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Transport emissions represent 14% of global greenhouse gases (GHG), yet the reliability of reported emissions
remains highly uncertain. This paper provides the first systematic evaluation of uncertainty quantification in
transport carbon accounting standards. Four major frameworks: ISO 14083:2023, Global Logistics Emissions
Council (GLEC) Framework, EN 16258:2012, and GHG Protocol Initiative, are assessed against the International
Panel on Climate Change uncertainty principles across five dimensions: acknowledging uncertainty, characteriza-
tion, quantification methods, propagation methods, and harmonization. Using systematic keyword searches and
context analysis, we find a counterintuitive temporal pattern. The GHG Protocol Initiative (2001-2015), a general
organizational-level framework, achieves higher scores across the five dimensions (73.3%), than transport-specific
standards published up to 2023 (0-27%). This suggests a methodological regression rather than evolution. ISO
14083:2023 and EN 16258:2012 contain no uncertainty quantification-specific terminology, methods or guidance,
while GLEC merely acknowledges uncertainty existance without offering quantification approaches. As a result,
organizations can fully comply with the latest standards while providing no information on measurement uncertainty
or data quality. The accounting level hypothesis offers partial explanation: organizational-level standards outperform
product-level standards regardless of publication date. However, this creates a contradiction because product-level
accounting “should” enable more precise uncertainty assessment through potentially more capacity to perform direct
measurement. Across all frameworks, harmonization emerges as a universal weakness, particularly problematic
for transport emissions that span multiple accounting levels. Overall, current standards permit emissions reporting
without transparency on uncertainty, accuracy or reliability, undermining credible emissions reduction claims.
Effective transport decarbonization requires trustworthy emissions data, current standards fail to ensure this.
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1. Introduction

To address the climate crisis, the Paris Agreement

commits signatory nations to limiting global tem-

perature rise, requiring rapid reductions in green-

house gas (GHG) emissions UNFCCC (2015).

Achieving these reductions depends on accu-

rate and transparent measurement and reporting

of emissions, which are essential for tracking

progress, informing mitigation strategies, and en-

suring accountability Forster et al. (2025); Rawat

et al. (2024). However, current carbon accounting

systems face persistent challenges regarding trans-

parency, comparability, and (critically) the embed-

ded uncertainty in their quantification Bowen and

Wittneben (2011); Marlowe and Clarke (2022).

Researchers use uncertainty to communicate

the degree of confidence in their findings, to ex-

plicitly ascertain knowledge gaps, or to describe

information that is inherently uncertain. Uncer-

tainty quantification (UQ) enables the assessment

of whether decision outcomes are influenced by

incomplete information or remain stable in the

presence of uncertainty, or in other words it is

important to “know when a decision is and is

not affected by whether we know something com-

pletely” Sence about Science (2013).

Due to the intrinsic complexity of many mod-

els, systematically assessing uncertainty requires

robust analytical frameworks. UQ is the field that

addresses this challenge by identifying, character-

izing, and measuring all sources of uncertainty

in a model to evaluate its reliability, communi-

cate predictions, and ensure reproducibility and

validation Volodina and Challenor (2021). UQ is

inherently interdisciplinary, integrating statistics,

numerical analysis, and computational mathemat-
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Table 1. List of acronyms

CO2e Carbon Dioxide Equivalent
EF Emission Factors
EN 16258:2012 European Standard. Methodology for

Calculation and Declaration of Energy
Consumption and GHG Emissions of
Transport Services (Freight and
Passengers)

GHG Greenhouse Gases
GLEC Global Logistics Emissions Council

Framework (for this paper specifically
Version 3.2)

GWP Global Warming Potential
MCS Monte Carlo Simulation
IPCC Intergovernmental Panel on

Climate Change
ISO International Organization for

Standardization
ISO 14064:2018 Greenhouse gases requirements
ISO 14083:2023 Quantification and reporting

of greenhouse gas emissions arising
from transport chain operations

UQ Uncertainty Quantification

ics. Its primary objective is to provide trustworthy

estimates of quantities of interest by, for exam-

ple, propagating input-data uncertainties through

model predictions, solving inverse problems to

infer unknown parameters, or analyzing uncer-

tainties intrinsic to the model itself University

of Manchester (ND); The Alan Turing Institute

(2026).

UQ challenges are especially pronounced in the

transport sector, which contributes for approxi-

mately 14% of global GHG and 20% of CO2

emissions Statista (2023); UNDP (2025). Global

freight demand is projected to double by 2050

ITF (2023), yet meeting 1.5◦C pathways, requires

transport emissions to fall by 59-80% by 2050

compared to 2020 levels Jaramillo et al. (2023).

In addition, transport emissions are especially

challenging as emissions are dispersed across

complex supply chains involving numerous ac-

tors, jurisdictions, and data sources. Activity data

(e.g. fuel consumed) often come from providers

with varying measurement accuracy, while EF dif-

fer by elements such as fuel type, vehicle tech-

nology, driving conditions, or geographic location

Sirithian et al. (2022). Allocation across shared

transport services adds further complexity. As a

result, uncertainty ranges can be extremely wide,

for example, light-duty diesel trucks show docu-

mented variability from −85% to +182% due to

differences in testing methods and vehicle condi-

tions Li et al. (2024).

1.1. Background on transport carbon
accounting standards

Multiple international standards guide transport

emission quantification. The GHG Protocol Initia-

tive (first published in 2001, last updated in 2015)

established the widely adopted Scope 1, 2, and

3 framework for organizational carbon footprints,

with transport appearing across multiple scopes

GHG Protocol et al. (2015). ISO 14064 (2006)

covered organizational GHG accounting (includ-

ing transport) ISO (2018). EN 16258:2012, pro-

vided one of the first official methodology to cal-

culate CO2 per shipment across transport modes

(CEN, 2012). Then, the Global Logistics Emis-

sions Council (GLEC) Framework created the har-

monized methodology for calculating emissions

across air, ocean, road, rail, and inland waterways

Smart Freight Centre and GLEC (2023). Lastly,

ISO 14083:2023 emerged as “the most compre-

hensive framework” for transport chain operations

emissions across all modes ISO (2023) and rep-

resented an important milestone in standardizing

emissions calculations for the transport sector.

These standards provide guidance on data col-

lection, CO2e calculation methods, and EF, yet do

they address UQ? The Intergovernmental Panel

on Climate Change (IPCC) Guidelines for Na-

tional GHG Inventories have provided uncer-

tainty assessment frameworks since 2006, in-

cluding transport-specific guidance IPCC (2019),

mandatory for national inventories under the Paris

Agreement’s Enhanced Transparency Framework

(ETF). Yet whether corporate level transport stan-

dards have adopted comparable rigor is unclear.

This gap may have significant implications. A

reported “10% emission reduction or increase”

without uncertainty bounds could represent any-

thing between 0–20% actual variation, or no sta-

tistically significant change if uncertainty ranges
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overlap. In such cases, investment decisions, car-

bon offset purchases, and regulatory compliance

become unreliable. Allocation inconsistencies fur-

ther exacerbate the issue: the same transport emis-

sions can appear simultaneously in a carrier’s

Scope 1, a shippers’ Scope 3, and a manufactur-

ers’ product footprints, risking double-counting

Schmidt et al. (2022). Policymakers have been

observed to favor “pretended certainty over nu-

ance and detail” in climate decision-making Puig

and Bakhtiari (2019) and transport standards may

reflect this tendency.

This paper examines whether transport ac-

counting standards consider uncertainty and how

their requirements compare to IPCC principles.

If current standards lack comprehensive UQ re-

quirements, quantifying transport emission uncer-

tainties becomes essential to assess whether its

inclusion is needed to ensure reliable emissions

tracking.

This paper provides the first systematic eval-

uation of uncertainty handling across four major

standards: GHG Protocol Initiative Suite of Stan-

dards, EN 16258:2012, Global Logistics Emis-

sions Council (GLEC) Framework, and ISO

14083:2023. This is done using five evaluation

dimensions derived from IPCC’s framework.

We make three contributions to the field. First,

it provides the first systematic comparison of un-

certainty handling in transport carbon accounting

standards. Second, it translates IPCC uncertainty

principles into five evaluation dimensions appli-

cable to corporate and product-level standards.

Third, it examines the factors that might explain

observed gaps in uncertainty assessment.

The remainder of this paper proceeds as fol-

lows. Section 2 describes our methodology. Sec-

tion 3 presents comparative analysis in uncertainty

treatment and provides recommendations while

Section 4 concludes.

2. Methodology—evaluating transport
standards against IPCC uncertainty
framework

2.1. Standards Selection

Four standards were selected based on relevance

to transport emissions, chronological span, and

institutional interconnections. The GHG Proto-

col Initiative suite of standards GHG Protocol

(2003, 2011); GHG Protocol et al. (2003, 2011,

2015) provide a widely adopted organizational-

level GHG accounting framework used globally.

EN 16258:2012 CEN (2012) established a stan-

dard for calculating emissions from transport

services. The GLEC Framework Smart Freight

Centre and GLEC (2023) offers a transport-

specific emissions calculation methodology de-

veloped through global industry collaboration.

Finally, ISO 14083:2023 is the current “most

comprehensive framework” for quantifying GHG

emissions across transport chains ISO (2023).

2.2. IPCC Uncertainty Framework as
analytical guideline

The IPCC 2006 Guidelines (with 2019 Refine-

ment) establish the mandatory standard for na-

tional GHG reporting under the Paris Agreement

IPCC (2019). Their Vol. 1, Ch. 3 provides un-

certainty assessment methods across three tiers

of complexity: Tier 1 (default factors with error

propagation), Tier 2 (country-specific data with

MCS), and Tier 3 (facility-level measurements)

IPCC (2006b). While Vol. 2, Ch. 3 addresses

transport-specific uncertainty sources including

fleet characteristics, combustion conditions, and

emission control technologies IPCC (2006a). The

framework requires systematic UQ, propagation,

and reporting with 95% confidence interval (CI).

2.3. Five evaluation dimensions

We operationalize IPCC’s framework into five

evaluation dimensions applicable to corporate and

product-level standards: i) Acknowledging un-
certainty examines whether standards recognize

that emission calculations contain uncertainty and

require its disclosure; ii) Uncertainty character-
ization assesses whether uncertainty is system-

atically identified and characterized by type and

source, including distinctions between types of

error or sector-specific sources; iii) Quantifica-
tion methods examines whether standards pro-

vide methods to calculate uncertainty; iv) Prop-
agation methods assesses whether guidance ex-

ists for combining uncertainties through calcu-

lation chains, such as error propagation equa-
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tions or MCS; and v) Harmonization examines

whether uncertainties in allocation and aggrega-

tion across organizational or product boundaries

are addressed to ensure completeness, consis-

tency, and avoid double-counting.

2.4. Analysis Process

We conducted systematic keyword search across

all four standards documents using six terms cov-

ering general uncertainty concepts and quantifi-

cation methods: “uncertainty, error, confidence,

Monte Carlo, standard deviation and propaga-

tion”. These keywords capture both acknowledg-

ment of uncertainty (uncertainty, error) and tech-

nical methods for quantification (CI, standard de-

viation, MCS, propagation). Evidently, some key-

words (error, confidence) could appear in both UQ

and non-UQ contexts. To address this for each

keyword found, we extracted surrounding context

and assessed whether usage was related or not

to UQ. For example, confidence in “stakeholder

confidence” was classified as credibility language,

while “95% confidence interval” was classified as

UQ related. Relevant instances were mapped to

the five evaluation dimensions. For each dimen-

sion, we assessed standards on a 4-point scale

(Fig. 1). This produces a maximum score of 15

per standard, 3 per dimension, which involves

interpretive judgment regarding whether content

is referring to UQ.

3. Evaluation results and discussion

3.1. ISO 14083:2023

Published in March 2023 as the international

standard for transport emissions, ISO 14083:2023

contains limited explicit uncertainty content. The

word uncertainty appears only twice in more than

128 pages, both times in a bibliographic ref-

erence to IPCC Guidelines IPCC (2019) which

is never cited in the text. Section 4.5 “Accu-

racy” states: “Reduce bias and uncertainties as

far as is practical” using discretionary language.

Its Section 2 states: “There are no normative ref-

erences”, meaning the standard does not refer-

ence ISO’s own Guide to Uncertainty in Mea-

surement JCGM/WG 1 (2023) or any other es-

tablished framework. No transport-specific uncer-

tainty sources are identified. Section 13.4.3 re-

Define search keywords

Search each keyword
in each standard

Keyword found? Score = 0

Extract surrounding context

Context related to
UQ?

Exclude

Map to dimension
(i–v)

Assess treatment depth
and assign score:

1 = Acknowledged only
2 = Optional guidance

3 = Mandatory with methods

No

Yes

No

Yes

Fig. 1. Keyword Search and Scoring Methodology

quires reporting data type (primary, modeled, or

default) but no associated uncertainty ranges or

confidence levels. Organizations using default EF

vs direct measurements disclose different data

sources but provide the same level of information

about measurement confidence. Finally, searches

for UQ-specific terminology yielded no results.

3.2. GLEC

Updated in 2023, GLEC positions itself as

transport-specific guidance aligned with ISO

14083:2023, referencing ISO 110 times and list-

ing IPCC guidance as a “harmonized source”.

GLEC mentions uncertainty fifteen times across

183 pages, primarily acknowledging qualitatively

that uncertainty exists and increases with default

data. The framework states that “Tier 1 applies

simple activity data and default factors” and that

default data should be used “with clear acknowl-
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edgment of the higher uncertainty it entails”.

For sea transport, GLEC specifies using “me-

dian fuel consumption with addition of 10%,

which equals the range between lower and up-

per quartile values, to avoid underestimation”. By

this, GLEC applies statistics to set conservative

defaults (precautionary principle) rather than to

deliver rigorous UQ. GLEC requires reporting

data traceability but not uncertainty. Searches for

UQ-specific terminology yielded no results.

3.3. BS EN 16258:2012

The withdrawn, EN 16258:2012, operating at

the same product-accounting level than ISO and

GLEC, contains no UQ content. None of the

keywords appear in the standard. The standard’s

complete absence of UQ terminology is consis-

tent with ISO and GLEC. Accounting level may

explain the pattern of absent uncertainty guidance

in product-level transport standards.

3.4. GHG Protocol Initiative Suite of
Standards

The GHG Protocol is not a single document but

a framework consisting of core accounting stan-

dards: “Corporate Standard” and “Scope 3 Stan-

dard”, alongside separate technical UQ guidance

documents: “GHG Uncertainty Guidance”, and

“Quantitative Uncertainty Guidance”, as well as

semi-automated Excel calculation tools to imple-

ment aggregation methods GHG Protocol (2003,

2011); GHG Protocol et al. (2003, 2011, 2015).

This structural separation means that while de-

tailed UQ methods exist in supplementary guid-

ance, uncertainty assessment remains optional

within the core accounting standards. The Corpo-

rate Standard mentions “uncertainty” but defers

quantification to supplementary materials. The

Scope 3 Standard goes further, dedicating Ap-

pendix B to “Uncertainty in Scope 3 emissions”,

which provides a comprehensive framework dis-

tinguishing parameter uncertainty (direct emis-

sions, activity data, EF and GWP values), sce-

nario uncertainty (methodological choices) and

model uncertainty (model limitations). However,

even this appendix maintains optionality, stat-

ing: “Companies may choose a qualitative and/or

quantitative approach”. While propagation meth-

ods, such as MCS and Taylor series expansion are

mentioned, their implementation is again deferred

to supplementary guidance.

3.4.1. Uncertainty classification framework

The dedicated technical guidance documents,

GHG Protocol (2003), establishes a GHG-specific

taxonomy of uncertainties. It distinguishes scien-

tific uncertainties (related to incomplete scientific

knowledge of emission and removal processes)

from estimation uncertainties (arising when quan-

tifying emissions). Estimation uncertainties are

further divided in model uncertainties (associated

with the mathematical equations) and parameter

uncertainties (associated with quantifying the in-

put parameters, like EF). Parameter uncertain-

ties are then split into systematic uncertainties

(present when data is systematically biased; e.g.

EF constructed from non-representative samples)

and statistical uncertainties (resulting from ran-

dom variability in sample data).

Importantly, the GHG Protocol et al. (2015)

acknowledges that scientific and model uncertain-

ties typically exceed the scope of most corporate

inventory efforts, leaving parameter uncertainty

(e.g. EF) as the only feasible focus for most com-

panies. The guidance further notes that “uncer-

tainty estimates for corporate GHG inventories

will, of necessity, be imperfect” and “will have a

subjective component”, derived from the need to

rely on expert judgment when complete informa-

tion is not available. It explicitly states that “es-

timates of uncertainty for GHG inventories must

themselves be considered highly uncertain”.

3.4.2. Quantification Methods and Guidance

The Protocol provides UQ guidance only for sta-

tistical uncertainty through the “GHG Protocol

Uncertainty Tool” and for systematic uncertainty

through the “Managing Inventory Quality” chap-

ter in the Corporate Module. In particular, to ad-

dress parameter uncertainty, the Protocol presents

two mathematical techniques: [1] using first-order

error propagation formulas (applicable when pa-

rameter errors are normally distributed, estimator

function are unbiased, estimated parameters are

uncorrelated, and individual uncertainties are less

than 60% of the mean) or [2] MCS (when these
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conditions are not fulfilled). However, the docu-

ment does not expand on MCS methods, referring

users to the IPCC Guidance for further informa-

tion.

For the first-error propagation method, the doc-

ument provides procedures for multiplying and

adding uncertainties. The Protocol recommends

this approach for statistical uncertainties using the

dedicated calculation tool, which assists analysts

with aggregation and ranking through five steps:

(1) Preparatory Data Assessment, (2) Quantify

identified uncertainties, (3) Combine uncertainty

for activity data and EF, (4) Calculate aggregated

uncertainty at site or company level, and (5) Doc-

ument and interpret findings. The guidance de-

scribes MCS as a Tier 2 approach and provides

well-known statistical procedures for CIs using

lookup tables. Notably, the automated Excel tools

GHG Protocol et al. (2003); Quantis (2003) im-

plement only the first-order propagation method.
Despite providing a mathematical framework,

the GHG Protocol still relies heavily on ex-
pert judgment, mandating only qualitative uncer-
tainty assessment for the Product Standard (rec-
ommended for Value Chain Standard). Through
its tools, users assign qualitative ratings (very
good, good, fair, or poor) to activity data and EF
across five data quality indicators using pedigree
matrices. The guidance calculates geometric stan-
dard deviation as a 95% CI using “Eq. (1)”GHG
Protocol (2011), focusing on activity data and EF.

SDg95 : exp

[√
ln2(U1) + · · · + ln2(U5) + ln2(Ub)

]
(1)

where U1−5 represent uncertainty factors for

precision, completeness, temporal representative-

ness, geographical representativeness, and techno-

logical representativeness, and Ub is a basic uncer-

tainty factor. Finally, default basic uncertainty fac-

tors by emission category are provided: thermal

energy and CO2 emissions (1.05), methane and

nitrous oxide emissions from combustion (1.50),

transport services (2.00).

3.5. Overall Results

Figure 2 summarizes the score results across all

four standards. In general there is inconsistent

treatment of UQ and absence of rigorous quanti-

tative methods across all standards.
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Fig. 2. Comparison of the four frameworks across
the five uncertainty dimensions. Scoring: 0 = Not ad-
dressed; 1 = Acknowledged; 2 = Optional guidance; 3
= Required. Maximum score per dimension = 3. The
GHG Protocol bar represents the average score obtained
after evaluating each of its constituent standards (GHG
Uncertainty Guidance; Quantitative Uncertainty Guid-
ance; Scope 3 Standard; and Corporate Standard). See
Section 2.3 for dimension definitions.

Four patterns emerge from the evaluation. 1.
Absence of quantitative methods across all
standards: No transport-related standard man-

dates quantitative UQ methods. ISO 14083 and

EN 16258 contain no UQ-specific terminology.

GLEC acknowledges uncertainty exists but pro-

vides no quantification methods. Even the GHG

Protocol, which provides technical vocabulary

and methods (pedigree matrices, error propaga-

tion equations, MCS guidance), mandates only

qualitative uncertainty for its Product Standard.

Organizations can report transport emissions with

undisclosed uncertainty while maintaining full

compliance across all frameworks. 2. Decline
rather than improvement: Standards published

more recently provide less UQ guidance than

older frameworks. The GHG Protocol (2001-

2015), scores 11/15 (73.3%), while transport-

specific standards published afterwards score dra-

matically lower: EN 16258 (2012) 0/15 (0%),

GLEC (2023) 4/15 (27%), and ISO 14083 (2023)

0/15 (0%). This contradicts expectations that stan-

dards would incorporate advances, given improve-

ments in computational methods, statistical tech-

niques, and growing climate urgency. 3. Ac-
counting level influence: Product-level standards
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(ISO, GLEC, EN 16258) score lower than the

organizational-level GHG Protocol. Although this

may reflect the intended user base (e.g. small lo-

gistics providers), it does not eliminate the sys-

temic consequences: shipment-level uncertainty

propagates upward into organizational and na-

tional inventories, regardless of the accounting

level at which a standard operates. 4. Universal
harmonization failure: All standards score low

on Harmonization (Dimension v), despite being

designed for multi-stakeholder contexts. Yet no

framework provides methods for combining un-

certainties when one organization’s emissions cal-

culation depends on another organization’s data.

This gap prevents rigorous uncertainty assessment

precisely where it matters most: when emissions

cross organizational boundaries and data quality

varies across actors.

3.6. Potential Quantitative UQ Methods
Applicable to Transport Standards

Accurate carbon emission estimates require rigor-

ous UQ, yet emission inventories remain among

the most uncertain components of climate models

Clappier and Thunis (2020); Lee et al. (2024).

Quantitative UQ methods may clarify how uncer-

tainties in activity data or EF propagate through

GHG calculations Kimei et al. (2024).

Two well-established approaches could be inte-

grated into transport standards, though they rep-

resent only a part of the available methods. Er-
ror propagation uses analytical expressions (e.g.,

Taylor series) to combine uncertainties through

mathematical operations, and is already applied

in the IPCC and the GHG Protocol Guidelines.

Probabilistic methods, including MCS, charac-

terize input uncertainty as distributions and prop-

agate them through calculations to produce out-

put distributions, an approach widely applied in

GHG emission research Kimei et al. (2024); Ma

et al. (2025). Beyond these, additional quantita-

tive techniques, such as machine learning meth-

ods Yang et al. (2023), could also be adopted.

These methods are computationally feasible and

already implemented in national inventories, yet

remain absent from corporate and product-level

standards.

4. Conclusion

This evaluation reveals that transport carbon-

accounting standards provide minimal guidance

on quantitative UQ. The newest sector-specific

standards, offer no UQ provisions, while the older

and more general GHG Protocol, scores 11/15 and

remains the only framework including technical

UQ methods, though their use is optional and still

relies heavily on expert judgment.

Across the three transport specific standards

(ISO, GLEC, EN 16258), no quantitative UQ

methods appear, enabling full compliance without

reporting measurement confidence or data quality.

Even the GHG Protocol, does not require manda-

tory rigorous UQ, despite referencing error prop-

agation, MCS, pedigree matrices, and statistical

procedures.

Harmonization emerges as the weakest dimen-

sion. All standards score 0/3 or 1.25/3, on com-

bining uncertainties across organizational bound-

aries, allocation choices and mixed-data quality

levels. This omission is particularly problematic

because transport emissions span national inven-

tories, corporate Scope 1 and 3, and product life

cycles. Without harmonization methods, emis-

sions reported from different organizational per-

spectives remain incomparable.

Despite these gaps, the field is well positioned

to advance integrating more rigorous UQ ap-

proaches.
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