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Abstract. Since the first estimate of global CO2 emissions was published in 1894, important progress has
been made in the development of estimation methods while the number of available datasets has grown. The
existence of parallel efforts should lead to improved accuracy and understanding of emissions estimates, but
there remains significant deviation between estimates and relatively poor understanding of the reasons for this.
Here I describe the most important global emissions datasets available today and – by way of global, large-
emitter, and case examples – quantitatively compare their estimates, exploring the reasons for differences. In
many cases differences in emissions come down to differences in system boundaries: which emissions sources
are included and which are omitted. With minimal work in harmonising these system boundaries across datasets,
the range of estimates of global emissions drops to 5 %, and further work on harmonisation would likely result
in an even lower range, without changing the data. Some potential errors were found, and some discrepancies
remain unexplained, but it is shown to be inappropriate to conclude that uncertainty in emissions is high sim-
ply because estimates exhibit a wide range. While “true” emissions cannot be known, by comparing different
datasets methodically, differences that result from system boundaries and allocation approaches can be high-
lighted and set aside to enable identification of true differences, and potential errors. This must be an important
way forward in improving global datasets of CO2 emissions. Data used to generate Figs. 3–18 are available at
https://doi.org/10.5281/zenodo.3687042 (Andrew, 2020).

1 Introduction

Since the first known estimate of global anthropogenic emis-
sions of CO2 was made in the early 1890s, methods have
substantially improved, detail has increased, and additional
emissions sources have been included. Meanwhile, with in-
ternational agreements to mitigate climate change, the pro-
duction of such estimates has grown beyond the realm of sci-
entific enquiry to become a critical input to policy.

Fossil CO2 emissions occur when fossil carbon com-
pounds are broken down via combustion or other oxidation
processes. Most of these fossil compounds are in the form
of fossil fuels, such as coal, oil, and natural gas. In addition
are fossil carbonates, such as calcium carbonate and magne-
sium carbonate, which are used as feedstocks in several im-
portant industrial processes – including cement production –
and whose decomposition also leads to emissions of CO2.

Every year several global emissions datasets are updated
and present different estimates of CO2 at both national and
global levels, but there is little information available about
why these estimates differ, and sometimes the range between
these estimates is merely assumed to represent uncertainty,
suggesting that no more can be known. In fact, there are core
reasons why the estimates from these different datasets differ,
but these are largely buried in the documentation and have
not previously been comprehensively analysed; these will be
discussed in detail in this article.

The accumulated global emissions of carbon dioxide are
drawing precariously close to the best estimates of the total
budget available before the world crosses certain tempera-
tures agreed to in international negotiations (Nauels et al.,
2019). A detailed understanding of these different annual es-
timates – to unravel the “range is uncertainty” tangle – is
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therefore important in efforts to correctly represent uncer-
tainty and improve our understanding of the requirements
before global society.

There are identifiable reasons why estimates differ be-
tween datasets, but a close examination of the datasets’ doc-
umentation and quantitative comparison of the data them-
selves are required to determine the significance of differ-
ences in sources and methods used. In particular, not all
datasets attempt to be comprehensive either geographically
or by including all emissions sources.

In this article I will discuss datasets whose spatial reso-
lution is at the country level, but there exist several datasets
that are further disaggregated to grids of varying resolution.
These include CDIAC (Andres et al., 1997, 2016a), ODIAC
(Oda and Maksyutov, 2011; Oda et al., 2018), EDGAR
(Janssens-Maenhout et al., 2012), FFDAS (Asefi-Najafabady
et al., 2014), CEDS (Hoesly et al., 2018), and PKU-FUEL
(Chen et al., 2016)1. Many of these gridded datasets use ex-
isting country-level datasets as primary input data and will
therefore have similar attributes to the datasets discussed in
this article. An overview of some gridded dataset was pre-
sented by Andres et al. (2012), and recent assessments of
uncertainty in gridded emissions are presented by Andres et
al. (2016b) and Oda et al. (2019).

Because fossil fuel CO2 emissions are largely connected
with energy, which is a closely tracked commodity group
with its critical role in economic activity, there is a wealth
of underlying data that can be used for estimating emissions.
However, differences in collection, treatment, interpretation,
inclusion, and various factors such as carbon contents and
fractions of oxidised carbon, can lead to significant differ-
ences in estimates of emissions between datasets.

Several comparisons have been performed before, notably
Marland et al. (1999), who compared CDIAC and EDGAR,
Andres et al. (2012), who made a high-level comparison
of several datasets, and Ciais et al. (2010), who compared
datasets for the EU. The most complete comparison of global
datasets to date is that of Macknick (2011), who made quan-
titative comparisons of CDIAC, EDGAR, the IEA, BP, and
the EIA, including discussion of the differences in underly-
ing energy datasets. That study is now almost 10 years old,
and methodologies of each of those datasets have changed
in the intervening time, while new datasets are also avail-
able. Given the introduction of a temperature-based goal in
the Copenhagen Accord (UNFCCC, 2009), and in particular
the much more proximal 1.5 ◦C goal in the Paris Agreement
(UN, 2015), tracking global emissions is highly important,
requiring reliable estimates of uncertainty.

1CDIAC: Carbon Dioxide Information Analysis Center;
ODIAC: Open-source Data Inventory for Anthropogenic CO2;
EDGAR: Emissions Database for Global Atmospheric Research;
FFDAS: Fossil Fuel Data Assimilation System; CEDS: Commu-
nity Emissions Data System; PKU-FUEL: Peking University Fuel
emissions.

This paper summarises early efforts to quantify global
CO2 emissions, before moving to current datasets, starting by
discussing differences that can be expected a priori, describ-
ing the important IPCC inventory guidelines, summarising
the publicly available emissions datasets, and then compar-
ing these in some detail and explaining quantitative differ-
ences where possible. Because many of these products have
appeared and will continue to appear in Earth System Sci-
ence Data, readers can apply this review as a detailed guide
to most recent emissions compilations and products as pub-
lished in this journal.

2 Early estimates

In the earliest years, the carbon cycle of interest was the long-
term balancing of geological, extraterrestrial, and natural-
system inputs and outputs, primarily to understand the mys-
teries of the ice ages. While geological interest remains, in-
terest in the human perturbation of the global carbon cy-
cle has grown as anthropogenic emissions – once consid-
ered negligible – have grown to a very significant degree.
Accurately gauging the magnitude of this perturbation is of
key importance in understanding how current and future cli-
matic changes relate to our historical and current emissions.
Over more than a century, the quality of estimates of global
CO2 emissions has steadily improved as greater understand-
ing and greater effort have been brought to bear on the prob-
lem.

In the early 1890s, Swedish geochemist Arvid Högbom
was possibly the first to consider the global geochemical
carbon cycle, and he presented some of his thoughts to the
Swedish Chemical Society, later published in the Swedish
Chemistry Journal (Högbom, 1894). Högbom briefly consid-
ered whether combustion of fossil fuels might perturb the
carbon cycle, estimating that emissions at that time were
0.5 Gt C (see Supplement for details) and determining that
this was insufficient to have any effect on atmospheric con-
centrations because it would merely compensate for CO2
consumed in the continuous formation of carbonates.

Svante Arrhenius, inspired by Högbom’s lecture, initially
accepted his main conclusion that the short-term carbon cy-
cle was in balance, but he considered what might happen if
fossil emissions were to further increase (Arrhenius, 1908).
In so doing he presents estimates of emissions from the
global combustion of coal of 0.51 Gt C in 1890, 0.55 Gt C in
1899, and 0.89 Gt C in 1904.

Guy Callendar (1938), investigating the influence of fossil
CO2 on temperature, stated without support that annual emis-
sions of CO2 at the time amounted to 4.3 Gt CO2 and that
the cumulative emissions over the previous 50 years were
150 Gt CO2.

Gilbert Plass (1956) stated, again without support, that the
combustion of fossil fuels at that time was adding 6 Gt CO2
annually. He also listed other human activities that release
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carbon, unfortunately without any quantification: “the clear-
ance of forests, the drainage and cultivation of lands, and
industrial processes such as lime burning and fermentation”
(Plass, 1956, p. 379).

In 1957, Roger Revelle and Hans Suess, interested in the
fate of the carbon dioxide added to the atmosphere by hu-
man activities, estimated emissions from fossil fuel combus-
tion per decade, from the 1860s through 1940s (Revelle and
Suess, 1957). The methods were not given, but reference was
elsewhere given to a recent United Nations report “World re-
quirements of energy, 1975–2000” presented at the Interna-
tional Conference on Peaceful Uses of Atomic Energy, held
in Geneva in 1955 (United Nations, 1956), and this is most
likely the source of the energy data.

Importantly, all the foregoing estimates appear to have im-
plicitly assumed in their calculations that fossil fuels were
composed almost entirely of carbon. It was not until the
1965 report by the President’s Science Advisory Committee
Panel on Environmental Pollution that sources and carbon
contents by fuel type are provided (Revelle et al., 1965). The
panel’s report also broke emissions down by main fuel cat-
egory (coal, oil, gas). In addition, specific sources of energy
data are clearly stated.

Baxter and Walton (1970), looking to explain the decline
in the fraction of isotope 14C in the atmosphere, presented
annual fossil carbon emissions, including, for the first time,
from cement production. While methods and sources are rea-
sonably clearly presented, some errors in interpretation of
sources led to highly inflated estimates of emissions from
lignite.

Broecker et al. (1971), looking at uptake of CO2 by the
oceans, present decadal global emissions by coal, oil, and
gas, and they were the first to make explicit their assumption
of complete oxidation of all fossil fuels.

Keeling (1973) was dissatisfied with the lack of rigour in
previous emissions assessments and substantially increased
the detail of analysis. He identified that earlier studies had
greatly overestimated emissions from coal and lignite by us-
ing inflated carbon contents, introduced adjustments for non-
energy uses of fuels and losses, and performed an uncertainty
assessment. Keeling’s methods shaped the methods for esti-
mating CO2 emissions for the following decades.

Rotty (1973) introduced estimates for flaring and vent-
ing of natural gas and CO2, although because of data lim-
itations venting of natural gas could not be separated out,
and the methane content was therefore assumed to be oxi-
dised immediately to CO2, an assumption that continued in
later datasets. While most previous estimates had relied on
energy data from the UN, Rotty pointed to an alternative
source of energy data, demonstrating that the two sources
were in agreement when close attention was paid to defini-
tions. Later, Rotty (1983) presented the first estimates of sub-
global CO2 emissions using apparent consumption of energy
– production adjusted for international trade – rather than the
energy production data used in all previous studies.

Marland and Rotty (1984) re-examined the method of
Keeling (1973) and produced slightly revised emission fac-
tors, still time-invariant, an assumption that appeared valid
given the observational data available at the time. Impor-
tantly, they were the first to make use of new energy data
from the United Nations that were already in units of energy,
having been converted from physical units using country-
specific factors, and this avoided the use of global-average,
time-invariant energy conversion factors that previous esti-
mates had been based on. The method developed by Marland
and Rotty (1984) has been used – with some modifications
and improvements – by CDIAC right through until its 2019
release.

3 Potential reasons for differences between
datasets

Before turning to an exploration of the actual differences be-
tween emissions datasets, I first discuss some of the reasons
for which datasets should be expected a priori to differ based
on what is already known. Many of these hinge on what can
be called “system boundaries”.

The term system boundary is found in the life-cycle as-
sessment (LCA) literature where it describes the scope of
analysis: which activities in a process or supply chain are in-
cluded and which are omitted (Baumann and Tillman, 2004).
Here I use the term to describe the categories of emissions
that are included in each dataset and the way in which they
are distinguished when presented in more detail. There are
many aspects to these, which I will discuss in turn, limiting
myself to CO2 emissions data.

There are three main physical sources of anthropogenic
carbon dioxide: oxidation of fossil fuels, land-use change
(e.g. deforestation), and decomposition of (fossil) carbonates
(Friedlingstein et al., 2019). All emissions datasets include
fossil fuels, while fewer include either land-use change or
carbonates.

Decomposition of carbonates occurs in production of ce-
ment, lime, and glass, but also in steel manufacturing where
carbonates are used as a flux agent to facilitate removal of
impurities, and in flue gas desulfurisation (Córdoba, 2015).
Datasets may exclude carbonate emissions entirely or in-
clude emissions only from cement production (e.g. CDIAC)
or from all carbonate decomposition (e.g. EDGAR).

Several emissions datasets are relatively simple extensions
of energy datasets (e.g. IEA, EIA, BP), and their primary pur-
pose is to show the emissions associated with consumption
of energy, rather than to provide a comprehensive picture of
all emissions of CO2. Most emissions of CO2 are from fos-
sil fuels, with emissions from land-use change and carbon-
ates currently amounting to about 13 % and 5 % of the global
total, respectively (Friedlingstein et al., 2019; Crippa et al.,
2019).
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While most datasets focus on combustion of fossil fuels,
some extend the definition to all oxidation of fossil fuels.
While combustion is one form of oxidation, other forms ex-
ist, such as in chemical processes where hydrocarbons are
used as a source of carbon or as a reducing agent. This dis-
tinction generally hinges on whether the fossil fuel is primar-
ily required as an energy source (energy released by combus-
tion) or as an agent in a chemical process.

In particular coal consumption in the metal industry can
be considered to be either combustion or a reducing agent.
Coke used in refining iron ore is critical as a reducing agent
but also serves as an energy source. However, when coal and
oil are used to make carbon anodes for aluminium smelting,
the oxidation of the anode that occurs during smelting is not
considered combustion.

The entities to which emissions are assigned vary be-
tween datasets. For example, some parties have different ge-
ographic and economic extents under the Kyoto Protocol and
the UNFCCC, and therefore they submit more than one in-
ventory to the UNFCCC. These include Denmark, France,
and the United Kingdom (EEA, 2019). These make differ-
ences of less than 2 % for individual countries. The Euro-
pean Union also submits two sets of inventories: EUA (con-
vention: strictly EU territory) and EUC (Kyoto Protocol: also
includes Iceland and overseas territories of member states).
Similarly, the United States reports include Puerto Rico and
other territories when submitted to the UNFCCC.

Moreover, emissions can be limited to either geographi-
cal areas or economic activities. Inventories, as for example
submitted to the UNFCCC, cover geographical areas (akin
to energy balances), while accounts cover economic activi-
ties (akin to energy accounts) (UNSD, 2018). Accounts must
be adjusted for the activities of foreign nationals and com-
panies within the territory (e.g. emissions from tourists driv-
ing cars), and activities of nationals and national companies
in other territories. Accounts follow the definitions of the
System of National Accounts, used, among other things, for
calculating gross domestic product (GDP; European Com-
mission, International Monetary Fund, Organisation for Eco-
nomic Co-operation and Development, United Nations, and
World Bank, 2009).

With regard to these country definitions, the allocation of
emissions from combustion of international bunker fuels has
been particularly problematic. While energy data are collated
as to which country sells bunker fuels, this is very poorly re-
lated to which country has responsibility for the combustion
of those fuels. Various methods have been proposed to allo-
cate these emissions, such as to the country whose flag a ship
operates under, or that which the owner of the ship is a tax
resident in, or those that operate the ship, of even those who
purchase the goods borne by the ship (Heitmann and Khalil-
ian, 2011). However, none of these are clearly superior to the
others, and they can result in very different distributions of
these emissions. This is in effect why the international avia-
tion and maritime industries have been largely excluded from

negotiations and are acting partly independently on a global
basis (UNFCCC, 2020). See Supplement for further details
on the inclusion of bunker fuels.

Further methods of allocating emissions have been de-
vised, such as reallocating through economic supply chains
to the point of final consumption, so-called consumption-
based emissions, and variants (e.g. Davis and Caldeira, 2010;
Andrew et al., 2013). These alternatives have not yet ob-
tained international acceptance, although official reporting at
national level does occur in, e.g. the UK (DEFRA, 2019),
Sweden (Björk et al., 2018), and France (SOeS, 2012; I4CE,
2018).

The ways in which national or global emissions are pre-
sented in more detailed form can vary substantially between
datasets. While the IPCC Guidelines set a clear method for
differentiating between “sectors of [the] economy” (Penman
et al., 2006, p. 4), these sectors are quite different to those un-
derstood by economists. The energy sector, for example, in-
cludes most combustion of energy, whether the activities are
undertaken by enterprises whose main activity is energy pro-
duction or not. All household combustion of gasoline in pri-
vate transportation is included in the energy sector, whereas
under economic accounts such activities would be accounted
for in the household sector. Agricultural emissions, under the
IPCC methodology, do not include such activities as driv-
ing tractors or heating glasshouses. So, while in economics
a “sector” is a grouping of similar economic actors, in the
IPCC Guidelines a sector is a grouping of activities. Some
other datasets do assign emissions to economic activities.
Further, breakdown by type of fossil fuel can vary, with the
use of solid, liquid, and gaseous fuel categories as distinct
from coal, oil, and natural gas (see Sect. 5.4).

The time period over which emissions are accounted for
can vary. While all modern datasets present annual emis-
sions, some also report sub-annual periods. More impor-
tantly, while most countries’ data are reported for calendar
years (from 1 January to 31 December), some are reported
for financial years. In the IEA’s data, which are probably
representative of most datasets because of non-independent
original sources, non-calendar year data are reported for
Bangladesh, Egypt, India, and Nepal. For India, by far the
most significant of these, the IEA’s data for 2016 represent
the financial year 1 April 2016–31 March 2017 (the major-
ity of this period falling in 2016), which would be called the
2017 year in India (the financial year ending in 2017, FY17).

One final category of system boundaries is the inclusion
of confidential data. At detailed levels some countries may
withhold and aggregate reporting of emissions from certain
activities for strategic reasons. While these are generally in-
cluded at aggregate level, emissions from military activities
are known sometimes to be withheld entirely. The IEA “has
found that in practice most countries consider information
on military consumption as confidential and therefore either
combine it with other information or do not include it at
all” (IEA, 2018c, p. 55). While some confidential emissions
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might be excluded from national accounts, energy production
statistics most likely cover all energy produced so that esti-
mates of global fossil CO2 emissions would not be expected
to exclude military energy consumption.

Different methods can be used to estimate emissions,
based on different original data sources. The most important
distinction is between the sectoral approach and the reference
approach, applying only to emissions from fossil fuels. While
the sectoral approach is based on detailed demand-side en-
ergy data (a bottom-up calculation, starting with as much de-
tail as possible, typically sales data), the reference approach
is based on much less detailed supply-side data (a top-down
calculation, typically using national production, international
trade, and stock change data). At the national level, estimates
generated by the sectoral approach are definitive, while those
under the reference approach are used as a partially indepen-
dent cross check (Treanton et al., 2006b).

4 IPCC inventory guidelines

The Intergovernmental Panel on Climate Change (IPCC)
provides comprehensive guidance for compiling emissions
inventories for all sources of emissions, which must be used
in reporting to the UNFCCC (2019b).

The guidelines are built on decades of efforts and exper-
tise in compiling emissions estimates and are designed to be
flexible to suit countries’ specific needs. Work began on the
guidelines in 1991 by Working Group 1 of the IPCC under
the IPCC/OECD/IEA Programme on National Greenhouse
Gas Inventories, with the first edition approved in 1994 and
adopted the following year. A revision to these was published
in 1996 (Houghton et al., 1996), and a new edition was pub-
lished in 2006 (Eggleston et al., 2006), with later amend-
ments (e.g. the wetlands supplement; Hiraishi et al., 2013).
In 2019 a “refinement” to the guidelines was released, al-
though with little material consequence for fossil emissions
beyond some changes to fugitive emissions calculations and
clarifications on biofuel emissions (IPCC, 2019).

The methodology is divided into three “tiers”, where Tier 1
uses supplied default emission factors applied to national ac-
tivity data, Tier 2 uses national emission factors, and Tier 3
uses national models and/or direct measurements. The Tier 1
approach is often used by compilers of international inven-
tories because they can do so using existing international
datasets of activity, such as energy or agriculture databases.

The IPCC Guidelines divide emissions into sectors, the
most important of which for CO2 emissions are the energy
sector and the industrial processes and product use (IPPU)
sector. The Energy sector includes emissions from activities
in the energy industry (e.g. electricity production, flaring on
oil platforms) and all uses of energy sources primarily for en-
ergy purposes. The IPPU sector, in contrast, includes emis-
sions from both decomposition of carbonates (e.g. cement
production) and non-energy uses of fossil fuels (e.g. carbon

anodes in aluminium smelting). Smaller amounts of CO2 are
also reported in the agriculture sector, as emissions from use
of urea and lime.

While the 1996 guidelines included a default fraction of
carbon stored (sequestered) from non-energy use (allowing
for some to be oxidised at some point), the 2006 guide-
lines removed these, effectively setting the fraction stored to
1.0 for all products. This was because “in most instances,
emission inventory compilers had no ‘real’ information as
to whether this correction was actually applicable” (IEA,
2018a, p. I.22).

5 Detailed descriptions of emissions data sources

Figure 1 shows the main global energy datasets, primary
global emissions datasets, and secondary (derived from pri-
mary) emissions datasets. The most important data source
type for emissions estimates is energy data, which are ul-
timately derived from heterogeneous national sources. The
IEA and Eurostat have developed questionnaires that are sent
to at least 61 countries: all members of the Organisation
for Economic Co-operation and Development (OECD), Eu-
ropean Union (EU), United Nations Economic Commission
for Europe (UNECE), “and a few others”. These identically
completed questionnaires are returned to the IEA, the UN,
and (for certain countries) Eurostat (IEA, 2019g).

In the following sections I will describe each of the main
global emissions datasets in turn. Table 1 summarises the
datasets and the versions analysed in detail.

5.1 BP’s Statistical Review of World Energy

BP produced its first limited-circulation Statistical Review of
World Energy in 1952 (BP, 2011). In recent years the BP re-
view has been highly anticipated primarily because it is the
earliest data release to cover global energy and fossil fuel
CO2 emissions, published in June of each year with data up
to the previous year. The dataset is widely used, something
that is facilitated by its being freely available, and its publi-
cation in full in Microsoft Excel format. Since 2007 the re-
view has been produced in collaboration with the Centre for
Energy Economics Research and Policy (CEERP) at Heriot-
Watt University, Scotland (Heriot Watt University, 2017).

Energy data are sourced directly from countries, although
there is little documentation of specific sources. In the most
recent edition, data were reported for 80 separate countries
in addition to further regional groupings, from 1965 to 2017
(BP, 2018).

It appears that emissions were first included in the second
release of the 2009 edition. Prior to the 2016 edition, emis-
sions of CO2 were calculated simply using a single emission
factor for oil, gas, and coal each, taking no account of con-
sumption for non-combustion purposes (e.g. bitumen). From
2016 this has been revised to use the default emission fac-
tors for each product type from the IPCC 2006 Guidelines,
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Figure 1. Dependencies of selected global energy and CO2 emissions datasets. Here a “primary” emissions dataset is one that calculated
emissions directly from energy data, rather than collating emissions estimates from other sources. In addition to energy data sources, some
emissions datasets include emissions from carbonates, which rely on other data sources. Some national data are first collated by regional
organisations. “UN stats” is the United Nations Statistics Office (not UNFCCC).

with biofuels assumed to be carbon neutral. In addition, non-
combusted energy is now removed using shares from the
IEA’s World Energy Balances (BP, 2017). The main conse-
quence of this change is a decrease in emissions from oil in
particular, because of high non-fuel use of oil.

BP provides national total emissions, without a breakdown
by fuel type or sector. International bunker fuels are not sepa-
rately reported but included in national emissions. Emissions
from venting and flaring are excluded, while own use (e.g.
on oil rigs) is included (CEERP, personal communication,
February 2019).

In house, BP have energy data at a more disaggregated
level than those reported (coal, oil, and natural gas), and
emissions are calculated from these more disaggregated data.
While oil is divided into a number of petroleum products,
coal is divided into hard coal and brown coal (coke is as-
signed to hard coal), and gas is just natural gas (CEERP, per-
sonal communication, February 2019). This means that both
the non-fuel-use (NFU) shares and the emission factors are
applied at these disaggregated levels. A consequence of this
is that emissions from oil and natural gas should lie close
to the IEA’s estimates, with differences deriving from dif-
ferences in source energy data, while coal might deviate be-
cause of a lower level of disaggregation. The NFU share from
the most recent IEA data year is used in cases where BP data

extend beyond the period of the IEA data (CEERP, personal
communication, February 2019).

Because BP’s dataset is the first to come out with the
previous year’s energy data, growth rates derived from its
data can be used to extend emissions datasets (Myhre et al.,
2009), and this is done by CDIAC, the GCP, EDGAR, and
PRIMAP-hist.

BP’s global emissions estimate is calculated as the sum of
all country estimates.

BP provides no quantitative assessment of uncertainty as-
sociated with its emissions dataset.

5.2 Climate Analysis Indicators Tool (CAIT)

The World Resources Institute (WRI) developed CAIT, col-
lating data from other emissions datasets. The 2015 edition
included 185 countries (WRI, 2015), with emissions by sec-
tor for 1990–2014, and country total emissions for 1850–
2014. A new edition released in December 2019 extended
the time series to 2016 using the same methodology.

For CO2, the IEA’s (International Energy Agency) sectoral
approach emissions estimates are used directly for the 135
countries covered by that dataset, starting from 1971. CDIAC
is used from 1850 to 1970 for all countries – with estimates
prior to 1850 deemed to have insufficient geographic cover-
age – and from 1971 to 2011/2012 for countries not present
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Table 1. Summary of datasets included in this analysis.

Short
Dataset name Version Reference DOI/URL

Global Carbon Project GCP 2019 Friedlingstein et al. (2019) 10.18160/GCP-2019

Energy Information Admin-
istration International Energy
Statistics

EIA 2020 EIA (2020) https://www.eia.gov/international/data/world

International Energy Agency
CO2 Emissions from Fuel
Combustion

IEA 2019 IEA (2019b) https://webstore.iea.org/
co2-emissions-from-fuel-combustion-2019-highlights

BP Statistical Review of World
Energy

BP 2019 BP (2019) https://www.bp.com/en/global/corporate/
energy-economics/statistical-review-of-world-energy.
html

Community Emissions Data
System

CEDS v_2019_12_23 Hoesly et al. (2018) 10.5281/zenodo.3606753

Emissions Database for Global
Atmospheric Research

EDGAR v5.0 Crippa et al. (2019) https://edgar.jrc.ec.europa.eu/overview.php?v=50_
GHG

Annex I Common Reporting
Format

CRF 20-Apr-19 UNFCCC (2019a) https://unfccc.int/process-and-meetings/
transparency-and-reporting/
reporting-and-review-under-the-convention/
greenhouse-gas-inventories-annex-i-parties/
national-inventory-submissions-2019

CDIAC Global, Regional,
and National Fossil-Fuel CO2
Emissions

CDIAC 2019 Gilfillan et al. (2019) https://energy.appstate.edu/research/work-areas/
cdiac-appstate

Potsdam Real-time Integrated
Model for probabilistic Assess-
ment of emissions Paths

PRIMAP-hist 2.1 Gütschow et al. (2019b) 10.5880/PIK.2019.018

in the IEA’s dataset. Because Lesotho’s data in CDIAC be-
gin only in 1990, CAIT uses EIA (US Energy Information
Administration) data for Lesotho for 1980 to 2012. EIA data
are also used for 2012 for all countries for which 2012 was
not present in either IEA or CDIAC data, potentially intro-
ducing discontinuities. EIA data are also used for emissions
from flaring. UNFCCC inventories are not used in the main
dataset because of their limited geographic coverage but are
presented separately.

The WRI refers readers to the underlying data sources for
information on uncertainty and makes no assessment of un-
certainty in their assembled dataset.

5.3 Community Emissions Data System (CEDS)

The Community Emissions Data System (Hoesly et al.,
2018) is intended to be an open-source emissions data pro-
duction system, although the full system requires access to
the IEA’s energy data. It produces annual national, sectoral,
and monthly gridded emissions of a number of greenhouse
gases and pollutants, including CO2. CEDS estimates are to
be used in the sixth round of Coupled Model Intercompari-
son Project Phase 6 (CMIP6) for climate models and were
initially limited to anthropogenic aerosol and aerosol and
ozone precursor compounds (Smith et al., 2015) but have
since expanded. In addition to gridded estimates, CEDS also

produces country-level estimates, which are those discussed
here.

Emissions of CO2 are primarily derived from the IEA’s
World Energy Statistics in physical units, using emission fac-
tors from CDIAC and the EIA. Cement emissions are taken
directly from CDIAC. Estimates for countries for which of-
ficial (or near-official) estimates are available are scaled to
those official estimates during the periods they are available;
this scaling maintains the proportions of any greater sectoral
disaggregation available in the IEA energy data.

Emission factors from CDIAC are applied for coal and nat-
ural gas combustion, from Boden et al. (1995) (and therefore
also Marland and Rotty, 1984; Marland and Boden, 1993).
For China a lower coal oxidation factor was used, based on
specific research there (Liu et al., 2015). For liquid fuels
(heavy, medium, and light oils) and coal coke, emission fac-
tors are taken from the EIA. Emission factors are modified
by fuel-specific fractions oxidised, following CDIAC’s doc-
umented methodology.

CEDS uses an independent estimate of international ma-
rine bunker fuel emissions, combining estimates from sev-
eral sources that have used bottom-up methods based on ship
activity and fuel consumption rather than on reported sales of
bunker fuels. CEDS’ estimates of these emissions in recent
years is more than 50 % higher than those reported by the
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IEA in some years (Fig. S28). There is however the potential
for double counting of emissions here based on the possibly
incorrect assumption that underestimated emissions from in-
ternational marine bunkers means that those emissions are
omitted in other sources, rather than that they are misallo-
cated. See the Supplement for more discussion of bunker fu-
els.

Emissions calculated using IEA energy data are “de-
fault emissions” for 1960/71–2014. These are then scaled to
EDGAR, then to “national inventories” where available, and
then extrapolated historically using CDIAC – with some mi-
nor corrections to CDIAC’s data – and proxy activity data.
For China, the emissions dataset MEIC (Li et al., 2017) is
considered a national inventory and China’s emissions are
scaled to MEIC for the years 2008, 2010, and 2012.

CEDS reports a breakdown of emissions by fuel type at
the global level, but not at the national level, due to rights
restrictions tied to the energy data from the IEA.

CEDS is one of two global CO2 datasets (the other be-
ing EDGAR) that include global estimates of emissions from
all carbonate decomposition, not just cement production, and
thereby covers all fossil carbon sources.

CEDS’ global emissions estimate is calculated as the sum
of all country estimates. The period covered by the dataset is
1750–2014.

Hoesly et al. (2018) discuss uncertainty at some length,
but quantitative estimates of uncertainty have not been com-
pleted yet.

5.4 CDIAC

The emissions dataset of the Carbon Dioxide Information
Analysis Center (CDIAC) at Oak Ridge National Labora-
tory has been widely used, and some aspects of its con-
struction methodology were incorporated into the Tier 1 ap-
proach in the first IPCC Guidelines (Haukås et al., 1997).
The IPCC’s Fifth Assessment Report used CDIAC’s emis-
sions estimates when reporting both long-term and short-
term emissions trends (Ciais et al., 2013).

The dataset has a long heritage (see Sect. 2), and its long
pedigree and long time series with a consistent methodol-
ogy are probably the core reasons the CDIAC dataset remains
widely used.

The CDIAC dataset has been updated annually, with the
most recent release in 2019 with data for 1751–2016. In 2016
it was announced that the US Department of Defense would
be withdrawing funding for CDIAC, throwing the dataset’s
future into doubt, but it has since been taken up again by
Appalachian State University (ASU). The 2018 and 2019 re-
leases were made available on the ASU website (Boden et
al., 2018; Gilfillan et al., 2019), and plans are in place to
continue regular updates in future (Gregg Marland, personal
communication, April 2019).

CDIAC’s estimates are primarily derived from UN energy
data, which in more recent years were in most cases identical

to IEA data, except for the UN’s addition of data for a number
of small countries (see Fig. 1). The emissions data include
estimates in five categories: solid, liquid, gas, cement, and
flaring, with cement emissions derived from USGS cement
production data (USGS, 2020).

Separate methods are used to derive global and national es-
timates, and these methods have evolved since the dataset’s
documenting articles. For global estimates, CDIAC uses en-
ergy production data rather than consumption data based on
the assumption that consumption data are more uncertain be-
cause they rely on more uncertain international trade data.
Through the 2018 edition, global energy production was not
adjusted for stock changes, but in the 2019 edition an ad-
justment for global stock changes was introduced for his-
torical data back to 1992 in light of very high coal stock
changes in 2016 (Gregg Marland, personal communication,
August 2019). A fixed fraction of 6.7 % of liquid fuels is
assumed to be “stored” (not oxidised) following Table 8 of
Marland and Rotty (1984).

For national emissions, apparent gross energy consump-
tion is calculated from production plus imports, minus ex-
ports, minus supply to international bunkers, and adjusted
for changes in stocks. While CDIAC used to use estimates of
oxidation rates for national estimates as well (Marland and
Rotty, 1984), UN data at the national level subsequently im-
proved and non-fuel uses have been removed from national
estimates according to reported data since the 2009 edition
(Dennis Gilfillan, personal communication, January 2020),
but only for liquid fuels. This means that emissions from, for
example, natural gas used as a feedstock in fertiliser produc-
tion are included, but that those from oxidation of, for exam-
ple, petroleum coke used as a chemical reagent may not be.
Originally CDIAC converted national energy data in origi-
nal units for all three fuels directly to emissions using carbon
contents from Table 13 of Marland and Rotty energy contents
for solid fuels as part of their energy data, and these are now
used.

For both global and national emissions estimates, carbon
contents from Table 13 of Marland and Rotty (1984) are used
for gaseous and liquid fuels, while for solid fuels two sepa-
rate carbon contents are used for hard coal and others (Dennis
Gilfillan, personal communication, January 2020).

For cement, production in tonnes from the USGS is mul-
tiplied by 0.136 g C g−1 of cement (Boden et al., 1995). A
number of authors have raised questions about the accu-
racy of CDIAC’s cement emissions estimates, particularly
for China (e.g. Lei, 2012; Ke et al., 2013; Liu et al., 2015).
Andrew (2019) discussed the reasons for this method produc-
ing inflated emissions estimates, and CDIAC is actively pur-
suing solutions (Gregg Marland, personal communication,
August 2019).

Other emissions from decomposition of carbonates are not
included, but EDGAR data indicate that process emissions in
cement production amounted to 78 % and 80 % of global car-
bonate emissions in 2014 and 2018, respectively. Put another
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way, non-cement carbonate emissions make up about 1.3 %
of global fossil CO2 emissions.

According to Marland and Rotty (1984), emissions from
flared natural gas starting in 1971 are calculated from data
provided by the US Department of the Interior and Depart-
ment of Energy, while earlier estimates are taken directly
from Rotty (1974). Rotty (1974) had access to data on flared
gas in the USA from 1935, but for other countries they
used a regression approach based on quantity of oil pro-
duced. CDIAC also assumes that vented natural gas is oxi-
dised within the same calendar year because of a lack of data
separating flared from vented gas (Andres et al., 2012).

Andres et al. (2012) reported uncertainty on global emis-
sions as ±10 % at the 95 % confidence interval or 2 standard
deviations, while this was subsequently updated by Andres
et al. (2014) to ±8.4 % at 95 % or 2σ .

5.5 The Emissions Database for Global Atmospheric
Research (EDGAR)

The Netherlands Environment Agency (PBL) published the
first version of EDGAR in 1995, limited to emissions from
aviation, spatially distributed on a 5◦× 5◦ grid for the year
1990 (Olivier, 1995). Version 2.0 was published the follow-
ing year on a 1◦× 1◦ grid for 1990, with sectoral, grid, and
per-country data (Olivier et al., 1996, 1999).

EDGAR is developed and maintained by the Joint Re-
search Centre of the European Commission, with continued
input by PBL, and is used by the IPCC (e.g. Blanco et al.,
2014). The methodology is fully documented by Janssens-
Maenhout et al. (2019), describing v4.3.2, presenting emis-
sions for 1970–2012.

The EDGAR CO2 emissions database is released in more
than one format, with the fully disaggregated dataset updated
less frequently. A “Fast Track” version is produced every
year, partly using extrapolation based on activity data, and
is released at a much more aggregated level of detail. The
most recently published version at the time of writing was
v5.0_FT2018, used by Crippa et al. (2019), for which the
publicly available version includes total fossil CO2 (fossil
fuels and carbonates) for five sectors, 208 countries, plus
bunker fuels, for 1970–2018. The more complete v5.0 pro-
vides estimates for 35 sectors, 231 countries, plus bunker fu-
els, for 1970–2018; data are not provided by fuel type.

Emissions from fossil fuels are derived using the IPCC
Tier 1 approach according to the 2006 IPCC Guidelines from
the IEA’s energy data (v4.3.2 used the IEA’s 2014 edition,
while v5.0_FT2018 used the 2017 edition), and for this rea-
son they are identical to those in the IEA’s emissions database
in most years, noting that – for reasons of timing and con-
sistency – EDGAR’s release relies on previous years’ en-
ergy data releases from the IEA, and later years are extrapo-
lated using growth rates from BP data (Monica Crippa, per-
sonal communication, January 2020). Carbonate emissions
are largely based on production data from the USGS in ad-

dition to extrapolation using activity data such as crude steel
production (Crippa et al., 2019).

EDGAR is one of two global CO2 datasets (the other be-
ing CEDS) that include global estimates of emissions from
all carbonate decomposition, not just cement production, and
thereby covers all fossil carbon sources.

EDGAR’s global emissions estimate is calculated as the
sum of all country estimates.

EDGAR estimates uncertainty on CO2 emissions by as-
signing 2σ values that vary by country/region and time (Ta-
ble 2b in Janssens-Maenhout et al., 2019), and this is in active
development. Global uncertainty on CO2 emissions, assum-
ing all errors are independent, is calculated to be ±9 % at
2σ .

5.6 US Energy Information Administration (EIA)

The EIA is a US federal statistical agency formed in the wake
of the energy crises of the 1970s to collect and disseminate
energy information (EIA, 2019c). As with BP and the IEA,
its primary concern is with energy, but it thereby has all the
data required to produce estimates of CO2 emissions from
energy consumption. The EIA collects international energy
data directly from a large number of sources (EIA, 2020).

The dataset “Total Carbon Dioxide Emissions from the
Consumption of Energy” is part of their International En-
ergy Statistics (EIA, 2019a). The product was in “beta” from
May 2015 through January 2020, when the beta designation
was removed (EIA, 2020), but it is not clear what update fre-
quency is intended. At time of writing the data covered the
period 1980–2016 for 228 countries and territories.

In the beta version, the EIA’s emissions estimation
methodology was stated to be documented in a 2008 report
(EIA, 2019b), although this document specifically deals with
emissions in the US and makes no mention of international
emissions (EIA, 2008). The documentation of the 2020 ver-
sion of the international dataset at the time of writing is in-
complete but appears also to describe only estimates for the
US, and there appear to be some problems with the dataset
(see Supplement). The EIA is working towards a new process
that will include more transparency and closer links with the
data used in its International Energy Outlook (Perry Lind-
strom, personal communication, March 2019).

The EIA’s international energy dataset does not report non-
fuel uses, so the (beta) methodology for estimating emissions
first adjusts for these. Carbon in natural gas used for manu-
facturing nitrogenous fertiliser is assumed emitted, otherwise
all non-fuel use is assumed to be sequestered. Coke use in
metallurgy is taken to be combusted, rather than a non-fuel
use.

In the beta release, national emissions included bunker fu-
els along with flared natural gas and vented CO2, with emis-
sions from flared gas reported separately. In the new version
released in 2020, emissions from flared natural gas are no
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longer reported separately and are included in the natural gas
emissions category.

The EIA provides no quantitative assessment of uncer-
tainty associated with its emissions dataset.

5.7 Global Carbon Project (GCP)

The GCP is an international collaboration whose main pur-
pose is to understand the global carbon cycle. Since 2005 it
has released a Global Carbon Budget, later to become an an-
nual publication whose release is usually timed to coincide
with the UNFCCC Conference of the Parties, and one com-
ponent of this publication is a fossil CO2 emissions dataset
(Friedlingstein et al., 2019).

The GCP’s fossil CO2 dataset is based primarily on
CDIAC, because of that dataset’s wide use in the carbon-
cycle community for many years. In addition, the GCP pri-
oritises data from the Annex I countries’ inventory reports
to the UNFCCC, overwrites cement emissions from An-
drew (2019), and uses energy growth rates from BP and the
USGS to extend time series where applicable.

Combining inventory data with CDIAC for Annex I coun-
tries (38 % of CO2 global emissions in 2017) introduces
problems of consistency of system boundaries. That which
CDIAC includes as emissions for each fuel category is not
the same as that which the IPCC Guidelines indicate for the
energy sector (see Sect. 5.4). The GCP uses official inven-
tory estimates for national total (all sectors) CO2 emissions
and maps these to CDIAC’s reported system boundaries to
reduce inconsistencies and discontinuities (Friedlingstein et
al., 2019). For example, the GCP’s natural gas estimates in-
clude not only combustion of natural gas but also any use of
natural gas that under CDIAC’s methodology is assumed to
be oxidised in the short term, such as use as a feedstock in
fertiliser manufacture. For liquid fuels, this includes not only
combustion of petroleum products, but also incineration of
plastics, similarly for coal. In addition, the GCP includes an
“other” category for CO2 emissions in the CRF reports that
are outside of CDIAC’s system boundary, such as those in
quicklime production, urea application, and combustion of
peat.

In some cases, the GCP overwrites other CDIAC data,
for example in the case of Norway. In 2019, the GCP used
the previous year’s edition of CDIAC for China and Saudi
Arabia because of apparent problems in the 2019 edition of
CDIAC. Further, in 2019 the GCP recalculated global emis-
sions as the sum of countries’ emissions, rather than using
CDIAC’s global estimates (Friedlingstein et al., 2019).

The GCP’s data period is (in the 2019 edition) from 1750
to 2018, with a global projection to 2019. The dataset is re-
leased annually and available both as an Excel/CSV down-
load and via a web-based interface (Global Carbon Project,
2018). Documentation is updated annually through the “liv-
ing data” process at the journal Earth System Science Data.

The GCP assesses uncertainty on global emissions to be
±10 % at the 95 % / 2σ level, after Andres et al. (2012),
with uncertainty for developed countries at ±10 % and for
developing countries at ±20 % (Friedlingstein et al., 2019).
The GCP reports uncertainties for all components at the
68 % / 1σ level (Friedlingstein et al., 2019).

5.8 International Energy Agency (IEA)

The IEA, established in 1974, is an intergovernmental or-
ganisation whose membership draws from members of the
Organisation for Economic Cooperation and Development
(OECD) (Scott, 1994). The IEA’s data coverage originally
extended only to the OECD countries, and early publica-
tions were continuations of publications made by the OECD
(Scott, 1994), but in 1994 this coverage was expanded (IEA,
2019f) and today it collects energy data for about 150 coun-
tries (Coënt, 2017). Data for remaining countries are ob-
tained from the UN Statistics Division (Francesco Mattion,
personal communication, February 2020).

The IEA currently has about 30 staff dedicated to energy
statistics, works directly and iteratively with national energy
data providers, and partners with regional energy data organ-
isations (Roberta Quadrelli, personal communication, De-
cember 2019).

There are five annual questionnaires that members of the
OECD, EU, and UNECE are obliged to return: one each for
coal, oil, natural gas, electricity and heat, and renewables.
The completed questionnaires are submitted directly to the
IEA, UN, and (if European) Eurostat. For coal, which in-
cludes peat and oil shale/sands, data are submitted in mass
terms along with both net and gross calorific values (NCV
and GCV; energy contents); oil data are submitted in mass
terms along with energy in NCV; natural gas data are sub-
mitted in both volume and energy terms in both NCV and
GCV (IEA, 2019g).

Questionnaire data are supplemented with information di-
rectly from national administrations, and, where necessary,
industry (Coënt, 2017). For all other countries, the “com-
modity balances . . . are based on national energy data of
heterogeneous nature, converted and adapted to fit the IEA
format and methodology” (IEA, 2018b, p. I.17).

The IEA has reported global CO2 emissions since the 1997
release of its “CO2 Emissions from Fuel Combustion” report
(Bamberger, 2004), calculating emissions directly from en-
ergy data in terajoules using (since the 2015 edition) IPCC
2006 Tier 1 methods and default CO2 emission factors from
Table 2.2 of the 2006 guidelines, with both bioenergy com-
bustion and non-energy use resulting in zero emissions. IEA
energy and emissions datasets exclude flaring and venting
(IEA, 2019d, a).

In the 2006 IPCC Guidelines, emissions from “non-energy
uses of fossil fuels” were reallocated to IPPU from the en-
ergy sector (Eggleston, 2008, p. 15). However, some of these
emissions are simultaneously non-energy (i.e. chemical use
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of carbon) and energy use of fossil fuels, for example the use
of coke in iron production. Because of this, and to maintain
consistency with previous work, the IEA includes in its es-
timates of emissions from fuel combustion those emissions
which would be reported under IPPU but which constitute
use of energy. All such emissions occur in the metal produc-
tion industries.

The IEA uses the term flow to describe what happens to
energy products, largely categories of production, transfor-
mation, or use. Flows are presented at different levels of de-
tail in different datasets.

There are three variants of the IEA’s emissions database,
all released annually:

– detailed estimates (IEA, 2019c, a) include emissions
from 1960 (for OECD members, and 1971 for non-
members), 148 countries/35 regions, 47 products, and
41 flows and is a paid service;

– 2006 guidelines (IEA, 2019a) include emissions from
1970 (for OECD members, and 1971 for non-members),
185 countries/regions, 5 products, and 13 flows and is a
paid service;

– CO2 highlights (IEA, 2019b) include emissions from
1971, 143 countries/24 regions, and 6 flows (total fuel
combustion emissions by the sectoral approach, emis-
sions by coal, oil, gas, and emissions from aviation and
marine bunkers). A limited sectoral breakdown is avail-
able for the most recent data year. It is freely available.

The IEA has three main definitions for total emissions
(IEA, 2018c) (see Fig. 2).

– CO2 fuel combustion. This includes both that which
would be included in IPCC category 1A (Energy: Fuel
combustion) and any fuel combustion in IPPU. This is
the IEA’s headline definition.

– CO2 sectoral approach. This includes fuel combustion
only in IPCC category 1A (Energy: Fuel combustion).
This excludes certain emissions in the metals industry.

– CO2 reference approach. This includes fuel combus-
tion calculated using energy supply data. These there-
fore include some fugitive emissions (e.g. from refiner-
ies), in addition to differing by “statistical differences”
(which represent the mismatch between supply-side and
demand-side data). In general the IEA expects their ref-
erence approach emissions to be an overestimate of fuel
combustion emissions (IEA, 2018c).

The process of data harmonisation and training actively
driven by the IEA with its close interaction with national
agencies helps to develop skills and processes, directly ben-
efitting other organisations that collect directly from these
national agencies.

Figure 2. Schematic explanation of the IEA’s emissions estimate
totals. The IEA reports emissions from fuel combustion, using a
reference approach, based on energy supply-side data (production,
trade, stock changes), and a sectoral approach, based on energy
demand-side data (largely sales). The latter is also subdivided be-
tween emissions that fall under the IPCC’s energy sector and those
that fall under the industrial processes and other product use (IPPU)
sector (largely in the metal industry).

The IEA’s global emissions estimate is calculated as the
sum of all country estimates.

The IEA provides no quantitative assessment of uncer-
tainty associated with its emissions dataset.

5.9 PRIMAP-hist

The Potsdam Real-time Integrated Model for probabilistic
Assessment of emissions Paths (PRIMAP) historical emis-
sions dataset (PRIMAP-hist), led by the Potsdam Institute
for Climate Impact Research (PIK), is constructed based
on a prioritisation scheme from other emissions datasets
(Gütschow et al., 2016).

For fossil CO2 emissions, data sources include CDIAC,
EDGAR, BP, and the CRFs for Annex I Parties to the UN-
FCCC. In addition, some emissions for non-Annex I parties
were obtained from the UNFCCC’s “Detailed data by party”
web interface, along with selected biennial update reports.
Unique to this dataset, data from non-Annex I parties’ bi-
ennial update reports (BURs) are included. BURs are PDF-
format reports, and data presentation is highly inconsistent.
Emissions from international marine and aviation bunker fu-
els are not included in PRIMAP-hist.

The dataset breaks down emissions by 17 IPCC sectors (in
addition to aggregates), which are called “categories”.

Version 2.0 was released in January 2019 and includes
emissions for 1850–2016, with updated data sources in ad-
dition to the use of cement emissions from Andrew (2019).
The sector disaggregation is updated to follow the 2006
IPCC Guidelines, and an additional time series is included
that prioritises third-party data over country-reported data
(Gütschow et al., 2019a). Version 2.1 is a minor update, re-
leased in September 2019 (Gütschow et al., 2019b).

PRIMAP-hist includes two variants, which they call “sce-
narios”: “HISTCR” is assembled by giving country-reported
data (e.g. CRF, BUR) priority over data from third parties
(e.g. CDIAC, FAO), while “HISTTP” is the reverse.
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5.10 UNFCCC: CRFs

Since 1996, Annex I parties to the UN Framework Con-
vention on Climate Change (UNFCCC) have been required
to submit emissions inventories for at least the period from
1990 to 2 years before the submission year, following a deci-
sion made at the first Conference of the Parties (COP) (UN-
FCCC, 1995). At the fifth COP in 1999, it was agreed that
Annex I parties would report quantitative inventories in both
electronic form and in hard copy via a detailed Common Re-
porting Format (CRF), due 15 April every year (UNFCCC,
2000), and an Excel tool for this purpose was made available
by the UNFCCC Secretariat in January 2000 (Temertekov et
al., 2003). In 2019, 45 countries submitted, in addition to the
EU’s combined submission, since the EU is also a party to
the UNFCCC in its own right.

At the fifth COP in 1999 it was also agreed that Annex
I Parties’ inventories would be reviewed annually by expert
review teams, primarily a desk-based review, with in-country
reviews every 5 years (UNFCCC, 2000). Inventories are as-
sessed according to five general criteria: transparency, con-
sistency, comparability, completeness, and accuracy (UN-
FCCC, 2014). Activity data are compared with data from
“relevant external authoritative sources” (p. 112, UNFCCC,
2000), which include the International Energy Agency, Food
and Agriculture Organization of the United Nations, World
Bank, Montreal Protocol, and UN Statistical Division (Ols-
son, 2008).

CRF data files are generated using software developed by
the UNFCCC Secretariat following the structure presented
by the IPCC Guidelines (see Sect. 4) but are in a relatively
poor format for comprehensive analysis, with the 2019 edi-
tion’s dataset spread over 132 050 spreadsheets in 1390 sep-
arate Excel files (UNFCCC, 2019c). However, Jeffery et
al. (2018) have produced a flat-record format dataset from
the Excel files, updated by Gütschow et al. (2020), and data
available through the UNFCCC’s online “detailed data by
party” interface (UNFCCC, 2019d) have been re-packaged in
machine-readable format by Gieseke and Gütschow (2020),
facilitating more widespread analysis. Revised inventories
are typically submitted several times through the year as cor-
rections are made. Revisions from year to year of histori-
cal estimates do sometimes result in significant changes (see
Supplement).

Energy emissions are estimated using a bottom-up,
demand-side, energy consumption approach, called the sec-
toral approach. In addition, a reference approach, using
coarser, national-level, supply-side data, is used to produce a
cross check. The reference approach serves as a quality check
using somewhat independent data and a simplified method-
ology. Parties are required to compare the two approaches
in their inventory report (UNFCCC, 2014). In countries that
take part in the EU Emissions Trading System (ETS), con-
siderable data are sourced from detailed company-level ETS
reporting.

Non-Annex I parties (parties to the UNFCCC that are not
listed in Annex I of the convention treaty text) are requested
to submit national communications (NCs) and biennial up-
date reports (BURs), for which the requirements are less
stringent than the CRF. In particular, most of these reports
do not include time series of emissions, but rather a single
year.

Each Annex I party estimates uncertainties associated with
each emissions estimate, and aggregated uncertainties for to-
tals, following the uncertainty guidelines provided by the
IPCC (Frey et al., 2006).

Henceforth in this work I will analyse Annex I emissions
inventories and refer to them as “CRF”.

5.11 Other datasets

5.11.1 HYDE

The IMAGE 2 “hundred year” (1890–1990) database of the
global environment included historical CO2 emissions for 13
regions (Klein Goldewijk and Battjes, 1995, 1997), but the
CO2 data are no longer updated (Kees Klein Goldewijk, per-
sonal communication, February 2019). It calculated emis-
sions for 1860–1949 directly from energy production data
(Etemad and Luciani, 1991). HYDE’s documentation makes
no mention of adjusting for energy trade, which Etemad and
Luciani (1991) did not include. For the period 1950–1990
emissions were taken directly from Marland et al. (1994).

5.11.2 MATCH

The Modelling and Assessment of Contributions to Climate
Change (MATCH) expert group was established by the UN-
FCCC in 2001 to generate a historical emissions time series
in the wake of Brazil’s proposal to include historical emis-
sions in negotiations (Höhne et al., 2011; MATCH, 2019).
It was updated by den Elzen et al. (2013) with data from
EDGAR but is no longer updated.

The dataset included emissions from energy and industry
(CO2, CH4, N2O), agriculture and waste (CH4, N2O), and
land-use change and forestry (CO2). Emissions were collated
from other datasets with the following order of prioritisation:

– UNFCCC submissions (Annex I: 1990–2004, Non-
Annex I: 1994 and earlier where available);

– IEA CO2 from fuel combustion 1970–2004 + cement
emissions from CDIAC;

– US EPA 1990–2005 for CH4 and N2O;

– CDIAC 1751–2003;

– EDGAR/HYDE 1890–1990, all sectors, 17 regions;

– MNP/RIVM IMAGE 2.2: 1970–2100, all gases, all sec-
tors, 17 regions.
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Table 2. Comparison of some important general characteristics of nine emissions datasets, with green indicating a characteristic that might
be considered a strength. The partial use of IPCC default emissions factors by UNFCCC CRFs is considered a strength because when default
factors are not used more accurate country-specific factors are used.

5.11.3 Summary of selected datasets

Table 2 provides an overview of some general characteristics
of nine emissions datasets. Primary source indicates whether
or not the dataset relies on other emissions datasets at all
or whether all emissions are entirely derived from activity
data; “Reports bunkers separately” refers to whether emis-
sions from international bunker fuels are explicitly reported
or included in totals; “By fuel type” indicates whether the
dataset publicly reports a breakdown by fuel type (e.g. solid,
liquid, gas).

6 Comparison of emissions datasets

In this section I turn to a quantitative comparison of the ma-
jor datasets reported above and exploration of the specific
reasons for those differences. Data used to generate Figs. 3–
18 are available at https://doi.org/10.5281/zenodo.3687042
(Andrew, 2020).

6.1 Global emissions

Total global CO2 emissions across the datasets range from
32.4 to 36.3 Gt in 2014, the most recent year for which all
datasets are represented (Fig. 3). But these datasets have

varying system boundaries beyond the energy sector, with
inclusion of carbonate emissions varying from none to all
and inclusion of non-energy fossil fuel emissions varying
from some to all. In addition, three datasets include the small
amounts of CO2 emitted in the agriculture sector.

By selecting subsets of data, it is possible to bring the sys-
tem boundaries closer together (Fig. 4). This reconciliation
is limited by the breakdowns available in each dataset: with
CDIAC and the GCP, cement emissions are removed; with
EDGAR, CEDS, and PRIMAP-hist, IPCC sectors 1, 2B, 2C,
2D, and 2H are selected2; and BP, the IEA, and the EIA do
not permit further adjustment. But with this adjustment to
more similar system boundaries, the datasets range in 2014
from 32.4 to 34.2 Gt, with the EIA being a clear outlier at
35.4 Gt. Thus, the range of these emissions estimates de-
clines from 3.9 to 3.0 Gt, or considerably further to 1.7 Gt
if the EIA is considered an outlier.

To explore these differences in detail, Fig. 5 compares
global emissions in the year 2014 by fuel type across those
datasets that provide such a breakdown, in addition to more
aggregated emissions from BP and EDGAR. For BP, the

2Sector 2A includes only emissions from carbonate decomposi-
tion, and sectors 2E, 2F, and 2G include only non-CO2 emissions;
2H was only present in CEDS and PRIMAP-hist.
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Figure 3. Annual global CO2 emissions from various sources: total emissions. Sources: see Table 1.

Figure 4. Annual global CO2 emissions from various sources using similar system boundaries.

method description allows for emissions from natural gas
to be calculated from BP’s energy data, but the data for
solid and liquid fuels are insufficiently disaggregated to allow
replication of BP’s emissions calculation method for those
fuels. The year 2014 is chosen to maximise the number of
datasets that can be compared. Fugitive emissions are those
from venting of CO2 and flaring of methane.

For solid fuels, emissions from CDIAC, the GCP, and the
IEA agree to within 0.2 Gt, but the EIA’s are substantially
higher, requiring further investigation (Sect. 6.1.1). CEDS’
emissions from solid fuels are very low as a result of this
dataset only including energy emissions in the breakdown by
fuel type: process emissions such as use of coal in the iron
and steel industry are included in others. The sum of solid-

and liquid-fuel emissions in BP is similar to those of CDIAC,
the GCP, and the IEA.

There is a large spread of about 1.1 Gt in emissions from
liquid fuels, from 10.9 Gt in the IEA to 12.0 Gt in the EIA and
CDIAC. CDIAC and the GCP are expected to have higher
emissions in liquid fuels than the IEA because they include
additional emissions from liquid fuels not used as energy
sources, but the GCP sources some emissions from Annex
I parties’ official reports: for Annex I countries, emissions
from liquid fuels are about 360 Mt CO2 higher in the CRFs
than in the IEA, and the GCP’s reallocation of emissions in
Annex 1 countries’ IPPU sector to liquid fuels contributes
about a further 210 Mt (Fig. 7). CDIAC uses energy produc-
tion data to estimate global emissions, and these are higher
than energy consumption data because of statistical differ-
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Figure 5. Comparison of global CO2 emissions for the year 2014
from seven datasets, broken down by fuel type. BP and EDGAR do
not report emissions by fuel type.

ences, particularly in liquid fuels, where the sum of CDIAC’s
country-level estimates comes to 10.4 Gt CO2 in 2014, much
lower than its global estimate of 12.0 Gt.

Emissions from natural gas range from 6.3 Gt in BP to
7.0 Gt in the EIA. The somewhat higher emissions in the
EIA, CDIAC, and the GCP result from inclusion of eventual
emissions from use of fertilisers derived from natural gas,
and possibly other feedstock uses of natural gas that result in
CO2 emissions. The EIA also includes flared (fugitive) nat-
ural gas emissions in its natural gas category, contributing
about 0.2 Gt.

CDIAC includes only cement emissions in carbonates, but
according to Andrew (2019), these are inflated. Since CEDS
uses cement emissions estimates directly from CDIAC, these
are also inflated, and its others category also includes oxi-
dation of all fossil fuels used as feedstocks. EDGAR’s v5.0
release introduced an error in cement emissions, uninten-
tionally inflating them by more than 20 % for the years
2016–2018 (Jos Olivier, personal communication, December
2019). BP, the EIA, and the IEA do not include emissions
from carbonates.

6.1.1 Underlying energy data

All CO2 emissions estimates are ultimately largely derived
from energy data, and this is therefore a key potential source
of deviation. It is also a large potential source of uncertainty,
relying as it does on national administrations to report cor-
rectly.

Figure 6 compares global energy consumption from three
energy datasets (IEA, BP, EIA), demonstrating general co-
herence but with some deviations. These three datasets are
used to estimate emissions by BP, the EIA, CEDS, EDGAR,
and the IEA (see Fig. 1). CDIAC and the GCP rely on UN
energy data, which are likely to be very similar to IEA energy
data but are not freely available.

To make the three datasets comparable, it was neces-
sary to convert them all to the same units, exajoules of net
calorific value (NCV). The EIA presents all its energy data
in gross calorific value terms (also known as the higher heat-
ing value), and to convert to NCV I use the three simple fac-
tors suggested by the IPCC: coal 0.95, oil 0.95, and gas 0.90
(Eggleston et al., 2006).

The figure shows a significant deviation of the EIA’s coal
energy data after 2010 from the other two sources here and
something of a diverging oil trend between the three after
about 2005.

BP’s oil consumption numbers lie slightly below those of
the IEA and EIA over recent years.

Further analysis shows that the reason for the significant
divergence in coal consumption between EIA and the other
two sources here is largely in China and appears to result
from a difference in treatment of the waste products from
washing of coal, which are assumed to have zero energy con-
tent by both the IEA and China’s National Bureau of Statis-
tics, but not by the EIA (see Supplement for a full analysis).
In 2012, the EIA’s reported coal consumption for China is
9.1 EJ (11 %) higher than the IEA’s, contributing directly to
the EIA’s estimate of global emissions from solid fuels being
1.5 Gt CO2 higher in that year.

6.2 Annex 1 countries

The Annex I parties to the UNFCCC contribute about 40 %
of global fossil CO2 emissions, and they all submit official
estimates of territorial emissions (Sect. 5.10), allowing com-
parison of official estimates with third-party estimates. Here
I compare the emissions datasets for 38 of these countries,
allowing inclusion of eight datasets in the comparison.

The official estimates (CRF) indicate total emissions of
14.0 Gt CO2 in these 38 Annex I countries, excluding emis-
sions from international bunker fuels (Fig. 7). The CRF oth-
ers category here includes all carbonate emissions as well as
non-energy uses of fossil fuels. The GCP’s total matches the
CRF total exactly, by design. The totals from EDGAR and
the EIA are also very close, although the EIA’s estimate ex-
cludes emissions from carbonates. EDGAR has almost the
same system boundary as the CRFs.

Emissions from solid fuels range between 4.1 Gt in CRF
and 4.4 Gt in the GCP. The GCP reallocates some of CRF’s
others emissions back to their original fossil fuels. Both
CDIAC and the IEA also include some non-energy emissions
in this category, for example from the use of coking coal in
the iron and steel industries.

The spread for liquid-fuel emissions is much higher, at
1.1 Gt CO2, with the EIA’s estimate 24 % higher than the
IEA’s. About 0.5 Gt of this may be because the EIA in-
cludes bunker fuels in with liquid fuels, and this approxi-
mately matches the difference between the EIA and GCP.
The GCP takes CRF estimates and reallocates them, which
added about 0.2 Gt to liquid-fuel emissions in this manner.
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Figure 6. Global energy consumption estimates from three sources. The EIA reports energy production in gross calorific value (GCV), and
this has been converted to net calorific value (NCV) using the standard factors of 0.9 for natural gas and 0.95 for oil and coal.

Figure 7. Comparison of fossil CO2 emissions in most Annex 1
countries for the year 2014 from eight datasets. Smaller emitters
(Cyprus, Israel, Liechtenstein, Malta) are excluded to increase the
number of datasets in the comparison.

The IEA’s estimate is over 0.3 Gt lower than the official
CRF estimates, more than might be expected, and Sect. 6.3
demonstrates that this is largely a difference in estimates for
the USA.

Emissions from gaseous fuels range from 3.7 Gt CO2 to
almost 4.0 Gt. Much of this is a result of the inclusion of
emissions from feedstock uses of natural gas, known to be
the case in CDIAC, the GCP, and the EIA. Further, the EIA
includes fugitive emissions from the flaring of natural gas;
the IEA does not include fugitive emissions.

The datasets generally show consistent trends in recent
years (Fig. S30).

6.3 USA

Figure 8 compares emissions estimates across eight datasets
for the year 2014. Total emissions vary here from 5.0 Gt in
CEDS and the IEA to 5.6 Gt in CRF and the GCP. It is sur-
prising that CEDS’ estimate is so similar to the IEA’s, given
that CEDS includes all emissions sources while the IEA does
not, and also given that CEDS uses the IEA’s energy data as
a primary source, but CEDS does not provide a fuel break-
down at the country level, hindering further investigation.
The CRF, GCP, CEDS, and EDGAR all include all emis-
sions sources but vary considerably in their total emissions
estimates. BP and the EIA both exclude emissions from de-
composition of carbonates and fugitive sources.

Emissions estimates from solid fuels vary by about 80 Mt,
or about 5 %, indicating relatively good agreement between
the datasets. The GCP’s estimate is highest, a result of map-
ping some process emissions in IPPU back to the coal used
as a feedstock.

However, emissions estimates from liquid fuels vary by
about 350 Mt, or more than 15 %. According to the avail-
able documentation, the EIA’s estimate includes bunker fu-
els, which in the CRF are about 100 Mt. With or without
bunker fuels, there is a large gap between the estimates from
the EIA, GCP, and CRF and those from CDIAC and, partic-
ularly, the IEA. Liquid-fuel emissions in the GCP are higher
than those in the CRF because of reallocation of some IPPU
(others) emissions to primary fuels, but in the case of the
US this makes a difference of only 1 %. CDIAC’s underlying
energy data should be similar to the IEA data, but CDIAC
uses different emission factors. The divergence in estimates
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Figure 8. Comparison of CO2 emissions estimates in the USA from
eight datasets, 2014.

Figure 9. Comparison of emissions estimates for the USA from the
IEA and UNFCCC.

of emissions from liquid fuels is significant and this warrants
further investigation.

Estimates of emissions from gaseous fuels vary by about
50 Mt, or 4 %, and part of this is because of the reallocation
of the use of natural gas as a feedstock from IPPU back to
the gas, known to be the case with both the GCP and CDIAC
and also thought to be the case with the EIA.

The datasets generally show consistent trends in recent
years (Fig. S31).

Figure 9 compares the sectoral approach estimates from
the CRF and the IEA, showing a significant gap between the
estimates from liquid fuels. The gap varies over time, and
reaches almost 300 Mt, or 15 %, in later years.

Natural gas emissions are usually well estimated in all
datasets because they usually describe a single energy prod-
uct, and because energy content exhibits limited regional
variation. Oil products, in contrast, are highly variable, with
significant variation in energy contents.

Figure 10 focusses on emissions from US consumption of
liquid fuels, comparing estimates from the EIA and IEA with

those in the CRF (by the US EPA, who submits the CRF).
Clearly the approach used (sectoral vs. reference) has little to
say in the differences between data sources. The gap between
the two reference approach estimates is about 200 Mt CO2 in
later years, and between the sectoral approach estimates it is
about 300 Mt, as noted above.

Initial analysis (not shown here) indicates several potential
reasons for this gap.

– The EPA’s use of US-specific emissions factors rather
than IPCC default factors adds about 20 Mt CO2.

– Inclusion of additional overseas territories in the CRF
could add up to 20 Mt CO2, and this is probably largely
limited to liquid fuels.

– The EPA’s imports of crude oil appear to be 2 %–3 %
higher than those reported by the IEA in energy units.
This is probably due to classification methods, such that
imports of some commodities are included or excluded
in the two datasets as crude oil.

– Different energy contents and densities for products are
used: the EIA reports most liquid-fuel data only in vol-
umetric units.

– Mapping from the EIA’s product categories to cate-
gories used for emission factors appears to be different.
For example, the EIA oil product motor gasoline blend-
ing components is mapped to other liquids by the EPA
but to motor gasoline by the IEA, and these two prod-
ucts have both different energy contents and different
emission factors.

Further resolution of this gap would be possible knowing
the conversion factors used by the IEA from the EIA’s phys-
ical units to energy units, but these were not available.

6.4 European Union

For the combined 28 members of the European Union, to-
tal CO2 emissions vary across the datasets from 3.2 Gt in the
IEA to 3.7 Gt in the EIA, a range of about 15 % (Fig. 11).
However, the EIA is known to include at least some bunker
fuels, significantly increasing its estimate of emissions from
liquid fuels; BP also includes bunker fuels in its estimates.
Looking only at the datasets that include all sources of CO2
emissions, but exclude bunker fuels (i.e. CEDS, EDGAR,
GCP, CRF), these exhibit a much smaller range from 3.4 to
3.5 Gt. While the total of the GCP is by design equal to that
of CRF, and therefore does not provide additional informa-
tion, the estimates by CEDS and EDGAR are independent
and lie very close to the CRF total.

When looking at total emissions from fossil fuel combus-
tion, those in the IEA, CDIAC, and CRF are very close, vary-
ing by only 41 Mt out of about 3.1 Gt. As noted previously,
the GCP’s estimates by fossil fuels are larger because they

https://doi.org/10.5194/essd-12-1437-2020 Earth Syst. Sci. Data, 12, 1437–1465, 2020



1454 R. M. Andrew: A comparison of fossil CO2 estimates

Figure 10. Comparison of estimates for CO2 emissions from US liquid fuels, from the EIA, CRF (EPA), and the IEA.

reallocate some IPPU emissions sources back to fuel cat-
egories. The “all fuels” totals for CEDS and EDGAR are
all emissions deriving from fossil fuels, in both energy and
IPPU, and these totals are very similar to those in the GCP.

Emissions from both solid and gaseous fuels are very sim-
ilar across datasets. Solid-fuel combustion emissions esti-
mates (excluding the GCP) vary by only 26 Mt, about 2.5 %.
Gas fuel combustion estimates vary by 40 Mt, about 5 %,
with CDIAC, the GCP, and the EIA all known to include on-
farm emissions from fertilisers made from natural gas, ex-
cluded by the IEA and CRF from fuel emissions (the IEA
excludes these entirely, while CRF reports these in the agri-
culture sector, in the figure included with others).

The variation in emissions from liquid fuels is much larger.
However, in the case of the GCP this is a result of the real-
location of IPPU emissions to liquid fuels, and in the case of
the EIA there are bunker fuels included, increasing both esti-
mates. Where these factors do not occur, in the IEA, CDIAC,
and CRF, the range of emissions from liquid fuels is only
53 Mt, about 4 %.

There is substantially higher agreement across datasets for
the EU than for the USA. One possible explanation for this
is that the data methods used by EU members states lie very
close to those used by the IEA, a result of inter-country col-
laboration leading to learning and standardisation of meth-
ods, coordinated via regular reporting to the European En-
vironment Agency (EEA). This includes the use of common
units of measurement, such that no third party need make as-
sumptions about energy contents of different fuel types. As
a result, the underlying energy data used by each emissions
dataset are much more uniform than those used in generating
US emissions estimates.

The differences between datasets in 2014 are consistent
across time, apart from the EIA, which has diverged since
2006, as shown in Fig. S32.

Figure 11. Comparison of fossil CO2 emissions from eight sources
for the European Union (28 members).

6.5 China

China is not an Annex I party to the UNFCCC, and therefore
it has different reporting lines and requirements. Furthermore
as an emerging economy China is expected to have less in-
stitutional experience and capacity in national statistics. It
also has a very large population and a rapidly developing and
changing economic structure, making the collection of accu-
rate statistics across millions of enterprises a significant chal-
lenge (Korsbakken et al., 2016). China does not report annual
emissions but has commenced biennial reporting to the UN-
FCCC, each report for a single year. In lieu of a CRF, here I
compare the global datasets with the official second biennial
update report (BUR) from China, which presents estimates
for the year 2014 (Anonymous, 2018).

At first glance there is substantial variation in estimates
from different datasets, with total CO2 emissions ranging
from 9.2 to 10.8 Gt, a variation of about 15 %. There are two

Earth Syst. Sci. Data, 12, 1437–1465, 2020 https://doi.org/10.5194/essd-12-1437-2020



R. M. Andrew: A comparison of fossil CO2 estimates 1455

main reasons for this large variation. The first is that the EIA’s
emissions from solid fuels are significantly larger than other
datasets, as was discussed in Sect. 6.1.1, with further details
given in the Supplement. The second is that China has very
large emissions from sources other than combustion of fos-
sil fuels, and system boundary differences therefore explain
most of the difference between the lower estimates (BP and
the IEA) and the higher estimates.

When looking at total emissions from fossil fuels, and
excluding the EIA, the estimates vary much less. The total
emissions from CEDS and CDIAC are very similar to those
in the BUR, with EDGAR somewhat higher and the GCP a
little lower. The GCP’s fossil fuel emissions here are by def-
inition identical to CDIAC, so their similarity does not tell
us anything about independent consistency across datasets,
but it uses an independent lower estimate of emissions from
cement production. While CDIAC’s fossil fuel emissions are
very similar to the fuel emissions reported in the BUR, the
BUR’s others emissions here include about 410 Mt from non-
energy use of fossil fuels. Moreover, CDIAC excludes emis-
sions from decomposition of carbonates outside of cement
production, which have been estimated to be about 450 Mt in
2014 (Cui et al., 2019). Both CDIAC and CEDS use what are
thought to be inflated estimates of China’s cement emissions
(see Sect. 5.4), but their emissions sources other than fossil
fuels are perhaps coincidentally very similar to those in the
BUR.

There are only two estimates of emissions from coal, again
excluding the EIA: 7425 Mt from CDIAC and 7591 Mt from
the IEA, a difference of 166 Mt, or about 2 %. For liquid fu-
els, the estimates range from 1173 Mt in the IEA to 1500 Mt
in the EIA, and it is unclear why the EIA estimate is so high.
Reported bunker fuels are surprisingly small in China, given
the size of its international trade. The BUR reports emissions
of only 51 Mt CO2 (Anonymous, 2018), insufficient to ex-
plain the EIA’s high liquid-fuel emissions. For natural gas,
estimates range from 291 Mt in BP to 355 Mt in the EIA.

The absolute range of estimates has grown as emissions
have grown, and there are some considerable differences in
trend in some recent years (Fig. S33).

6.6 Other illustrative cases

Here I present several cases to compare datasets and explore
the specific reasons for differences between estimates. For
this I use estimates broken down by major fuel category. As
before, the year 2014 is chosen to maximise the number of
datasets in the comparison.

6.6.1 BENELUX

The BENELUX group of countries consists of Belgium, the
Netherlands, and Luxembourg (Fig. 13). For emissions from
solid fuels, the datasets agree well, with a maximum variation
of 8 % around the median. The outlier is the GCP, which re-

Figure 12. Comparison of fossil CO2 emissions from seven sources
for China.

assigns some of the others emissions from the CRFs to solid
fuels. For liquid fuels there are much larger variations, no-
tably the very high estimate presented by BP, a direct result
of this dataset’s inclusion of bunker fuels (about 77 Mt) in
liquid fuels. The EIA’s new (2020) dataset does not appear
to include bunker fuels for the Netherlands in 2014 but does
for other years (see Fig. S26). Even so, the EIA’s estimate for
liquid fuels is very high compared to liquid fuels in the other
datasets. Among the other datasets, the GCP is about 9 %
higher than the CRFs, again because of reassignment of some
others to the source fossil fuel. For emissions from gaseous
fuels, one can see more of the consequences of these differ-
ent mappings, but in addition the mapping of emissions from
natural gas used in production of artificial fertilisers mapped
to gas emissions for the EIA, CDIAC, and GCP, but to others
in the CRFs, and absent in both BP and the IEA. The IEA has
low others emissions because these include only emissions
from the use of fossil fuels as reagents in the iron and steel
industry, while CDIAC’s low others emissions include only
process emissions from cement production. EDGAR and the
CRFs include all non-energy emissions in others, while the
GCP includes only emissions from carbonates (including ce-
ment production) and maps other process emissions back to
the fossil fuel sources. The GCP’s total emissions are by
design equal to those in the CRF, while EDGAR’s use of
bottom-up data gives a very close match to the CRF total.
CDIAC’s total is also very close in this example to the CRF,
and the IEA is slightly lower because of its slightly smaller
system boundary, particularly its exclusion of emissions from
carbonates. EDGAR does not report country-level emissions
from bunker fuels.

6.7 Estonia

The next example is for Estonia (Fig. 14). For solid fuels
there are significant differences, with both CEDS and the
EIA having very low estimates. Estonia uses oil shale, an
energy-rich sedimentary rock, for about 70 % of its primary
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Figure 13. Comparison of fossil CO2 emissions from seven sources
for the Netherlands, Belgium, and Luxembourg.

Figure 14. Comparison of fossil CO2 emissions from seven sources
for Estonia.

energy supply, and according to the CRF its combustion con-
tributed about 90 % of energy emissions in 2017. IEA energy
data indicate that about two-thirds of solid oil shale is used
directly to produce electricity, with the remainder converted
to liquid and gaseous fuels (IEA, 2019e). The EIA does not
include oil shale in its energy or emissions data for Estonia,
resulting in a very low estimate of total emissions.

6.7.1 Iceland

Iceland has a large metal production industry, resulting in
large industrial process emissions from the decomposition of
carbon anodes in aluminium production as well as emissions
in iron and steel production, and the CRF indicates that these
make up almost half of Iceland’s total CO2 emissions in 2016
(Fig. 15). Non-energy emissions from aluminium production
are excluded from the system boundaries of the IEA, CDIAC,
BP, and the EIA, resulting in substantially lower total emis-
sions from these datasets (BP does not present data for Ice-
land, so is not shown on the chart). The GCP reassigns these

Figure 15. Comparison of fossil CO2 emissions from six sources
for Iceland.

emissions in the aluminium industry to liquid and solid on
the assumption that the carbon used to make the anodes is
sourced 20 % from coal and 80 % from petroleum coke. The
EIA, again, includes bunker fuels in their estimate of emis-
sions from liquid fuels, in the case of Iceland having a sub-
stantial effect on total emissions. The fugitive emissions indi-
cated in the CRF are replicated in the GCP, but not present in
other datasets, and this is because these emissions are from
geothermal energy generation, which is not included in the
other datasets. For example, EDGAR’s estimates of fugitive
emissions appear to be based only on fossil fuel production
(Janssens-Maenhout et al., 2019).

6.7.2 Norway

Norway produces both oil and natural gas – about 90 % of
which are exported – and also has a significant metal in-
dustry. CDIAC’s estimates for emissions from liquid fuels
are particularly high, a result of its method being based on
the reference approach, calculating apparent consumption
from production, net imports, and stock changes, rather than
using reported energy consumption. Norway’s official esti-
mates using the reference approach and sectoral approach
differ by as much as 45 % (Miljødirektoratet, 2019). Nor-
way has repeatedly been asked by the expert review team
(ERT) to explain this difference (UNFCCC, 2019a) and has
worked since 2011 to reduce the inconsistency. As stated by
the IPCC in its guidelines, “for countries that produce and
export large amounts of fuel, the uncertainty on the resid-
ual supply may be significant and could affect the reference
approach” (p. 6.13, Treanton et al., 2006a). That the EIA’s
estimate of liquid-fuel emissions is so close to those from
CDIAC strongly suggests that the EIA has also based their
estimate on apparent consumption, something that is not doc-
umented. The IEA’s reported emissions from solid fuels in-
clude use of coal as a feedstock in the iron and steel indus-
try, which the CRF reports under IPPU (here others). BP’s

Earth Syst. Sci. Data, 12, 1437–1465, 2020 https://doi.org/10.5194/essd-12-1437-2020



R. M. Andrew: A comparison of fossil CO2 estimates 1457

Figure 16. Comparison of fossil CO2 emissions from eight sources
for Norway.

Figure 17. Comparison of fossil CO2 emissions from seven sources
for Nigeria.

lower emissions estimate for natural gas results directly from
a lower estimate of natural gas consumption, the reason for
which is unclear.

6.7.3 Nigeria

For Nigeria, there are substantial differences between
datasets. Both CEDS and EDGAR have much lower emis-
sions from fuel combustion than the other datasets, and this
is because they have used an earlier energy data source, as
shown by the addition of the 2017 edition of the IEA’s emis-
sions dataset for this comparison. Liquid-fuel consumption
data have since been revised significantly upward.

The EIA’s emissions from natural gas are much higher
than in other datasets due to the inclusion of flaring in natu-
ral gas, which for Nigeria makes a substantial difference, and
the EIA’s natural gas emissions here are very similar to the
total of gas and fugitive emissions in CDIAC.

Figure 18. Difference of cumulative global CO2 emissions from
various datasets from those of CDIAC, starting in 1850.

7 Cumulative global emissions

It has been shown that for cumulative global emissions up
to 6000 Gt CO2, global temperature rise can be expected to
be approximately linearly related to cumulative emissions,
while cumulative emissions since 1850 are on the order
of 2400 Gt CO2, including emissions from land-use change
(Friedlingstein et al., 2019; Matthews et al., 2009; Allen et
al., 2009; IPCC, 2014). This has been used to determine so-
called “carbon budgets”, i.e. the total cumulative CO2 emis-
sions corresponding to specific temperature targets, such as
2 ◦C (Rogelj et al., 2016). For this it is clearly important to
have reliable estimates of cumulative global CO2 emissions.

Figure 18 shows the cumulative difference between global
fossil carbon emissions for PRIMAP, CEDS, and the GCP
compared with CDIAC; these are the four emissions datasets
that have long time series. I compare with CDIAC because
that is the longest standing global emissions dataset and is
used by the IPCC to report cumulative emissions (Stocker
et al., 2013), without suggesting that it is more accurate than
the other datasets here. The differences between the GCP and
CDIAC are relatively small, never more than 10 Gt, and re-
sult partly from the GCP’s calculation of global emissions
as the sum of countries’ emissions while CDIAC uses an in-
dependent global production method. CEDS deviates much
more, reaching a peak of about 40 Gt cumulative difference
in recent years. This is partly explained by higher estimates
for emissions from bunker fuels, but also emissions in Eu-
rope are higher in CEDS for 1960–1990, for reasons that are
unclear. PRIMAP, whose emissions prior to about 1970 are
reported to be based largely on CDIAC, nevertheless diverges
strongly from CDIAC’s cumulative emissions, reaching a
peak of almost 75 Gt cumulative difference. This amounts to
about 5.1 % more CO2 over this period.
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8 Discussion

In this article I have discussed the historical development of
estimating global CO2 emissions and summarised the meth-
ods used by the most important current datasets. Given the
complexity of the methodologies and source datasets in-
volved, with subtle but important differences, it is unsurpris-
ing that documentation in some cases is difficult to follow. In
addition, some methods have changed since documentation
was published, including that of CDIAC. There is certainly
room for improvement in describing the methods and data
sources used for construction of emissions estimates.

All emissions datasets build from data on energy and other
activities, such as cement production, but it is emissions from
fossil fuels and therefore energy data that are most important.
There are several major energy datasets with global cover-
age: the IEA, the EIA, BP, and the UN. While some differ-
ences in emissions datasets are due to the use of different
energy datasets, different processing methods can result in
different emissions estimates even when emissions datasets
rely on the same underlying energy data.

Fundamentally, energy datasets are not independent, with
all relying on the same underlying energy data in physical
units reported by national agencies, with few exceptions.
However, differences in interpreting these data, converting
to the energy units required for estimating CO2 emissions,
emissions factors used, and of course errors, all result in dif-
ferent emissions estimates.

An additional core reason for differing emissions esti-
mates is simply the coverage of the dataset, whether geo-
graphic coverage or type of emitting activity. Some datasets
do not include emissions from the decomposition of fossil
carbonates, such as in the production of cement, while others
include international bunker fuels in national estimates. The
inclusion of emissions from non-energy uses of fossil fuels
also varies across datasets.

Close comparison of emissions datasets in this article re-
vealed that estimates of global emissions vary considerably
less when they are adjusted to match a common system
boundary: which emissions sources are included. Exclud-
ing the apparently overestimated estimates from the EIA,
and making the best efforts to harmonise system boundaries,
global emissions in 2014 varied by 1.7 Gt CO2 (about 5 %),
and in that comparison residual system boundary differences
remained. The simple range of total emissions across datasets
is therefore a poor measure of uncertainty. Many of the dif-
ferences between datasets can be explained from the meth-
ods used, the approaches used to allocate to categories, and
known system boundaries, and these can make substantial
differences between datasets for specific countries, as was
shown in the cases of the BENELUX countries, Iceland, Es-
tonia, Norway, and Nigeria.

That said, some discrepancies were found, such as the
EIA’s apparent overestimate of China’s consumption of coal
energy, and the sizable differences between estimates of US

emissions could not be fully explained. Emissions and energy
datasets are complex, and errors are bound to occur, requir-
ing careful checks and comparison with other datasets.

Of the three large emitters investigated here (USA, EU,
China), estimates of the European Union’s emissions varied
the least, after known differences in coverage were accounted
for. It is expected that this results from the considerable effort
put into energy and emissions statistics in the EU, combined
with close collaboration both between countries and with the
EEA and IEA. The EU’s Emissions Trading System also acts
as a valuable data source.

In contrast, the large discrepancies in estimates of emis-
sions from liquid fuels in the USA warrant further investiga-
tion beyond what was possible in this article. The reporting
of energy in physical units and use of gross calorific values
rather than net calorific values, among other things, hamper
a quantitative comparison between datasets.

For China there was relatively good agreement between
datasets for emissions from fossil fuels, apart from the EIA,
mentioned earlier. While there is good agreement, revisions
have previously led to substantial changes in all datasets.
This problem is not limited to China, though, as the exam-
ple of Nigeria showed.

Little effort has been put into creating independent esti-
mates of emissions prior to 1950, with only two examples
known, and no previous comparison of these two was found
in the literature. Two examples of potentially overestimated
emissions in the early 20th century were highlighted. Given
the global carbon imbalance in the middle of the 20th cen-
tury, further investigation of emissions estimates in this pe-
riod is warranted.

Cumulative emissions are important for climate modelling
and comparisons with remaining carbon budgets, which
tie emissions to temperature targets. Brief analysis here of
datasets with long time series shows considerable diver-
gence, at up to 5 % cumulative emissions over 1850–2014.
Further analysis of the causes of these long-term divergences
is required given the importance of cumulative emissions es-
timates.

Much of the difference between different estimates of
CO2 emissions results from differences in system bound-
aries. Given this, and an observed lack of awareness of this
fact in the carbon community, it behoves data providers to
find a way to be more explicit about what is and what is
not included in datasets. Simply saying “energy-related emis-
sions”, for example, without clarifying what is excluded is
likely to leave many readers uninformed.

Reconciling estimates of emissions from different sources
is an important goal, but these estimates are much less in-
dependent than many believe because the energy data that
underlie all estimates originally come from single sources
in each country. While it is appropriate to place a certain
amount of faith in these agencies, errors and omissions do
happen, and partially independent methods such as atmo-
spheric inversions do have a place in increasing our con-
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fidence in the level of global emissions. The use of atmo-
spheric inversion modelling, derived from satellite observa-
tions but still requiring a priori estimates, is an active area of
research.

Given the inconsistent system boundaries across emissions
datasets, one could conceive of a “carbon emissions dataset
intercomparison project”, or CEDIP, along the lines of the
Coupled Model Intercomparison Project (CMIP) and other
related model comparison projects. A core part of these inter-
comparison projects is the requirement that participants re-
port model outputs to a specified and very clear template such
that the issue of system boundary differences is removed. For
example, an estimate for global total CO2 emissions could
not be reported for a dataset if it excluded sources or coun-
tries. In effect, a CEDIP would extend the work done in this
article, allowing each data provider to submit according to
their superior understanding of their own datasets, permitting
more robust comparison, and, critically, allowing lessons to
be gained such that estimates can be improved.

The process undergone in this article is essentially one of
verification. While “true” emissions cannot be known, by
comparing different datasets methodically, differences that
result from system boundaries and allocation approaches can
be highlighted and set aside to enable identification of true
differences, and potential errors. This must be an important
way forward in improving global datasets of CO2 emissions.
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