the double- depreciation method to calculate 
the corresponding salvage values for the equipment used.

In the current practice, the bitcoin industry mainly uses the fossil- dependent 
grid power supply to meet energy expenses, leading to staggeringly high carbon 
emissions. Also, global hydrogen production is dominated by processes such as 
steam methane reforming and coal gasification. Accordingly, if a given solar or 
wind power facility mines bitcoin or produces green hydrogen, this shift from 
traditional methods to renewable sources corresponds to a substantial amount 
of avoided emissions that would have been released during usual operations. In 
order to calculate the total avoided emissions corresponding to the implementa-
tion of technological solutions, we utilize the emissions factors for the different 
process sections. For instance, in the case of conventional and negative mitigation 
frameworks incorporating crypto- operations and green hydrogen production, 
the percentage contribution of traditional fossil- based hydrogen production 
pathways and their respective emission factors can be used to calculate the total 
emissions avoided due to green hydrogen production. Correspondingly, using 
the hash rate distribution for the given cryptocurrency, the emission factors for the 
grid power supply, and the percentage of miners in that location, the emissions 
associated with mining the same number of coins can be calculated. We lever-
age the significant economic potential from crypto- operations in the proposed 
technological solutions as the driving factor to enhance climate mitigation efforts. 
For instance, maximum economic benefits derived from the conventional mitiga-
tion framework can be used to enable the highest increment in solar and wind 
power capacity installations. Similarly, the effectiveness of the negative mitigation 
framework relies on the total carbon capture capacity, which can be attained using 
the economic potential generated. Therefore, the single- objective optimization 
modeling framework maximizes the economic potential, underscoring economics 
as the driving force for achieving maximum deployment in climate mitigation 
frameworks through technological solutions considered in the study.

Life Cycle Assessment (LCA). In this work, the LCA methodology is employed 
to assess the environmental impacts of optimal solutions derived from the con-
ventional and negative mitigation frameworks and the application of traditional 
and virtual carriers for climate change mitigation. This approach evaluates the 
detailed environmental implications associated with achieving the maximum 
capacity expansion in the climate mitigation frameworks, leveraging the eco-
nomic potential generated from the technological solutions as the driving 
force. The analysis within the conventional mitigation framework evaluates the 
environmental impacts associated with solar and wind- powered bitcoin mining 
and green hydrogen production. Due to the multifunctionality inherent in the 
framework, where bitcoin mining and green hydrogen infrastructure operate on 
renewable power supply, the environmental impacts are evaluated based on 
energy allocation. This dual functionality necessitates the allocation based on 
renewable energy supply to ensure that the distinct environmental contributions 
of bitcoin mining and hydrogen production are reflected. Similar to the conven-
tional mitigation framework, this work investigates the environmental impacts 
associated with bitcoin as a virtual energy carrier based on the renewable energy 
sources harnessed in cryptocurrency operations. Furthermore, this framework 
contrasts with traditional energy carriers, where the role of transportation is also 
included. In this case, the LCA is adapted to evaluate impacts based on energy 
that can be supplied by the traditional energy carrier. Last, in the case of the D
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negative mitigation framework, the environmental impacts are analyzed based 
on the percentage utilization of grid power supply and green hydrogen–based 
power generation, considering the diverse electricity mix of different US states. 
The comprehensive assessment of the negative mitigation framework highlights 
the distribution between utilizing grid infrastructure and green hydrogen tech-
nologies within state- specific contexts to influence the environmental impacts 
of each bitcoin mined.

The Life Cycle Inventory (LCI) was tailored to evaluate the environmental 
impacts associated with the various climate mitigation strategies in this work. 
For the conventional mitigation framework and the assessment of virtual and 
traditional carriers, LCI data included the power generation using renewable 
energy sources, incorporating specific performance metrics of wind turbines and 
solar PV, which were crucial in calculating the environmental impacts of renewa-
ble energy generation. Among the green hydrogen technologies, the operating 
parameters for the Alkaline Water Electrolyzer were used since it has among the 
highest technological maturity and commercial outreach (65–67). In the case of 
DAC technologies, we utilize the solid- sorbent DAC since it can operate solely on 
electricity derived from clean energy sources (68) and requires low regeneration 
temperatures (69). The equipment specifications corresponding to the green 
hydrogen infrastructure, DAC, and mining operations used as part of the LCI have 
been depicted in SI Appendix, Table S3, along with sensitivity analysis results to 
investigate the role of alternate equipment specifications on the effectiveness of 
proposed technological solutions. The LCI also addressed the varied load balance 
requirements, accounting for the allocation of power supplied from solar and wind 
energy sources for bitcoin mining and green hydrogen production in the conven-
tional mitigation framework and total available power from grid electricity supply 
and green hydrogen–based power generation, which is crucial in the negative 
mitigation framework. Moreover, detailed operational parameters that affected 
the LCI calculation, including energy consumption patterns, such as the cooling 
requirements for the mining equipment, and the performance of auxiliary equip-
ment, such as heat pumps, have been added in SI Appendix, Table S2. In addition 
to the equipment associated with various technological solutions, the LCI also 
encompassed the dynamic aspects of bitcoin mining operations, such as the net-
work difficulty and block reward essential to calculate the total bitcoins that can be 
mined. Based on the obtained LCI data, the global warming potential (GWP) indi-
cator over 100 y (GWP100) extracted from the Intergovernmental Panel on Climate 
Change 2021 life cycle impact assessment method is used to evaluate the impact 
on climate change. In addition to climate change, the ReCiPe midpoint indicators 
are used to evaluate the full- spectrum environmental performance of the proposed 
technological solutions. The specific characterization factors for particulate matter 
formation, ozone depletion, ionizing radiation, photochemical oxidant formation 
(human health), human carcinogenic toxicity, human noncarcinogenic toxicity, 
climate change, water depletion, freshwater ecotoxicity, freshwater eutrophication, 
terrestrial ecotoxicity, terrestrial acidification, agricultural land occupation, marine 

ecotoxicity, marine eutrophication, photochemical oxidant formation (ecosystems), 
fossil resource scarcity, and metal depletion are extracted from the ecoinvent v3.9 
database (70) (Fig. 1).

Results

Multipronged Strategy for Climate Change Mitigation. !is work 
explores the potential of using green hydrogen and cryptocurrency 
operations in combination with solar and wind power installations 
as a viable technological solution for conventional climate change 
mitigation. Our analysis involves supplying the available power 
from solar and wind energy systems to a green hydrogen and 
cryptocurrency mining infrastructure with the economic potential 
used for expansion of renewable power installations. !e initial 
solar capacity used in our investigation is equivalent to the 
generation- weighted average land use of solar photovoltaic (PV) 
projects in the United States, as reported by previous studies (71). 
Fig. 2A presents the #ndings, which suggest that states like New 
Mexico have the highest potential for incrementing solar power 
capacities (0.85 MW), corresponding to the initial investment 
capacity. Similarly, Fig. 2B examines the potential for wind energy 
systems to act as a mediator for conventional mitigation through 
bitcoin and green hydrogen. !e analysis indicates that while states 
such as Wyoming (3.66 MW) have a signi#cant potential for 
incrementing wind energy capacity, some states do not provide 
wind energy as a feasible alternative to promote conventional 
mitigation through bitcoin and green hydrogen.

!e current practice of using grid- powered operations for 
bitcoin mining brings about a staggering carbon footprint (36–
38, 72, 73), a fact that also applies to global hydrogen produc-
tion, where 98% of the demand is ful#lled through fossil- heavy 
production processes such as steam methane reforming and coal 
gasi#cation (54, 74–76). However, the proposed multipronged 
strategy seeks to combine bitcoin and green hydrogen produc-
tion by taking advantage of available renewable energy. For 
instance, a solar or wind power facility could quench the demand 
for bitcoin or green hydrogen, thereby avoiding substantial car-
bon emissions. !e correlation between the utilization of renew-
able power for bitcoin and green hydrogen production and 
avoided emissions is presented in Fig. 2 C and D for di$erent 
US states. States that peak for the highest avoided emissions, 
such as New Mexico, also emerge as hotspots for potential 

)LJ�ɋ�����6\VWHPV� DQDO\VLV� IUDPHZRUN� IRU�
H[DPLQLQJ� WKH� SRWHQWLDO� RI� JUHHQ� K\�
GURJHQ�DQG�ELWFRLQ�DV�D�G\QDPLF�GXR�WR�
VWUHQJWKHQ�ERWK�FRQYHQWLRQDO�DQG�QHJD�
WLYH�PLWLJDWLRQ�VWUDWHJLHV�ZKLOH�VHUYLQJ�DV�
WUDGLWLRQDO�DQG�YLUWXDO�FDUULHUV�IRU�HQHUJ\�
FRQYHUVLRQ��UHVSHFWLYHO\�
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renewable power development. Similarly, among the wind energy 
systems, Wyoming trumps the race for avoided emissions among 
the feasible alternatives. !e amount of avoided emissions 
depends on the type of renewable power generation and the 
location, a factor that warrants the consideration of carbon cred-
its in the analysis.

!e feasibility of the proposed multipronged strategy is in%u-
enced by several factors, including the location of the renewable 
facility and the required capital investment. Since previous studies 
have demonstrated a reduction in capital intensity for renewable 
energy installations (48, 77, 78), our analysis incorporates diverse 
future scenarios utilizing bitcoin and green hydrogen to improve 
solar and wind energy capacity. Since New Mexico and Wyoming 
have the highest increment capacity under base case evaluation, 
Fig. 2 E and F depicts the potential to increase solar and wind 
energy capacity under di$ering projection scenarios. Notably, the 
most advanced projection scenario indicates that every bitcoin 
mined in New Mexico through solar power can enhance solar 
capacity increment by 149% up to 2050. Similarly, using wind 
energy to mine bitcoin in Wyoming can improve its e"cacy by 
140%. Even under the most conservative projection scenarios, 
this strategy facilitates each bitcoin to enhance its economic poten-
tial for increment in renewable capacity by 54% and 40% in New 
Mexico and Wyoming, respectively.

!e success of the proposed technological solution is highly 
contingent upon the %uctuating conditions of the bitcoin net-
work. Speci#cally, the  average network di"culty and selling price 
are crucial in determining its performance. !e network di"culty 
is a measure used to determine how hard it is for miners to add a 
new block to the blockchain (79–81). A higher network di"culty 
implies that it would take more computational power to mine the 
bitcoin. In an e$ort to factor in these uncertainties, we carried out 
a series of parametric sensitivity analyses, which are presented in 
Fig. 3. Consequently, our approach has the potential to mitigate 
carbon emissions associated with bitcoin mining and hydrogen 
production. In addition to examining the network dynamics, we 
have also evaluated the impact of carbon credits on pro#tability. 
To provide a comparative reference, the analysis considered the 
range of carbon credits from zero to the maximum value equiva-
lent to recent credits, which aim to incentivize carbon capture and 
storage technologies (82). Notably, the results of the sensitivity 
analysis are focused on states with the highest potential to deploy 
solar and wind energy installations: Fig. 3 A and B corresponds 
to results for a solar power installation in New Mexico, while Fig. 3 
C and D illustrates the results for the wind energy system in 
Wyoming.

Climate Conundrum: Transfer the Energy Carrier or Drive the 
Renewable Capacity? Over the last decade, considerable research 
and investment have been dedicated to exploring traditional energy 
carriers, such as green hydrogen, as a means of transferring renewable 
power from one location to another (83–85). As noted in the 
previous section, cryptocurrencies like bitcoin can serve to mediate 
conventional mitigation strategies. Here, we investigate whether 
the potential of cryptocurrencies to stimulate the development 
of renewable installations can be used as a viable alternative to 
traditional energy carriers. !e analysis begins with states that have 
the capability to use solar and wind power facilities to generate green 
hydrogen as a traditional energy carrier. As illustrated in Fig. 4A, 
certain states, such as New Mexico, have the potential to produce 
hydrogen energy carriers through their solar power generation 
facilities. !e varying levels of potential between states can be 
explained by di$erences in solar irradiation intensity. Similarly, 
Fig. 4B illustrates that wind energy systems in selected states, such 

as Wyoming, are feasible alternatives to utilizing available power for 
green hydrogen production. In addition to using the available power 
for producing a true energy carrier such as green hydrogen, we also 
investigate whether crypto- operations such as bitcoin can employ 
its economic potential to enable renewable power generation, thus 
acting as a virtual energy carrier. By considering the variability 
in the state- level potential for renewable energy production, we 
can better assess the potential of leveraging cryptocurrencies in 
the development of renewable energy infrastructure. We use the 
levelized costs of renewable power generation to explore how much 
clean energy can be funded by bitcoin operations in di$erent US 
states. Fig. 4C shows that bitcoin operations can enable solar power 
generation with maximum utilization of available power at 98%. 
At the same time, Fig. 4D illustrates that bitcoin can facilitate wind 
power generation with the maximum utilization of available power 
reaching 92%.

Fig. 4 C and D demonstrates how bitcoin operations can serve 
as a virtual carrier in states using solar and wind power facilities. 
Using this framework, we can assess the economic potential of each 
bitcoin mined to promote the development of solar and wind 
energy infrastructure, as shown in Fig. 5 A and B, respectively. 
Fig. 5A illustrates that states with higher solar irradiation intensities 
can generate bitcoins with greater economic potential, enabling the 
deployment of more solar power infrastructure. As an illustration, 
New Mexico can use its available solar power resources to mine a 
bitcoin, allowing 78.4 MWh of solar power generation. Fig. 4D 
indicates that not all states are suitable for bitcoin mining to fund 
wind power generation. Still, with higher wind speeds, Wyoming 
can enable each mined bitcoin to support 265.8 MWh of wind 
energy generation, as illustrated in Fig. 5B. !ese #ndings under-
score the importance of choosing renewable energy facilities in 
locations with varying geographical advantages, as this can signi#-
cantly a$ect the success and economic feasibility of using 
crypto- operations like bitcoin as virtual energy carriers.

!e e"cacy of bitcoin operations as a virtual energy carrier 
depends on the economics of renewable power generation in dif-
ferent US states. However, this potential can be further improved 
by reducing the levelized cost of clean power generation. We pres-
ent the projections of the economic potential of bitcoins mined 
in New Mexico and Wyoming to support clean power generation 
in Fig. 5 C and D, respectively. Under an advanced projection 
scenario, each bitcoin mined using a solar power installation in 
New Mexico can increase its potential as a virtual energy carrier 
by 254% through 2050. Similarly, a bitcoin mined with a wind 
energy system in Wyoming can improve its e"ciency as a virtual 
carrier by 164%. Even under the most conservative projection 
scenarios corresponding to the levelized cost of solar and wind 
power generation, the proposed technological solution of bitcoin 
as a virtual carrier can fund 147.1 and 350.3 MWh of solar and 
wind energy in New Mexico and Wyoming, respectively. !ese 
results suggest that reducing the levelized cost of clean power 
generation can signi#cantly extend the potential of bitcoin oper-
ations as virtual energy carriers, especially in states with favorable 
renewable power infrastructure development.

&DUERQ� 2VHWWLQJ� WKURXJK� &DUERQ- Neutral Operations. In 
the current practice, since the bitcoin industry relies heavily on 
grid electricity, it results in a signi#cant carbon footprint. While 
negative mitigation technologies like DAC can o$set this impact, 
their cost- e$ectiveness remains a signi#cant obstacle. Accordingly, 
we introduce an alternative technological solution to promoting 
carbon o$setting capacity by investigating whether coupled 
crypto- operations and green hydrogen–based power generation 
can facilitate negative mitigation strategies. In this study, we #rst D
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assess the economic potential of bitcoin mined in di$erent US 
states to capture CO2 emissions using the levelized cost of carbon 
capture technologies, as depicted in Fig. 6A. Results show that some 
states, such as Idaho, can mine bitcoin and fund the capture of 22.6 

tCO2- eq, given the high contribution of renewable energy sources in 
their grid electricity mix and economically favorable retail electricity 
prices. Conversely, some states indicated with yellow markers in 
Fig. 6A are not feasible alternatives to enhance negative mitigation 

)LJ�b�����&RQYHQWLRQDO�0LWLJDWLRQ�3RWHQWLDO�IRU�FRPELQHG�XWLOL]DWLRQ�RI�JUHHQ�K\GURJHQ�LQIUDVWUXFWXUH�DQG�FU\SWR- RSHUDWLRQV���A��7RWDO�LQFUHPHQW�SRWHQWLDO�IRU�VRODU�
FDSDFLW\��0:��LQ�GLHUHQW�86�VWDWHV�EDVHG�RQ�LQLWLDO�VRODU�FDSDFLW\�ZLWK�D�GLUHFW�DUHD�HTXLYDOHQW�WR�WKH�JHQHUDWLRQ- ZHLJKWHG�DYHUDJH�ODQG�XVH�RI�VRODU�39�SURMHFWV�LQ�
WKH�8QLWHG�6WDWHV���B��7RWDO�LQFUHPHQW�SRWHQWLDO�IRU�ZLQG�FDSDFLW\��0:��LQ�GLHUHQW�86�VWDWHV�EDVHG�RQ�DQ�LQLWLDO�ZLQG�FDSDFLW\�RI���0:���C��7RWDO�DYRLGHG�HPLVVLRQV�
�W&22- HT��EDVHG�RQ�WUDGLWLRQDO�K\GURJHQ�SURGXFWLRQ�DQG�JULG- SRZHUHG�FU\SWR- RSHUDWLRQV�IRU�VRODU�FDSDFLW\� LQFUHPHQW�VFHQDULR�� �D��7RWDO�DYRLGHG�HPLVVLRQV� 
�W&22- HT��EDVHG�RQ�WUDGLWLRQDO�K\GURJHQ�SURGXFWLRQ�DQG�JULG- SRZHUHG�FU\SWR- RSHUDWLRQV�IRU�ZLQG�FDSDFLW\�LQFUHPHQW�VFHQDULR���E��6RODU�SRZHU�FDSDFLW\�LQFUHPHQW�
IRU�1HZ�0H[LFR�XWLOL]LQJ�WKH�HFRQRPLF�HHFWLYHQHVV�RI�WKH�PXOWLSURQJHG�VWUDWHJ\�XQGHU�GLHUHQW�SURMHFWLRQ�VFHQDULRV���F��:LQG�SRZHU�FDSDFLW\�LQFUHPHQW�IRU�
:\RPLQJ�XWLOL]LQJ�WKH�HFRQRPLF�HHFWLYHQHVV�RI�WKH�PXOWLSURQJHG�VWUDWHJ\�XQGHU�GLHUHQW�SURMHFWLRQ�VFHQDULRV�
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potential through bitcoin. !is trend can be attributed to the high 
operation costs due to electricity prices, the increased investment 
required in DAC technologies to achieve carbon neutrality due 
to the high contribution of fossil- energy sources, and prices from 

green hydrogen–based power generation. Moreover, we present 
the economic potential of bitcoin mined under carbon- neutral 
conditions in di$erent US states with power inputs from the grid 
and IRA- incentivized green hydrogen–based power generation, as 
illustrated in Fig. 6B. States with greener electricity mix observe no 
change in their potential for enhancing negative mitigation capacity.

Similar to the case of conventional mitigation framework, it is 
imperative to investigate how the uncertainty in the network param-
eters, such as the bitcoin price and the carbon credits issued for the 
avoided emissions, a$ect the economic potential of a negative mit-
igation framework. To analyze this, we #rst conduct a parametric 
sensitivity analysis for Idaho, a state that does not depend on incen-
tivizing green hydrogen power generation. As shown in Fig. 6C, high 
bitcoin prices and support from carbon credits can drive up the 
economic potential of bitcoins mined to facilitate carbon capture 
capacity. !e contour constituting the points “D” and “E” indicates 
that the issued carbon credits can compensate for a bump in the 
prices for the carbon- neutral mined bitcoin. However, the degree of 
incentivization for green hydrogen power generation is also a crucial 
factor. As depicted in Fig. 6 D and E, we investigate varying combi-
nations of bitcoin prices and incentivized power generation prices. 
For instance, Idaho experiences a turning point at $0.095/kWh 
(point F in Fig. 6D), indicating that high tax credits can positively 
impact the negative mitigation potential of such states, even those 
with a greener electricity mix. As the degree of incentivization 
increases, the minimum bitcoin price required for mining operations 
to achieve carbon neutrality lowers. !is reduction in the required 
bitcoin price, as illustrated by contour points G and H in Fig. 6E, 
enables regions with fossil- dependent grids, such as West Virginia, 
to increase their negative mitigation capacity more e$ectively. Point 
G represents a scenario with lower incentivization, and thus, a higher 
bitcoin price threshold for the same mitigation potential. In contrast, 
point H illustrates that increased incentivization signi#cantly reduces 
the bitcoin price needed to attain equivalent mitigation capacity. 
!is distinction underscores the economic feasibility and potential 
of cryptocurrency operations to advance the capacity of the negative 
mitigation framework.

Environmental Impacts of Proposed Technological Solutions. 
Building upon the analysis of the conventional mitigation 
framework for climate change and the utilization of traditional 
and virtual energy carriers using green hydrogen and crypto- 
operations, we further investigate the LCA results, as illustrated in 
Fig. 7 A and B. !ese #ndings highlight the distinct environmental 
impacts beyond avoided emissions while employing solar and 
wind energy in the technological solutions incorporating bitcoin 
mining and green hydrogen production. For instance, based on 
the wind energy utilization in the proposed frameworks, bitcoin 
mining can attain an 86.4% reduction in terrestrial acidi#cation 
and an 81.6% reduction in freshwater ecotoxicity compared to solar 
energy. !ese substantial decreases underscore wind energy’s lower 
ecological impact and align with the #ndings from the analysis, 
which identi#es signi#cant economic potential for wind energy 
capacity increment. Along similar lines, it is important to note that 
although solar power utilization also leads to considerably more 
e$ects in other impact categories, such as freshwater eutrophication 
and water depletion, some states can generate signi#cantly high 
economic potential based on solar power utilization. Furthermore, 
Fig. 7C depicts the life cycle environmental impacts for each MWh 
of energy supplied using hydrogen as a traditional energy carrier, 
produced from solar and wind sources. Similar to the case of other 
technological solutions, using hydrogen as a traditional energy 
carrier also depicts distinct footprints across various environmental 
impact categories based on the utilized energy sources. However, 

)LJ�b�����7DFNOLQJ�WKH�XQFHUWDLQW\�RI�FU\SWR- RSHUDWLRQV�WR�DGYDQFH�FRQYHQWLRQDO�
FOLPDWH�FKDQJH�PLWLJDWLRQ�VWUDWHJLHV���A��7RWDO�VRODU�SRZHU�FDSDFLW\�LQFUHPHQW�
SRWHQWLDO� IRU�1HZ�0H[LFR�DW�DYHUDJH�QHWZRUN�GLɝFXOW\�ZLWK�YDU\LQJ�VHOOLQJ�
SULFHV�DQG�FDUERQ�FUHGLWV���B��7RWDO�VRODU�SRZHU�FDSDFLW\�LQFUHPHQW�SRWHQWLDO�
IRU�1HZ�0H[LFR�DW�DYHUDJH�FDUERQ�FUHGLW�IRU�DYRLGHG�HPLVVLRQV�ZLWK�YDU\LQJ�
VHOOLQJ�SULFHV�DQG�QHWZRUN�GLɝFXOW\��3RLQW�Ȋ$ȋ�GHSLFWV�WKDW�DW�KLJKHU�QHWZRUN�
GLɝFXOWLHV�ZLWK�FRPSDUDWLYHO\�ORZHU�ELWFRLQ�SULFHV��WKH�PDMRULW\�RI�DYDLODEOH�
SRZHU� JHWV� XWLOL]HG� LQ� JUHHQ� K\GURJHQ� SURGXFWLRQ�� �C�� 7RWDO� ZLQG� SRZHU�
FDSDFLW\�LQFUHPHQW�SRWHQWLDO�IRU�:\RPLQJ�DW�DYHUDJH�QHWZRUN�GLɝFXOW\�ZLWK�
YDU\LQJ�VHOOLQJ�SULFHV�DQG�FDUERQ�FUHGLWV��3RLQW�Ȋ%ȋ�GHSLFWV�WKDW�ZKHQ�ELWFRLQ�
SULFHV� DUH� ORZHU�� LW� EHFRPHV� LPSHUDWLYH� WR� HQDEOH� KLJK� FDUERQ� FUHGLWV� WR�
VXSSRUW�WKH�ZLQG�SRZHU�LQFUHPHQW�SRWHQWLDO�RI�WKH�SURSRVHG�IUDPHZRUN���D��
7RWDO�ZLQG�SRZHU�FDSDFLW\�LQFUHPHQW�SRWHQWLDO�IRU�:\RPLQJ�DW�ORZ�QHWZRUN�
GLɝFXOW\�ZLWK�YDU\LQJ�VHOOLQJ�SULFHV�DQG�FDUERQ�FUHGLWV��3RLQW� Ȋ&ȋ�GHSLFWV�D�
VLPLODU�WUHQG�WR�SRLQW�Ȋ%ȋ�ZLWK�D�UHODWLYHO\�VKLIWHG�FRQWRXU�

)LJ�b�����*UHHQ�K\GURJHQ�DV�D�WUDGLWLRQDO�HQHUJ\�FDUULHU�LQ�FRQWUDVW�WR�ELWFRLQ�
DFWLQJ�DV�D�YLUWXDO�FDUULHU���A��3HUFHQWDJH�XWLOL]DWLRQ�RI�DYDLODEOH�VRODU�SRZHU�IRU�
K\GURJHQ�DV�DQ�HQHUJ\�FDUULHU�LQ�GLHUHQW�VWDWHV���B��3HUFHQWDJH�XWLOL]DWLRQ�RI�
DYDLODEOH�ZLQG�SRZHU�IRU�K\GURJHQ�DV�DQ�HQHUJ\�FDUULHU�LQ�GLHUHQW�VWDWHV���C��
3HUFHQWDJH�XWLOL]DWLRQ�RI�DYDLODEOH�VRODU�SRZHU�IRU�ELWFRLQ�DV�D�YLUWXDO�FDUULHU�LQ�
GLHUHQW�VWDWHV���D��3HUFHQWDJH�XWLOL]DWLRQ�RI�DYDLODEOH�ZLQG�SRZHU�IRU�ELWFRLQ�
DV�D�YLUWXDO�FDUULHU�LQ�GLHUHQW�VWDWHV�D
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while using hydrogen as a traditional carrier with solar and wind 
energy sources, the percentage di$erence in the environmental 
impact categories decreases due to equal contribution from the 
transportation phase in both cases. In assessing the environmental 
impacts of bitcoin and green hydrogen production through solar 
and wind energy utilization in the proposed technological solutions, 
it is crucial to contextualize the #ndings within the renewable energy 
potential across di$erent states. While using wind energy presents a 
lower impact in certain environmental impact categories along with 
considerable economic potential in states like Wyoming, it does 
not diminish the critical role that solar energy can play, especially 
in states with high solar irradiance, such as New Mexico. !ese 
#ndings necessitate a comprehensive understanding of each state's 
energy pro#le, where solar and wind energy sources o$er varying 
degrees of economic potential and the associated environmental 
impacts. !erefore, the implementation of technological solutions 
requires a strategic decision based on economic potential, regional 
characteristics, resource availability, and environmental impact 
considerations.

In the further investigation of the LCA results, we assess the 
environmental impact of bitcoin mining across the US states in 
the negative mitigation framework, as illustrated in Fig. 7D. !e 
analysis underscores the correlation between the electricity mix 
and environmental impacts for each bitcoin mined in the negative 
mitigation framework across all categories. States with a heavy 
reliance on fossil energy sources, such as coal and natural gas, in 
the grid power supply to the proposed framework show increased 
impacts on resource depletion, human health, and ecosystem qual-
ity. On the other hand, states leveraging a higher share of renewable 
energy sources depict lesser environmental impacts, reinforcing 
the positive role of renewables in reducing the environmental 

impact of bitcoin mining. In the case of fossil resource scarcity and 
metal depletion, the #ndings re%ect the prominent role of regional 
power supply to mining operations in the negative mitigation 
framework. For instance, states with a high dependence on natural 
gas–based power generation, such as Mississippi and Florida, cor-
respond to the highest values in fossil resource scarcity for each 
bitcoin mined. Similarly, in the water depletion category, Illinois 
was observed to have the highest impact. !is trend can be attrib-
uted to certain energy production methods, particularly those 
involving nuclear power and thermal power plants using fossil 
fuels, which have higher water footprints compared to renewable 
sources like wind or solar.

!e trends in freshwater and marine eutrophication indicate that 
states such as Nebraska and Arkansas, which have a major contri-
bution from coal in the electricity mix, have the highest impact in 
these categories. Moreover, among the states that utilized the grid 
power supply in the negative mitigation framework, Idaho and 
Oregon can attain up to 97.1% and 95.2% reduction in these 
environmental impact categories for each bitcoin mined due to 
considerably high contributions from clean energy sources, such as 
hydropower in this case. Similarly, the environmental impact cat-
egories that a$ect human health, such as human toxicity (carcino-
genic and noncarcinogenic), ionizing radiation, and particulate 
matter formation, show signi#cant variations across states. For 
instance, in the case of human toxicity and particulate matter for-
mation, apart from Nebraska and Arkansas, states such as Montana 
and Iowa have a considerable impact in these categories due to the 
utilization of a fossil- dependent energy supply mix in the negative 
mitigation framework. However, the relative impacts of ionizing 
radiation can be attributed to the reliance on nuclear power. 
Accordingly, due to the considerable role of nuclear power in Illinois 
and South Carolina, each bitcoin mined here based on grid power 
supply in the negative mitigation framework has a comparatively 
higher impact in this category. !ese #ndings highlight the imper-
ative for a more enhanced role of green hydrogen–based power 
generation as a displacement for grid power supply in the negative 
mitigation framework. By shifting toward green hydrogen, which 
has a lower environmental impact than traditional fossil fuels, states 
can signi#cantly mitigate the environmental impacts associated with 
each bitcoin mined. !is shift would reduce the overall environ-
mental footprint of bitcoin mining and promote sustainable prac-
tices in crypto- operations across di$erent regions.

Discussion

Over the previous decade, two notable global phenomena have 
emerged: the growing endorsement of green hydrogen as a key com-
ponent in the worldwide decarbonization initiatives (20, 23, 27) and 
the surging interest in the crypto industry (86), despite its negative 
repercussions on climate change (36–39, 87). !e proposed tech-
nological solution couples the green hydrogen infrastructure with 
crypto mining operations powered by solar and wind energy sys-
tems in di$erent US states that can propel grid decarbonization. In 
contrast to criticism that views crypto- operations solely as a con-
tributor to global carbon debt, this study suggests the potential for 
appropriate policy interventions that could bolster the conventional 
mitigation frameworks. For example, the systems- level analysis 
reveals that tapping into the synergistic potential of green hydrogen 
and bitcoin can facilitate capacity growth of up to 25.5% for solar 
power and 73.2% for wind power. Similarly, technical innovation 
can improve the cost- competitiveness of clean energy technologies 
and green hydrogen infrastructure. !us, the future scenarios con-
sidered in the study depict that the multipronged strategy of green 
hydrogen and crypto- operations could bene#t from leveraging 

)LJ�b�����3RWHQWLDO�RI�ELWFRLQ�DV�D�YLUWXDO�FDUULHU�DFURVV�86�VWDWHV�XQGHU�GLHUHQW�
VFHQDULRV���A��6RODU�SRZHU�JHQHUDWLRQ�SRWHQWLDO�IRU�HDFK�ELWFRLQ�PLQHG��0:K�
ELWFRLQ��LQ�GLHUHQW�86�VWDWHV��7KH�VWDWHV�ZLWK�JUHHQ�PDUNHUV��&DOLIRUQLD��8WDK��
:\RPLQJ��7H[DV��)ORULGD��1HYDGD��$UL]RQD��&RORUDGR��1HZ�0H[LFR��DQG�+DZDLL��
UHFHLYH�KLJKHU�VRODU�LUUDGLDWLRQ�LQWHQVLWLHV��VR�WKH\�FDQ�JHQHUDWH�ELWFRLQV�ZLWK�
PRUH�HFRQRPLF�SRWHQWLDO�WR�VXSSRUW�IXWXUH�VRODU�LQVWDOODWLRQV���B��:LQG�SRZHU�
JHQHUDWLRQ�SRWHQWLDO� IRU� HDFK�ELWFRLQ�PLQHG� �0:K�ELWFRLQ�� LQ� GLHUHQW�86�
VWDWHV��7KH�VWDWHV�ZLWK�\HOORZ�PDUNHUV��:\RPLQJ��6RXWK�'DNRWD��1RUWK�'DNRWD��
ΖRZD��&RORUDGR��1HZ�0H[LFR��2NODKRPD��0DVVDFKXVHWWV��DQG�+DZDLL��UHFHLYH�
KLJKHU�ZLQG�VSHHGV�DQG�D�PRUH�IDYRUDEOH�GLVWULEXWLRQ��VR�WKH\�FDQ�JHQHUDWH�
ELWFRLQV�ZLWK�PRUH�HFRQRPLF�SRWHQWLDO�WR�VXSSRUW�IXWXUH�ZLQG�LQVWDOODWLRQV��
�C��6RODU�SRZHU�JHQHUDWLRQ�SRWHQWLDO�IRU�HDFK�ELWFRLQ�PLQHG��0:K�ELWFRLQ��LQ�
1HZ�0H[LFR�XQGHU�GLHUHQW�SURMHFWLRQ�VFHQDULRV���D��:LQG�SRZHU�JHQHUDWLRQ�
SRWHQWLDO�IRU�HDFK�ELWFRLQ�PLQHG��0:K�ELWFRLQ��LQ�:\RPLQJ�XQGHU�GLHUHQW�
SURMHFWLRQ�VFHQDULRV�
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technological advancements to lower the cost of renewable power 
installation, promoting a low- carbon future. !e #ndings also show 
that government incentives like carbon credits for clean bitcoin 
mining and hydrogen production can improve the e$ectiveness of 
the proposed strategy for solar and wind power capacity increment. 
!is approach of utilizing economic bene#ts from this dynamic 
duo of green hydrogen and crypto could help attract investment to 
expedite the transition to a cleaner energy matrix, widening its 
accessibility to the general public.

While evaluating the potential of cryptocurrencies to promote 
conventional mitigation framework, it is equally important to ana-
lyze whether policymakers can utilize crypto- operations to enhance 
renewable energy penetration at di$erent locations as an e$ective 
alternative to traditional energy carriers. !e results indicate that 
states like New Mexico and Wyoming can generate bitcoins with the 

economic potential to power 78.4 MWh and 265.8 MWh of solar 
and wind energy, respectively. Similar to the case of conventional 
mitigation frameworks, technological advancements reducing the 
cost of location- speci#c renewable energy generation can improve 
the performance of virtual carriers. !e analysis shows that bitcoin 
as a virtual carrier can enhance its e$ectiveness with a projected 
254% improvement for solar and 164% for wind energy by 2050. 
!erefore, varying types of location- speci#c renewable power facil-
ities can be developed to increase renewable penetration in the grid 
against accommodating the equipment energy losses while generat-
ing the traditional carriers such as hydrogen and extracting the energy 
from it. !is strategy also avoids the emissions due to the carrier’s 
transport, thus attaining the advantage of renewable energy utiliza-
tion. Moreover, virtual carriers can contribute to the growth of the 
local economy by creating employment opportunities in the 
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SRWHQWLDO�WKURXJK�ELWFRLQ�PLQLQJ��
�B�� 1HJDWLYH�PLWLJDWLRQ� SRWHQWLDO�
IRU�HDFK�ELWFRLQ�PLQHG��W&22- HT�
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RI� FRVW� UHGXFWLRQ� IRU� JUHHQ� K\�
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KDYH�JUHHQHU�HOHFWULFLW\�PL[HV��FDQ�
EHQHȴW�IURP�KLJKHU�GHJUHHV�RI�LQ�
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SULFHV�IRU�JUHHQ�K\GURJHQȂEDVHG�
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renewable energy sectors at di$erent locations. In summary, virtual 
energy carriers can reduce the carbon footprint of energy production 
and transportation through location- speci#c renewable energy gen-
eration and facilitate climate change mitigation.

As for the in%uence on negative mitigation framework, this study 
highlights the potential of crypto- operations to advance the carbon 
o$setting capacity. !e proposed carbon- neutral mining based on 
the currently prevalent grid supply in conjunction with green hydro-
gen power generation opens an opportunity to neutralize the climate 
impacts of crypto- operations. Correspondingly, using the monetary 
potential from these mining operations to facilitate negative emission 
technologies provides an added advantage to reduce the climate 
impact of fossil- based power generation. !e #ndings of the study 
show that legislative actions like the IRA, which o$ers tax credits for 
green hydrogen generation, can enable carbon- neutral bitcoin oper-
ations in all US states toward signi#cant carbon reduction. !e incen-
tive could also be economic bene#ts for CO2 captured and stored or 
carbon credits for the avoided emissions due to carbon- neutral min-
ing. State- speci#c climate incentivization can also be an e$ective 
strategy to further strengthen the negative mitigation framework. For 
example, some states like West Virginia, which have a fossil- dominant 

grid, can drop the minimum average bitcoin price to promote nega-
tive mitigation by 42%, corresponding to a reduction in the incen-
tivized cost of green hydrogen power supply from $125/MWh to 
$60/MWh. !us, it is safe to say that adopting legislative actions to 
promote green hydrogen power generation and supporting states with 
low fossil fuel dependence will decarbonize crypto- operations and 
strengthen the negative mitigation framework.

!is work utilizes the well- established LCA methodology to eval-
uate the environmental impacts of proposed technological solutions 
which incorporate bitcoin mining and green hydrogen production, 
taking into account various impact categories beyond climate 
change. !e #ndings reveal distinct environmental footprints for 
solar and wind energy utilization within the conventional mitigation 
framework that can be used to enhance renewable energy deploy-
ment. For instance, while solar power can be used to harness signif-
icant economic potential from the proposed framework, particularly 
in states with high solar irradiance, it is associated with considerable 
impacts in categories such as freshwater ecotoxicity, marine ecotox-
icity, terrestrial acidi#cation, etc. On the other hand, deploying wind 
energy within the same framework holds the potential for consid-
erable economic bene#ts, but it is associated with comparable 
impacts to solar energy utilization in human toxicity. !e results 
suggest that the proposed framework can generate substantial eco-
nomic potential using bitcoin mining and green hydrogen produc-
tion powered through solar and wind energy sources, which can be 
used to enhance climate mitigation e$orts; however, it may intro-
duce shifts in environmental burdens due to the multifaceted nature 
of environmental impacts associated with renewable energy sources.

Similarly, we evaluate the environmental impacts associated with 
the negative mitigation framework. !e #ndings highlight that the 
state electricity mix, along with the proportion of grid supply com-
plemented with the green hydrogen–based power generation, in%u-
ences the shift in environmental burden across various impact 
categories. For instance, states employing a signi#cant percentage 
of renewable sources in their electricity mix exhibit lower impacts 
in categories such as fossil resource scarcity, particulate matter for-
mation, etc. !e signi#cant dependence on fossil energy sources in 
the negative mitigation framework also increases the impact on 
human health through enhanced e$ects in categories such as human 
toxicity and photochemical oxidant formation. However, the tran-
sition to higher reliance on green hydrogen–based power generation 
along with grid electricity supply can lead to shifts in environmental 
burdens across freshwater ecotoxicity and marine ecotoxicity. Even 
among clean energy sources, increased contribution from nuclear 
energy in the energy supply mix to the negative mitigation frame-
work increases the ionizing radiation potential associated with each 
bitcoin mined. !erefore, in addition to the economic and opera-
tional considerations, the detailed environmental perspectives for 
the considered technological solutions necessitate a holistic approach 
to their deployment. Speci#cally, regional strategies that incorporate 
ecological sensitivities, human health impacts, and resource deple-
tion should be used to implement climate change mitigation e$orts 
using the proposed technological solutions.

!e technological solutions proposed in this work, based on inte-
grating green hydrogen production and bitcoin mining within dif-
ferent frameworks, hold potential for application in various 
countries. Speci#cally, countries such as China, Kazakhstan, Russia, 
Canada, Brazil, etc., have substantial contributions to the compu-
tational power in the bitcoin network (88), along with considerable 
renewable energy resources that can be utilized in the proposed 
technological solutions. For instance, solar and wind energy resources 
are expected to play a critical role in China's e$orts in energy tran-
sition (89, 90), positioning China as a suitable location for the con-
ventional mitigation framework and virtual energy carriers. Similarly, 

)LJ�b������A��/LIH�F\FOH�HQYLURQPHQWDO�LPSDFWV�IRU�HDFK�ELWFRLQ�PLQHG�EDVHG�RQ�
VRODU�DQG�ZLQG�HQHUJ\�XWLOL]DWLRQ� LQ� WKH� FRQYHQWLRQDO�PLWLJDWLRQ� IUDPHZRUN�
RU� LWV� DSSOLFDWLRQV� DV� D� YLUWXDO� HQHUJ\� FDUULHU�� �B�� /LIH� F\FOH� HQYLURQPHQWDO�
LPSDFWV� IRU�HDFK�NJ�RI�JUHHQ�K\GURJHQ�SURGXFHG�EDVHG�RQ�VRODU�DQG�ZLQG�
HQHUJ\�XWLOL]DWLRQ�LQ�WKH�FRQYHQWLRQDO�PLWLJDWLRQ�IUDPHZRUN���C��/LIH�F\FOH�HQ�
YLURQPHQWDO� LPSDFWV�IRU�HDFK�0:K�RI�HQHUJ\�VXSSOLHG�XVLQJ�K\GURJHQ�DV�D�
WUDGLWLRQDO�HQHUJ\�FDUULHU�SURGXFHG�XVLQJ�VRODU�DQG�ZLQG�HQHUJ\�VRXUFHV���D��
&RPSDULVRQ�RI�OLIH�F\FOH�HQYLURQPHQWDO�LPSDFWV�IRU�HDFK�ELWFRLQ�PLQHG�LQ�WKH�
QHJDWLYH�PLWLJDWLRQ�IUDPHZRUN�LQ�GLHUHQW�86�VWDWHV��$FURQ\PV��SDUWLFXODWH�PDW�
WHU�IRUPDWLRQ��30)���R]RQH�GHSOHWLRQ��2'3���LRQL]LQJ�UDGLDWLRQ��Ζ53���SKRWRFKHP�
LFDO�R[LGDQW�IRUPDWLRQ��KXPDQ�KHDOWK���32+���KXPDQ�FDUFLQRJHQLF�WR[LFLW\��+7F��� 
KXPDQ�QRQFDUFLQRJHQLF�WR[LFLW\��+7QF���JOREDO�ZDUPLQJ�SRWHQWLDO��*:3���ZDWHU�
GHSOHWLRQ��:'3���IUHVKZDWHU�HFRWR[LFLW\��)(7���IUHVK�ZDWHU�HXWURSKLFDWLRQ��)(3���
WHUUHVWULDO�HFRWR[LFLW\��7(7���WHUUHVWULDO�DFLGLȴFDWLRQ��7$3���DJULFXOWXUDO�ODQG�RFFX�
SDWLRQ��$/2���PDULQH�HFRWR[LFLW\��0(7���PDULQH�HXWURSKLFDWLRQ��0(3���SKRWRFKHP�
LFDO�R[LGDQW�IRUPDWLRQ��HFRV\VWHPV���32(���IRVVLO�UHVRXUFH�VFDUFLW\��)56���PHWDO�
�GHSOHWLRQ��0'3��
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Kazakhstan’s wind energy potential presents opportunities for incor-
porating cryptocurrency operations with clean energy sources (91). 
While renewable energy sources have been slow to penetrate the 
Russian energy market (92), cost- competitive development in the 
solar PV and wind energy sectors in Russia (93) can be aligned with 
crypto- operations and green hydrogen production. Along with the 
prospects of bitcoin mining, green hydrogen production has also 
gained global momentum. Countries such as Australia and the 
European Union member states are making strides in green hydro-
gen projects leveraging their renewable energy capacities (94). !us, 
the integration of green hydrogen production in the proposed frame-
works enhances its applicability across di$erent regions with speci#c 
energy landscapes. Moreover, countries such as Brazil and Canada, 
which have a substantial contribution from clean energy sources in 
their electricity mix, such as hydropower in this case (95, 96), hold 
the potential to utilize crypto- operations in the investigated negative 
mitigation framework.

Policy and regulatory frameworks can strengthen the adoption of 
technological solutions in the global context. !e #ndings highlight 
that incorporating renewable energy sources with bitcoin mining and 
green hydrogen production has signi#cant implications for climate 
change mitigation. !erefore, in the case of countries with a favorable 
stance toward cryptocurrency operations along with heavy reliance 
on fossil fuels, this approach allows the use of economic bene#ts from 
crypto- operations to diversify the energy landscape with renewable 
energy penetration. By adopting these technologies, countries can 
attain substantial strides in emissions abatement, contributing to 
global e$orts against climate change. However, it is crucial to recog-
nize that each region is associated with challenges, including eco-
nomic constraints, technological readiness, and infrastructure 
deployment needs. Addressing these challenges requires tailored 
strategies incorporating regional speci#cities to e$ectively implement 
the proposed technological solutions in the global context.

Conclusion

In this work, we investigated technological solutions incorporating 
crypto- operations and green hydrogen production to bolster cli-
mate mitigation e$orts through enhanced deployment of renewable 

infrastructure and carbon o$setting mechanisms. !e multi-
pronged strategy explored the potential of utilizing bitcoin mining 
coupled with green hydrogen infrastructure in combination with 
solar and wind power installations to enhance conventional cli-
mate change mitigation. In addition, the exploration of crypto-
currencies as virtual energy carriers evaluated the intrinsic 
economic value of bitcoin mining operations to enable renewable 
power generation, thus allowing crypto- operations to act as virtual 
energy carriers. !e #ndings revealed that the e$ectiveness of the 
proposed technological solutions varied signi#cantly across di$er-
ent US states, re%ecting the diverse renewable energy potential, 
and underscored the importance of a tailored approach in imple-
menting the conventional mitigation framework and the use of 
crypto- operations as virtual energy carriers. !e strategic decision- 
making included the state- speci#c renewable energy potential, 
economic feasibility, and the associated environmental impacts. 
!e analysis extended beyond conventional climate change miti-
gation and assessed the economic potential of bitcoin mining  
in facilitating carbon capture based on grid supply and green 
hydrogen–based power generation. In the proposed negative mit-
igation framework, some states exhibited a signi#cant capacity for 
bitcoin- enabled CO2 capture due to favorable renewable energy 
contributions, while others faced challenges due to higher opera-
tional costs and dependency on fossil energy sources. !e e"ciency 
of the negative mitigation framework also varied due to the per-
centage contribution of green hydrogen–based power generation 
in the total power supply, highlighting the need for region- speci#c 
strategies and robust policy development to utilize the negative 
mitigation potential of crypto- operations. !erefore, the proposed 
technological solutions o$ered a path toward facilitating climate 
change mitigation e$orts, leveraging the economic potential of 
crypto- operations and green hydrogen while incorporating the 
associated environmental impacts.

Data, Materials, and Software Availability. All study data are included in the 
article and/or SI Appendix.
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