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Abstract: While blockchain and distributed ledger technology offer immense potential for applica-
tions in transparency, security, efficiency, censorship resistance, and more, they have been criticized
due to the energy-intensive nature of the proof of work consensus algorithm, particularly in the
context of Bitcoin mining. We systematically explore the state-of-the-art regarding the relationship
between Bitcoin mining and grid decarbonization. We specifically focus on the role of flexible load
response through proof of work mining as a potential contributor to renewable energy penetration
and net decarbonization of the energy grid. The existing literature has not comprehensively ex-
amined this area, leading to conflicting views. We address the gap, analyzing the capabilities and
limitations of Bitcoin mining in providing flexible load response services. Our findings show that
renewable-based mining could potentially drive a net-decarbonizing effect on energy grids, although
key adaptations in mining practices are needed to fully realize this potential. Overall, the paper
suggests a re-evaluation of the environmental impact of Bitcoin mining, highlighting its potential role
as a facilitator for renewable energy expansion, and decarbonization more broadly.

Keywords: blockchain; environmental impact; decarbonization; ancillary services; flexible load
response; sustainability; renewable energy sources

1. Introduction

The energy consumption of the Bitcoin blockchain has raised concerns about its
greenhouse gas (GHG) emissions and “social license to operate” [1-5]. In turn, this has
sparked debate. While advocates argue that a higher energy consumption is associated
with enhanced protocol security [3], critics express concern over the significant carbon
footprint, and a fear that it may grow further with additional Bitcoin adoption.

Nevertheless, Bitcoin (BTC) proponents make a series of claims in defense of the
protocol, arguing that not only is its carbon footprint overestimated, but furthermore that
the cryptocurrency could provide an environmental service through flexible load response
capabilities and methane onsite neutralization [6,7]. This could support renewable energy
(RE) profitability and penetration, as well as decrease Bitcoin’s carbon footprint, and could
theoretically result in net decarbonizing additions of load.

Previous studies estimating Bitcoin’s carbon footprint have been limited and debated,
often lacking scientific rigor, while few have explored its potential synergy with flexible
load response or methane reduction [6,7]. This paper aims to fill this gap by systematically
reviewing the characteristics of Bitcoin mining and the renewable energy sector, potential
complementarities, and limitations.
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Our contribution consists of a comprehensive literature review leading to an assess-
ment of the state of the art in the field. Relevant databases (Google Scholar, IEEE Xplore,
ScienceDirect, and JSTOR) were searched using related keywords from 2009 to June 2023.
Due to the emergent nature of the field and the novelty of this particular area of study, as
well as due to the fact that this article largely deals with industry nuances, a large amount
of grey literature was also consulted, including industry reports and online divulgation
articles (this is acknowledged in the Supplementary Material).

For both scientific and grey literature, our research unfolded in four stages. We
initiated a keyword-driven literature search, then cross-referenced our bibliography with
cited articles until nearing theoretical saturation, resulting in a large database of works.
Next, we extracted and classified data from the screened studies based on relevance. Finally,
we analyzed and thematically categorized the articles, critically assessing their respective
contributions to the themes at issue.

We provide an overview of Bitcoin’s environmental impact, discuss challenges in the
renewable energy market, identify unique characteristics of Bitcoin mining relevant to
decarbonization, and explore potential applications within the renewable energy sector.
Additionally, we evaluate the positive effects of green Bitcoin mining, consider its limita-
tions and challenges, and compare Bitcoin mining to alternative ancillary service providers.
To do this, we begin by providing necessary background and context to the topic. We then
engage with various literary works to build a comprehensive view of this impact. The
paper also delves into the complex relationship between variable renewable energy (VRE)
and Bitcoin mining, focusing on the business models that enable this partnership.

One of the main angles we explore is the potential positive effects that green Bitcoin
mining might have in the push for decarbonization. Despite these potential benefits,
we recognize and critically assess the limitations and challenges posed by this approach,
especially when it comes to competition with other flexible load resources.

To support our findings and arguments, we survey the landscape of empirical evidence
currently available in this field. A discussion of our findings follows, laying the foundation
for our conclusion. The conclusion not only provides a summary of our research but also
suggests possible directions for future work in this domain.

This approach is designed to bridge a gap in the articulation and communication
of credible evidence pertaining to Bitcoin’s energy use and environmental impact. In a
context of growing criticism, but also adoption, of a technology with potential that is
transformational for issues such as political repression safeguarding and poverty reduction,
filling this gap is crucial [8]. In addition, divergent perspectives on the matter further
strengthen the need for evidence that is not only reliable but also balanced and systemati-
cally examined, encapsulating the myriad nuances in the landscape of this field. Rudd [8]
outlines a hundred significant questions in this landscape. This paper endeavors to tackle
several of these, including elucidating the larger perspective on Bitcoin’s energy usage,
and Bitcoin’s potential applications for methane mitigation and electricity grid transition,
aiming to contribute to a comprehensive research agenda’s fulfillment.

2. Background and Context

In the context of international advocacy for limiting global temperature increases
to 1.5 °C [9], the primary environmental concern surrounding Bitcoin is its high energy
consumption, even raised to Satoshi Nakamoto in 2010 (https:/ /bitcointalk.org/index.ph
p?topic=721.msg8114#msg8114, accessed on 2 May 2023). This issue has contributed to
slower Bitcoin market penetration and even increased price volatility, becoming a central
focus in academic research [7].

Bitcoin’s energy-intensive “mining” process is a key contributor to its energy con-
sumption. In this process, some network nodes, known as “miners”, compete to add
a block of transactions to the shared ledger. They do this by finding a specific number
or “nonce” that, when hashed with the block data and the hash of the previous block,
meets network-defined conditions. This requires millions of hash attempts per second,
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which is energy-intensive (costly) by design, and it is this difficulty in generating a valid
output that constitutes a “proof of work” and contributes to the security of the network. In
compensation, the successful miner is rewarded with transaction fees and a newly created
block subsidy. This results in a framework of incentives that bolsters network security, as
miners are encouraged to afford energy costs that make fraudulent blockchain alterations
prohibitively difficult.

Bitcoin mining occurs globally, with miners seeking cost-effective locations offering
the cheapest energy sources [2,10-14]. However, some of these sources are carbon-intensive,
raising environmental concerns. Mining practices in countries such as Iran, Kazakhstan,
parts of China, Venezuela, and the retrofitting of natural gas power plants for mining
in the US and Canada exemplify this issue [2,3,6,13,15]. When green energy sources are
employed, the criticism often centers on the argument that mining diminishes green energy
availability for other uses.

However, while some mining relies on carbon-intensive energy sources, the extent of
this reliance is debated. China’s and Kazakhstan’s cryptocurrency bans have furthermore
shifted the landscape, consolidating the pre-existing trend to mine Bitcoin in the United
States (US) and potentially influencing the industry’s carbon footprint [2,3,12].

3. Bitcoin’s Environmental Impact

Bitcoin’s energy consumption and Scope 2 carbon intensity are undeniably high com-
pared to other systems, e.g., proof of stake (PoS) [4,5,16-19]. However, there is disagreement
regarding the most suitable data sources, metrics, and projections to account for this.

Estimates of the magnitude of Bitcoin’s energy consumption and carbon footprint vary
widely. The White House Office of Science and Technology Policy [16] suggests that the
former ranges between 72 and 185 billion kWh per year. This is because the exact hardware
used and the carbon intensity of its energy sources are hard to ascertain. On the first front,
one may resort to a “top-down” approach, estimating the share of miners’ revenue spent
on electricity, or a “bottom-up” approach, which estimates energy consumption based
on the hash rate. The latter method is usually preferred [20,21]. On the second front,
one may calculate carbon intensity based on the grid mix corresponding to mining pools’
IP addresses, or based on first-hand data from the miners. The first method overlooks
behind-the-meter (BTM), RE-based mining, and the second is vulnerable to the limitations
due to self-reporting and inconsistency of accounting methods.

Bitcoin’s environmental impact has been portrayed in comparison to countries (Nether-
lands, Ireland, Argentina) [16] and to industries (steel, aluminum, gold, banking, Christmas
lights, aviation, tumble dryers, and even the global monetary system) [2,3,14]. The former
is usually preferred by critics, as it gives a sense of the scale of Bitcoin energy consumption.
In contrast, the latter is usually preferred by advocates, who highlight that many indus-
tries surpass individual countries in energy consumption and this is not usually seen as
a problem.

In addition, different denominators are used to depict Bitcoin’s share of a global
magnitude. Against a share of global electricity consumption [2], some argue for a metric of
global energy consumption, to avoid obscuring conversion efficiencies between different
energy sources in a context where Bitcoin uses an energy mix different from the grid
average [2,3,12]. For the same reason, denominators of global CO, and GHG emissions
are proposed [12,16], also considering that climate change is a function of the latter, not
the former.

Various denominators are used to contrast carbon emissions and energy consumption
with the return on value. This has led to the introduction of measuring energy consumption
“per transaction”, known as “transaction accounting”. However, as Table 1 illustrates,
alternatives to transaction accounting have also been developed.

For carbon accounting in particular, alternatives to transaction accounting include
origin accounting (a genealogical analysis of the historically necessary carbon emissions to
produce each block), maintenance accounting (attributing carbon footprint to the holding of
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a coin, as demand for the coin incentivizes mining), and hybrid accounting (a combination
of transaction accounting, applied to emissions from the pursuit of transaction fees, and
maintenance accounting, applied to emissions from the pursuit of block rewards) [22-24].

There is also a divide between marginal accounting and attributional accounting, with
the usage of each often implicitly entailing the usage of different theories of causality to
Bitcoin’s impact on the energy grid and the environment [22,25]. Marginal accounting
matches before-and-after energy consumption with before-and-after carbon emissions,
respectively. It succeeds at assigning additional energy consumption of the latest consumer
to the additional carbon emissions subsequent to the addition of the new demand source,
but may illegitimately prioritize older energy consumers over younger ones, leading to
problematic conclusions in the long term, as well as failing to preserve compositionality [22].
Attributional accounting, in turn, takes the totality of a grid’s (or group’s) emissions and
attributes it to all its members based on some criterion—average emissions, purchase of
Energy Attribute Certificates or others—thus preserving compositionality but failing to
provide a before-and-after perspective.

Table 1. Various alternatives for denominators to illustrate the magnitude of Bitcoin’s energy con-
sumption or carbon emissions, with corresponding criticisms.

Approach Description Limitations
“Taking all the emissions
(or electricity consumption)
in a given time frame and Usually overlooks L2

Per-transaction basis

dividing them by the
number of transactions in
the period, to arrive at a
carbon (or electricity
consumption) per
transaction metric” [22]. A
variant of this considers the
entire history of past
transactions as secured
with every new mining
event, and not just the
coinage of the latest coin.

transactions, overlooks that
Bitcoin demand for
transactions is a minor
contributor to mining
incentives, and thus is
incorrectly used to imply
that Bitcoin’s throughput
can only grow at the cost of
more energy consumption
[5,16,22,26].

Per-dollar or per-coin settled basis

Considering that L2
solutions allow scaling
without increasing energy
usage, it focuses on value
delivered per kWh [5].

May incorrectly suggest
that additional trading
leads to a lower
environmental impact.

Per-dollar or per-coin mined basis

A novel short-run
perspective assuming an
“origin accounting”
methodology [10].

Neglects Bitcoin’s
decreasing emission rate
and presents impractical
long-term implications,
such as assuming that
when the last Bitcoin is
mined, Bitcoin’s emissions
will be infinite, as well as
that approximately 90% of
Bitcoin’s climate damages
have already occurred and
the rest will be spread over
an increasingly
carbon-neutral energy grid.

Whichever theory of causality is preferred, it is crucial to apply it consistently. Claims
that the introduction of miners in a grid leads to high marginal emissions are inconsistent
with worldwide figures of the carbon footprint of the Bitcoin network based on attributional
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Controversies

Green mix estimation

Causal theories

Emission factors

accounting. Similarly, if it is not legitimate for a miner to claim the average grid mix if there
is a market for Energy Attribute Certificates and none have been purchased (a frequent
scenario when the grid mix is highly renewable), it is not legitimate for journal articles,
press, and activists to take mining pools’ IP addresses and assign to them the average
emissions of the corresponding area.

The multiplicity of ways of looking at Bitcoin’s environmental impact (see Figure 1)
should always be considered, as the choice of any given methodology might significantly
impact the reader’s conclusions. The upcoming introduction of carbon accounting require-
ments [27] may provide additional insight into these debates.

Grid mix attribution {Bottom—up
Top-down

Self-reported attribution

Origin accounting

Transaction accounting

Maintenance accounting

Hybrid accounting

Marginal accounting

Average attribution

Attributional accounting ] .
Energy Attribute Certificates

. Current
Transactions .
Cumulative
Fiat
Settled
BTC
Value .
. . . Fiat
Metrics Denominators Mined
BTC

f 1 . .
Global consumption of electricity

of energy
Global emissions of CO,
of GHG
. Countries
Comparison reference )
Industries

Figure 1. Different approaches to ascertaining the environmental impact of Bitcoin mining.

In addition, Bitcoin critics express concern about the potentially increasing energy
requirements as Bitcoin becomes more mainstream. In short, if the demand for Bitcoin (for
hoarding or for transaction settlement) increases, its price rises together with the incentive
to mine. On the other hand, advocates argue that Bitcoin leads to a higher standard of
living, which in turn may result in lower emissions through the environmental Kuznets
curve [3,16]. They also highlight the effect of halvings in their projections [2,3,12], which
will reduce the incentive to mine. This, together with the bans in carbon-intensive countries
and the expectation of efficiency gains in mining hardware is used to argue that mining
emissions will peak at 1% of global emissions at worst [3]. However, one should note that
Bitcoin’s peak as a share of global emissions may proceed Bitcoin’s peak in terms of absolute
energy consumption, especially if the latter peaks before the global electrification rates.

The reader should note that debates on Bitcoin’s environmental impact are not con-
fined to GHG emissions but also encompass issues such as e-waste [28-31] and noise
pollution [16]. Moreover, much of the discussion hinges on the broader controversy re-
garding whether Bitcoin possesses intrinsic value [1]. This article does not exhaust these
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other environmental matters fully. Moreover, the reader should note that a host of wider
issues, potentially of even greater significance than energy consumption, challenge the
adoption and integration of Bitcoin. These include regulatory hurdles and the inherent
market volatility associated with Bitcoin, both of which further complicate the discourse.
While these matters are acknowledged, they remain outside the scope of this article.

4. Bitcoin Mining and RE
4.1. Limitations of RE

The adoption of RE sources on a wide scale is faced with two major challenges: prof-
itability and intermittency. Historically, generating RE has not been cost-effective for mass
adoption by producers. Despite the cost efficiency of RE generation improving over time,
profitability remains a challenge that often necessitates governmental subsidies [3,32,33].

Inherent intermittency and an inability to follow load on-demand present significant
challenges for VRE generation [2,3]. The duck curve is a notable manifestation of these
issues, where daylight VRE production does not align with peak energy demand in the
evening [2]. These problems are exacerbated by factors such as transmission constraints
and extreme weather events, leading to imbalances (in a broad sense, as obviously grid op-
erators seek to prevent imbalances in a narrow sense, but socializing the costs of this [34]),
negative pricing, or curtailment at high levels of VRE penetration [7,12,15,33-36]. As elec-
tricity is a unique good that must be consumed almost immediately after production [30],
discrepancies between fluctuating VRE sources and variable demand pose threats to grid
resiliency, often necessitating the limitation of VRE contributions and reliance on non-
renewable sources for peak load [30], and posing significant obstacles to decarbonization
efforts. Some partial solutions to these issues are discussed in Table 2.

Table 2. An overview of some of the main strategies to counter problems of imbalance spurred
by VRE.

Strategy Description Challenges

Transmission lines have limited
capacity, experience congestion,
struggle to keep up with

Transmission

Importing and exporting energy
from areas with excess supply to
areas with excess demand is an
effective way to balance electricity
markets [30,37].

electrification trends, suffer from
energy losses proportional to their
length, and require substantial initial
investments [1,3,38]. “Stranded”
energy cannot be transmitted. RE
generation is often most efficient in
remote locations.

Capacity Expansion

Investing in excess RE infrastructure
to meet demand during low supply
periods.

Over-building or over-investing
impacts the sector’s profitability,
leading to low or negative prices
during high supply periods and
necessitating government subsidies
[30] and curtailment, often
intentionally built into capacity
expansion projects [39].

When RE production infrastructure
is built, excess energy is wasted to

Curtailment has an opportunity cost
in terms of unsold energy, decreasing

Curtailment avoid issues such as overloading the profitability of VRE generation.
transmission capacity or negative Curtailment is projected to increase
pricing [12,35,40]. over time [34,41].
Stormg enersy dprmg excess supply Batteries and storage solutions are
and using it during excess demand expensive [3,30,42] and have limited
Storage periods through batteries or other P ol

methods, such as pumped
hydroelectric storage [14,30,42].

capacity, restricting their large-scale
effectiveness.
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Table 2. Cont.

Strategy Description Challenges

A form of sector coupling [43]
and “power-to-X"

solutions [15,44,45] where grid
operators influence electricity
demand patterns to match
supply patterns, using flexible
load response and
compensating energy customers
for not consuming electricity
during peak events [30,32,38].

Most loads are not flexible
enough for large-scale
implementation without
significant costs or
opportunity losses.

Demand-Response Programs

Curtailment and negative prices threaten the financial sustainability of RE projects.
This is exacerbated by other issues such as solar value deflation, delays in the construction
of RE generation facilities, transmission investment costs and transmission losses due to
their remote locations [3,30,46], technical and regulatory connection queues [46], and spot
price volatility in energy markets [46].

4.2. Distinctive Characteristics of Proof of Work (PoW) Mining

In this context, POW mining emerges as an alternative that can provide additional
income and ancillary services (auxiliary services designed to provide stability to the energy
grid), including reactive power and voltage control, frequency control, scheduling and
dispatch of contingency energy supply reserves, flexibility energy supply reserves for
outages, and flexible energy demand load [30,47]: “power-to-Bitcoin”. This is due to a
series of unique characteristics that set Bitcoin miners apart as energy buyers, which are
discussed in Tables 3 and 4.

Table 3. Unique characteristics of Bitcoin mining.

Characteristic Description

Bitcoin miners can be activated or deactivated with sub-second
responsiveness with little reaction costs (inertia, cooling, warming up). The
Flexibility of Load load can furthermore be “available” in the long term, i.e., it can be reliably
providing a stable load due to extended time-horizons and a cash-flow
break-even level generally below the ROI break-even level [2,30,47-49].

As mining relies on non-time-sensitive computation, it allows for immediate
output switching, and interruptions result in no lost work. This high

Interruptibility interruptibility, with the only nuances of difficulty adjustments and mining
pool stability reward programs, can support grid stability
[2,12,16,30,32,46,50].

Bitcoin mining is location-agnostic, as it requires minimal investment in
immovable assets, equipment is easily transportable, there is no need for a

Portability/Mobility  grid connection, there are modularised mining solutions, and there is an
empirical track record of geographic flexibility under seasonal weather and
country-wide bans [1-3,12,14,30,38,51,52].

Bitcoin mining is one of the most price-sensitive industries due to its few
inputs (mainly electricity) and outputs (primarily BTC, the prices of which
are location-agnostic). This results in high OPEX sensitivity, particularly to

Price Sensitivity electricity costs, making miners highly reactive to volatile energy prices.
Furthermore, the different (and well known) profitability profiles of various
ASIC models offer significant complementarities with multiple energy system
niches and patterns [30,35].

Mining operations can adapt to a wide range of scales, from small home
Scale Agnosticity mining to large-scale industrial operations. This scalability makes the
industry versatile in its role in the electrical grid [2,6,30].
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Table 3. Cont.

Characteristic Description

Energy-intensive ASICs with varying break-even points allow for
precise adjustments in energy consumption levels, contrasting to
binary consumption options, making Bitcoin mining a flexible
participant in the energy market [30,41,47,50].

Consumption-level Granularity

Mining’s energy consumption does not necessarily result in
increased energy generation or emissions. It can utilize otherwise
Non-rival Energy Consumption wasted energy (already-generated energy) or harness emissions
that would have been produced regardless, implying that miners
may not compete directly with other energy consumers [2,12].

The distinct and uncorrelated stochastic processes of global
Bitcoin prices/hash rates and electricity prices enhance the value
of switching outputs, offering a valuable source of income
diversification and stability for RE sellers [46,53].

Diversification

The mining process generates significant waste heat, which can
Waste Heat Utilization potentially be repurposed for various applications such as
residential heating or commercial use [7,31].

Table 4. Salient characteristics of Bitcoin mining identified.

Salient Characteristics of Bitcoin Mining

Category Characteristic Sub-Characteristics
Flexibility of Load Availability of Load  Stability of Load
Reliability of Load
Long Time Horizon
Interruptibility Quick Reaction Time
Consumption Granularity
Price Sensitivity Bitcoin Price Sensitivity
Cost Sensitivity
Granularity

Information Completeness
Near-Zero Reaction Costs

Scalability Scale Agnosticity Scalability
Energy Intensity
Portability Location Agnosticity = Movable Goods

Geography Independence
Modularized Solutions
Unnecessary Grid Connection
Low Labor Intensity
Transferability of Output

Other Characteristics Non-Rivalrousness
Non-Correlation
Heat Output

4.3. Applications

Due to the unique characteristics discussed in Section 4.2, Bitcoin mining can offer
various services to the energy sector, including ancillary services, consumption of stranded
resources, prevention of gas flaring, and provision of additional funding.

For VRE such as wind and solar energy, flexible load response, Bitcoin mining can
act as a flexible load response providing shock-absorbing ancillary services, increasing
profitability by offering an alternative to selling energy at extremely low prices during
periods of excess supply [2,50]. This is typically performed on-grid but BTM (next to
generation), which does not require additional transport infrastructure. There is literature
showing that VRE-mining cogeneration systems significantly increase profitability [13,42].

In addition, Bitcoin mining can provide services in the form of waste gas recovery.
Landfill gas and stranded natural gas are two significant sources of methane emissions
(and of other volatile organic compounds) to the atmosphere, either through venting
or flaring (which produces mainly methane due to inefficient combustion and strong
winds) [1-3,12,17,54-57]. Containerized mining and generator solutions transform these
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GHGs into carbon dioxide, which, considering methane’s higher global warming potential
(GWP) than CO; [58], not only provides an additional income stream for energy companies
(and helps avoid flaring penalties), but also reduces the carbon footprint through a load
addition that does not take from the overall energy supply [1-3,6,12,16,17,30,33,54-57,59].
While, theoretically, an additional source of income may prevent a drilling site from shutting
down or stimulates additional hydrocarbon exploration, empirically a significant reduction
in GHG emissions has been observed, which has led to endorsement of this business model
by the US Office of Science and Technology Policy, and even claims that from flare mining
are already negative [2,16,57]. Often conducted off-grid, this mining method is noted for
its high uptime but shorter time horizon. One should note that the amount of natural gas
that is flared at present exceeds the requirements of the entire Bitcoin network [2,57].

Nuclear energy shares more similarities with oil and gas than with renewable energy
in terms of supply patterns, yet adjustments to match demand are technically and economi-
cally challenging, due to reactor cooling costs and reactor efficiency affecting the variable
cost of selling nuclear energy [60]. Hence, negative prices may also emerge, and flexible
load response, can potentially offer a path to sustainability [61,62].

Other applications of Bitcoin mining in the renewable energy sector are also significant.
BTM hydroelectric mining, for example, is a primary renewable energy source for miners
and is particularly effective with curtailed hydroelectric power in areas with excess hydro
capacity [1,3,63]. It usually follows a high uptime model with modern ASIC sets. Biogas
and geothermal sources are also employed, offering environmental benefits and solving
energy transportation problems respectively, albeit with their own challenges [64,65].

The intense competition within the Bitcoin mining sector fosters rapid innovation [12,15].
This competition boosts the development of energy-efficient chips, potentially surpassing
Koomey’s Law, and facilitates global energy price arbitrage [15].

4.4. Business Models

Bitcoin mining offers potential growth opportunities at the intersection of the energy
and cryptocurrency industries. Figure 2 and Table 5 explore various business models that
utilize these synergies between the two sectors.

Table 5. Business models for low-carbon mining models.

Category Details

Mining can provide a primary demand source that pays more than
selling to the grid, encouraging new plant installations. Bitcoin miners

First or Last Resort Buyers  do not replace other consumers in first-resort scenarios caused by a
connection queue. It can also provide last resort demand for periods of
excess supply [1,46,53].

Modern and efficient ASIC miners can run almost 24/7, suited for
peak shaving. Older, less efficient miners become profitable during
low energy prices only, with “ASIC retirement homes” absorbing
excess supply as an ancillary service to stabilize the grid [2,3].

Uptime

BTM mining reduces transmission costs by placing miners at
Miner Location renewable energy plants, whereas front-of-the-meter mining connects
to the grid as a regular consumer [6,30,50].

A PPA offers fixed prices to miners, facilitating external funding. It can
include an option for the seller to switch off the buyer’s ASICs (in
exchange for fixed compensation), leading to cost savings during
off-peak times. However, regions with high renewable energy use or
frequent severe weather may experience above-median PPA prices.
PPAs can be used to integrate miners as emergency load resources for
Pricing Model regulated ancillary service demand-response programs, as in Texas.
Without PPAs (usually front-of-the-meter), a price-responsive model
(usually BTM) is generally adopted, where the seller sells to the market
if the market price is above the miners break-even point, and to the
miner when it is below. This reduces cooling costs and may reduce
prices as extreme price events do not affect the miner’s break
even [30,41].
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Table 5. Cont.

Category Details

Relationship between Relationships range from mere proximity for efficiency gains to direct
Miner and II{DE Producer contracting for control over operations or vertical integration for full
internalization of costs [1,3,6,30,35,46].

Models include “pay for the gas”, where the miner pays for the gas used
and keeps the mining proceeds, and “pay for the equipment”, where the

Gas Mining Models miner provides a data center to the gas company, who keeps mining
proceeds. Other models include “mobile market hubs” to alleviate
pipeline constraints [59].

Operations can be made greener through renewable energy certificates,
guarantees of origin, carbon credits, or offsets. Investors may make their
Operations and portfolio greener by investing in green hashrate (incentive offsets),
Portfolio Greening purchasing sui generis green Bitcoin attributes. More controversial
options include colored coin proposals to trace sustainably mined Bitcoin,
which may break fungibility [3,7,15,17,22,35,66].
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Figure 2. A typology of low-carbon mining models per defining factor.

5. Potential Impact of Mining

The influence of mining on RE generation and energy grid management is
visible [3,12,30,56,57,59] but not yet large enough to significantly affect the global RE sector.
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However, should the adoption of proof of work (PoW) mining intensify, this scale could
change (see Figure 3).
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Figure 3. Possible upsides of Bitcoin mining for decarbonization goals.

An increase in PoW mining could potentially favor renewable sources in grid mixes,
thereby driving decarbonization. This effect could be attributed to the income effect, where
Bitcoin mining incentivizes renewable capacity expansion by buying excess energy and
offering an additional income source of first and last resort for VRE [35]. Through peak-
shaving, valley-filling, and load-building [67], mining may be beneficial to demand-side
energy grid management.

In addition, mining could introduce a composition effect, whereby low-carbon energy
sources are made relatively more profitable than high-carbon ones, displacing them on the
margin. This could potentially lead to the holy grail of net-decarbonizing additions of load.
These additions might even be cost-reducing if upward pressure on prices due to increased
demand is more than counterbalanced by increased renewable supply resulting from a
surge in profitability.

On the issue of grid congestion, which introduces significant management costs at
present [34], the portability and scalability of mining means that miners can be strategically
located behind congested transmission nodes. This may help in de-risking renewable
buildout and consequently contribute to the reduction of carbon emissions.
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Transmission decongestion also contributes to improved grid resiliency and reliability,
i.e., the ability (of vital geopolitical importance) to adapt to rapid fluctuations or disruptions
in supply, demand or transition capacity. A larger set of controllable load resources allows
for improved reaction to black swan events. Indeed, co-locating mining facilities with
inflexible plants that produce stable loads effectively increases plant flexibility without
altering generation practices [33,35,38,50]. This is particularly valuable as grid resiliency is
lower when renewable penetration is high [34].

One should note that a decarbonizing effect may happen not only when existing
miners switch from from grid-connected sources to curtailed energy, but also if new green
miners enter the market using RE. This is because new miners increase the global hashrate,
which decreases the profitability of all other miners, penalizing them and pushing them
out on the margin. This effect is due to the unique global zero-sum nature of the Bitcoin
mining game.

Finally, mining holds potential to mitigate entrepreneurial and government errors
that typically arise from RE government promotion schemes such as subsidies and quotas.
These issues include interference with market signals, “picking winners and losers”, capital
misallocation, and the hindering of “creative destruction” [68]. As a market-based mecha-
nism that can subsidize RE, mining can alleviate these issues while preserving price signals
and enabling economic calculation. An example of this would be miners capitalizing on
overbuilt hydroelectric capacity, contributing to the discovery of a global market price
for carbon. As Bitcoin acts as a predator of energy, it may drive the discovery of the real
value of electricity and potentially contribute to finding a global market price for carbon, a
long-sought environmental objective.

6. Challenging Trends

Achieving decarbonization through PoW mining is a complex process faced with multiple
interconnected challenges. For starters, Bitcoin miners grapple with the volatility of Bitcoin
prices in the short-term [30,59] and long-term [36], as well as in the production volume [30].
Emerging hedging instruments such as difficulty derivatives and hash-rate tokens offer poten-
tial solutions to these volatilities, but the constantly low profit margins owing to suppressed
Bitcoin prices and unexpected hashrate increases remain a significant issue [30].

Additionally complicating matters, the mining process itself is not insulated from
broader industry and market trends. Supply chain disruptions and the concentrated ASIC
production market, exacerbated by semiconductor shortages, are challenges that extend
beyond mining but have direct, tangible impacts on it [2]. These circumstances constrain
new mining capacity and hinder large-scale demand-response initiatives [30].

This broader view of the industry also brings into focus the need for further research
into the relationship between high-uptime waste (landfill, stranded, flare) gas mining and
low-uptime VRE mining. Both industry niches may resort to “outdated” ASICs that new
market entries displace, meaning that they could be competitors of one another and an
increase in the profitability of one could harm the other. This interaction has not been
thoroughly researched to date.

Beyond the immediate challenges tied to market forces and technological capabilities,
PoW mining also contends with external factors such as regulatory and social acceptance. The
scale of PoW mining could face significant reduction if it loses its “social license to operate”
due to regulatory intervention or public backlash [3,16,30]. The regulatory environment is
unpredictable, with harsh interventions being considered or applied in some jurisdictions,
adding another layer of risk to an already challenging situation [6,30]. In this context, it is
important to consider fossil energy subsidies as part of the regulatory environment, as these
subsidies can artificially undercut the ability of RE sources to sustain mining activity.

The interplay between mining and the broader energy ecosystem adds another di-
mension to these challenges. While mining can theoretically drive renewable energy
development, it also demands additional conventional energy, which can theoretically
lead to an increase in GHG emissions instead of a decrease [16,17]. Individual instances of
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power plants operating on natural gas being maintained or re-ignited for Bitcoin mining
purposes highlight this contradiction [1,6]. Similarly, there are criticisms of front-of-the-
meter mining using existing renewable capacity, potentially displacing other consumers
towards fossil energy.

Finally, one should consider that with the growth of electrification and the maturation
of the global quest for decarbonization, the RE landscape could shift. Interconnection
queues may eventually clear, meaning that miners would need to seek other energy sources.
In a similar fashion, a more electrified world may mean that Bitcoin as a whole is too
small to have a serious impact on climate change in one way or another, e.g., if Bitcoin’s
electricity consumption peaks at only 1% of global electricity, it may neither significantly
impede global decarbonization nor notably exacerbate climate change. This point reflects
the complexity and interdependence of the challenges presented and emphasizes the need
for a multi-faceted approach to decarbonizing PoW mining.

7. Challenger Technologies: Alternative Load Resources

Velicky argues that “short-term electricity overproduction can be partly mitigated
by conversion to potential energy (hydropumped storage), chemical energy (batteries,
hydrogen generation), or heat (aluminum smelters)” [14]. Indeed, Bitcoin is not the only
technology that can deal with excess energy. Various technologies can act as flexible,
interruptible, portable, and potentially nonrival sources of energy load, supplementing grid
decarbonization alongside it. Each of these technologies comes with unique characteristics,
strengths, and limitations. In Table 6, we present a summary of these alternative load
resources along with their potential for decarbonization and inherent limitations.

Table 6. Alternative load resources and their potential for decarbonization and limitations.

Technology

Potential for Decarbonization Limitations

Water Desalination

Flexible and interruptible; can use nonrival
energy sources; there are proposals for
Bitcoin mining and water desalination as
complementary infrastructures [69].

Less portable due to infrastructure
requirements (tanks, pumping) [69].

Green Hydrogen and Synthetic Methane

Electrolysis can be more expensive

(e.g., requires storage infrastructure) and

risky than mining; less flexible and less
Flexible and interruptible; could potentially  portable output; the business model is not
use nonrival energy sources [15,45,57]. battle-tested; a hydrogen economy would

entail an energy consumption so large that

curtailed energy could not meet it but in a

fraction [3,12,15,30,54].

CO; Removal

Potentially flexible and interruptible; could
use nonrival energy sources.

Profitability is uncertain; public good
subject to the tragedy of the commons
without significant subsidies.

Batteries

Can solve part of the daily intermittency
problem by balancing load; are flexible and
interruptible; their price is expected to
continue falling; may complement Bitcoin
mining in the “right mix” [2,3,33,35,42].

Expensive and lower ROI in large scales
due to physical limitations to the ability to
store energy without dissipation; offer no
additional profit other than flexibility itself;
offer a smaller energy sink [2,30,33,42].

Other Flexible Data Centers

Other forms of non-time sensitive
computation can have a net decarbonizing
effect; can increase grid resiliency [14].

Inferior to cryptocurrency mining facilities
in terms of flexibility and efficiency;
although there are leaders in the area,
many players are lagging behind [38,47].

Other Load Resources (aluminum
smelters, sector coupling, Power-to-X
solutions, demand-response programs,
load shedding, etc.)

Can provide alternative forms of load
balancing [14,15,30].

Power-to-X solutions require “a
meaningful probability of occurrence to
make it economically viable” [15] (p. 5734);
inferior to cryptocurrency mining facilities
in terms of flexibility and efficiency [14].

The array of technologies examined are not mere competitors of mining, but each
possesses potential to supplement Bitcoin mining in the process of grid decarbonization.
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Distinct attributes such as portability, cost, risk, and flexibility create a spectrum of advan-
tages and disadvantages across these technologies. These differences suggest potential for
complementarity under diverse circumstances. Notably, the economic viability of electrol-
ysis hinges predominantly on the market price of hydrogen, whereas the profitability of
mining relies on an array of factors including Bitcoin price, difficulty of mining, hashrate,
and capital expenditure [15]. This positions each technology to be optimally suited for
distinct operational scenarios. Mellerud, for instance, argues that green hydrogen is partic-
ularly appropriate for providing “seasonal demand flexibility”, whereas Bitcoin mining is
proficient at “balancing unpredictable fast changes” [30] (p. 9).

Similarly, the energy consumption profiles of batteries differ from those of Bitcoin
miners. Batteries necessitate energy input for shorter durations, while Bitcoin miners may
require more extended operational periods. Conversely, batteries have the capability to
provide power for limited time spans, while Bitcoin miners can, in theory, remain inactive
indefinitely. This differentiation suggests that batteries might be more appropriate for
specific applications (e.g., on-site backup power), while Bitcoin mining could be more
suitable for alternative uses (e.g., managing sustained excess RE over multiple days).

8. Empirical Support for Synergies between Bitcoin and RE

In the rapidly evolving landscape of RE and cryptocurrency mining, the exploration
of their mutual interdependencies is still nascent. However, an emergent body of literature
suggests the plausibility of a decarbonizing effect driven by these synergies [3,38,70-72],
caused by increased profitability of VRE in the presence of Bitcoin mining [70,73-76].

Supporting this, simulations conducted by Lancium and IdeaSmiths posit that the
introduction of highly flexible data centers, such as those used for Bitcoin mining, can
reduce CO; emissions in grids oversaturated with wind power. This is achieved by decreas-
ing reliance on natural gas for energy intermittency [47]. Rather than bolstering natural
gas generation during periods of stress, market dynamics may instead reduce the load,
facilitating a net reduction in carbon emissions through near-zero carbon energy.

Adding weight to this hypothesis, Nikzad and Mehregan have estimated a signifi-
cant 77.7% reduction in atmospheric GHG emissions via the development of cogeneration
projects that pair solar plants with cryptocurrency mining facilities [13]. Moreover, addi-
tional research indicates a causal association between clean energy and emission allowances
with Bitcoin, both in terms of volume and price, with a negative correlation observed with
carbon emissions and energy prices [7,38,77].

In practice, there have been instances where hashrate has been significantly reduced to
maintain grid resilience during periods of heightened demand such as winter storms [12,71,78].
Individual cases of miners facilitating the operation of gas desulfurization equipment for
the remediation of ash landfills from previous coal mining activities also exist [1,6]. This
remediation activity, although context-specific, further illustrates the possible beneficial
interaction between these two seemingly unrelated sectors.

This apparent trend towards symbiosis is further demonstrated by the actions of
some miners who purchase renewable energy certificates. Despite inherent limitations, the
purchase of renewable energy certificates provides tangible benefits to the RE sector.

Complementarily, Eid et al. found that although batteries offer a lower ROI compared
to Bitcoin mining, the combined operation of both activities yields a superior alternative
in terms of profitability and battery “state of charge” optimization [42]. This aligns with
Frumkin’s assertion that batteries, similarly to non-intermittent secondary energy sources,
facilitate increased uptime which can offset mining capital expenditure. This capability
becomes especially valuable in an increasingly electrified world, where surplus energy
acquires additional usefulness [2,36].

Consequently, Oysti posits that in the absence of Bitcoin mining, renewables could
fulfill only 40 percent of grid demand. However, a concerted use of Bitcoin mining, batteries,
and solar energy could potentially cater to 99 percent of the grid’s needs [2] (p. 40). This
perspective aligns with the International Energy Agency’s projection that batteries and



Challenges 2023, 14, 35

15 of 21

demand response will become primary sources of flexibility, meeting four times the amount
of hour-to-hour flexibility needs [79] (p. 177).

9. Discussion and Critical Analysis
9.1. Intermittency, Profitability and Increasing Fierceness of Competition

While acknowledging the energy-intensive nature of Bitcoin, naively using metrics
that compare industries to countries, and framing Bitcoin’s energy consumption as solely
wasteful, might overlook potential benefits, especially in terms of stimulating RE buildout.
We have identified evidence suggesting that Bitcoin mining is attracted to inexpensive,
often renewable, energy sources, providing an additional revenue source which could help
drive VRE expansion and support a transition to a greener grid [2,3,25], in addition to
increasingly greener grids leading to a lower-carbon Bitcoin network on their own [3,12].

This is not without challenges. The intermittent nature of VRE entails financial diffi-
culties, as reduced uptime implies a longer period to recover CAPEX, even with occasional
negative energy prices [36]. In fact, in scenarios of low energy prices, selling electricity to
miners might not significantly improve a VRE project’s profitability. Under risk aversion,
these concerns are potentially exacerbated by the volatility of Bitcoin’s price, which can
amplify perceived risk, and surges in new mining rig efficiency, which may make the
flexible mining model unprofitable.

However, there are reasons to suggest these are not unsurmountable obstacles. First,
vertical integration may lead to maximum internalization of the benefits of cheap energy
prices. Second, miners can rely on secondary, more expensive energy sources for under-
clocking when VRE is not available to reach a blended cost, resulting in a competitive
levelized cost of electricity [36,41]. Third, older, less efficient, and cheaper ASICs have prof-
itability profiles that ASICs depend on OPEX, being better suited for intermittent patterns.
Fourth, there are non-intermittent mining methods that can contribute to decarbonization,
such as flare mining (despite scalability barriers and higher CAPEX) and hydro mining
(which addresses capital misallocation issues in an environmentally friendly manner, even
though it faces growth limitations in the long term; [80]).

In addition, the characteristics of the Bitcoin mining market suggest a trend towards
perfect competition in the years to come, which would imply a growing sensitivity to
marginal cost, that may encourage VRE adoption for mining [2,3,12,36,41]. Influencing
factors include rising mining difficulty [36], halvings [3], the end of a bottleneck in the ASIC
supply chain that had coincided with a bull market, a bear market [41], mining equipment
commodification driving CAPEX further down, with prices following production costs
rather than Bitcoin prices, [2,12], slowing increases in rig efficiency as quantum limits are
approached [2,12,41], increasing access to credit (see Aspen Creek Digital, https://acdigi
talcorp.com/, accessed on 2 May 2023), limitations on Bitcoin’s price ability to continue
increasing exponentially [30] (p. 61) and limitations on the ability to halve the cost of
IT repeatedly. The convergence of these trends indicates an impending scenario where
Bitcoin miners’ marginal cost aligns with their marginal income, incentivizing the use of
economically viable RE sources [41] as only or mostly near-free, free, or negatively-priced
energy sources may lead to economic profits (see Figure 4).

This should be considered in the context of an already highly competitive market for
Bitcoin mining, characterized by entirely homogeneous output secured through strong
property rights [3], that can be traded at near-zero transaction costs (e.g., through the Light-
ning Network), with an increasingly large number of buyers and sellers, non-increasing
returns to scale (in fact, scale may have decreasing returns if fear of a 51% attack is trig-
gered), few barriers to entry or exit, and near-perfect factor mobility [3,12,28]. Empirically,
the Bitcoin network also seems to follow the Pareto Principle or 80/20 rule, in another
indication that it approximates a perfect competition state [2,12]. Generally, the main differ-
entiator between miners is the cost of energy. Increasingly, this includes the sophistication
of PPAs and by mining-VRE co-location arrangements [41].
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Figure 4. Factors influencing Bitcoin mining’s cost-sensitivity, with additional cost-sensitivity entail-
ing more suitability for an ancillary services provider role.

Note also that in a worst-case scenario where the profit gap between flexible, low-
efficiency mining and continuous, high-efficiency mining becomes too wide due to an
unexpected surge in the efficiency of new mining rigs, the flexible mining model might
become unprofitable. However, such a surge in efficiency would also lead to a reduction
in the overall energy consumption of the Bitcoin network, thereby mitigating associated
environmental concerns.

9.2. Bitcoin’s Potential: A Balanced Perspective

Our exploration of the role of Bitcoin mining in grid decarbonization suggests a
nuanced reality. Bitcoin mining has been the subject of intense scrutiny due to its high
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energy consumption, yet a growing body of evidence highlights potential benefits for
decarbonization. Bitcoin mining has shown an increasing trend towards utilizing VRE
sources, particularly driven by the allure of low and sometimes even negative energy
prices [12]. Moreover, it holds potential as a flexible load in the energy system, with an
ability to offer demand-response services, an essential feature for grid resilience as RE
penetration increases.

However, a key requirement for this decarbonization scenario is that Bitcoin mining
must evolve to operate without exacerbating peak demand, a characteristic not entirely
realized today in all geographies [41]. The timeframe over which we assess Bitcoin’s
impact significantly influences our interpretation, moreover. In the short term, Bitcoin’s
energy consumption can appear daunting relative to current RE generation. Yet, projecting
into the future, this picture might shift, and one may envision a Bitcoin network running
mostly only on BTM intermittent RE sources. It is certainly reasonable to anticipate a
more substantial proportion of RE in the energy mix and a plateauing of Bitcoin’s energy
consumption [3,30].

However, uncertainties remain. It is challenging to offer hard assurances regarding
decarbonization timelines or guarantee that all load additions will be carbon-neutral. These
uncertainties, though, should be contextualized. Other industries are not subjected to such
stringent standards and yet continue to contribute significantly to global carbon emissions.
Furthermore, we should question the fairness of holding new load additions, similarly to
Bitcoin mining, to higher standards than incumbent loads. The notion that new additions
must be carbon-neutral is predicated on an incumbency-based theory of causality, implying
older electricity consumers have a more legitimate claim to green electricity—a claim
requiring further justification [22]. This is hard to sustain and, especially, hard to apply to
all data centers consistently (let alone all industries).

It is also essential to acknowledge that, by increasing energy demand, mining provides
additional revenue for RE producers. This is a windfall profit that is often overlooked
in critical analyses. In conclusion, to ensure a balanced and fair discussion on Bitcoin’s
“social license to operate”, Bitcoin mining’s requirements should be reasonably defined.
A location-agnostic buyer of last resort that protects downside cases in financial models
and purchases otherwise-curtailed energy should not be held to exclusively purchase VRE
energy, provided it does not operate under peak demand and price conditions, thereby
avoiding the risk of incentivizing fossil fuel capacity expansion.

There are reasons to view Bitcoin for decarbonization in a positive light: not only does
it need minimal policy support to deploy, but also the advantages of Bitcoin mining (inter-
ruptibility, flexibility, portability, etc.) are intrinsic fechnical strengths, whereas challenges
are mostly the result of economic factors and contingent technical circumstances [59]. On
the other hand, Bitcoin may have particularities but it is not entirely special: there is a
well-established roadmap for data centers operators seeking to contribute to a zero-carbon
grid [81], and miners” willingness to learn from this experience will necessarily be a part of
their willingness to be flexible.

10. Limitations and Future Work

This paper has not considered in depth other environmental impacts that go beyond
GHG emissions, notably the impact of Bitcoin mining in acidification, particulate emissions
and smog formation, which have already been identified as areas for future research by
others [6], but also e-waste and noise pollution.

This paper is furthermore not exhaustive of all the issues framing this discussion.
For instance, an understanding of the explanation of Bitcoin mining, Bitcoin’s value and
Bitcoin’s value proposition are assumed and outside of the scope of this paper. Similarly,
the 1.5 degree goal is taken as a standard reference framing the climate change debate and
not necessarily advocated for [82]. This article also makes some elementary assumptions
that are plausible but nonetheless contingent, such as that in the short run PoW-based
cryptocurrencies will not entirely cease to exist.
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Finally, there are some obvious limitations that should also be taken into account. Most
notably, research on (the environmental impact of) Bitcoin and especially on its impact on
RE is both still embryonic and fast-paced, meaning that significant findings may emerge
after the release of this paper.

Our research indicates that Bitcoin and other PoW blockchains might support RE
adoption. However, the question of whether intermittent VRE-based operations can remain
profitable in a competitive mining market remains [36,41]. This under-researched field
presents various opportunities for future studies, including exploration of renewable-
based mining business models, empirical profitability case studies, scalability analyses,
identification of optimal geographic and regulatory contexts for mining, quantification of
Bitcoin’s externalities and impact of mining intermittency and thermal cycling in silicon
chip quality degradation.

In terms of policy implications, it is recommendable to undertake thorough carbon
accounting projects in renewable-based Bitcoin mining and to investigate the impact of
PoW-based cryptocurrencies on the renewable and non-renewable energy balance [7].
Regulatory interventions should be designed with caution to avoid driving miners to
jurisdictions with fossil fuel subsidies, which could increase emissions. Future research
should aim to inform these regulations to maximize the decarbonization potential of
Bitcoin mining.

11. Conclusions

This research underscores the possible role of Bitcoin mining in promoting grid de-
carbonization. Despite its high energy consumption, the unique energy buying behavior
of Bitcoin miners may contribute to net decarbonization as a flexible load resource. We
acknowledge valid concerns about Bitcoin’s energy consumption and challenges to a future
role for Bitcoin as a facilitator of RE expansion. However, considering Bitcoin’s technical
characteristics, emerging trends towards RE penetration and more intense competition in
the mining market, there is a plausible argument that these challenges may be overcome.

For Bitcoin mining to significantly support RE deployment, a willingness of Bitcoin
loads to be flexible is needed. This is plausible but not necessarily guaranteed, indicating
future development potential in the sector. An eventual transition towards a decarbonized
Bitcoin network might not follow a linear path. We encourage continued and nuanced
research, as well as carefully formulated regulatory measures, to maximally utilize the
strengths of Bitcoin mining while mitigating associated challenges, in line with the Inter-
national Energy Agency’s goals for decarbonization, renewable energy penetration, grid
resilience, and electrification [79].

Within the broader field of Bitcoin research, this study positions the energy consump-
tion and decarbonization potential of Bitcoin mining as a significant and consequential area
of investigation. Given the unique attributes and possible impacts of Bitcoin mining on
energy grids and climate change, it is our conviction that this issue represents one of the
most important future research directions in the realm of Bitcoin studies. The convergence
of Bitcoin mining and RE usage demands consistent and evolving research efforts.
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