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Abstract

Cryptocurrency-energy assessments often conflate electricity use, emissions attribution and
avoided system emissions. This targeted, non-exhaustive integrative review separates these
quantities and evaluates mining-flexibility claims in European electricity systems. A six-
criterion appraisal links principal studies to supported claims and transfer limits. A general
electricity-accounting benchmark uses secondary data to compare 2024 production-mix and
residual-mix direct CO, factors for 24 national European Union domains. Their unweighted
means are 214.38 and 415.18 g CO, /kWh; the median within-country ratio is 1.95. The two
orderings have a Spearman correlation of 0.670 and disagree for 68 of 276 country pairs.
The residual factor exceeds the production factor in all 24 countries in both 2024 and a
matched 2025 comparison; consumption-weighted contrasts also remain positive. For a
fixed hypothetical 1 MW Hungarian load operating throughout leap year 2024, the two
accounting descriptors yield 1556.5 and 2798.9 tonnes of attributed direct CO,, a 79.82%
accounting difference. These descriptive, non-causal results compare accounting descriptors,
which are not freely interchangeable facility reporting options. Conditional procurement
scenarios and an explicitly assumed four-hour example distinguish reported emissions,
electricity volume and operating schedules. Technical evidence supports curtailment and
ancillary-service participation in specified settings, but price responsiveness alone does
not establish lower emissions. The applied framework links European disclosure to claim-
specific counterfactuals and specifies requirements for joint assessment of heat, methane,
water, hardware and health impacts.

Keywords: Bitcoin; blockchain; electricity markets; residual mix; carbon accounting;
demand response; European Union; Hungary

1. Introduction

Bitcoin’s original design links permissionless consensus to computational work,
whereas blockchain architectures more broadly encompass different trust assumptions
and validation mechanisms. This distinction matters for sustainability research: the elec-
tricity demand of proof-of-work mining is not an intrinsic requirement of every distributed
ledger or energy-market application. Technical accounts of Bitcoin, architectural compar-
isons and early sustainability assessments provide the basis for separating these objects of
analysis [1-4].
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The mining literature has moved from network-level electricity estimates towards
geographically differentiated footprints, life-cycle assessment and grid-interactive operation.
Reviews have consolidated evidence on hardware demand and environmental impacts,
but their estimates refer to different periods, cryptocurrencies, functional units and system
boundaries [5-7].

Comparison requires a clear distinction between facility electricity consumption, emis-
sions attributed to that consumption and changes in electricity-system emissions caused
by an intervention. Production-based indicators, flow-traced consumption accounting
and residual-mix disclosure describe different relationships between electricity and emis-
sions [8-10]. Marginal estimates instead concern emissions caused or avoided by a specified
intervention [11,12].

The European setting also requires attention to contractual electricity attributes. The
Markets in Crypto-Assets Regulation and the associated delegated sustainability-indicator
regulation establish a disclosure context in which energy consumption and climate-related
information have practical relevance [13,14]. Reporting compliance and causal environmen-
tal performance remain separate questions. A metric may be specified for disclosure without
being an appropriate estimator of the emissions avoided by a particular dispatch decision.

The review addresses three research questions that connect the literature interpretation,
quantitative accounting and the assessment of environmental claims.

RQ1. What do published studies establish about cryptocurrency mining’s electricity use
and environmental impacts, and which methodological differences limit comparison of
their findings?

RQ2. How do production-mix and residual-mix direct CO, factors differ across 24 na-
tional European Union domains, and how sensitive are these differences to year, electricity-
consumption weights and country coverage?

RQ3. Which evidence and counterfactuals are required to assess operational and environ-
mental claims about cryptocurrency mining in European electricity systems?

The contribution combines a critical synthesis of published evidence with a repro-
ducible comparison of European accounting descriptors and an applied framework for
mining claims. Established attributional and consequential assessment methods provide
the methodological basis [9-12]. The accounting analysis quantifies how factor definitions
affect attribution and country ordering, while the framework specifies the computational
output, grid service or useful heat that an operational comparison must make explicit. Hun-
gary provides a standardized fixed-load illustration without assuming an observed national
mining fleet. The resulting contribution concerns evidence interpretation and study design;
the national accounting data do not support a site-selection or investment model.

The analysis follows these questions in sequence. Section 3 synthesizes published
findings and their limits of comparability (RQ1). Section 4 compares the national accounting
descriptors and evaluates the stated sensitivities (RQ2). Section 5 uses these distinctions to
appraise operational and environmental claims in Europe (RQ3), ending with a summary of
the answers and contributions. Sections 6 and 7 set out the remaining limitations, research
priorities and conclusions.

2. Review Design and Quantitative Methods
2.1. Review Type and Evidence ldentification

The study is a critical integrative review with an embedded secondary-data account-
ing analysis. Integrative methods are appropriate when a question combines theoretical
arguments, engineering models, environmental inventories, observational information
and institutional documents [15-17]. The three questions are addressed through targeted
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scholarly and institutional web searches, exact-title searches and backward citation tracing.
Sources were consulted up to 26 October 2026. Supplementary Section S7 records the search
themes, eligibility rules, access routes and selected exact source-verification queries. The
synthesis is non-exhaustive and does not estimate a pooled effect of mining on emissions
from studies with incompatible counterfactuals.

The bibliography identifies the sources used in the synthesis. The retained search
record documents the routes used to verify principal studies and institutional material, but
it does not support complete retrieval and exclusion counts or the first-identification route
of every publication. Coverage refers to the stated research themes and assessed sources
rather than all the eligible literature. Selection decisions and the limits of the detailed case
appraisal are described below and in Supplementary Section S4.

Sources were retained when they addressed a defined technical mechanism, supplied
an identifiable environmental or operational estimate, explained an accounting method, or
established a relevant data or disclosure framework. Academic evidence was drawn from
published journal articles and conference papers; unpublished research preprints were
excluded. Original protocol documents, institutional reports, technical and accounting guid-
ance, legal sources and identifiable operator disclosures were retained for their respective
technical, methodological, implementation or reporting roles. Research on coupled electric-
ity and resource systems was included where it clarified an assessment requirement, with its
application to mining stated separately from the source findings. General cryptocurrency-
price forecasting, unrelated blockchain applications and promotional assertions without
an identifiable evidential basis were outside the analytical focus. Operator reports were
eligible as evidence of reported implementation, but environmental-effect claims required
the same inventory and counterfactual appraisal as academic studies. Legal sources were
used to describe reporting requirements, not to infer environmental effectiveness. Searches
did not use proprietary Scopus or Web of Science exports. No protocol was registered and
no independent duplicate screening was conducted; exhaustive coverage and inter-rater
agreement are not claimed.

Access depth varied across publications. The synthesis draws on accessible original full
texts and institutional reports, supplemented by publisher or author-institution abstracts for
specific findings. Abstract-level evidence is restricted to the information explicitly reported
there; detailed methodological validation is not inferred from an abstract. Supplementary
Table S4 applies the six appraisal criteria to a purposive set of principal sources and identifies
the inspected material. A European commercial heat-recovery report is included to distin-
guish implementation evidence from independently verified environmental performance.
Selection and availability bias remain limitations, particularly for unpublished operating
data and commercially confidential European facilities.

2.2. Evidence Appraisal and Synthesis

The claim appraisal is organized around six questions: what is measured or modeled;
which period and geography are covered; what physical and accounting boundaries apply;
what counterfactual is specified; which assumptions and validation or uncertainty evidence
condition the result; and what can be transferred to Europe? Supplementary Table S4
makes all six questions explicit for each selected source, including when a counterfactual is
unnecessary for a descriptive claim or when evidence is insufficient for a stronger claim. This
appraisal avoids a single numerical quality score that would place a laboratory measurement,
a global inventory and a theoretical consensus model on an artificial common scale.

Three distinctions are structured in synthesis. First, an observation is separated from
a model-derived estimate and a prospective scenario. Second, attributional accounting is
separated from consequential system change. Third, a study’s setting is separated from the
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population to which an interpretation is extended. Industry-affiliated studies are neither
discarded nor accepted on affiliation alone; their assumptions, data availability and type of
validation determine their evidential use. The same scrutiny applies to critical commentaries
and studies advocating particular interventions.

The review does not pool published TWh, tonnes of CO,-equivalent or monetary-
damage estimates. They are not interchangeable effect sizes: annualized snapshots differ
from calendar-year totals; CO, differs from CO,-equivalent; and global network estimates
differ from facility studies. Instead, selected estimates are retained with their original time
and boundary labels. The quantitative contribution below is independently defined and
does not treat the number of cited studies as a statistical sample of mining outcomes.

The nine detailed appraisals in Supplementary Table 5S4 span inventories, prospective
scenarios, operational flexibility, heat recovery, methane, exposure, European electricity
accounting and an operator-reported installation. These cases are retained for their direct
relevance to the research questions and their complementary claim types, methods and
access conditions; the same six questions are documented for each case. The five cases in
Section 5.5 are a presentation subset that contrasts flexibility, heat, methane, exposure and
European implementation claims; they are not an additional study sample. This is a worked
application of the framework, not validation of a scoring instrument or an estimate of how
frequently the wider literature satisfies the criteria.

2.3. European Accounting Dataset and Inclusion Rules

The principal accounting benchmark uses the Association of Issuing Bodies” European
residual mixes for calendar year 2024, version 1.1 dated 11 August 2025. Residual factors
were extracted from Table 2 (Residual Mixes 2024) of the AIB report and production factors
from Table 5 (Production Mix 2024) of that report, preserving the source’s direct CO, units
and two-decimal precision [18]. The same 24-country frame was also evaluated with the
2025 release, version 1.0 dated 26 May 2026, using the corrected values in Table 2 of that AIB
report, including the explicit Italy correction, and the production factors in its Table 5 [19].
The 2024 cross-section provides the principal accounting benchmark, and the matched
2025 comparison tests whether the direction and magnitude of the contrasts recur in the
subsequent available year. Each comparison pairs factors within one year and one identified
release. Both vintages use the shifted issuing-based method, combining calendar-year
production with GO transactions from 1 April of that year to 31 March of the following
year. Changes in production, attribute activity and source-factor inputs remain combined
in the annual comparison [18,19].

The starting frame comprises 27 EU-labeled domains. Austria and the Netherlands have
no numerical residual factor in the selected table and are excluded from paired calculations
rather than assigned zero. The Ireland domain covers the all-island system and is excluded
from the strictly national EU comparison because its boundary includes Northern Ireland.
This leaves 24 national domains in both years. A 2024 sensitivity analysis adds the all-island
entry without relabelling it as a Republic-of-Ireland observation. Supplementary Table S1
retains the original inputs and exclusions; Table S5 gives the matched 2025 inputs and both
years’ consumption weights.

Production and residual factors are compared as country-level accounting descriptors
with different denominators and meanings, not as methods that a facility may freely select.
A production factor describes domestic generation. For location-based reporting, GHG
Protocol gives preference to regional or subnational grid-average factors that reflect net
physical imports and exports; national production factors are a lower-tier option [10]. This
benchmark does not assume that its national production column supplies the appropriate
facility location-based factor. Market-based reporting instead follows the applicable hierar-
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chy of qualifying contractual instruments, supplier information and residual information
for uncovered consumption [9,10,18]. AIB’s national calculations become official disclo-
sure factors when adopted by the relevant authority, so national implementation and the
reporting year must be checked before facility use [18]. None of these attributional factors
identifies the marginal generator or a complete life-cycle footprint. Table 1 distinguishes
their analytical roles.

Table 1. Quantities that must be distinguished in cryptocurrency-energy assessment.

Quantity and Units Boundary and Appropriate Use Limit of the Inference
Energy crossing the facility meter over a Electricity use alone does not
Metered electricity (MWh) stated period; identify auxiliary loads and  establish attributed or avoided
on-site generation. emissions.
Production-mix direct CO, Average direct CO, of generation w1'th1r1 the Not automatlcally the 10§at10n-based
source boundary; a country generation consumption factor applicable to a
factor (g CO,/kWh) . o
descriptor [18]. facility.

Consumption-based factor
(source-defined g/kWh)

Assigns generation and cross-border
electricity flows to consumption; a
flow-traced method makes that allocation
explicit [9].

Average consumption attribution
does not identify the generator
responding to extra demand.

Market-based electricity factor information; residual attributes for

(source-defined g/kWh)

Qualifying instruments and supplier Neither physical delivery nor

additional clean generation follows

uncovered consumption where applicable from attribute ownership alone,

[10,18].

. Emissions response to a specified load or No universal value independent of
Marginal factor/system itv ch th ) ime hori di h K . d
change (t CO,/MWh; t CO,) capacity change, with location, time horizon ispatch, network constraints an

2 ’ 2 and counterfactual stated [11,12]. intervention size.
. . Electricity, equipment and other relevant One carbon result cannot represent
Life-cycle and other impacts . . )
: o . processes assessed within a stated water scarcity, equipment waste or
(impact-specific units) : .
functional boundary [20-23]. population exposure.

Note: The table is a synthesis of the cited accounting and assessment methods. Direct CO,, CO,-
equivalent, physical flows and contractual attributes are not interchangeable.

2.4. Statistical Estimands and Calculations

Let P; and R; denote the production and residual direct CO, factors for country i,
measured in g CO,/kWh. The accounting difference and ratio are defined in Equation (1):

D;,=R;-P, Qi:_i' (1)

All production factors in the included frame are positive, so the ratios are defined.
These statistics describe changing the factor while holding electricity consumption constant;
they do not describe a physical change in power generation.

For P, R, D and Q, the analysis reports the unweighted arithmetic mean, median,
first and third quartiles, interquartile range, population standard deviation and observed
range. Quartiles use linear interpolation, equivalent to the type-7 convention. Population
standard deviations use denominator n because the analysis describes the complete included
frame, not a random sample from an assumed superpopulation. The coefficient of variation
is population standard deviation divided by the mean. Equal country weights answer
a jurisdictional-comparison question; they do not estimate an electricity-weighted EU
emission factor or a mining-weighted footprint.

The consumption-weight sensitivity uses each country’s total electricity consumption
in Table 4 (Total Supplier Mix 2025) of the AIB report for the corresponding year. For each
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descriptor, the products of country consumption and its factor are summed and divided by
the consumption sum; identical within-year weights are applied to production, residual
and paired-difference values. Volumes are retained to the published two-decimal TWh
precision. This asks whether larger electricity markets alter the descriptive contrast. It does
not estimate a physical EU consumption factor, a mining footprint or an aggregate residual
mix: the latter would require weights for untracked electricity, whereas a physical pro-
duction aggregate would require generation weights and a consumption inventory would
additionally require its own exchange treatment. AIB treats transmission and distribution
losses as consumption within its disclosure calculation; these volumes are not presented as
final end-use demand [18,24].

Spearman’s rank correlation measures correspondence between the two factor order-
ings. Kendall’s tau measures concordance across country pairs. The discordance condition
and the number of distinct pairs are given in Equation (2):

nn—1)

(P;=P))(R;—R;) <0, Ny = —5— =276, (2)

Here i and j identify different countries, n = 24 is the number of included countries,

and Np

The pairwise inversion fraction makes the practical meaning of the rank statistics explicit.

qirs 15 the number of distinct country pairs. There are no ties in the included values.

The ordering statistics describe the emission factors, not overall environmental performance.

No null-hypothesis test is attached to these descriptive comparisons. Country factors
are interdependent through electricity and attribute markets, and the included countries
are not a probability sample. A small p-value would not resolve either issue. Leave-one-
country-out calculations are used as selection sensitivity checks, not as confidence intervals.
A second sensitivity calculation incorporates the all-island Ireland domain. Rounding
sensitivity considers the two-decimal precision of the reported inputs but does not represent
uncertainty in the underlying inventories.

2.5. Standardized Hungary Illustration

For a facility-metered electrical load L in MW and operating duration H in hours,
electricity use E is measured in MWh. With an accounting factor F in g CO, /kWh, attributed
direct emissions A are measured in tonnes CO,. Equation (3) applies the corresponding
unit conversion:

_ _ LHF
E=LH, A= 1000° (3)

The benchmark sets L = 1 MW and H = 8784 h, the full duration of leap year 2024. It
describes a hypothetical continuously operating facility, not a measured Hungarian mine.
Because the load is defined at the facility meter, an additional power-usage-effectiveness mul-
tiplier would double-count auxiliary consumption. This is a general electricity-accounting
benchmark whose calculations apply to any consumer with the same metered load and
operating schedule. Mining hardware efficiency, hashrate, network difficulty and revenue
are not modeled, so the benchmark does not estimate mining output or profitability.

The procurement extension holds electricity use, the operating schedule and national
annual factors fixed, and varies the share covered by qualifying electricity attributes. Un-
covered consumption is assigned the residual factor only where it is the applicable fallback
after the contractual-instrument and supplier-data hierarchy [10,18]. Covered consumption
is assumed to carry eligible wind or solar attributes with zero direct CO,; this is an explicit
scenario assumption, not a claim that all renewable contracts have identical emissions. A
separate four-hour illustration in Section 5.1 uses stated, assumed prices, marginal factors
and load schedules to demonstrate timing and volume effects. It is not an observed Euro-
pean time series. The benchmark excludes direct on-site fuel combustion, upstream fuel

https://doi.org/10.3390/su182111146


https://doi.org/10.3390/su182111146

Sustainability 2026, 18, 11146

7 of 32

emissions, equipment manufacture, construction, transmission losses outside the source
factor boundary and non-CO, gases. Its CO, results must not be presented as complete
Scope 1-3 or life-cycle CO,-equivalent inventories.

3. What the Cryptocurrency-Energy Literature Establishes

RQ1 concerns what the published evidence establishes and whether its findings de-
scribe comparable quantities. The synthesis first distinguishes consensus mechanisms and
estimation methods, then examines emissions, flexible operation and coupled environmen-
tal effects. This ordering identifies the boundaries needed for the accounting comparison in
Section 4 and the claim appraisal in Section 5.

3.1. Consensus Mechanisms and the Correct Comparison Unit

Proof-of-work mining expends computation in competition for block rewards and
transaction fees. It should be distinguished from ordinary ledger storage and validation.
Proof-of-stake models alter the consensus resource and incentive structure; their energy
characteristics cannot be estimated by applying Bitcoin’s mining intensity to all blockchain
transactions [25,26]. Ethereum’s transition provides evidence that a change in consen-
sus architecture can substantially alter operational electricity requirements, although the
consequences for other design objectives must be assessed separately [27].

Early multi-network studies also show why Bitcoin-only accounting should not be
labeled a footprint of all cryptocurrencies. Zade et al. developed a scenario model cover-
ing more than one blockchain, while Gallersdérfer et al. compared the power demand of
multiple cryptocurrencies before Ethereum’s consensus transition [28,29]. Their historical
estimates remain informative about method and coverage, but their network composition is
not a description of the post-transition ecosystem. The distinction extends to blockchain ap-
plications within the energy sector. Andoni et al. reviewed energy-sector implementations,
and Mengelkamp et al. examined the design requirements of a microgrid market [30,31].
These studies concern coordination, market design and information exchange, not evi-
dence that additional proof-of-work mining reduces electricity-system emissions. Wiist
and Gervais show that the need for a blockchain depends on trust and application require-
ments [32]. A low-energy permissioned ledger may support electricity-attribute tracing
without inheriting Bitcoin’s computational competition.

This separation prevents two symmetric errors. One is to dismiss every blockchain-
enabled energy application using Bitcoin’s electricity demand. The other is to use the
possible benefits of an energy-trading platform to justify the footprint of an unrelated
mining network. The relevant comparison is between alternative systems delivering a
specified function with stated security, governance and performance requirements. An
electricity-per-transaction ratio rarely supplies that comparison [2,4].

3.2. Network Electricity Estimates: Hardware, Economics and Time

Engineering estimates generally combine network hashrate with assumptions about
the active hardware fleet and facility overhead. Economic approaches infer feasible ex-
penditure or operating decisions from mining revenues and electricity costs. Both require
information that is incompletely observed. De Vries’ early and subsequent analyses em-
phasize the relevance of equipment economics, hardware-market constraints and changing
incentives [33-35]. These approaches do not produce a universally observable network
electricity meter.

Kiifeoglu and Ozkuran’s review of hardware and demand illustrates how equipment
assumptions generate materially different estimates for a common period. Stoll et al. linked
hardware information and mining geography to an annualized electricity and emissions
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estimate, while Kohler and Pizzol constructed a life-cycle inventory for a defined calendar
year [5,20,36]. Table 2 preserves these distinctions rather than treating the published values
as independent measurements suitable for averaging.

Table 2. Selected published estimates, retained with their original scope rather than pooled.

Source and Setting

Reported Quantity Boundary and Interpretation

Stoll et al. (2019) [36]
Global Bitcoin; end-2018

Koéhler and Pizzol (2019) [20] 31.29 TWh;

Global Bitcoin; 2018

Jiang et al. (2021) [37]
China; prospective 2024

Cambridge (2025) [38]
Industry survey and model

EIA (2024) [39]
United States; 2023

Menati et al. (2024) [40]
ERCOT market simulations

de Vries and Stoll (2021) [21]

Global Bitcoin; May 2021

Annualized electricity and
operational-emissions estimate; not a
calendar-year meter total.

Calendar-year life-cycle model. The CO,e
boundary differs from a direct-generation

45.8 TWh/year;
22.0-22.9 Mt CO, /year

17.29 Mt COye CO, inventory.

Projected peak under the paper’s scenario
2%'59 TWh assumptions, not observed 2024 demand or
(projected) emissions.
138 TWh/year; Alternative survey-based and IP-based

emissions approaches. The two figures are
not confidence bounds.

Top-down estimation range with stated
location and operation uncertainties; not a
complete facility census.

Optimization result relative to the modeled
benchmark; not a measured emissions or
social-welfare effect.

Annualized hardware-obsolescence model,
not an observed 2024 waste collection total.

39.8 versus 69.6 Mt CO,e/year

25-91 TWh;
0.6-2.3% of U.S. electricity

More than 20% simulated profit
improvement

30.7 kilotonnes/year of e-waste

Note: Values are reproduced for comparison of estimands. Estimates use different years, functional
units, geography and system boundaries; their arithmetic average would not have a coherent environ-
mental interpretation. The publications, not this review, determine the original uncertainty bounds.

The 2025 Cambridge industry report adds operator information from 49 firms covering
about 48% of network hashrate at collection. It estimates annual electricity consumption at
138 TWh and reports emissions estimates of 39.8 Mt CO,e from its survey-based approach
versus 69.6 Mt CO,e from an IP-based approach [38]. These are different model results, not
lower and upper bounds of a statistical confidence interval. Extensive hashrate coverage
does not by itself remove geographic or participation bias.

The Cambridge index’s methodological notes distinguish daily power estimates,
monthly accumulation and annualized quantities [41]. This distinction is essential when
comparing a rapidly changing network across papers. Multiplying the power estimated
on a particular day by the hours in a year creates an annualized operating rate; integrat-
ing changing power estimates over a year creates a calendar-year energy estimate. Their
numerical difference is not automatically disagreement about the same quantity.

Official U.S. work also demonstrates the limits of capacity-based inference. The Energy
Information Administration’s 2024 analysis combined top-down and bottom-up approaches
and explicitly noted incomplete knowledge of facility operation [39]. Announced con-
nection capacity, installed capacity and metered average demand are different variables.
Transferring such estimates to Europe using population, GDP or an assumed share of global
hashrate would add unsupported assumptions rather than resolve the underlying data gap.

3.3. Carbon Inventories and Contested Extrapolations

The carbon intensity of mining depends on where electricity is generated, when it
is consumed and what inventory boundary is chosen. Krause and Tolaymat compared
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energy and carbon costs across cryptocurrencies using a monetary functional unit; Kéhler
and Pizzol assessed life-cycle contributions; and de Vries et al. revisited the role of mining
geography in the carbon footprint [20,42,43]. A monetary denominator changes with
market prices even when the physical process is unchanged. A life-cycle denominator adds
processes not contained in direct power-generation CO,.

The debate following Mora et al.’s warming projection provides a methodological les-
son. Masanet et al., Houy, and Dittmar and Praktiknjo challenged assumptions concerning
extrapolation, economic viability and the connection between transactions and electricity
demand [44-47]. The disagreement does not make environmental assessment unnecessary.
It shows that a global temperature trajectory cannot be inferred by mechanically scaling a
static electricity-per-transaction ratio with adoption.

Scenario projections require similarly explicit labels. Jiang et al.’s model projected a
2024 peak under specified assumptions about Bitcoin operation in China [37]. That result
is not an observed 2024 inventory and should not be plotted as a measured continuation of
historical demand. A retrospective review must preserve the difference between what a
model projected and what a later data source estimates, especially when the geographic
distribution and operating environment changed.

Cross-border accounting adds another layer. Onat et al. examine direct and supply-
chain footprints across countries, while Chamanara et al. extend analysis across carbon,
water and land [48,49]. These approaches show that a low domestic generation factor
cannot identify every environmental burden associated with equipment, fuel supply and
operations. They do not remove the need to verify the location and characteristics of the
mining fleet used in the inventory.

3.4. Price Responsiveness and Power-System Flexibility

Technical studies distinguish mining that operates continuously from mining that
changes load in response to market or system signals. Menati et al. combine observed
load—price associations with synthetic-grid simulations; the observed associations do not
distinguish mandatory demand response from voluntary price response [50]. The presence
of real market inputs does not turn all outputs of these studies into measured field effects.
Menati et al.’s published conference study represents heterogeneous mining devices and the
opportunity cost of ancillary-service participation, reporting simulated profit improvements
using historical ERCOT traces [40]. This supports the feasibility of a specified dispatch
strategy under the model’s assumptions. It does not establish that every participating facility
improves system-wide emissions, or that the same settlement and qualification conditions
apply in a European balancing market.

Related electricity—water research illustrates how coupled resource dynamics can be
represented in operational optimization: Hua et al. develop a progressive polyhedral approx-
imation for nonlinear electricity—-water dispatch [51]. Its relevance here is methodological: a
mining application would need to represent the facility’s own electricity, cooling and water
constraints before an optimized schedule could be interpreted as feasible operation.

European evidence is emerging but requires the same separation. Pavlik and Bere$
analyze flexible and continuous operation using French hourly prices for 2015-2025 and
fixed technological parameters [52]. Their work is relevant to price-threshold modeling; it
does not provide a measured EU-wide mining inventory or establish a causal emissions
benefit. A fixed technological representation over a long period is a scenario assumption,
not a reconstruction of changing fleets, difficulty and network rewards.

The Cambridge survey reports 888 GWh of curtailed load in 2023 among responding
miners [38]. This is evidence of reported operational curtailment, not an estimate of avoided
emissions. It cannot be divided by a later global annual-demand estimate to construct a valid
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global curtailment share. Nor does compensation for turning down an existing load show
that adding that load was beneficial relative to a system without it. A curtailable mine is also
not an electricity storage device. Reducing demand can release capacity to other users, but
the mining equipment does not subsequently return stored electricity to the grid. Moreover,
curtailed computation is not necessarily a deferrable job that can be completed later with
equivalent economic output: mining is a time-dependent competition. Comparisons with
storage accordingly require a common service definition, including response time, duration,
availability and whether the asset supplies energy or only reduces consumption.

3.5. Heat Recovery and Methane-Based Electricity

Heat recovery changes the system boundary from electricity consumption alone to a
combined mining-and-heat service. Chen and You examine greenhouse integration through
model predictive control across different climatic settings [53]. The relevant environmental
comparison is between two ways of delivering the same useful heat and other specified
outputs, not between a mine with an acknowledged heat stream and an imaginary mine
with no electricity input. A defensible avoided-heat claim requires measured useful heat, its
temperature, seasonal demand, distribution losses, auxiliary electricity and the technology
actually displaced. Heat rejected during periods without a customer has no avoided-heating
benefit. Substituting recovered heat for resistance heating, a heat pump or an existing waste-
heat source produces different consequences. These are derived requirements for the
comparison; the review does not assign a generic avoided-emissions credit to every unit of
mining electricity.

Rudd et al. develop a landfill-gas-to-energy and Bitcoin-mining framework [54]. Its
mitigation mechanism depends on the treatment of methane that would occur without the
project. The appropriate baseline may be uncontrolled release, flaring, existing electricity
generation or another gas-use pathway. Destruction efficiency, leakage, methane slip and
the chosen climate metric can change the result. An electricity revenue stream and a
methane-control benefit are analytically distinct, even when they occur within one project.

Research-agenda work also identifies questions raised by industry participants [55].
Such material can guide hypothesis development and reveal operational constraints, but
it is not a substitute for an independently specified baseline and measured flows. Neither
commercial involvement nor a critical stance determines whether a particular estimate is
correct. Verifiable inputs and the treatment of alternatives remain the relevant tests.

A European implementation example is MARA’s June 2024 report of a 2 MW mining
installation integrated with district heating in Finland’s Satakunta region [56]. The operator
account identifies an installation and heat-delivery arrangement, but it does not provide
the synchronized annual electricity and useful-heat records, displaced-plant operation and
independently evaluated counterfactual required here for a net avoided-emissions estimate.
It is retained as operator-reported implementation evidence. Supplementary Table S4 and
the worked application in Section 5.5 show how the framework permits this limited claim
without endorsing the report’s broader environmental assertions.

3.6. Environmental and Health Impacts Beyond Operational CO,

Electronic waste, cooling demand and upstream resource use prevent a complete
sustainability assessment from being reduced to one electricity factor. De Vries and Stoll
model hardware obsolescence and e-waste, while the broader assessment by de Vries et al.
discusses impacts beyond energy use [21,57]. Longer service life can reduce replacement-
related burdens, but equipment export, reuse and final disposal need separate treatment. A
reused machine is not necessarily absent from the global electricity system.
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Water accounting similarly requires distinctions between on-site cooling and water
associated with electricity supply. De Vries’ water-footprint analysis and the multi-impact
work of Sial et al. illustrate these additional boundaries [22,58]. Water withdrawal, con-
sumption and scarcity-weighted impact are not equivalent quantities. The same volume
can have different implications across locations and seasons. The present CO, benchmark
cannot resolve these dimensions and is not used as their proxy.

Health-related evidence is relevant to the distribution of impacts. Goodkind et al.
estimate monetary damages from air pollution and health effects; Guidi et al. model
pollution associated with large U.S. Bitcoin facilities; and Willis et al. discuss potential
health hazards [23,59,60]. These sources represent different evidence types, including
model-based exposure assessment and a clinical-journal viewpoint. They do not constitute
an observed epidemiological effect of Hungarian mining. European extrapolation would
require plant-level emissions, atmospheric transport, population exposure and locally
appropriate concentration-response relationships.

Jones et al.’s climate-damage valuation also depends on the damage factor applied to
emissions and on the monetary denominator [61]. Damage-to-price or damage-to-revenue
ratios should accordingly be reported alongside physical quantities, valuation assumptions
and the relevant period. Changing the valuation coefficient is not a measured change in
emissions. Keeping these layers separate allows sustainability claims to be examined without
collapsing environmental, health and financial outcomes into a single ambiguous score.

4. European Quantitative Accounting Results

RQ2 isolates a specific comparability problem: the same electricity volume can receive
different direct CO, attributions under production and residual descriptors. The analysis
first reports country distributions and orderings, then illustrates the consequences for a fixed
hypothetical Hungarian load and procurement assumptions, and finally tests geographic,
annual and weighting sensitivities. These calculations describe accounting differences
without estimating the physical emissions effects of mining.

4.1. Distribution of Production and Residual Factors

Across the 24 included national domains, the unweighted mean production factor is
214.38 g CO,/kWh and the mean residual factor is 415.18 g CO,/kWh. Their medians are
194.71 and 413.74 g CO,/kWh. The median paired difference is 182.91 g CO, /kWh, with
an interquartile range of 285.91 g CO,/kWh. The residual factor exceeds the production
factor in every included country. Table 3 reports the complete set of descriptive statistics,
calculated from the fixed-year inputs.

Production factors have a population standard deviation of 173.89 g CO,/kWh, com-
pared with 190.69 g CO, /kWh for residual factors. Relative dispersion is smaller for residual
factors: coefficients of variation are 0.811 and 0.459, respectively. This does not mean the
residual accounting system is less uncertain. The coefficient describes cross-country dis-
persion relative to the cross-country mean, not precision of the original estimates or the
validity of either boundary.

The paired comparison in Figure 1 shows that a single uplift applied to all production
factors would not reproduce the residual factors. The mean paired difference is 200.80 g
CO,/kWHh, but the observed differences range from 5.45 to 458.46 g CO,/kWh. These abso-
lute differences are the primary comparison for a common electricity volume: a difference
of 1 g CO,/kWh corresponds to 1 tonne CO, per GWh. They remain interpretable when a
production denominator is close to zero, although they still describe attribution and do not
establish which reporting factor is applicable to a facility.
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Table 3. Descriptive statistics for 24 national EU domains, 2024.

Statistic Production P Residual R Difference R—P Ratio %

Mean 214.38 415.18 200.80 3.808
Median 194.71 413.74 182.91 1.950
Population SD 173.89 190.69 144.24 4.110
First quartile 87.14 312.03 65.33 1.270
Third quartile 310.95 569.23 351.24 3.750
Interquartile range 223.81 257.20 285.91 2.480
Minimum 5.05 23.52 5.45 1.045
Maximum 634.03 808.30 458.46 16.935
Coefficient of variation 0.811 0.459 0.718 1.079

Note: Authors’ calculations from AIB [18], Tables 2 and 5. P, R and their difference are in g CO,/kWh;
ratios and coefficients of variation are dimensionless. All countries receive equal weight. Quartiles
use linear interpolation (type 7); SD uses denominator n = 24.
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Swedenq @ =

France A
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Figure 1. Production-mix and residual-mix direct CO, factors for 24 national EU domains in 2024.
Note: Countries are ordered by the production factor. The connecting lines indicate paired accounting
descriptors, not changes in physical emissions. Austria, the Netherlands and the all-island Ireland
domain are excluded from the main frame. Source: authors’ calculations from AIB [18].
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4.2. Relative Differences and Ordering Changes

The median country-level ratio % is 1.95, with an interquartile interval of 1.27-3.75.
Twelve ratios exceed two and four exceed five. The mean ratio, 3.81, is substantially above
the median because very small production factors produce large relative differences. Ratios
are retained as a secondary proportional descriptor; the median and interquartile interval
accompany the absolute differences to prevent a few low denominators from dominating
interpretation. The ratio of the two means, 1.937, answers a different question from the
mean of country ratios, 3.808.

Sweden, Finland, Portugal and Denmark have ratios of 16.93, 12.22, 11.59 and 8.24,
respectively. These describe the relative separation of two accounting factors. They do not
mean that residual accounting causes physical emissions to multiply by those amounts. Swe-
den’s 80.47 g CO,/kWh absolute difference is smaller than Hungary’s 141.44 and Portugal’s
458.46, despite Sweden having the largest ratio. Its production factor of 5.05 g CO,/kWh
explains the large proportional value, while its residual factor remains the second lowest in
the 24-country frame.

The correspondence between factor orderings is positive but incomplete: Spearman’s
correlation is 0.6696 and Kendall’s tau is 0.5072. Of 276 distinct country pairs, 68 are in
reverse order, giving an inversion fraction of 24.64%. Figure 2 displays the underlying
paired values rather than a fitted causal model. Countries above the identity line have
higher residuals than production factors; dispersion around a hypothetical regression line
would not identify the cause of the difference.
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Figure 2. Correspondence between production and residual factors, 2024. Note: The dashed line
denotes equal factors, not a fitted regression. Spearman p = 0.670 and Kendall T = 0.507; 68 of 276
country pairs are in reverse order. Country codes are defined in Supplementary Table S1. Source:
authors’ calculations from AIB [18].
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Selected contrasts in Table 4 combine absolute differences, ratios and ascending factor
ranks. Portugal moves from rank 4 under production to rank 16 under residual accounting,
Finland from 3 to 12, Lithuania from 10 to 18 and Denmark from 6 to 13. Romania and
Malta each move nine places in the opposite direction, while Hungary moves from 12 to
7. These changes show that country ordering depends on which accounting construct is
compared; they do not represent changes in the physical performance of those electricity
systems. Figure 3 presents all ratios on a logarithmic axis.

T T T T T T T T T 1

2 5 10 20
Residual / production factor (logarithmic scale)

Figure 3. Residual-to-production factor ratios for the 24-country frame. Note: The horizontal axis is
logarithmic. Large ratios can arise from small production-factor denominators and do not imply a
physical increase in emissions. Source: authors’ calculations from AIB [18].

The country mechanisms are consistent with the way electricity attributes are removed
and reallocated, but the paired factors alone cannot isolate the contribution of each mecha-
nism. AIB’s 2024 production mixes contain renewable shares of 70.32% in Sweden, 55.98%
in Finland, 89.20% in Portugal and 90.41% in Denmark; nuclear generation further lowers
direct production intensity in Sweden and Finland. Their residual renewable shares are
50.70%, 11.25%, 4.13% and 24.45%, respectively [18]. Domestic low-carbon generation and
the attributes available to an untracked purchaser can thus differ substantially. These source
shares are an accounting composition, not a reconstruction of the electricity physically
delivered to each end user.

Finland, Denmark and Portugal require 13.87, 13.98 and 36.61 TWh of European
Attribute Mix contributions to balance their 2024 residual attributes, whereas Sweden
contributes a 1.79 TWh surplus [18]. The deficits can reflect attribute issuance and expiry,
cancelation and international attribute transfers, together with the production—consumption
balance; they must not be interpreted as physical electricity imports or certificate exports
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alone. AIB’s total supplier mix combines canceled attributes and the residual allocation,
whereas flow-traced consumption accounting follows electricity exchanges. These are
distinct constructs [9,18]. Sweden also illustrates implementation limits: the Swedish
authority’s contribution to AIB’s 2024 annual report describes a Nordic residual mix in
national disclosure practice [62]. The harmonized Swedish value compared here is not
automatically a facility’s nationally applicable default. Procurement assessments must
verify the relevant authority’s factor, eligible contract and cancelation record.

Table 4. Selected absolute differences and changes in ascending factor ranks in 2024.

Country Production Factor Residual Factor ~ Difference Ratio Ranks (Change)
Sweden 5.05 85.52 80.47 16.935 1-2(+1)
Finland 33.20 405.59 372.39 12.217 3-12(49)
Portugal 43.30 501.76 458.46 11.588 4 - 16 (+12)
Denmark 51.18 421.89 370.71 8.243 6— 13 (+7)
Germany 311.58 724.56 412.98 2.325 19 - 23 (+4)
Lithuania 118.76 567.91 449.15 4.782 10 - 18 (+8)
Hungary 177.20 318.64 141.44 1.798 12 - 7 (-5)
Romania 216.47 233.02 16.55 1.076 14 -5 (-9)
Malta 345.33 398.45 53.12 1.154 20 - 11 (-9)
France 18.07 23.52 5.45 1.302 2-1(-1)
Cyprus 586.55 613.08 26.53 1.045 23 - 22 (-1)

Note: Authors’ calculations from AIB [18]. Factors and differences are in g CO, /kWh; ratios and ranks
are dimensionless. Rank 1 denotes the lowest factor and rank 24 the highest. The final column gives
production rank — residual rank, followed by the signed change. Cases cover large absolute differences,
large ratios and consequential ordering changes; all countries and ranks appear in Supplementary
Table S1.

4.3. Hungary Accounting Sensitivity and Procurement Scenarios

Hungary’s production and residual factors are 177.20 and 318.64 g CO,/kWh. The
paired difference is 141.44 g CO, /kWh and the ratio is 1.7982. Applying the two descriptors
to the same hypothetical 1 MW facility operating for all 8784 h gives 8.784 GWh of electricity
use and attributed direct CO, of 1556.5 and 2798.9 tonnes. This accounting-descriptor com-
parison gives a difference of 1242.4 tonnes, or 79.82% relative to the production descriptor,
under the same fixed hypothetical load. The production-based number is a comparator, not
an asserted location-based consumption inventory for that facility.

The facility has not changed equipment, output, location or operating hours in this
calculation. The result isolates the effect of applying different descriptors to a common
electricity volume. It cannot be interpreted as emissions caused by certificate markets,
savings from low-carbon procurement or a measurement of Hungarian cryptocurrency
mining. The reporting relevance depends on which factor is admissible under the actual
electricity supply and accounting rules.

Table 5 extends the illustration to four stated procurement arrangements. All cases
retain 8784 MWHh, the production descriptor of 177.20 g CO,/kWh and the national residual
factor of 318.64 g CO,/kWh. Only the covered fraction and resulting conditional market-
based direct CO, attribution vary. The assumed covered source has zero direct CO, and
qualifying attributes are owned and canceled for the reporting entity, period and eligible
market. A bundled power-purchase agreement qualifies only if the environmental attributes
are retained and satisfy the same applicable criteria [10].
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Table 5. Conditional procurement cases for the Hungarian illustration.
Procurement Case Eligible Residual-Assigned  Reporting Factor (g Attributed Direct
Coverage Electricity (MWh) CO,/kWh) CO, (t)

Uncovered electricity 0% 8784 318.64 2798.9

Unbundled wind/solar GOs  50% 4392 159.32 1399.5

Unbundled wind/solar GOs 100% 0 0.00 0.0

Bundled wind/solar PPA 100% 0 0.00 0.0

with retained attributes

Note: Hypothetical cases; 8784 MWh and national factors remain fixed. Covered supply has assumed
zero direct CO,; eligible residual fallback applies to uncovered supply [10,18]. GO: Guarantee of
Origin; PPA: power-purchase agreement. Procurement costs and physical emissions changes are
not estimated. Zero attributed direct CO, does not establish zero life-cycle emissions, additional
renewable generation or avoided physical emissions.

At 50% eligible coverage, 4392 MWh remains assigned to the residual factor, giving a
combined reporting factor of 159.32 g CO, /kWh and 1399.5 tonnes of attributed direct CO,.
Both fully covered arrangements yield zero within the stipulated direct-CO, boundary,
although their financing, additionality and dispatch consequences can differ. None of
these results measures avoided system emissions. One buyer’s hypothetical procurement
does not recalculate the national production or residual factors; modeling market-wide
certificate supply, cancelation and investment responses would require an additional market
model. For GHG Protocol inventories in markets with contractual instruments, location-
based and market-based Scope 2 totals must both be reported; the location-based total
is calculated separately using the appropriate grid factor and is not reduced simply by
increasing certificate coverage [10].

A regional comparison also demonstrates why the applicable reporting boundary
matters. Hungary’s production factor is 78.07 g CO,/kWh above Slovakia’s, but its residual
factor is 15.69 g CO,/kWh below Slovakia’s. An assessment of otherwise comparable
untracked purchases can reverse the ordering obtained from domestic generation alone.
Czechia and Poland have substantially higher factors under both descriptors in this 2024
frame [18]. Such comparisons identify the need to inspect contracts and grid-consumption
boundaries; they do not establish the emissions effect of relocating mining capacity.

4.4. Sensitivity to Coverage and Input Precision

Including the all-island Ireland domain produces a 25-domain sensitivity frame. The
mean paired difference becomes 197.57 g CO, /kWh, the median ratio becomes 1.88 and
Spearman’s correlation becomes 0.6438. The inversion fraction becomes 77/300, or 25.67%.
These values are close to the principal descriptive pattern, while the geographic distinction
remains important for correct labeling.

In the 24 leave-one-country-out calculations, Spearman’s correlation ranges from 0.6245
to0 0.7292 and Kendall’s tau from 0.4625 to 0.5573. The median difference ranges from 174.27
to 191.54 g CO,/kWh and the median ratio from 1.88 to 2.02. The result is not driven by
a single country, but these intervals do not measure sampling uncertainty. They quantify
how selected summaries change when one member of the analytical frame is removed.

Input rounding is a much smaller numerical issue than boundary choice. Allowing each
reported factor to vary by 0.005 g CO,/kWh changes the mean paired difference by at most
0.01 g CO,/kWh. Hungary’s ratio lies between 1.79812 and 1.79827 under these rounding
limits. This check addresses numerical precision only; unmeasured, methodological or
temporal uncertainty in the source factors can be much larger. Table 6 keeps these forms of
sensitivity separate. AIB states that its residual-mix calculation does not consider uncertainty
in the emission factors [24]. Source-factor errors or revisions could alter close country
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orderings and ratios, particularly where production factors are small; no probability is
assigned to those changes here.

Table 6. Sensitivity to geographic inclusion and omission of one country.

Measure Main Frame With All-Island IE Leave-One-Out

24 Countries 25 Domains 23 Countries
Median difference (g CO,/kWh) 182.91 174.27 174.27-191.54
Median residual/production ratio 1.950 1.876 1.876-2.024
Spearman correlation 0.6696 0.6438 0.6245-0.7292
Kendall’s tau 0.5072 0.4867 0.4625-0.5573
Discordant pairs (%) 24.64 25.67 22.13-26.88

Note: Authors’ calculations. The leave-one-out column is the minimum-to-maximum range across
24 deletions, not a confidence interval. The all-island domain includes Northern Ireland and is
not relabelled as a national Republic-of-Ireland observation. Input-rounding sensitivity is reported
separately in Supplementary Section S3.

4.5. Sensitivity to Year and Electricity Consumption Weights

The same 24 countries have numerical production and residual factors in the 2025
release. Table 7 reports a matched comparison, preserving within-year factor pairing and the
original exclusions. It also compares equal-country summaries with common consumption-
weight summaries using AIB’s total electricity consumption for each year [18,19].

Table 7. Matched annual comparison and consumption-weight sensitivity.

Measure 2024 2025
Unweighted mean production factor (g CO,/kWh) 214.38 202.12
Unweighted mean residual factor (g CO,/kWh) 415.18 410.97
Unweighted mean paired difference (g CO,/kWh) 200.80 208.86
Median paired difference (g CO,/kWh) 182.91 199.42
Median residual/production ratio 1.950 2.274
Spearman correlation 0.6696 0.5974
Kendall’s tau 0.5072 0.4275
Discordant country pairs, n/N (%) 68/276 (24.64%) 79/276 (28.62%)
Countries with residual > production 24/24 24/24
Total electricity consumption used as weights (TWh) 2344.24 2360.71
Consumption-weighted production factor (g CO,/kWh) 193.77 187.98
Consumption-weighted residual factor (g CO,/kWh) 388.05 375.75
Consumption-weighted paired difference (g CO,/kWh) 194.28 187.77
Ratio of consumption-weighted means 2.003 1.999

Note: Same 24 countries; AIB Tables 2, 4 and 5 [18,19]. Within each year, identical total-consumption
weights apply to both descriptors. Ratios use unrounded means.

The residual factor exceeds the production factor in every included country in both
years. The unweighted mean paired difference rises from 200.80 to 208.86 g CO,/kWh,
while the median ratio rises from 1.950 to 2.274. Ordering disagreement increases from 68
to 79 of the 276 country pairs. The direction of the paired contrast recurs in the second year,
but two observations do not establish a long-run trend or stable country rankings. Hungary
illustrates this qualification: its production factor falls to 140.86 g CO,/kWh in 2025 while
its residual factor rises to 453.50, giving a ratio of 3.220 [19].

Using the corresponding year’s consumption weights for both descriptors, the 2024
production and residual values are 193.77 and 388.05 g CO, /kWHh, giving a difference of
194.28. The corresponding 2025 values are 187.98, 375.75 and 187.77. Thus, the contrast
remains positive after larger electricity markets receive greater weight, but its weighted
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magnitude declines while the unweighted mean difference rises. Country size affects the
summary and the apparent year-to-year direction of the mean gap. The ratio of weighted
means is 2.003 in 2024 and 1.999 in 2025; it is not the weighted mean of country ratios.
These checks support the presence of accounting separation without turning the compared
descriptors into EU emissions inventories.

5. Interpreting Flexibility and Environmental Claims in Europe

RQ3 asks what additional evidence is needed to move from electricity quantities and
accounting descriptors to claims about operation or environmental effects. The analy-
sis proceeds from operating schedules and counterfactuals to procurement, facility data,
source appraisal and interactions among environmental outcomes. The national benchmark
supplies an accounting comparison; it does not empirically test flexible operation or net
environmental benefits.

5.1. Annual Accounting Is Not a Dispatch Model

The quantitative benchmark establishes sensitivity to factor definition, not a causal
relationship between mining and electricity-system emissions. A production factor averages
generation within a boundary. Flow-traced consumption accounting includes a represen-
tation of cross-border electricity exchange [9]. Residual accounting concerns unclaimed
attributes after explicit tracking. A marginal factor concerns the change in emissions asso-
ciated with a change in demand. Replacing one with another changes the question being
answered. This distinction is supported by the wider electricity literature. Hawkes separates
short-run and long-run marginal effects; Siler-Evans et al. demonstrate differences between
average and marginal factors; and Graff Zivin et al. examine temporal and spatial hetero-
geneity [11,12,63,64]. Their numerical estimates concern their own systems and periods,
not present-day Hungary. The transferable contribution is the analytical requirement to
match the emission factor to the intervention and time horizon.

For time intervals ¢ with duration At in hours, facility load L, in MW, electricity price
p; in EUR/MWh and an appropriate marginal factor m, in tonnes CO,/MWHh, electricity use
E in MWh, operating electricity cost K in EUR and the first-order emissions approximation
C in tonnes CO, are given by Equations (4)-(6):

E = ZtLtAt, (4)
K=Y Lpat, (5)
C= ZtLtmtAt. (6)

For a small load change AL,, the corresponding first-order change AC is approximated

by Equation (7):
AC =~ Zt AL;m,At. (7)
Large mining additions can themselves change dispatch and capacity, so fixed marginal

factors may then be insufficient. With equal-duration intervals, Equation (8) separates the
product of the mean load and mean marginal factor from their covariance:

Lm = Lm+Cov(L, m). (8)

The overbar denotes an arithmetic mean across intervals and Cov(L, m) is the pop-
ulation covariance across the same intervals. Price-responsive operation determines the
relationship between load and prices; it does not, by itself, determine Cov(L, m). Lower
prices and lower marginal emissions can coincide, but this is an empirical property of
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the relevant market and period, not an identity. Negative or low prices are a candidate
scheduling signal, not proof that electricity consumption has zero incremental emissions.

Figure 4 provides a numerical illustration using four one-hour intervals, a 1 MW
facility limit, assumed electricity prices of 20, 40, 60 and 80 EUR/MWh, and assumed
marginal factors of 0.8, 0.6, 0.1 and 0.3 tonnes CO,/MWh. The uniform, price-led and
emissions-led schedules each consume 2 MWh, while a fourth schedule deliberately reduces
consumption to 1 MWh. All inputs are constructed for the illustration and are reproduced
in Supplementary Tables S6b—S6d; none is an observed Hungarian or other European
market series.

(a) Operating schedules

Cell values: load (MW) (b) Cost and emissions outcomes
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Figure 4. Assumed operating schedules and their electricity-cost and first-order emissions conse-
quences. Note: Left: load in four one-hour intervals. Right: total electricity cost and emissions
under the fixed assumed marginal factors. The uniform, price-led and emissions-led schedules each
consume 2 MWh; the reduced-volume case consumes 1 MWh. In panel (a), cell shading denotes load:
very light gray = 0 MW, light blue = 0.5 MW and dark blue = 1 MW. In panel (b), blue, orange and
green circles identify the uniform baseline, price-led and emissions-led schedules, respectively; the
gray square identifies the reduced-volume schedule. Circles denote the three 2 MWh schedules and
the square denotes the 1 MWh schedule. All prices, marginal factors and schedules are constructed;
the diagram contains no observed market data. Inputs and calculations are given in Supplementary
Tables S6b-56d.

At equal electricity use, the price-led schedule costs EUR 60 instead of EUR 100 but
raises the first-order emissions approximation from 0.9 to 1.4 tonnes. The emissions-led
schedule gives 0.4 tonnes at EUR 140. For the price-led case, the load—price covariance
is negative while the load—-marginal-emissions covariance is positive; the latter is 0.125
in the units implied by Equation (8). This verifies the logical possibility of a lower-cost
schedule with higher marginal emissions. It does not estimate its frequency, size or economic
feasibility in Europe, and equal energy is not assumed to imply equal rewards or revenue.
The profiles are chosen as a counterexample to a necessary link between lower prices and
lower emissions. If the cheapest intervals also have the lowest marginal factors, the price-led
and emissions-led schedules can coincide; with constant marginal factors, equal-energy
schedules have equal emissions within the example’s fixed-factor boundary.

The annual benchmark does not identify an optimal schedule. ENTSO-E’s public
data catalog provides load, generation, electricity prices, physical flows and balancing
information, but it does not identify a ready-made marginal CO, time series among those
data items [65,66]. Estimating marginal emissions from these inputs requires a separate,
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documented emissions or dispatch model; generation-average or flow-traced consumption
intensities cannot be relabelled as marginal factors. European applications also need syn-
chronized facility load, the relevant bidding zone or connection point, and treatment of
transmission limits, storage, imports and forecast error [9,11,67]. The constructed example
demonstrates the equations without claiming that these missing empirical inputs have
been supplied.

5.2. Separate the Counterfactuals Before Claiming a Benefit

Four comparisons should not be conflated: reducing the operation of an existing
mine; shifting a fixed electricity volume across hours; adding a flexible mine instead of an
inflexible mine; and adding a flexible mine to a system that otherwise has no mine. The first
can reduce consumption, the second changes timing, the third changes the characteristics
of an additional load, and the fourth changes total demand. A beneficial result for one
comparison does not establish the same result for the others.

A useful decomposition makes this explicit. Let Ey and E; be electricity use under a
baseline and alternative schedule, and let I, and I; be their load-weighted emission intensi-
ties under a common emissions framework. With C;, = Eyl; and C; = E;I;, Equation (9)
decomposes the emissions difference:

Ci—=Cy = (Ey —Ep)ly + Eq (I — Iy). 9)

The subscripts 0 and 1 denote the baseline and alternative, respectively. The first term
is the electricity-volume effect and the second is the intensity effect. This exact accounting
identity does not, on its own, establish a causal model, but it prevents lower total operation
from being mislabelled as cleaner timing.

The reduced-volume schedule in Figure 4 has an intensity of 0.80 tonnes CO,/MWHh,
above the uniform baseline’s 0.45, yet its total falls from 0.9 to 0.8 tonnes because it consumes
half as much electricity. Equation (9) allocates this difference to a —0.45 tonne volume effect
and a +0.35 tonne intensity effect. Lower total emissions in this illustration accompany less
activity and less favorable timing. This calculation prevents reduced operation from being
interpreted as improved load-weighted intensity.

The output constraint also matters. Equal electricity use, equal hashes, equal expected
block reward and equal revenue are not equivalent benchmarks. Hardware efficiency can
change the relationship between electricity and hashes; difficulty and competing hashrate
change the relationship between hashes and expected rewards; prices change revenue.
A comparison should state which quantity is held constant and report any sacrifice of
output. Otherwise, an apparent efficiency gain may simply reflect less activity or a different
monetary denominator.

Financial evaluation must also retain the actual electricity tariff, equipment charac-
teristics and opportunity cost of interrupted mining [40,52]. These parameters connect
the chosen output constraint to the operating comparison and must be specified for the
European market being assessed.

For grid services, the comparison should additionally identify the service provided
and the alternative resource. Fast response by a mine may be technically useful without
showing that it is the least-cost or lowest-emission source of that service. Availability during
scarcity, verified baseline load, minimum duration, rebound behavior, reserve headroom
and network location can all matter. The published Texas studies motivate such questions;
they do not answer them for all European balancing areas [40,50].

Table 8 separates the operational mechanisms that can be transferred from ERCOT stud-
ies from the parameters that require European validation. ENTSO-E documents national
differences in balancing-service-provider and balancing-responsible-party arrangements,
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while Fingrid’s participation guidance and aFRR product information illustrate product-
specific technical requirements and qualification procedures [68-70]. These sources support
conditional transfer of the modeling structure, not transfer of simulated ERCOT profit or

emissions percentages.

Table 8. Transfer of mining-flexibility methods to European electricity systems.

Transferable Feature

Requirement for European Application

Evidence Basis

Controllable modular load
and reserve headroom

Verify product-specific response time,
duration, availability, telemetry and
qualification; establish eligible
aggregation arrangements.

Mining-dispatch optimization [40];
national participation and reserve
guidance [68-70].

Dispatch based on costs and
forgone mining revenue

Use the actual tariff, capacity and energy
settlement, imbalance arrangements, and
opportunity cost of interrupted
operation.

ERCOT optimization and French price
scenarios [40,52]; national
arrangements [68].

No-mining, inflexible-mining
and flexible-mining
comparisons

Hold the background system and output
constraint explicit; distinguish a model
counterfactual from the admissible
settlement baseline.

System comparisons [50]; service
participation requirements [68-70].

Locational effects on
generation and congestion

Represent the connection point,
bidding-zone exchanges and
transmission limits; test whether the
response is deliverable.

Mining-location model [50]; European
network modeling [67].

Coupled electricity and
useful-heat operation

Represent heat-delivery commitments,
seasonal demand, auxiliary electricity
and backup heat or thermal storage

Greenhouse modeling [53]; European
operator implementation [56].

during curtailment.

Note: Transfer concerns mechanisms and model structure; numerical ERCOT profit and emissions
effects require separate local validation.

Finland’s automatic Frequency Restoration Reserve (aFRR) illustrates four separate
requirements. Fingrid specifies a minimum bid of 1 MW and full activation within five min-
utes [70]; reserve resources may be aggregated, but the unit must satisfy product-specific
prequalification and establish real-time telemetry before the test [69]. The bid threshold
does not mean that a 1 MW mine can deliver 1 MW of reserve. Technical capability requires
verified response to the control signal; market eligibility additionally requires the relevant
provider and settlement arrangements. Profitability depends on reserve payments, elec-
tricity costs, forgone mining revenue and participation costs. Environmental effectiveness
requires a separate comparison of the generation or reserve service displaced. This insti-
tutional example identifies the evidence required to assess a mine and does not establish
observed participation or an emissions benefit.

European validation should specify the actual tariff and service product, verify metered
response against an admissible baseline, and represent available cross-zonal capacity or
local congestion. A common low price across a bidding zone does not prove that an
individual connection can absorb otherwise curtailed generation. Heating obligations can
also restrict curtailment: backup heat, thermal storage or loss of delivered heat must enter
the comparison when mining is coupled to a heat customer [53,67].

5.3. Procurement, Additionality and Double Counting

The GHG Protocol’s 2015 Scope 2 Guidance distinguishes location-based and market-
based accounting and sets quality criteria for contractual instruments [10]. A reported

https://doi.org/10.3390/su182111146


https://doi.org/10.3390/su182111146

Sustainability 2026, 18, 11146

22 of 32

procurement claim and a physically induced change in generation are different forms of
evidence. Brander et al. critically examine this distinction, while Bjern et al. analyze
how certificate-based claims can affect reported progress against corporate targets [71,72].
Their arguments concern the relationship between accounting and mitigation; they do
not establish that every procurement arrangement has the same effect. De Vries” analysis
of renewable electricity and Bitcoin similarly separates renewable supply from the wider
sustainability question [73].

For mining, a claim of low-carbon electricity should identify the generation source,
ownership and retirement of attributes, temporal matching and whether the electricity
would otherwise serve another user. A claim that procurement caused additional low-
carbon generation needs a separate investment or system counterfactual. A residual factor
is useful for interpreting untracked electricity, but it is not a universal substitute for supplier-
specific information and does not reveal the additionality of a contract.

Evidence from another flexible electricity-intensive activity illustrates the importance of
this distinction without providing mining-specific effect sizes. Ricks et al. model hydrogen
production and show how temporal matching, deliverability and additional clean generation
affect emissions under their U.S. scenarios [74]. The transferable questions concern matching
and system change; the study’s numerical results cannot be assigned to Bitcoin facilities.
Differences in product storage, operational constraints and willingness to interrupt prevent
a simple one-to-one analogy.

Digital traceability can improve the recording and verification of attributes, but it cannot
create physical additionality by itself. Babel et al. propose privacy-preserving emission
tracing with shielded tokens [75]. Such architectures may help preserve information and
avoid conflicting claims when the underlying inputs are credible. A blockchain record,
however, does not independently establish the accuracy of a meter, the correct counterfactual
or the emissions of a marginal power plant. Data integrity and environmental causality are
complementary requirements, not substitutes.

5.4. Regional Interpretation and Facility-Data Requirements

The EU benchmark is regional in a specific and limited sense: it compares country-
level electricity-accounting factors relevant to a common hypothetical load. It does not
identify the location, size or energy procurement of the European mining industry. Global
surveys and IP-based geography can provide context, but allocating them to individual EU
countries requires explicit evidence. Headquarters, server endpoints, mining pools, hosting
companies and physical machines need not share a location.

Hungary is analytically informative because the same load produces a substantial
difference between the two stated accounting results. That is sufficient to demonstrate a
reporting issue without assuming a national fleet. Broader electricity-sector context also
changes over time: Ember’s review documents the composition of EU electricity generation
in 2024, including the growing role of solar [76]. Such annual generation information
motivates time-resolved investigation; it does not identify which hours a Hungarian mine
consumed electricity or whether renewable output was unavailable to other users.

An empirical Hungarian extension would need metered facility electricity, a verified
connection point, a dated equipment inventory, supply contracts and interval operating
records. Electricity-price data would require the actual tariff structure rather than an
assumption that every facility pays the day-ahead price without network charges or other
costs. Heat recovery would require information from the heat user; health-related analysis
would need local exposure pathways. In the absence of these observations, a scenario
remains useful only when its assumed facility and operating rules are explicit.
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The same caution applies to regional comparisons. National averages can conceal
grid congestion and imported electricity; a country with several bidding zones cannot
always be represented adequately by a single price series. Load at one node may affect a
different generating region. This is why geographic resolution must follow the research
question rather than the convenience of an available national table. The present cross-
section is appropriate for accounting sensitivity but insufficient for a site-specific dispatch
or investment conclusion.

5.5. A Minimum Evidence Standard for Review and Reporting

The review’s proposed evidence standard links the claim to the necessary observation
or model. An electricity-consumption statement requires metered energy or an explicit
estimation model. A carbon-footprint statement additionally requires a boundary, factor
and period. An avoided-emissions statement requires a specified alternative and a method
for estimating system change. A health statement adds exposure and outcome modeling.
Table 9 translates these distinctions into a compact reporting framework.

Table 9. Minimum evidence for environmental claims about European cryptocurrency mining.

Claim

Required Evidence Inference to Avoid

Electricity consumption

Carbon footprint
Operational flexibility

Avoided system
emissions

Low-carbon
procurement

Useful heat recovery
Methane-related
mitigation

Water, hardware and
health

Installed or announced MW
multiplied by assumed full-time
operation as an observed total.
Calling a direct CO, factor a complete
CO,e footprint.

Treating technically feasible response
as observed system-wide benefit.
Equating lower prices, curtailed
MWh or lower reported emissions
with avoided emissions.

Facility-metered energy or a documented
hardware/economic model; dates, load boundary
and missing coverage.

Electricity, factor source, accounting method, gases,
period and life-cycle boundary [10,20].

Interval load, dispatch signal, baseline, response
duration and service qualification [40,69,70].
No-intervention baseline, synchronized load and
marginal/system model; output and scale held
explicit [11,50].

Source, attribute ownership and retirement,
matching and deliverability; additionality tested
separately [71,72,74].

Delivered heat and temperature, losses, seasonality,
auxiliaries and displaced heat technology [53].
Gas flows, counterfactual treatment, destruction
efficiency, leakage and climate metric [54].

Assuming a certificate by itself causes
additional clean generation.

Crediting all dissipated mining heat
as useful heat.

Treating gross gas use as net avoided
greenhouse gases.

Using a national CO, factor as a
proxy for every environmental
outcome.

Impact-specific inventory; location, resource stress,
equipment fate or exposure model [21-23].

Note: The framework is applied to selected sources in Table 10 and Supplementary Table S4. This
worked application does not establish a validated numerical score or independent inter-rater agree-
ment; the evidence required remains specific to the claim and counterfactual.

Table 10 reports the outcomes of applying the framework. A source may support
an operational or descriptive statement while providing insufficient evidence for a net
environmental claim. The distinction depends on the inspected method and boundary,
rather than on whether the source is academic, institutional or commercial.

For a heat-integrated mine, an apparently beneficial electricity-curtailment schedule
must also account for interrupted useful-heat delivery and replacement heating [53,56].
For a price-responsive mine, a lower electricity bill must be evaluated alongside changes in
expected mining output and the relevant system-emissions counterfactual [40,50]. These
applications show how the framework changes the interpretation of mining claims while
leaving the size and sign of any net benefit to a separate empirical or modeling study. The
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full six-criterion matrix makes those restrictions traceable without assigning absent evidence

a zero impact or treating an inapplicable counterfactual as a study defect.

Table 10. Worked application of the claim-specific evidence framework.

Source and . Comparison and Transfer Limits

Access Claim and Boundary (C1-C3) (C4-Cé) Supported Inference
No-mining, inflexible and flexible

Menati Texas load records, 2021-2022, cases; European location, tariff, Observed load associations;

etal. [50]; FT

plus a synthetic-grid model of
operational effects.

network and qualification
assumptions require local inputs.

simulated system effects.

Chen and
You [53]; FT

Eight-city greenhouse
simulation with seasonal 2021
inputs; European cities included;
energy and cost boundary.

Control and gas-heating financial
comparisons; delivered heat,
displaced heating and auxiliary
electricity remain necessary for a
mitigation claim.

Conditional heat
integration; no measured
carbon saving.

Rudd
etal. [54]; FT

North-American
landfill-gas/mining financial
model; a 10 GWh/year scenario.

The financial model does not
establish a site-specific
gas-treatment baseline, leakage or
methane slip; local requirements
and economics matter.

Conditional financial
feasibility; no
demonstrated additional
methane reduction.

Guidi
etal. [23]; FT

34 US mines, August 2022-July
2023; power-plant response and
population-exposure modeling.

Demand-attributable effects are
modeled; European dispatch,
atmospheric transport and
population data must replace the
US inputs.

Modeled pollution
exposure; no observed
clinical outcomes.

MARA [56];
OR

Operator-reported 2 MW
mining/district-heating
installation in Finland, June
2024.

Actual heat delivery, displaced
heating, auxiliary demand and
operating records are needed for a
net-effect comparison.

European implementation;
the report does not
establish independently
verified net savings.

Note: C1-C6 follow Section 2.2 and Supplementary Table S4. FT: inspected full text; OR: operator
report. This is a claim appraisal, not a numerical quality score.

Regulation (EU) 2025/422 links environmental information to consensus mechanisms
through relevant crypto-asset white papers and crypto-asset service provider disclosures; it
is not a certification scheme for the environmental performance of an individual mine [14].
Its methodological provisions permit estimates with disclosure of efforts, methods and
assumptions, address external verification and exclude offsets from the calculated indicators.
The regulation’s reporting ratios must remain distinct from marginal electricity or emissions
effects. ESMA's final report on the associated technical standards records practical concerns
about identifying node locations and hardware, obtaining data and the cost of outsourced
assessment [77]. These are documented implementation concerns, not evidence that every
reporting entity encounters the same deficiencies.

An example of published EU reporting is Coinbase Luxembourg’s Bitcoin sustainability
disclosure, last reviewed on 9 July 2026, covering 25 June-8 July 2026 [78]. Its methodology
fields identify CCRI as the data provider and state that the indicators are estimates based on
assumptions; they also describe the treatment of offsetting and market-based mechanisms.
This demonstrates how a disclosed network indicator can have a transparent estimation
basis without supplying a metered inventory for a particular mine. The example is used to
examine reporting scope and provenance, not to determine the company’s legal compliance
or infer a facility’s physical emissions performance.
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Earlier legal scholarship discusses possible approaches to the environmental effects
of digital currencies [79]. Their environmental effectiveness cannot be inferred from the
descriptive benchmark; evaluation would require a separate design identifying behavioral
responses, implementation, cross-border displacement and environmental outcomes. A
change in reported emissions is not sufficient evidence that a measure changed physical
emissions, just as unchanged national reporting need not show that a geographically mobile
activity remained unchanged.

For practical review, the disclosed network and reporting entity should first be recon-
ciled with the period, estimation coverage and model version. Location evidence should
distinguish physical machines from pool servers, hosting companies and headquarters;
unknown locations should remain explicitly unallocated or be covered by stated scenarios.
For a facility-specific procurement claim, each metered MWh should be reconciled with
supplier data and eligible canceled attributes so that a PPA, a green tariff and an unbundled
certificate cannot claim the same unit twice. Missing hourly records restrict hourly matching
and dispatch claims even when annual reporting is possible. Reporting verification should
document sources, uncertainty and updates; any assertion of avoided physical emissions
should be assessed separately against a specified dispatch, investment, heat or methane
counterfactual. These are claim-specific review steps derived from the framework, not
additional legal obligations attributed to MiCA [10,14,77].

Transparency is especially valuable where commercial confidentiality limits access.
Pfenninger et al. discuss the importance of open assumptions and data in energy re-
search [80]. At minimum, a publication should disclose units, periods, inclusion rules,
numerical inputs that can legally be shared, and enough methodological detail to reproduce
its reported arithmetic. For the present benchmark, the supplementary document and
accompanying calculation workbook provide the source inputs, formula-based calculations,
rank and pair checks, annual and weighting comparisons, and stated scenario results. The
workbook identifies geographic exclusions, source versions, rounding conventions and
weight definitions, allowing the reported arithmetic to be checked without reconstructing it
from prose. Reproducibility of arithmetic remains separate from the validity of the source
inventory and the interpretation attached to it.

5.6. Joint Assessment of Environmental Trade-Offs

A joint assessment should compare alternatives over the same period and specified
service: electricity used, computational output and any delivered heat or grid service
must be stated separately. For each alternative, changes in electricity-system greenhouse
gases, other life-cycle greenhouse gases, useful heat, methane releases, water consumption
and local scarcity, hardware flows and exposure should be retained as distinct outcomes.
Table 11 identifies interactions that a single carbon factor cannot resolve. It does not assign
numerical effects where compatible inventories are absent.

Coupled electricity-water optimization also offers a methodological option for fu-
ture facility studies in which mining cooling and water-supply operations interact [51].
Applying that approach would require mining-specific cooling and hydraulic data, along-
side the common service boundary and impact inventories used to assess environmental
consequences.

The comparison should credit a displaced service only once and report who owns that
claim. Market-based inventory changes should remain separate from physical avoided-
emissions estimates; any combined system assessment of methane control, displaced heating
and electricity effects requires a common counterfactual and must avoid overlapping credits.
A shared functional boundary permits an alternative that improves one outcome without
worsening the others to be identified; where outcomes conflict, the remaining trade-off
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and any valuation or weighting rule must be disclosed. Missing water, equipment or
exposure data remain unknown rather than zero. This preserves the review’s multi-impact

contribution while avoiding an unsupported net-sustainability score.

Table 11. Joint assessment of environmental interactions and counterfactuals.

Intervention

Common Comparison

Potential Interaction

Evidence and Accounting
Requirement

Electricity-attribute
procurement

Same metered load;
alternative supply
arrangements.

Eligible attributes can lower
reported emissions; physical
changes depend on generation
and investment responses.

Reconcile attributes and
cancelation; test additionality
separately. Do not count an
accounting change as avoided
system emissions
[10,71,72,74].

Flexible operation or
grid services

Specify no-mining,
inflexible or equal-energy
timing baseline and the
grid service displaced.

Lower demand can reduce
emissions; changed operating
hours can raise intensity, water
demand or pollution exposure
and reduce heat availability.

Synchronize load and
dispatch; retain output, water
and exposure boundaries;
include lost useful heat and
backup provision
[22,23,50,53].

Heat recovery

Same useful heat,
temperature and stated
mining service; identify the
heating alternative.

Delivered heat may displace
fuel or electricity, while

pumps, heat upgrading and
backup supply add demand.

Measure useful heat,
seasonality, losses, auxiliaries
and cooling requirements;
assign the displaced-heat
credit once [22,53,56].

Landfill-gas
electricity for mining

Same gas stream and
treatment obligations;
compare venting, flaring or
existing energy recovery as
applicable.

Additional methane
destruction may lower climate
impacts; leakage, methane slip
and displacement of existing
recovery can change the
balance.

Measure gas and emissions;
specify destruction efficiency,
alternative gas use and climate
metric; keep heat and methane
credits consistent [54].

Hardware upgrade
or site change

Same computational
service over the equipment
lifetime; state the
alternative location and
fleet.

Electricity or cooling demand

may fall while manufacturing,
retired equipment, local water
stress or population exposure

increases.

Compare operating and
equipment inventories; retain
water scarcity, equipment fate
and exposure as distinct
outcomes [20-23].

Note: Interactions are conditional, not quantified benefits. Use a common period and explicit service
boundary; missing impact data remain unknown rather than zero. Report direct CO, in tonnes and
life-cycle greenhouse gases in t CO,e with the stated climate metric; useful heat in MWh at a specified
delivery temperature; methane releases in kg CH,; water consumption in m® with separate scarcity
characterization; and retired hardware in kg with its fate. Retain source-defined units for exposure
and health outcomes, distinguishing exposure from clinical effects, and separate denominators for
computation and delivered services.

5.7. Answers to the Research Questions

Table 12 brings together the answers to the three research questions. The sequence
moves from the comparability of published evidence (RQ1), through a defined comparison
of accounting descriptors (RQ2), to the evidence required for operational and environmental
conclusions (RQ3). Each contribution is bounded by the type of evidence that supports it.
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Table 12. Research questions, principal findings and contributions.

Research Question

Principal Findings

Interpretation and Contribution

RQ1. What do published studies
establish about cryptocurrency
mining’s electricity use and
environmental impacts, and which
methodological differences limit
comparison of their findings?

Published studies provide network
electricity estimates, environmental
inventories and specified
flexible-operation models. Their
results depend on consensus
mechanism, functional unit, period,
geography, inventory boundary and
the distinction between observations,
simulations and scenarios.

Organizes the evidence by the claim
it supports. Incompatible estimates
cannot be pooled, and technical
feasibility alone does not establish a
measured environmental benefit. The
synthesis concerns the assessed
sources rather than all the eligible
literature.

RQ2. How do production-mix and
residual-mix direct CO, factors differ
across 24 national European Union
domains, and how sensitive are these
differences to year,
electricity-consumption weights and
country coverage?

The 2024 mean factors are 214.38 and
415.18 g CO,/kWh, with 68 of 276
country pairs ordered differently.
Residual factors exceed production
factors in all 24 countries in both
years. Geographic and weighting
checks retain a positive contrast,
while annual magnitudes and
rankings change.

Establishes reproducible accounting
sensitivity and ordering differences.
The factors do not measure actual
mining emissions or provide
interchangeable facility reporting
choices. The two-year comparison
does not establish stable country
rankings or a long-run trend.

RQ3. Which evidence and
counterfactuals are required to assess
operational and environmental
claims about cryptocurrency mining
in European electricity systems?

Claims of actual response require
interval evidence; European
applications require locally
applicable market conditions.
Environmental claims additionally
require a specified alternative, a
common service boundary and
compatible inventories. The assumed
scheduling example shows that lower
electricity cost can coincide with
higher marginal emissions.

Connects mining output, grid
services, procurement, useful heat
and methane to claim-specific
evidence, while retaining water,
hardware and exposure outcomes
separately. It supports study design
and disclosure appraisal without
estimating an unobserved net
environmental benefit.

Note: RQ1 and RQ3 are answered through the literature synthesis and claim appraisal; RQ2 uses
secondary accounting data. The four-hour example is an assumed illustration of RQ3’s reasoning, not
observed European operating evidence. Detailed methods and limits appear in Sections 2—6 and the
Supplementary Materials.

6. Limitations and Research Priorities

This review has four principal limitations. The literature identification process is
targeted rather than exhaustive, and no independent duplicate screening was performed.
Access to full text was uneven, so methodological claims are restricted to the material
inspected. The selected appraisal cases demonstrate how the framework is applied; they do
not establish its measurement validity, study-prevalence statistics or a representative sample
of European mining operations. Inclusion of an identifiable European operator account
improves visibility of implementation but does not remove commercial reporting, participa-
tion or geographic bias. Coverage of the stated themes does not establish completeness or
the frequency of findings in the wider literature.

The quantitative analysis compares the same 24 countries in 2024 and 2025 and exam-
ines common consumption weights. Two years support a recurrence check, not a long-run
trend, and changing attribute tracking, revisions and national disclosure practice can affect
country results. The weighted contrasts are descriptive summaries under specified weights,
not EU physical inventories, mining-sector emissions or the aggregate residual mix for
untracked consumption. The exclusions remain explicit; Austria and the Netherlands can-
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not be included by imputing zero and the all-island domain cannot be treated as a strictly
national EU observation.

Neither the annual benchmark nor the conditional procurement cases estimate causal
dispatch or investment effects. The four-hour example is constructed, with fixed marginal
factors and simplified operating constraints; it demonstrates an accounting identity and a
possible cost—emissions conflict, not observed European performance. Source-factor un-
certainty, unknown facility operation and model uncertainty are not captured by input
rounding or leave-one-country-out ranges. Assigning probability distributions to unavail-
able observations would not resolve those omissions.

Finally, much of the operational flexibility evidence concerns the United States, es-
pecially Texas, and several environmental studies rely on modeled location or equipment
assumptions. European transfer requires local product qualification, tariffs, network con-
straints and documented counterfactuals. The joint-impact framework identifies informa-
tion needed to assess synergies and conflicts, but comparable site-level inventories for heat,
methane, water, hardware and exposure are not supplied by the AIB factors.

Three study designs follow directly from these gaps. A matched facility study could
combine interval metering and verified dispatch instructions to estimate operational re-
sponse. A power-system study could compare no-mine, inflexible-mine and flexible-mine
cases under identical system assumptions. A combined environmental inventory could
link hardware, electricity, useful heat and local impacts without double counting. The
immediate priority for an empirical operating claim is synchronized metering; estimating
system emissions additionally requires a suitable counterfactual, while a net environmental
claim needs compatible inventories of the coupled services and other impacts. These study
designs address different uncertainties and are not interchangeable.

7. Conclusions

For RQ1, the assessed literature establishes that cryptocurrency mining’s electricity
use and environmental implications depend on consensus design, hardware, operating
conditions and system boundaries. Published network estimates, life-cycle inventories and
flexibility models remain informative when their periods, functional units and evidential
status are preserved. They cannot be treated as interchangeable measurements of one
common effect. The review’s contribution is to connect these differences to the claims that
each source can support.

For RQ2, the paired national data establish a substantial accounting distinction. In
2024, mean production and residual factors are 214.38 and 415.18 g CO,/kWh, the median
paired ratio is 1.95, and 68 of 276 country pairs reverse order. Residual factors exceed
production factors in all 24 countries in both years, although magnitudes and rankings
change. Consumption weighting preserves a positive contrast while changing its size and
annual movement. Applying the two descriptors to an unchanged hypothetical Hungarian
load gives a 79.82% accounting difference. These results quantify attributional sensitivity;
they do not measure mining-sector emissions or the physical effect of procurement.

For RQ3, operational feasibility, reporting compliance and environmental benefit re-
quire distinct evidence. An assessment must identify the relevant European market condi-
tions, the alternative being compared, and the computational output or coupled service
held constant. The assumed four-hour example shows why cheaper operation alone cannot
establish cleaner timing. Heat delivery, methane treatment, water use, hardware flows and
exposure require compatible inventories and explicit treatment of interacting effects. The
resulting framework supports claim appraisal and empirical study design while leaving the
size and sign of any net benefit to suitable facility evidence and system analysis.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/su182111146/s1, The accompanying supplementary document
contains country inputs, exclusions and ranks (Table S1), calculation definitions and worked nu-
merical checks (Tables S2 and S2a), numerical checks (Table S3), the six-criterion source appraisal
(Tables S4a—S4b), matched annual inputs and consumption weights (Table S5), procurement and
dispatch illustrations (Tables S6a-S6d), selected source-verification queries (Table S7), and a guide
to the accompanying calculation workbook (Section S8). The workbook supplies formula-based
reproduction of the descriptive statistics, rank comparisons, sensitivities and illustrative scenarios.
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