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Abstract. We analyse carbon emissions of Scopes 1, 2, 3 and discuss several case studies to illustrate direct and
indirect emissions using state-of-the art measurement science. Direct emissions (Scope 1) can be measured and
modelled at the moment when they are created in the field, taking into account instrumental errors
and uncertainties; indirect emissions (Scope 2) require complex modelling and quantification of uncertainties
because of heterogeneous energy systems, incomplete information and lack of direct measurements in remote
locations; value chain emissions (Scope 3) include estimates produced by the supply chain of the products whose
total (direct, real-time indirect, and life-cycle) emissions are being estimated. As such, Scope 3 emissions
represent the biggest challenge for modelling and uncertainty quantification, because some information may be
missing temporarily (reducible errors) or inaccessible in principle (irreducible errors). Our study proposes a
systematic approach to studying and reporting carbon emissions of the three scopes and offers a novel case study

on Scope 2 emissions.
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1 Introduction

The Greenhouse Gas Protocol classifies greenhouse gas
(GHG) emissions as three types or Scopes [1]. Scope 1
emissions are direct emissions from the sources where they
can be directly measured using specialized equipment.
Scope 2 emissions are indirect emissions from the use of
power (electricity, heating and cooling). These emissions
are almost instant in time, as energy is generated at the
time of its consumption in some remote power plants,
which often burn fossil fuels. Scope 3 emissions are all other
indirect emissions due to the activities of a person or
enterprise, including supply chain “from cradle to grave”,
and these indirect emissions may be distributed in time, for
months or longer, depending on the life cycle of a product or
process.

There is a range of documents recently developed for
quantification of carbon emissions by several standardiza-
tion bodies: International Organization for Standardiza-
tion (ISO), Comite Europeen de Normalization / Comite
European de Normalization ‘Electrotechnique (CEN/
CENELEC), British Standards Institution (BSI), Institute
of Electrical and Electronics Engineers (IEEE), Interna-
tional Telecommunication Union (ITU), and others. For
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immediate practical purposes, the following standards can
be applied to quantify Scope 1-3 emissions, as summarized
in Figure 1.

Scope 1 emissions:
ISO 20181 Stationary source emissions. Quality assur-
ance of automated measuring systems;
BS-EN 17255 Stationary source emissions. Data acquisi-
tion and handling systems - Specification of requirements
for the installation and on-going quality assurance and
quality control of data acquisition and handling systems;
BS-EN 15267 Air quality. Assessment of air quality
monitoring equipment - Performance criteria and test
procedures for stationary automated measuring systems
for continuous monitoring of emissions from stationary
sources.

Scope 2 emissions:
IEEE 1922 A Method to Calculate Near Real-Time
Emissions of Information and Communication Technology
Infrastructure;
ISO 30134-8:2022 Information technology - Data centers
key performance indicators - Carbon usage effectiveness
(CUE);
CEN TR18145 Environmentally Sustainable AI (pub-
lished in March 2025);
IEEE P7100 Standard for Measurement of Environmental
Impacts of Artificial Intelligence Systems (in preparation);
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Fig. 1. Application of standards to quantify carbon emissions.
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Fig. 2. Methane loss comparison. Left panel: summary box-whisker plots highlighting the range in methane emission factors (%) from
indicated functional elements. Right panel: summary box-whisker plots highlighting the range in methane emission factors (%) from
various functional elements for site which utilized agriculture feedstocks. Bars left to right with corresponding colours: purple - Digester,
yellow - cogeneration system of heat and power (CHP), green - upgrade units, blue - digestate storage, orange - feedstock storage.

ISO DTR 20226 Information technology - Artificial
intelligence - Environmental sustainability aspects of Al
systems.

Scope 3 emissions:
ISO 5338 Information technology - Artificial intelligence -
AT system life cycle processes;
ISO 14040 Environmental management - Life cycle
assessment - Principles and framework;
ISO 14064-1 Specification with guidance at the organiza-
tion level for quantification and reporting of greenhouse gas
emissions and removals;
ISO 59020 Circular economy - Measuring and assessing
circularity performance;
ITU L1410 Methodology for environmental life cycle
assessments of information and communication technology
goods, networks and services;
ITU L1480 Enabling the Net-Zero transition: Assessing
how the use of information and communication technology
solutions impact greenhouse gas emissions of other sectors.

All these standards can be obtained from the websites of
the corresponding organizations, and the explicit web-links
are omitted for simplicity.

2 Scope 1: direct emissions

To effectively work towards reducing greenhouse gas
emissions derived from industrial processes and reach
Net-Zero targets by 2050 [2], it is imperative that

accurate and precise measurements of GHGs are
conducted at their source. Carbon dioxide COy and
methane CH, are under particular scrutiny, in part due to
their high radiative forcing effects and due to the
prominence in being by-products of a large portion of
industrial processes.

The vast majority of CO5 emitted to the atmosphere
globally is derived from the combustion of hydrocarbons
as fuel source for electricity production, see Figure 15 in
[3]. Methane, however, can be released to the atmo-
sphere as a byproduct of industrial processes such
as landfill decomposition and enteric fermentation
(Fig. 2). In addition to the direct release of GHGs, be
it through stack emissions or by-product venting, a not
inconsiderable quantity of emissions can be lost
unintentionally via faults in the transmission and
storage systems, as well as inadvertent venting through
incomplete combustion. However, CH, is not the only
gas which can be emitted through fugitive emissions
(i.e., undesirable industrial emissions due to leakage or
discharge of gases and vapors). With the increasing
prominence of carbon capture, utilization and storage of
COy as a process to decarbonize many industrial
processes, the storage and transmission of COs; as a
potential indirect source of emissions is becoming a
factor in need of consideration. A comprehensive suite of
measurement techniques is therefore required to tackle a
host of emission sources and characteristics across many
different industrial plants.
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Fig. 3. Schematic depicting how emissions source type determines which monitoring methods are appropriate and the ultimate goal of
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Fig. 4. Schematic depicting how accessibility and spatial level dictates the monitoring methods used for fugitive emissions and the

overlap in technologies which can be implemented.

These emissions fall under the definition of Scope 1
emissions: direct emissions from sources which can be
directly measured at their source using specialized
equipment and methods. The measurement technique,
or suite of techniques, implemented depend primarily on
the type of emissions being released and the mechanisms
of release (Fig. 3). However, the nature of the site, site
operation methods and site dimensions can also play a
part in the determination of which techniques are
appropriate (Fig. 4). It should also be mentioned that
some techniques are only valid for qualification of leaks in
the form of detection, whilst others can be used for
quantification. These various methods are also operated
over different time scales, with them being categorized as
either short-term or long-term.

It is important to note that there is currently no
standardized vocabulary to describe the processes and
monitoring of greenhouse gas emissions. Many reporting
metrics for emissions can be used to describe a wide range of
activities and characteristics. Some of them could be
considered interchangeable, whereas others could be
misleading if applied incorrectly. It is then crucial that a
consistent framework of definitions and classifications of
said processes and characteristics is determined. Such a
framework was produced by the National Physical
Laboratory (NPL) for use in methane monitoring methods
and reporting requirements [4]. Frameworks like these
improve the comparison of emissions inventories, while also
facilitating data accessibility from numerous emission
sources.
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As mentioned previously, the majority of CO, emis-
sions are released due to the burning of fuel sources for
electricity production. The regulations and legislation
regarding reporting of CO, emissions depends largely on
the size of the industrial plant in question, as well as which
industrial sector the site sits in. In Europe, under the
Industrial Emissions Directive (IED), large combustion
plants (LCPs) with thermal outputs greater than 50 MW
have emission limit values (ELVs) dependent on the fuel
source, thermal input and the type of combustion unit in
use. Medium combustion plants (MCPs), with output <50
MWt and >1 MWt are under the Medium Combustion
Plant Directive (MCPD), whilst combustion plants with
output <1 MWt are under the regulatory power of local
authorities. EU Emissions Trading Scheme (ETS) regu-
lators are responsible for enforcing compliance of industries
within the scope of this scheme.

For industries to be able to confidently ensure that they
remain within these emissions limits, it is vital that they
can accurately and to a certain degree of confidence
measure the quantity of CO, emitted within certain time
frames. The processes by which this can be done, again,
depend upon the size of the plant and the combustion fuel
source. In the case of gas turbines in LCPs, due to the
relatively simple chemical reaction of combustion, CO,
emissions can be calculated by multiplying emissions
factors by the amount of fuel combusted or flow rate
velocities. Due to the simplicity of this calculation, the
resultant uncertainties are relatively low and fixed.

However, for more complex fuel sources this becomes
more difficult, as with differing fuel sources it can become
challenging to assume an emissions factor for the
combustion activity. In these cases, direct measurements
from in stack, point source measurements methods can
provide a more realistic insight into a plant’s emissions
profile. Operating under the EN14181 (ISO20181) quality
assurance standard, e.g., monitoring waste-to-energy
(WtE) combustion plants from in stack monitoring of flue
gas can be taken directly from the emissions source using
automated measuring systems (AMS, mainland Europe) or
continuous emissions monitoring systems (CEMS, US &
UK). The combustion of municipal-solid-waste (MSW) to
generate energy for the grid is an increasing source of
energy for many countries, whereby waste which would
otherwise be disposed of in landfill is incinerated to
generate a “greener” source of electricity. WtE plants are
also under the jurisdiction of the IED.

Sites monitor their own emissions through CEMS and
through the use of quality assurance levels (QALs). The
sites are legally obligated to report AMS/CEMS values and
it is assumed that the values reported are accurate.

To support that assumption, stationary source emis-
sions sites are required to abide by several BS-EN
standards; in particular BS-EN14181, BS-EN17255 and
BS-EN15267. Through compliance with these standards
and assessments such as QALSs, emissions inventories can
be derived. Due to the high number of parameters needing
to be taken into consideration in this validation processes,
and additional uncertainties derived from instrumentation,
this form of emissions reporting results with larger
uncertainties associated than those derived from emissions

factors. Where direct monitoring data is unavailable,
UNFCCC (United Nations Framework Convention on
Climate Change) National Inventory Reports can be used
as a source of GHG emissions data from a member state of
the Paris Agreement.

Due to the more direct nature of CO, emissions from
combustion release to atmosphere, they are easier to
monitor, regulate and measure. However, for more diffuse
GHG emissions, this can be more challenging and as a
result monitoring methods often accompany higher
measurement uncertainties. Due to the non-direct causes
of release, a suite of monitoring techniques can be used in
conjunction to achieve a clearer picture of emissions
profiles. The suitability of each method depends again on
the size and scale of the emissions sources processes, the
time-scales required, as well as the geometry of the sites.

Although not released in as large volumes as carbon
dioxide, methane has a more severe global warming
potential (GWP) in the short term, e.g., at the scale of
20 yr - see Table 8.7, page 714 [5]. In spite of this, the
motivation behind the development of CH,; monitoring
methods was initially an economic one, where industries
aim to reduce loss of what is ultimately a commercial
product through leaks. As the focus has shifted towards an
environmental need to accurately measure unintended
releases of methane for inventory reporting purposes, the
measurement techniques have evolved as a result.

Differential absorption lidar (DTAL), tracer correlation
(TC) and walk-over survey (comparable to leak detection
and repair (LDAR) surveys within the oil and gas industry)
campaigns have been utilized to monitor for such leaks.
Within the Methane Emissions from Anaerobic Digestion
(MEAD) project, DIAL, TC and walk-over surveys were
used to detect and quantify leaks from anaerobic digestion
(AD) facilities with gas-to-grid (GtG) capabilities [6,7].

The results of this research highlighted how the timing
of such monitoring campaigns can impact the levels of
emissions reported. The shorter-term monitoring methods
such as those used in the MEAD project, act as a “snapshot”
of measurements and offer only an insight into the
emissions profile of each particular site during
the measurement campaigns. In the case of AD sites, the
feedstock also had a large impact on the emissions levels
recorded, as well as that particular functional elements
(FE) within transport network pipework are responsible
for a larger number of leaks than others. However, walk-
over surveys are not as effective (information on total
emissions and effort/time needed) as other methods. Large
industrial sites, such as Liquid Natural Gas (LNG) sites,
often have a large site footprint and many areas are
inaccessible or too hazardous for traditional LDAR
surveys. Refineries often have even larger footprints than
LNG sites and also have hazardous and inaccessible areas,
however LDAR surveys are done regularly.

In this instance, DIAL surveys can be used to great
effect. Similarly to the MEAD study, the DTAL was used to
assess methane emissions from LNG sites and used to
determine which FEs or groups of FEs were responsible [§].
All the FEs were responsible for some emissions, yet the
aim was to determine the emission factors of each FE (not
which one emitted more).
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For the previously mentioned methods, unless standard
operating procedures or emissions loss magnitudes are
known, it is difficult to accurately assess as to whether the
events recorded are one-off events or an insight into routine
methane leakage. Operating procedures and data on
operational status are well known and recorded by the
operators, particularly for refineries and LNG sites. In the
referenced work, the main scope was in effect to record
operational data to derive EFs based on throughput
(activity data). One of the conclusions was that one-off
events were captured as well as emissions associated to
particular operations. These short-term events would have
been more difficult to detect (if not impossible) by Fugitive
emission detection system (FEDS). The challenge for
“snapshot” methodologies is to measure emissions under all
operational procedures (particularly if there are many
modes) and to capture the (long-term) variability in the
emission that might well exist for constant operational
mode. Essentially, the emission sources can be variable
even under the same operating procedure (over the course
of days, weeks, months) and this is when real-time
measurements are needed to capture such variability.

FEDS can be used to cover longer time-scales, as “real-
time” hourly-average concentrations, and can therefore
give a better understanding of emission variability (both
temporal and spatial) over time or during specific site
operations and maintenance in ways which the short-term
methods cannot, see the emissions webpage of NPL. The
methodology by which ‘snapshot’ measurements are
made/repeated might allow to capture information on
variability.

As we move into an increasingly decarbonized world,
methodologies originally implemented for the purpose of
methane detection and quantification, are now being
adopted for CO, within CCUS (Carbon Capture, Utiliza-
tion, and Storage) applications. DIAL research campaigns
have also proven their applicability for measurement of
COs from venting, overcoming the difficulties arising from
high background atmospheric levels [9]. Development of
walk-over surveys at component level for CO5 are ongoing,
hoping to demonstrate the transferability of the method-
ologies across the two-emission source. Fugitive releases of
CO, will become an increasingly important area in need of
monitoring as the globe moves towards Net-Zero, and
further assessment of these methods are required.

While on the surface Scope 1 emissions appear to be the
least challenging in terms of reporting, there are some
caveats to this assumption. CO, emissions from LCPs,
taken directly from CEMS or through emissions factor
calculations, whose compliance is regularly assessed
through routine quality assurance procedures are consid-
ered the gold standard. However, it is appreciated that this
is not always attainable, either due to technological
limitations or time and financial restraints.

In light of this, the use of incentives which promote
compliance to regulations where not necessary through
legislation can be a way in which the sector moves towards
better understanding of emissions release profiles, as well as
better understanding of the uncertainties associated with
the reported emission values. For comprehensive analysis
of the sources of Scope 1 emissions to take place

methodological monitoring techniques can be used alone
or in parallel. Monitoring campaigns, aside from the
primary role of reporting emissions, can identify FE which
are routinely responsible for most emissions at sites and
allow for proper processes, such as maintenance and repair
schedules, to be put in place to help mitigate leaks, or
indicate the need for abatement systems in stacks.
However, issues with identifying and quantifying the
uncertainty contributions of each measurement technique
has proven difficult, and further study in the form of a
comprehensive uncertainty analysis is needed.

3 Scope 2: indirect emissions due to
electricity use

Every industrial, urban or domestic activity requires
supply of energy. When generated, electricity produces
carbon emissions at the point of generation, and thus every
electricity consumption process produces indirect (i.e.,
remotely generated) carbon emissions. These are called
Scope 2 emissions. It is easy to estimate electricity
consumption using electricity meters. With deployment
of smart meters, with highly accurate measurements and
known measurement uncertainty, it becomes possible to
estimate Scope 2 carbon emissions from electricity use in
real time.

In some European countries, such as France, the
predominant source of energy generation is provided by
nuclear power plants. In other European countries the fuel
used may be more complex, including non-green fossil fuels
with high carbon footprint, such as brown coal. With the
deployment of renewable energy sources, the complexity
and intermittency of multiple types of electricity genera-
tion must be considered. The fuel mix used for energy
generation in Europe is particularly complex.

The UK National Grid currently reports the British fuel
mix with a 5 min temporal resolution. The impact of cross-
boundary European interconnectors (for example, from
France to the UK) deliver electricity from other countries
with different fuel mixes, and for Scope 2 emissions
estimates these also need to be considered, along with the
associated uncertainties on fuel types to obtain a combined
uncertainty of the operational indirect carbon emissions
from the power supply used by customers.

The Elexon portal of the National Grid provides open-
access near real-time reports of fuel mixes in the national
energy generation (the access to the publicly available data
can be done via a registered profile in the Insights Real-
Time Information Service, IRIS). Based on the known
carbon factors of fossil fuels, as well as the interconnectors
from the continent (for which average carbon footprints are
known), it is possible to obtain the variable carbon
intensity of the UK electricity grid, as shown in Figure 5.
Such data can be used for estimation of the total footprint
of the energy use, according to the power of the appliances,
duration of use, taking into account reported uncertainties
on fuels and equipment. In the recently developed CEN
Technical Report “Environmentally Sustainable AI” this
approach was applied for assessment of the carbon
footprint of AT modelling (from development to training
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and deployment). This is particularly important in the
context of ESG (Environmental, Social, Governance)
reporting that is becoming mandatory for businesses
across all industry sectors. Currently, such reporting is
performed using averaged annual carbon factors, as it is
done by the Department for Environment, Food and Rural
Affairs (Defra) in the UK. However, the real dynamic
carbon factor based on high-resolution (e.g., 30 min) fuel
mix is noticeably different.

Using the dynamic carbon factor, we present a novel
case study of Scope 2 carbon emissions for a large company
(anonymized). Using the metered data and corresponding
dynamical grid carbon intensity, we derived their carbon

emissions as 967 plus-minus 48 tonnes over the period of
three months (quarter one of the year 2024). We then
repeated the analysis for six such quarters and summarized
the results in Figure 6. In all of the quarters, the actual
carbon emissions based on the real-time fuel mix and
dynamical grid carbon factor were smaller than those
estimated with a single annual factor value.

Because the UK grid carbon intensity is systematically
decreasing due to planned decarbonization, the carbon
factor announced in the beginning of the year, on average,
is higher than actual carbon emissions, and this approach
provides more accurate and smaller carbon emissions
estimates, see Figure 6.
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This case study illustrates the standardized methodol-
ogy for estimation of indirect emissions due to electricity
use, which is defined in the European standard CEN TR
18145 published in March 2025 under leadership of NPL
[10].

4 Scope 3 emissions: life-cycle assessment

Scope 3 GHG emissions include life-cycle assessment

(LCA), which is a method of analyzing the economic,

environmental and social effects of a product throughout

its entire life [11]. A variety of methods of LCA exist, often
scoping different time periods of product’s lifespan or
displaying different structures of analysis.

The three main types for LCAs are cradle-to-grave,
cradle-to-gate and cradle-to-cradle:

— Cradle-to-grave is a full LCA from manufacture to
disposal. It details all inputs and outputs for all phases of
life, such the initial mining / acquisition of the materials,
the emission output from transportation etc. This gives a
holistic review of the impacts of the product in its
entirety.

— Cradle-to-gate is an assessment of product life cycle from
manufacture to the factory gate (i.e., before transporting
to the consumer). These assessments are often the basis
for Environmental Product Declarations and usually
omit the use and disposal phases.

— Cradle-to-cradle is a specific kind of cradle-to-grave
assessment where end-of-life (EOL) disposal step for the
product is a recycling process. This process can yield new,
identical products or different products [12].

Other LCA types include Life Cycle Energy Analysis

(LCEA) and Well-to-Wheel:

— Life cycle energy analysis accounts for all energy inputs,
including energy to produce components, materials and
services needed for the manufacturing process.

— Well-to-wheel is an LCA type specifically used in
reference to fuel use, tracing from raw material extraction
to the use phase.

With the growing emphasis on environmental impact
reduction in recent years, LCAs are pivotal within the
production process. Their development allows for well-
informed decision making across all business elements, as
well as providing methods for comparison between different
options for use within the business. Specifically, regarding
lithium-ion batteries (LIBs), comparison between electric
vehicles (EVs) and internal combustion engine vehicles
(ICEs) would be irrelevant when comparing only use-phase
emissions. To compare these, an entire cradle-to-grave LCA
can be used to more accurately map the environmental and
economical proficiencies and deficiencies of both engine
types, returning more accurate results [13].

There are several legislative documents outlining
frameworks and guidelines for life cycle analyses. In
1997, the 1SO14040 standard was developed, and then
the ISO14040 series standards were continuously published
[14]. The ISO14040 series describes the principles and
framework for LCA methods: namely, the definition of the
goal and scope phase, life cycle inventory (LCI) phase, life

cycle impact analysis (LCIA) phase and life cycle

interpretation phase. 1S014040:2006 can be summarized

in Figure 7, following [14].

According to the 1SO14040 (Principles & framework)
and 1SO14044 (Requirements & Guidelines) of environ-
mental management, there are two main types of impact
category: midpoint and endpoint.

— Midpoint methods examine environmental impacts
earlier on the cause-effect chain before the endpoint is
reached and are focused on single ecological problems.

— Endpoint methods examine environmental impacts at
the end of the cause-effect chain, and their indicators
show environmental impacts at higher aggregation levels
[13].

Publication [15] contains various protocols and stand-
ards, addressing the accountancy and reporting of corpo-
rate inventories with respect to greenhouse gas emissions.
Separate protocols are put in place to address the nuances
related to each emission scope. World Resources Institute
also provides tools to aid the calculation of emissions. It
discusses the types of uncertainty, where these can be
found and how the GHG Protocol Uncertainty Tool
accounts and quantifies these. Figure 8 demonstrates the
process for estimating and aggregating parameter uncer-
tainties for GHG inventories. The use of this tool and these
guidelines allow the quantification of uncertainties within
the calculations of some impact categories. This means
more reliable measurements can be produced and more
accurate conclusions can be drawn.

There are nationally determined contributions (NDC)
that are targets for specific years, which are recognized
internationally by UNFCCC. In the UK the Climate Change
Committee (CCC) provide an independent recommendation
for the NDC and carbon budgets, based on an achievable
pathway of measures, allowing the Government to set
appropriate targets and legislation to meet them.

Reliability in these measurements can allow businesses
to work with greater confidence that they are abiding by
these regulations and to prove their compliance if
necessary. The accuracy of GHG measurements is crucial,
especially in the UK, following the Climate Change Act [16]
and Net-Zero Strategy [2]. This specifies carbon budgets,
which are caps on UK carbon emissions, used as stepping-
stones to get to the Net-Zero target goal in 2050. The
carbon budgets are assessed as the average of emissions
over a 5 yr period.

The European Commission recognizes LCAs as the best
framework for assessing the potential environmental
impacts of products currently available. They use the
ISO14040 guidelines as the international standard and
have used the method in multiple EU sanctioned projects
[17]. In publication [18], the authors also note that the
energy mix is important to aid the calculation of these
factors. The LCI includes data collection and calculation
procedures to quantify relevant inputs and outputs in the
assessed system. Data collected can be separated into
primary data (collected directly from the producers and
users of the system) and secondary data (derived from the
existing literature, including databases), see [13]. Data is
then processed, often by specific LCA software.
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Fig. 7. Life cycle assessment categories following ISO 14040:2006.

An essential part of LCA is logging, which includes
detailed description of the stages of development and used
resources for development of a product. LCA logging
requires reporting of each stage of energy supply
(fuel mining, transportation, combustion (Scope 1 or 2
emissions, depending on the selected type of estimate), and
disposal of the energy production waste. Currently, there is
a CEN NWIP document at early stage of development on
LCA logging that will systematically summarize this.
In particular, it will include development of energy LCA
ontologies and the ways of reporting them along the
supply chain. A promising way to do this in a transparent
and robust way is to employ blockchain open-source
technologies.

Publication [19] recommends the use of representative
primary data wherever possible, filling in gaps with
secondary data which is validated by a third party and
subject to only direct emissions calculations. Primary data
should be collected on an annual basis, however, this may
be too slow for some quickly changing industries, such as
energy production. The rulebook then gives example data
collection tables, designed to map out all the data needing
to be collected for an accurate, representative LCA in the
production and manufacturing stage.

Overall, primary data is more suitable for use, since the
information and certainty around its capture is known, and
the relevance of the data to the specific process is certain

(e.g., the energy measurements taken from a primary
generator can be used to calculate accurately the energy
required to create an LIB, and the precise emissions
attached. Energy mix would not need to be considered).
The use of software tools will probably aid the structuring
and completeness of LCAs. However, this is not a necessity;
an accurate LCA can be structured and created without
the use of specialist software. All studies found there
had a lack of reliable primary data, meaning data was
often extrapolated or manipulated from secondary to fill
the gaps. One method of establishing how to reduce
uncertainty is sensitivity analysis.

The authors of [13] found only eight studies that
incorporate sensitivity analysis into their evaluations. These
analyses can be organized using three main categories:

— The first group is primarily concerned with energy mix
consumed in production and use phases. A high
percentage of non-renewables in these mixtures can
significantly affect the end results of studies.

— The second group refers to overall distance travelled by
EVs in the battery’s lifetime. It is important to consider
different distances to improve robustness of the results.

— The third group is concerned with the materials used in
battery mechanisms and their recycling rates through
(EOL) phases. This can help identify the elements with
higher ecological influences and if rehabilitation methods
generate more impacts than disposal [20].
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Steps of the process

Preparatory Data Assessment:
Specify parameters
Identify uncertainty sources

Quantify identified uncertainties:

Directly
measured
emissions

W ——

Indirectly measured
emissions

Combining
uncertainty for:

* emission factor
activity data

T I

Calculate aggregated uncertainty
on site or company level

Document and interpret findings
from uncertainty assessment

Where the GHG Protocol
Uncertainty Tool is used

Input uncertainty data for directly
and indirectly measured
emissions in worksheets | and Il

Automated for indirectly
measured emissions (first order
error propagation)

Automated for directly and
indirectly measured emissions
(first order error propagation)

Fig. 8. Uncertainty quantification process, carried out by the GHG Protocol Uncertainty Tool [15].

Publication [18] discussed the use of sensitivity analyses
to evaluate many options in the production phase, such as
alternative mining processes. It also highlights the benefits
of using sensitivity analyses to aid the evaluation of
environmental impact categories and recommends all
future studies to incorporate sensitivity analyses.

Publication [21] found 51% of papers conducted
sensitivity analyses on their respective methods. However,
many reviewed papers did not provide numerical values of
the environmental impacts, and this complicates the
comparison of results. Publication [19] states that
sensitivity analyses should be carried out when using
secondary data to calculate GHG emissions but does not
delve into how those should be carried out.

There are factors to support both cradle-to-grave and
cradle-to-gate analyses. The cradle-to-gate analyses can be
more comparable, since use-cases are not specified and so
processes are much more uniform. However, especially when
considering the use case of EVs, use-phase analysis is
required for an accurate LCA. [20] states that the use stage
data must be modelled, possibly through primary data and
assessing the energy flow of the reuse of electric vehicle
batteries. Publication [13] concurs with this reasoning since
the emission-saving benefits of EVs as opposed to ICEs occur
mainly in the use phase. Furthermore, EOL stage documen-
tation can be crucial for stakeholders and policymakers to
make informed decisions for strategic development.

Further analysis can also be conducted within the EOL
phases of the LCA. The two most common recycling
methods are the cut-off and the substitution method [19].

The cut-off approach involves using recycled materials
without credits or burdens, which means scrap input is
burden free, but recycling material is credit free also. The
substitution approach states that an amount of recycled
secondary material will substitute an equivalent amount of
primary material, which means credit is given to the
substitution, but burdens are assigned to the scrap as an
input.

In general, the cut-off approach is recommended since it
is more transparent. However, both methods involve little
consideration for material degradation and there is no
guarantee that materials recycled will be a 1:1 replacement
of primary materials.

Further studies are required to accurately evaluate the
degradation of material over time. Furthermore, the
repurposing of individual elements for lower intensity
use-cases (e.g., using cobalt from batteries to make sensors)
could be researched further, to find more effective and easy-
to-implement uses [22]. It is also highlighted that blending
cut-off and substitution recycling methods can lead to
confusion and inconsistencies. For example, crediting for
avoided burden by replacing primary materials in
combination with recycling can lead to under-estimation
of environmental impacts. Therefore, [22] recommends
exercising caution when blending these methods.

Methods of impact category calculation are specified by
the respective source methods. For example, impact
categories for ReCiPe are described in [23] alongside their
specific methods of calculation. Many of these calculations
are “black boxes” for the user, meaning they simply input
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their data and return a result. However, most output values
from general impact category calculations do not return a
quantitative uncertainty.

For development of lithium batteries, usually the
supply route is from East-Asian regions. Their supply chain
may often be untraceable, especially at the stage of mining
and transportation [24]. In terms of traceability, localized
national mining represents the easier case of life-cycle
assessment, as it makes it possible to trace the costs and
resources within the national domain, using local legisla-
tion and shorter supply chain. Such an example in the UK
is the company “Cornish Lithium” [25], which is investi-
gating the opportunity for low-carbon production of
lithium and other battery metals across Cornwall.

The locally operating company dedicated to sustain-
ability and green targets may provide the basis for fully
traceable life-cycle assessment of lithium batteries
manufacturing, starting from mining lithium in the UK
in hard rock and in geothermal waters, with full
transparency and traceability.

5 Gaps in carbon emissions assessment

In this section, we discuss the gaps in the assessment, in
particular, in uncertainty quantification. We follow [26] in
discussing reducible and irreducible uncertainties: those
associated with unknowable things are irreducible, whereas
uncertainties associated with knowable things that are
currently unknown are reducible.

5.1 Scope 1

Scope 1 emissions and related uncertainties can be
quantified using [27], i.e., by considering a measurement
model through which the measurement uncertainty can be
propagated. Bayesian techniques can be used for this
purpose, and thus obtained uncertainties can be quantified.
The choice of measurement model can help reduce errors,
and we state that most of such errors are reducible,
assuming high accuracy and suitable calibration of
instruments. As such, Scope 1 carbon emissions that are
measured in the field with high-quality instruments
represent the case that can be addressed with conventional
controlled techniques for uncertainty quantification.

There is a gap behind the assumption of high accuracy
of calibrated instruments, as was mentioned earlier. Those
estimates that are being done by technologies/methodolo-
gies (rather than by instruments) have the main limitation
of lacking reliable verification to follow the deployment of
the equipment/sensors, carrying out measurements and
assessing uncertainties.

5.2 Scope 2

There is a challenge of uncertainty quantification of fuel
mix for Scope 2 emissions: the calorific values of fossil fuels
may vary significantly due to their natural variability, but
what type and quality of the fuel that might be used at any
given moment for electricity generation may not be
possible to assess accurately. Thus, the uncertainty ranges

of specific fuels may be inaccurate, which would influence
uncertainty of the fuel mix. Coals and oils vary in their
content; natural gasis predominantly methane but may have
impurities and higher hydrocarbons. Because such fuel
information can be retrieved from the national operator, this
uncertainty is reducible if the full fuel information is
provided. However, in practice, obtaining this information
may be cumbersome and less likely to happen; rather an
uncertainty range would be used from scientific literature, as
was illustrated in the Scope 2 case study.

5.3 Scope 3

Scope 3 emissions represent the most complex case of
uncertainty quantification, with some errors being cur-
rently irreducible. The main reason for that is the supply of
materials and supply of parts over international supply
chains. Therefore, it makes sense to distinguish two broad
LCA cases: international and domestic. For domestic LCA
analyses, it is possible to introduce blockchain techniques
[28] for the full traceability of the parts and materials. Such
examples already exist in the EU in the so-called short food
supply chains [29], and some supermarkets report this in
their promotional publications.

Both national and international supply chains may
suffer lack of traceability, which depends on proper
documentation and digitalization of each supply stage.
For example, if transportation is outsourced to a less
transparent company, or if some stage is split between
several suppliers due to cost reduction, this may represent
an obstacle for traceability. International supply chains
may have additional issues due to translations between
languages. However, with proliferation of digitalization,
ML /AT tools for documentation processing, this is expected
to improve, thus representing a reducible uncertainty.

6 Conclusion

The paper overviews the three scopes of carbon emissions
and presents a novel case study on Scope 2 emissions. It also
outlines the gaps in the three scopes and the metrological
approach to their uncertainty quantification. While
estimation of carbon emissions of Scopes 1 & 2 has
metrologically robust approaches, in the area of GHG
sensitivity analysis for life cycle assessment, no universal
framework exists. This is likely because the nature of data
(distribution of primary/secondary usage) and methods
differ between studies, meaning that the assumptions and
dimensions of input data vary.

Another cause for uncertainties within the LCAs
analyzed is the inclusion and effect of energy mix. This
is often due to the lack of precise information available,
especially in secondary data sources (such as using
geographical averages). A life cycle energy analysis could
be used to more appropriately calculate these energies,
however the time required to produce an LCEA alongside
an LCA would be significant. UK National Grid maintains
a public portal with fuel mix for energy generation reported
at 5-min temporal resolution, which is useful for LCA at the
national scale [30].
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Despite the increasing use of LCAs in the study LIBs,
the overall proportion of studies carried out in the industry
remains very small. The increased research into LCA
frameworks is a step in the right direction to allow
comparable analyses. However, financial burdens and a
lack of data remain the dominant causes for inaccurate and
vague LCAs.

It is likely that in the foreseeable future (until mid-
2030s) LIB technology will be the dominant battery
technology in electric vehicles. The recent developments in
sodium-ion batteries will likely allow for some, more niche,
uses but the range of these batteries is not large enough for
vehicle usage currently. Furthermore, it is likely to take at
least 10 yr for solid-state battery technology to be
sufficiently developed and researched that it can be more
widely used in EVs [31].

EVs with solid state batteries are likely to start being
rolled out in the next 2-3 years (Nissan — 2028 https://
www.nissan-global.com/EN/INNOVATION/TECHNOL
OGY/ARCHIVE/ASSB/ ; Toyota — 2027/28 https://
www.toyota-europe.com/news /2023 /battery-technology;
BYD — from 2027 https://electrek.co/2026/02/09/byd-
hits-solid-state-ev-battery-milestone-due-out-as-soon-as-
2027/) with wider adoption from 2030, i.e. 5 years rather
than 10. This paper from 2024 suggests at least 5 years
(https://doi.org/10.1016/j.sctalk.2024.100382), so maybe
replace that as [31] and change it to 5 years rather
than 10.

It is reasonable to start with a localized case study
based fully in the UK, starting from mining lithium for
battery manufacturing to battery decomposition and waste
utilization in the UK. This will provide a traceable case
study with a fully controlled and documented supply chain.
Single-country analysis, with support of national legisla-
tion, provides reliable ground for a metrologically robust
analysis. In other countries, a solution could be to create a
software framework which logs all business energy
certificates and usage to aid both emission and impact
category calculations.

Overall, the areas where metrological specialists could
have the most impact are in the frameworks set-up to allow
businesses to supply their data accurately and systemati-
cally, be that in a blockchain database, such that
companies can publish their results without risk of
engaging competition or be that in sensitivity analysis
such that assumptions made can be more accurately
accounted for. The intention of these additions is that
companies could carry out their LCAs at a cheaper cost and
therefore, would be more inclined to carry them out. This
would provide more data to analyses and make conclusions
more accurate, but only if the data is of a decent quality.
This could lead to more development and research being
carried out to improve efficiency and decrease negative
impacts.
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