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Abstract

The Global Carbon Project has been publishing estimates of global and national fossil CO-
emissions since 2001. In the first instance these were simple republications of data from another
source, but over subsequent years refinements have been made in response to feedback and
identification of inaccuracies. In this article we describe the history of this process leading up to the
methodology used in the 2023 release of the GCP’s fossil CO, emissions dataset, with subsequent
updates.

1.Introduction

The Global Carbon Project was established in 2001 and is currently one of 20 Global Research
Projects under Future Earth. Its goal is “to develop a complete picture of the global carbon cycle,
including both its biophysical and human dimensions together with the interactions and feedbacks
between them” (GCP, no date).

The purpose of the GCP’s fossil CO; emissions dataset has always been as one component of the
Global Carbon Budget, the balancing source and sink components of carbon dioxide. In the early years
of the GCP the fossil CO, emissions dataset was taken directly from CDIAC, the Carbon Dioxide
Information Analysis Center of the Oak Ridge National Laboratory (e.g., Raupach et al., 2007). The
production of this dataset has since shifted to Appalachian State University and been renamed
CDIAC-FF (Gilfillan and Marland, 2021). CDIAC had been producing estimates of global and
national fossil CO, emissions since 1999, although the history goes back to 1973 with the work of
Keeling (1973) and Rotty (1973) (see Andrew (2020a) for further details of this history). CDIAC’s
emissions estimates have a long-standing presence in the scientific community as well as covering all
countries and extending back to 1751 in the early industrial period, and were divided into emissions
from solid, liquid, and gaseous fuels as well as venting/flaring and cement production. Some aspects
of the methodology used by CDIAC were incorporated into the Tier 1 approach in the first IPCC
Guidelines (Haukas et al., 1997). CDIAC applied standard factors to apparent consumption! of energy
derived from UN energy data, including flared natural gas, and extended these a further two years
using growth rates derived from BP’s Statistical Review of World Energy. Process emissions from
cement production were derived from cement production statistics from the United States Geological
Survey. CDIAC therefore provides a solid foundation of global and national fossil CO, emissions.
However, over the years as queries have come in to the GCP asking for explanations of deviations

L Apparent consumption is derived from data on production, exports, imports, and stock changes. It
contrasts to observed consumption, collated from alternative sources such as industry reporting of direct
consumption or sales to consumers. The Reference Approach to calculating emissions uses apparent
consumption of energy products, while the Sectoral Approach uses alternative approaches.
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from officially estimated emissions or unusual trends, the GCP’s fossil CO> emissions dataset has been
refined in a gradual process.

This report is largely devoted to a more detailed description of the methods used to assemble the
latest version of GCP’s fossil CO, emissions dataset.

2.Methods

The GCP’s fossil CO, emissions dataset begins with CDIAC-FF (updated from Hefner and
Marland, 2023), extended by 2—-3 years using energy growth rates derived from data published by the
Energy Institute (El; formerly by BP) (Myhre et al., 2009; Energy Institute, various years), depending
on the availability of CDIAC-FF.

CDIAC-FF uses UN energy data with disaggregated energy types, and after calculating emissions
from these, aggregates to a reduced number of categories: solid, liquid, and gaseous fossil fuels, as
well as gas flaring and cement process emissions. Note that these allocations are made on the basis of
the primary fossil fuel category: e.g., natural gas liquids, some of which are in fact gaseous at standard
temperature and pressure, are allocated to the liquid category; and gases made from coal are allocated
to the solid category. Emissions from combustion of international bunker fuels are also allocated to
each country based on sales by the country, but these are excluded from national totals, following
standard international reporting practice. For GCB version 2022v27 we use a pre-release of CDIAC-
FF 2022 (pers. comm., Gregg Marland, 26 September 2022).

The Statistical Review of World Energy is released in June or July every year, being the first
freely available global update of energy up to the previous year. This dataset was published by BP for
many years, until the Energy Institute took over from 2023 (Energy Institute, 2023). Since the UN data
used by CDIAC-FF lag by two years, the Statistical Review has proved useful in extending the
emissions series (Myhre et al., 2009; Friedlingstein et al., 2020). While EI’s data cover global energy
consumption, detail is only provided for the most significant countries, with the remaining countries in
each geographic area grouped (e.g., ‘Other South America’). To use growth rates derived from the
EI/BP data to extend emissions estimates, it is therefore necessary to apply the growth rate from each
of these groups to all countries falling within the group for which data are not explicitly provided, and
this introduces some additional uncertainty.

For a growing number of countries, and also for international bunkers, we have been introducing
more specific data sources, gradually (but only slightly) reducing our reliance on the Statistical
Review in particular situations where we believe that use of more direct data sources is warranted. For
example, we now use JODI data for emissions from natural gas consumption in final years for many
countries. The ‘Refinements’ section of this report lists many other examples.

Our philosophy in the Global Carbon Budget is to obtain the best possible estimate of fossil CO»
emissions globally, therefore we take the position that accuracy is more important than use of the same
method across all countries, with the obvious condition that both double counting and undercounting
of emissions are avoided.

Sometimes an argument is made in public discourse and presentation of collated datasets for
consistency of data sources and methods as being the best approach when assembling estimates of
emissions. Certainly, a strong case can be made that consistent system boundaries should be used
when comparing between countries: that the same categories of emissions source are included
(Andrew, 2020a). Comparing emissions estimates for two countries when one countries’ estimate
includes emissions sources such as non-energy uses of fossil fuels and carbonate decomposition, while
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the other countries’ estimate does not is clearly not going to result in a useful comparison. However,
when two different methods are used to calculate the same thing, this does not necessarily constitute
an ‘apples with oranges’ comparison. Clearly using data from only one source is convenient and
reduces effort, a strong argument in its favour. But the other, sometimes unspoken argument might be
that the ‘inconsistencies’ introduced by using more than one data source will lead to errors. It is this
point that we disagree with.

2.1. Nomenclature

Until 2017, GCP referred to the fossil CO; emissions as emissions from “fossil fuels and
industry”, where industry specifically meant process emissions from cement production, using the
shorthand “Eg¢”. However, this term has generated considerable confusion among users who often
assumed that ‘industry’ had its normal meaning of those sectors of the economy not involved in
agriculture or services, and the question “what about transport emissions?” was not uncommon. This
confusion partly stems from a more common division of total emissions into different sectors (power,
transport, residential, etc.), in contrast to CDIAC-FF’s approach of fuel categories. In fact, most
energy data have lower uncertainty when expressed in fuel terms than in terms of which sectors use
the energy, which is often further derived from the fuel-level energy data using additional
approximations. That said, CDIAC-FF’s choice to divide into fuel categories rather than sectors arose
simply from the availability of data in the early years: UN data provided little information about
sectoral energy consumption. To avoid this area of confusion, the GCP began in its 2018 release to use
the term “fossil CO,”, with the definition “emissions of CO- from oxidation of fossil fuels and
decomposition of fossil carbonates” (Andrew, 2020a; Le Quéré et al., 2018). Some datasets exclude all
emissions from decomposition of carbonates (e.g., IEA, EIA), so the term “fossil-fuel emissions” is
still valid, but its use should be limited to datasets that do not include other emissions sources.

2.2. Refinements

Over the years refinements have been made to the methods, particularly in response to official
queries as to why GCP’s estimates differ from official estimates made in the most recent years, to
which the answer was always simply that GCP’s approach was approximate and aimed at using
consistent methods for all countries (an aim now relaxed). Further refinements are a result of the
identification of inaccurate emissions, for example the cement process emissions.

CDIAC-FF’s data extended by growth rates derived from BP energy data effectively forms the
starting point of GCP’s dataset. Upon this foundation, we overwrite the emissions for reasons that fall
into four main categories.

The first is where official estimates are available from developed countries. Here we assume that
these are of higher quality because of the use of significantly more detailed data and information and
the expertise developed over many years combined with external auditing via the UNFCCC.

The second case is where estimates from CDIAC-FF are in clear disagreement with those from
other sources, including the IEA, which uses more detailed energy data and undertakes significantly
more cross-checks than CDIAC-FF does.

The third is where final-year data are available that provide higher quality estimates than by using
growth rates derived from BP.

The fourth is where CDIAC-FF’s data contain implausible values (e.g., negatives) or rates of
change (e.g., sudden, unexplainable discontinuities), or where checking against sources used by
CDIAC-FF shows evidence of transcription errors.
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The following sections describe specific cases where estimates from the underlying CDIAC-BP
foundation are overwritten.

2.2.1. Annex-1 parties to the UNFCCC

Countries listed in Annex 1 of the UNFCCC are required to report detailed national greenhouse
gas inventories (NGHGIs) annually to the UNFCCC in a standardised Excel format known as the
Common Reporting Format. Andrew (2020a) summarises the history of this reporting requirement.
With experience built up over many years of reporting and auditing, significantly greater detail, access
to a wide range of source data, and use of multiple cross-validating methods, it is expected that these
reports are significantly more accurate than the use of apparent consumption and globally constant
emission factors, as with CDIAC-FF. These reports are disaggregated according to the IPCC ‘sector’
framework, which we then map to the components used by CDIAC-FF: solid, liquid, and gaseous
fossil fuels, cement production, flaring, and bunkers. We add an ‘other’ category for fossil CO-
emissions that do not fall into CDIAC-FF’s categories, namely decomposition of carbonates in IPCC
sector 2 (industrial processes and product use) apart from those in cement production (2A).

Most emissions can be mapped directly to CDIAC-FF’s categories, but some in IPCC sector 2
(Industrial Processes and Product Use) are not detailed by the type of fuel that the fossil carbon
originated in. We use a mapping method to estimate the share of fossil emissions in these smaller
categories that came from each category of fossil fuel. Fossil-fuel emissions in the metals industry are
assumed to come from solid fossil fuels, emissions in ammonia and urea production are assumed to
derive entirely from gaseous fossil fuels, while emissions in the solvent, waste incineration and other
combustion sectors are assumed to be entirely derived from liquid fuels. Emissions in the chemical
industry and from fossil-fuel oxidation in other industrial processes are assumed equally divided
between the three fuel types. Reported values are always used for national total emissions, and sums
over categories always equal national totals, thus our assumptions only effect the distribution between
the solid, liquid, and gaseous fuel categories.

The first deadline each year for submission of inventories to the UNFCCC by Annex 1 countries
is 15 April, but revisions are made as required through the year. For the 2022 release of the GCB, we
have used the Excel files from the UNFCCC downloaded on 14 June 2022.

Three countries submit full reports for more than one territory: Denmark, France, and the UK.

e For Denmark we use the ‘DNM’ reporting, which excludes Greenland and the Faroe Islands.
The Executive Summary in Denmark’s National Inventory Report refers only to emissions in
Denmark (DNM) (DCE, 2021).

e For France we use the ‘FRK’ reporting, which includes only French overseas territories that
are part of the EU. The French government’s website on its national low-carbon strategy
presents numbers that are consistent with FRK reporting, not FRA reporting (the latter is
France’s ‘Convention’ definition, and includes all overseas territories) (MTE, 2021).
However, see also the later section 2.2.18 for further discussion on France.

e For the United Kingdom we use the ‘GBK’ reporting. While the UK’s National Inventory
Report clearly states that “The UK Government Carbon Budgets apply to the UK only, and
exclude all emissions from the UK’s Crown Dependencies and Overseas Territories” (p. 35,
BEIS, 2021), the UK does not submit data to the UNFCCC based on this geographical
definition, and the GBK geography is closest.

Many European countries are also required to report inventories to the European Commission,
with the first deadline being 15 January each year (EEA, 2023; European Commission, 2020). Some
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of these countries make their submissions openly accessible, and these therefore represent official
estimates updated to an additional year, three months before most countries UNFCCC submissions are
available.

2.2.2. Norway
It has long been known in Norway that the reference approach (RA) using apparent consumption
of energy products gives poor estimates for Norway’s fossil-energy CO. emissions. Already over 20
years ago Norway’s National Inventory Reports (NIRs) were highlighting this issue (SFT, 2002). A
special report commissioned from the Norwegian Statistical Office on the subject demonstrated that
the most significant reasons for the divergence between estimates using the reference approach and the
sectoral approach were (Rypdal, 2001):

e Large crude oil and natural gas production and export
e Carbon content of exported crude oil is not monitored
e Large amounts of fossil energy used as feedstocks and reducing agents.

Later NIRs continued to put the problem down to uncertainties in production and export
guantities along with large non-energy use of various fossil energies, with the 2010 report, for
example, concluding “The end-user statistics used in the SA [sectoral approach] are considered
reliable” and “These factors make the use of the RA inappropriate for Norway” (Klif, 2010, p. 129).
Since at least 2014, the NIRs of Annex | parties have been reviewed annually by an expert review
team (ERT; UNFCCC, no date), and Norway has reported every year in its NIR that the ERT has
expressed concern about the magnitude of the difference between the RA and the SA (e.g.,
Miljgdirektoratet, 2021).

Much of this deviation is a result of small errors that are amplified for a country that produces
significant oil and gas but exports most of it: the error in the difference of production and exports is
much higher in a relative sense than the error in either term alone. Norway serves here as an indication
that the general use of the reference approach for any country with high exports of fossil fuels
compared to consumption might lead to problems, and that official statistical effort is focussed more
on energy used within the territory than energy sent out of it.

Since CDIAC-FF uses apparent consumption, equivalent to what the IPCC call the reference
approach, CDIAC-FF’s estimates for Norway show the expected considerable deviation from
Norway’s official estimates.

Since the GCP already uses official Norwegian estimates from 1990, derived from the national
inventory reporting, it is emissions before 1990 that remain affected by this issue. We have therefore
chosen to replace emissions before 1990 with estimates derived from official Norwegian sources
(SSB, 2021, 2015, 2012). These series begin in 1973, which is when oil production began in Norway:
at that time CDIAC-FF’s estimates match Norway’s own, and the problem with the apparent
consumption approach only becomes significant as oil (and natural gas) production grew in
subsequent years; CDIAC-FF’s estimates before 1973 are therefore expected to be robust. Norway’s
official estimates from 1973 provide total fossil CO, emissions and disaggregation by sector. We use
this sectoral information to map approximately to CDIAC-FF’s components for continuity of the
series.
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Figure 1: Comparison of estimated fossil CO2 emissions for Norway from CDIAC-FF and GCP (this work).

2.2.3. China’s emissions from lime production

While we use CDIAC-FF’s estimates for China, temporally extended using data from BP for
energy, these omit emissions from China’s production of lime, which are significant, reported as being
about 170 Mt CO- in 2018 by Cui et al. (2019). As with cement production, lime production involves
the decomposition of carbonates, principally limestone. Official estimates of lime production are
available in Chinese-language publications that are not readily available outside of China, so we
collate a time series of estimates from various secondary sources (Shan et al., 2016; Liu and Wang,
1994; Cui et al., 2019) as well as data provided by Jos Olivier (pers. comm., June 2019), shown in
Figure 2. More recently, Bing et al. (2023) have produced a new series using several multilinear
regressions, resulting in much higher production before 1990, and this series is under consideration.

Olivier’s data looks here like a complete series from 1960, but in fact is based on interpolation of
few data points using proxies. The first data point directly sourced from elsewhere is for 1994 from
China’s first National Communication. From 1980 to 1993 this data point is extrapolated based on
China’s crude steel production, and from 1960 to 1979 the series is further extrapolated using the trend
from about 35 other countries, mostly developed. It is difficult to know how reasonable these methods
are, but there is divergence in the late 1980s from the data presented by Liu and Wang (1994). The
earlier data presented by Liu and Wang (1994) are spurious since they state that the discontinuity in
their reported numbers is due to incomplete coverage in the earlier part of the series.

Some interpolation is required over the years between the first National Communication and the
earliest data from Shan et al. (2016). While Olivier’s assumption of constant production over this
period perhaps reflects the principle of Occam’s Razor (simplest assumption that fits the available
information), given the economic downturn in China in late 1990s (Keidel, 2007), it’s perhaps more
reasonable to assume that production continued to increase somewhat after 1994, before declining
again during the economic downturn.

In recent years the USGS have been assuming in the absence of data that lime used in steel
production is one-third of the total (pers. comm., USGS, May 2021), and the USGS estimates are
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therefore assumed to be of lower quality than those from Chinese sources using data from industry
bodies. The divergence between the figure quoted for lime production in 2005 in China’s second
National Communication and those reported by Cui et al. (2019), Shan et al. (2016), and Olivier
(2007) is not yet explained. China has not officially reported either lime production or emissions from
lime production since the second National Communication, although it is included in aggregated totals
in later communications to the UNFCCC.

The drop in the data reported by Liu and Wang (1994) between 1988 and 1990 is described as a
result of an economic slowdown that was followed by an ‘astonishing’ recovery in 1991 and 1992.
This dip in lime production therefore should be retained in the final series.

350 Mt _Lime production in China

USGS 2023
300 -

250 A .
Cui et al 2019

200 - Shan et al 2016

150 -
Bing et al 2023
100 -

-
Olivier 2007 o
50 e s
Leeesese®” USGS early editions
bt ule A

O T T T T T T
1960 1970 1980 1990 2000 2010 2020

Figure 2: China’s production of lime as reported by a range of sources. There is a gap in the data from Liu & Wang (purple
line).

From these activity data we apply the emission factor used by Shan et al. (2016) (0.683 kg CO- /
kg lime; sourced from the NDRC) for fossil CO, emissions from the decomposition of carbonates in

the production of lime and arrive at the estimates shown in Figure 3. Uncertainty remains very high for
estimates before 1988, and no estimates are available before 1960.
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Figure 3: Estimated COz emissions from China’s lime production. No data are available before 1960.

2.2.4. Indonesia
CDIAC-FF’s estimates for emissions from Indonesia’s coal consumption exhibit significant
interannual variation that is at odds with Indonesia’s communications to the UNFCCC and estimates
by both the IEA and BP. We presume this is a result of the apparent consumption approach amplifying
reporting errors, and we therefore replace CDIAC-FF’s coal emissions for Indonesia with our own
estimates based on coal consumption data in energy units officially reported by the country (MEER,
various years).

350 Mt Indonesian CO, emissions from coal
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Figure 4: Comparison of Indonesia’s CO2 emissions from solid fuels reported to the UNFCCCC (“BUR2 "), as estimated by
IEA, and as estimated in GCB before and after using data directly from Indonesia.
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2.2.5. United Kingdom
For the UK we extend emissions estimates officially reported to the UNFCCC with preliminary
estimates made by the UK Department for Business, Energy & Industrial Strategy (BEIS, various
years). Since BEIS’ estimates cover a slightly smaller territory than those of the UNFCCC submission,
we scale up a small amount to match the official UNFCCC estimates in overlapping years. This
extension is only for the final year in the dataset.

The UK is the earliest territory with emissions in the dataset, but in the earliest period the original
data were provided as averages of five-year periods. CDIAC-FF’s implementation of this is simply to
assign the same emissions to each year within each period, resulting in spikes in the derived first
difference (rate of change). We return to the original coal production and trade data and set up a
constrained optimisation problem that meets the constraints of the available data, while specifically
avoiding artificial step changes in data by minimising the second difference of the signal. Effectively,
we ensure that all information is used, while assuming step changes every five years are highly
unlikely. The differences from the original series are minor, but this method avoids the discontinuities
(Figure 5).

Early UK coal production: fitting to constraints
80 Mt

Pollard
« EL91

70 Best fit

60
50
40 4
30 -
20 -
10 4

0
1740 1760 1780 1800 1820 1840 1860

Figure 5: Coal production in the United Kingdom, showing the new series in red derived from available information. Pollard
refers to Pollard (1980), while EL91 refers to Etemad and Luciani (1991).

2.2.6. Netherlands
The Netherlands recently began publishing quarterly estimates of territorial emissions (Andrew,
2021; CBS, 2020). We have used published total CO; emissions for the three years available, 2019—
2022.

2.2.7. lceland
CDIAC-FF’s data for Iceland start in 1950, but the Icelandic statistics office publishes energy
data starting in 1940 (Statistics Iceland, Various years-a). We use this to extend emissions estimates
back another ten years (Figure 6). Note also that CDIAC-FF’s estimates post 1990 differ significantly
from those reported officially. This is believed to be mostly because Iceland imports significant
guantities of carbon anodes for its aluminium industry, and these non-energy imports of goods derived
from fossil fuels and oxidised as non-energy use are not captured by energy trade statistics.

11
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Further, Iceland publishes low-lag monthly emissions estimates (Statistics Iceland, various years-
b). These are estimated to align with national accounts data (i.e. based on the residency principle), but
bridging ‘sectors’ are available to convert to territorial accounts. This provides a much better estimate
of Iceland’s emissions in the final year after official reporting to the UNFCCC, since Energy Institute
data include bunker fuels, which are substantial for Iceland.

4.0 Mt Iceland's fossil CO, emissions

351 GCB 2023v43
3.0 1
251
2.0 1 CDIAC 2023
1.5 1

1.0 1

0.5 1

0+ T T T T T T T T
1940 1950 1960 1970 1980 1990 2000 2010 2020

Figure 6: Comparison of Iceland’s CO2 emissions in CDIAC-FF and GCB (this work).

2.2.8. Liechtenstein
CDIAC-FF’s data for Liechtenstein start in 1990, but the Liechtenstein statistics office publishes
energy data starting in 1959 (Amt fiir Statistik, 2023). We use this to extend emissions estimates back
another 31 years (Figure 7). However, the data are incomplete: while petrol is reported from 1959,
diesel and heating oil data are absent before 1964, resulting in an artificial step in 1964.

Note also that official emissions statistics starting in 1990 are significantly higher than those
estimated by CDIAC-FF using the Reference Approach.

12
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Figure 7: Comparison of Liechtenstein’s CO2 emissions in CDIAC-FF and GCB (this work).

2.2.9. Thailand

Thailand publishes monthly energy data and energy emissions with a lag of about six weeks
(MoE, various years). The country’s fourth biennial update report (BUR) states that the (more
approximate) Reference Approach gives substantially higher emissions than the (more accurate)
Sectoral Approach because of errors in the energy data for non-energy use of oil and production of
synthetic fuels (MNRE, 2022). The emissions reported by the Ministry of Energy also match well the
emissions reported in the fourth (most recent) BUR. Given that CDIAC-FF’s approach is very similar
to the reference approach, and that CDIAC-FF’s emissions estimates for Thailand are higher than
official estimates (Figure 8), particularly for oil, we choose to use the official estimates. We add
emissions from use of urea using consumption data from the International Fertilizer Association (IFA,
various years), and also emissions from cement production and flaring as for other countries, such that
total emissions for Thailand in GCB are somewhat higher than those published by the Ministry of
Energy.

13
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Annual fossil fuel CO, emissions in Thailand
GCB 2023v19: solid; Thai official: dashed; IEA: crosses
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Figure 8: Thailand’s emissions of CO2 from fossil fuels, showing data from Thailand’s Ministry of Energy, the IEA, and the
previous (internal) edition of the GCB fossil CO2 dataset.

2.2.10. United States of America
The Energy Information Administration (EIA) of the USA provides estimates of US CO;
emissions from energy sources starting in 1973, and we use these semi-official estimates in preference
to those from CDIAC-FF in this period (EIA, various years). However, we use these data to alter the
shares of coal, oil, and gas emissions in the total, without changing the total, so that we retain total
emissions from the official reporting to the UNFCCC from 1990. The changes from 1990 are minor
and reflect small errors in the assumptions in our mapping of IPCC emissions categories to fuel types.

We further add emissions from US lime production before 1990, not included in CDIAC-FF’s
data. Lime production data from 1904 are taken from USGS (2017) and the constant emission factor
of 0.75 tonnes CO; per tonne lime used in the US NGHGI is applied, with an assumed capture of 2.2%
based on the reported capture for 1990 (EPA, 2021). This addition before 1990 reduces the ‘other’
emissions category discontinuity in 1990 somewhat, but not entirely.

14
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USA's fossil CO, emissions
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Figure 9: US fossil CO2z emissions from CDIAC-FF and GCB (this work).

2.2.11. India

Andrew (2020b) introduced a new method for estimating fossil CO, emissions in India using
monthly activity data (Andrew, 2022), and annual estimates derived from these were first incorporated
into the GCP’s fossil CO- dataset in 2020. Importantly, other datasets — including IEA, CDIAC-FF
and BP — report emissions and energy for India’s fiscal year, which ends in March, rather than the
standard calendar year used for almost all other countries. The use of a monthly emissions dataset
allows GCP to remove this source of error without resorting to simplistic weighting of fiscal year
emissions. Further, Andrew (2020b) showed that the use of more detailed data produced slightly
different trends (Figure 10). Use of this monthly dataset also means that the approximate approach
using BP’s energy data can be bypassed, since monthly estimates are available with a lag of only 2-3
months.

15
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India's fossil CO, emissions
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Figure 10: India’s fossil COz emissions from CDIAC-FF and GCB (this work), the latter updated from Andrew (2020b).

2.2.12. South Korea

While the Republic of Korea is not an Annex 1 party, it does publish a detailed national
greenhouse gas inventory, following IPCC’s guidelines (Ministry of Environment, 2021). Total fossil
CO; emissions and CO- emissions from cement production over 1990-2019 are drawn from this
series. However, the breakdown by fuel type used by the GCB is not provided in the inventory, so we
derive these using detailed energy data from KEEI (2022) and apply the energy contents and emission
factors used in the NGHGI to obtain annual fossil CO, emissions by fuel type through 2020. The sum
of these is very close to the total in the NGHGI for fuel emissions, and we scale the bottom-up
estimates the small amount necessary such that the sum equals the official total. This provides
estimates for the period 1981-2021.
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Figure 11: South Korea’s fossil CO2 emissions from CDIAC-FF and GCB (this work), the latter taken directly from official
reporting for 1990-2018 and derived from detailed energy data 1981-2020.

2.2.13. Greenland
Denmark reports Greenland’s emissions as part of Denmark’s national greenhouse gas inventory
in tables in Chapter 11 of the 2023 edition of this report (DCE, 2023). These have been assembled and
we use the total fossil CO, emissions for 1990-2021 (Figure 12) and scale components to match the
new totals.
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Figure 12: Greenland s fossil CO2 emissions from CDIAC-FF and GCB (this work), the latter taken directly from official
reporting.

17



GCB2023v43

2.2.14. Brazil
Brazil has been publishing detailed inventories for some years, and we use the inventory 1990-
2016 from its fourth biennial update report (MFA and MSTI, 2020), which show somewhat higher
emissions that those in CDIAC-FF.
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Figure 13: Comparison of Brazil’s fossil CO2 emissions in CDIAC-FF and GCB (this work), the latter taken directly from
official reporting.
2.2.15. Taiwan
Taiwan is not a member of the United Nations and therefore does not report emissions to the

UNFCCC. However, the country does publish detailed estimates of its emissions, and we use these
(EPA, 2022) (Figure 14).

18



GCB2023v43

300 Mt ‘Taiwan's fossil CO, emissions

GCB 2023v43

250 - CDIAC 2023

200

150 -

100 -

50 A

O T T T T T T T T
1980 1985 1990 1995 2000 2005 2010 2015 2020

Figure 14: Taiwan s fossil COz emissions from CDIAC-FF and GCB (this work), the latter directly from official reporting.

2.2.16. Germany
For Germany’s emissions in 2022, we use the total reported by the Federal Environment Ministry
(UBA, 2023), and scale the components the small amount necessary to match the total.

2.2.17. Australia
In 2020, BP’s estimate for Australia's natural gas consumption in 2019 was very poor, and we
chose to use data directly from Australia in preference (Friedlingstein et al., 2020), and we continue
this. Australia reports to the UNFCCC for its fiscal year, July-June, rather than the internationally
normal calendar year (DISER, 2021). For the period 1990-2022 we therefore use calendar-year fossil
CO, emissions estimates derived from Australia's quarterly updates of its NGHGI (DISER, various
years).

Neither trade data nor production prior to 1950 for oil and oil product were reported by the
sources used by CDIAC-FF, such that CDIAC-FF reports emissions of zero in the liquid fuels
category before 1950 (as do all other datasets currently). We make use of a new dataset of Australia’s
trade oil products in the period 1903-1960 compiled from official reports by Andrew (2023b). Given
that there was no commercial crude oil production until the 1960s, use of trade data is sufficient to
estimate consumption and therefore emissions, on the assumption that stock changes were minimal at
that time.

CDIAC-FF’s emissions from solid fuels in Australia show a marked discontinuity at 1990.
Investigation shows that this is also present in the UN energy data, which show a sharp drop in coal
consumption in the power sector. Other data sources show no such discontinuity, and it is likely that
Australia has at some point submitted revised energy data to the UN, but only from 1990, such that the
unrevised data before 1990 remain. We now use official Australian data on both hard and brown coal
consumption starting in 1960 (DCCEEW, various years), with time-variant energy contents and IPCC
default emission factors to estimate a time-series of emissions from coal for the period 1960-1989. To
ensure continuity and allow for differences between the IPCC default emission factors and those used
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in Australia, we scale the estimates such that in 1990 they match those derived from the UNFCCC
submission.

CDIAC-FF’s estimates of Australia’s emissions from solid fuels begin in 1860, but Australia was
consuming coal well before that. We supplement CDIAC-FF’s estimates using coal production data
obtained from Mohr et al. (2015), which match exactly the sources used by CDIAC-FF for the period
1881-1915. For consistency, we estimate emissions directly from the coal production data and scale to
match CDIAC-FF’s estimate of emissions in 1900, which is equivalent to deriving an implied
emission factor. The overwritten period spans 1805-1899.
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Figure 15: Australia’s fossil CO2 emissions from CDIAC-FF and GCB (this work).

2.2.18. France
France's official inventory submission to the UNFCCC is prepared by CITEPA, and while the
UNFCCC only requires estimates starting in 1990, CITEPA publishes on its own website an inventory
for Metropolitan France, starting in 1960, and France according to the Kyoto Protocol (KP)
boundaries, starting in 1990 (CITEPA, various years).

Metropolitan France is effectively France geographically within Europe, which includes Corsica,
but excludes both EU overseas territories (Guadeloupe, Martinique, Réunion, Guyana, Mayotte, Saint-
Martin) and non-EU overseas territories (New Caledonia, Saint-Pierre et Miquelon, Wallis and
Futuna, Saint Barthélemy, French Polynesia, and the French Antarctic territory). The KP boundaries
for France include the EU overseas territories but not the non-EU overseas territories.

Monaco's energy data have long been reported in combination with those of France to the UN and
other international organisations, and for this reason the emissions estimated for France by CDIAC-FF
include Monaco. However, CITEPA’s territorial definitions, which are very clear, do not include
Monaco. Monaco reports separately to the UNFCCC as an Annex-1 party, but these data begin only in
1990, meaning that no estimates are available before 1990. Therefore, we maintain the traditional
grouping of combining Monaco and France. While no estimates are available before 1990, we add
Monaco’s official emissions estimates from their NGHGI to France’s from 1990. These amount to
only 0.1% of France’s total fossil CO, emissions.
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In international energy reporting prior to 2011, France included New Caledonia, French
Polynesia, Saint Barthélemy, Saint Martin, Saint Pierre and Miquelon, and Wallis and Futuna (IEA,
2019). CDIAC-FF’s emissions estimates for these territories therefore disappear from 2011 onwards.

For Guadeloupe, Martinique, Réunion, Guyana, and Mayotte after 2010 we use the difference
between the totals in CITEPA’s two territorial definitions (i.e., KP less Metropolitan France)
combined with the shares in 2010 in CDIAC-FF’s data, resulting in approximate estimates beyond
2010 for these territories.

NOTE: In this 2023 release, the French overseas territories are not represented correctly. France
no longer reports these territories separately to the UN, and CDIAC-FF therefore reports their
emissions as zero and includes them in with France. We will be investigating solutions to this issue for
the next release.
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Figure 16: Comparison of France'’s fossil CO2 emissions reported by CDIAC-FF and GCB (this work).

2.2.19. Finland
Finland’s statistics office publishes preliminary estimates of the previous year’s territorial
emissions (Statistics Finland, 2023), and we have used these to extend the emissions officially
reported to the UNFCCC/EC.

2.2.20. Sweden
Sweden’s statistics office (SCB) publishes preliminary estimates of the previous year’s territorial
emissions (Statistics Sweden, 2023), and we have used these to extend the emissions officially
reported to the UNFCCC/EC. Final estimates from SCB are usually not available until December.

2.2.21. DR Congo
In CDIAC-FF’s estimates, emissions from coal in the DR Congo drop to zero in 1991. Neither the
UN nor IEA energy data have any coal data after 1990. The EIA does have data, although much lower
than before 1990 (EIA, no date). The explanation is that there was considerable upheaval in the
country late in 1991, which lasted for several years (Wikipedia, 2023). It appears this has set industry
and mining back in the country. There are no coal-fired power stations in the country, according to
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Global Energy Monitor (2023), and the steel mill is still largely dormant. We now use the coal-energy
data from the EIA post 1990 to estimate emissions, but they remain much lower than they were in the
1980s.

2.2.22. New Caledonia
New Caledonia publishes annual energy consumption data with a relatively low lag (DIMENC,
various years). These agree well with CDIAC-FF’s estimates, but the final two years diverge from
estimates derived using the energy growth rates provided by El for the region to which New Caledonia
is allocated (Figure 17).
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Figure 17: Comparison of New Caledonia’s fossil CO2 emissions reported in GCB 2022 and this release.

2.2.23. Latin America
CDIAC-FF’s estimates for years prior to 1950 come directly from Andres et al. (1999), who in
turn used production data from Etemad and Luciani (1991) and trade data from Mitchell (1993).
However, for Latin America, those sources only provided production data for Argentina, Brazil, Chile,
Colombia, Mexico, Peru and Venezuela, and trade data for Argentina and Brazil. CDIAC-FF thereby
lacks estimates for most countries in Latin America prior to 1950, and for some countries the lack of
trade data is significant, given the high reliance on imported coal (Yafiez et al., 2013).

Given these gaps, we make use of the data collated by Yafiez et al. (2013) on annual apparent
consumption of coal by 20 Latin American countries from 1841. While records of coal trade are not
available for most of the countries in the region, Yafiez et al. (2013) argue that the great majority of
imported coal came from Britain, Germany, and the US, and that detailed records are available of
exports by destination from three countries. Given that exports from Latin American countries (apart
from bunker sales) were very low, using any production combined with imports in most cases gives
reasonable estimates of apparent consumption. Where export data are available these were also
included. Note that the consumption estimates explicitly do not subtract sales of bunker fuels, which is
currently consistent with the rest of the GCB dataset prior to 1950.
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While Yafez et al. (2013) provide estimates through the year 2000, we overwrite CDIAC-FF’s
estimates only through 1940 (Argentina and Brazil), 1950 (Bolivia, Chile, Colombia, Cuba,
Dominican Republic, Guatemala, Haiti, Honduras, Nicaragua, Panama, Peru, Uruguay, and
Venezuela), and 1960 (Ecuador, El Salvador, and Paraguay). These end-years have been chosen based
on the matches between series as well as the presence/absence of estimates in CDIAC-FF in the 1950s.

For consistency, we apply the same emission factors used by Andres et al. (1999) for hard coal to
the apparent consumption in tonnes.

During our analysis we noticed that CDIAC-FF’s estimates have apparently omitted information
provided by Etemad and Luciani (1991) on coal production in Brazil before 1940 and Colombia
before 1950.
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Figure 18: Comparing CO2 emissions from consumption of coal for Latin American countries as estimated from (Yafiez et
al., 2013) (red) compared with the previous version of the GCB (blue), and emissions estimated for coal production only
from (Etemad and Luciani, 1991) where available. Note: while this figure is far too small to see clearly at print scale, the on-

screen version permits full zooming into details in your PDF reader.

2.2.24. Cement process emissions

Given the demonstrated problems with CDIAC-FF’s long-standing method for estimating
emissions from cement production (e.g., Ke et al., 2013), we use an annual update of the estimates
produced by Andrew (2019), the most recent edition updated by (Andrew, 2023a). This latest update
includes estimates of emissions from cement production in the United States from 1880 and uses
country-specific data and methods for a number of countries that are not Annex-1 parties to the
UNFCCC. The 2018 release of the Global Carbon Budget (Le Quéré et al., 2018) was the first to
replace CDIAC-FF’s cement estimates with those of Andrew (2018). In its 2020 release CDIAC-FF
revised its approach, making use of additional data sources from 1990 (Gilfillan and Marland, 2021).
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2.2.25. International transportation (bunkers)

CDIAC-FF provides emissions from bunker fuels allocated to each country, but excluded from
country totals, per convention. We use the energy data from the UN to derive separately emissions
from international aviation (our code XIA) and international shipping (code X1S), and also break these
down by fuel category in the case of shipping. While almost all shipping since 1950 has been fuelled
by oil products, in the 1950s there was still some coal used, and in recent years the use of natural gas
has begun.

2.2.26. Other corrections to CDIAC-FF’s data
Following Andrew (2020a), the GCP makes corrections to emissions in the Soviet Union in the
1940s and Curacao in the 1930s and 1940s. Cumulatively these corrections amount to over 1.4 Gt CO,
(Friedlingstein et al., 2020).

CDIAC-FF’s estimates prior to 1950 are taken from Andres et al. (1999), who in turn used energy
production data from Etemad and Luciani (1991). The earliest energy data reported by Etemad and
Luciani (1991) is for the UK, but there is a minor error in that the original source, Pollard (1980),
reports ‘quinquennial” average coal production in Great Britain, but the first period is actually six
years, 1750-1755. This is misreported by Etemad and Luciani (1991) as 1751-1755, which propagated
via Andres et al. (1999) to CDIAC-FF’s estimates for many years. The GCP corrects this minor error,
resulting in a dataset beginning in 1750 rather than 1751.

The GCP’s dataset also addresses all negative emissions in CDIAC-FF’s data. These negative
values arise because of CDIAC-FF’s apparent consumption approach and errors in the data, such that,
for example, exports can be greater than the sum of production, imports, and drawdowns from stocks.
The largest of these negatives are quite early in the series, 1950 and earlier, when the energy data are
of lower quality. For example, Iran’s emissions in 1950 are calculated to be negative, but this appears
to be because 1950 calendar-year production and crude oil export data are combined with Iranian year
(year ended March 1950) data on exports of petroleum products at a time of high volatility. Further,
the shifting territorial boundaries in the early 20" century, particularly in Europe, mean that data on
production sometimes do not align with data on trade.

CDIAC-FF’s data show a single year of non-zero oil emissions in Puerto Rico in 1920, the
amount of which is about 0.1% of US oil emissions in that year. Looking at the original sources, this
appears to have been a transcription error, so we have forced this data point to zero.

2.2.27. Emissions from international transport since 2020
Because of the exceptional circumstances since 2020 with the global pandemic, use of oil for
international transportation (both aviation and shipping) has been affected differently to use for
domestic transportation. This category, known as emissions from bunker fuels, is generally not well
known in the final year or two of the dataset and has therefore historically been extrapolated from the
final reported data year. However, since 2020 this extrapolation is likely to be erroneous, and an
alternative approach has been introduced.

The OECD began publishing estimates of emissions from international aviation in 2022 (Clarke
et al., 2022). Since these are not entirely consistent with the previous series from CDIAC-FF, we use
growth rates from the OECD data to extrapolate CDIAC-FF’s estimates.

Using global ship location data, Marine Benchmark reported that CO, emissions from
international shipping declined by 1% in 2020 (Marine Benchmark, pers. comm., 22 July 2021). This
is consistent with a report by EnerData that energy consumption in international shipping from the
G20 group of countries was down by 0.7% in 2020 (EnerData, 2021). While Marine Benchmark
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continues to produce these estimates, they are no longer made public, so we have introduced an
interim method based on linear regression of Marine Benchmark’s monthly emissions against monthly
freight data derived from AIS data by the IMF and published on the UN COMTRADE platform
(Cerdeiro et al., 2020). The OECD has begun work on emissions from shipping, and if they derive
emissions from international shipping as part of their work, then we will switch to that as a preferred
data source.

Given that making these changes to international shipping changes the global total oil, we
maintain expected global total oil emissions in final years by constraining the growth rates to those
derived from EIA data (EIA, various years). To meet this global constraint, we make a small
adjustment to domestic emissions from oil in those countries for which we have relied on EI/BP
growth rates (i.e., those for which we do not have more reliable data sources).

2.2.28. Flaring

For CO; emissions from flared natural gas GCP starts CDIAC-FF, which derives its estimates
from national reporting to the UN. However, CDIAC-FF’s “flaring” also includes vented CO2 and
vented CH4. As described above, we overwrite data for some countries with official estimates.
Estimates derived using newer, independent, satellite-based methods show some deviation at global
level (Figure 19) and particularly at national level. We use data from the Global Gas Flaring
Reduction Partnership (GGFR, various years; Elvidge et al., 2009) for non-Annex | countries from
1994 in this edition of the GCB, and will investigate further whether the GGFR data suggest that any
Annex I countries’ reporting may be incorrect. The GGFR data are available for 1994-2010 and 2012-
2022, with the year 2011 being filled with simple linear interpolation. The use of GGFR data means
that vented CO; is omitted, which we will have to investigate further. For example, in the case of New
Zealand, officially reported fugitive CO. emissions are higher than those from GGFR, presumably
because the official numbers include vented CO..

There remain significant discontinuities in important countries due to poor data coverage, and we
will continue to investigate solutions to these. Examples include zero emissions in the UK in 1988-
1989, China in 1985-93, Nigeria 1989-1993, and substantial jumps in 1990 where Annex-1 countries
start their reporting to the UNFCCC.
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Figure 19: Comparison of estimates of annual global CO2 emissions from flared natural gas from different sources.

2.2.29. Extrapolation in final years
Our extrapolation of observations to the final years (Y-1 for Annex 1 countries and both Y-2 and

Y-1 for others) is largely based on energy growth rates derived from BP (now Energy Institute) data.
However, BP’s oil data include supply to international bunkers, and particularly in 2020, when
international transport was affected quite differently to other uses of oil, this potentially gives biased
estimates (e.g., see section 2.2.7 on Iceland). Further, BP provides country-level data only for larger
countries, with many being grouped into ‘rest-of” regions, the growth rates for which are applied by
GCP to all countries within the respective groups.

The Joint Organisation Data Initiative (JODI) dataset collates monthly, high-level data for oil and
natural gas for a large number of countries (JODI, no date). The oil dataset makes no distinction of
biofuels, making it unsuitable for many countries for estimating fossil CO2 emissions, but might be
useful for some countries with known low penetration of biofuels. However, information from this
dataset could be used for countries that fall into BP’s ‘rest-of’ regions, rather than using the same
growth rates for all countries within the region. The use of JODI gas data was introduced in our 2023
release, providing both (1) earlier inclusion of final-year estimates than EI’s dataset provides, and (2)
any subsequent revisions, since EI’s data is only published annually.

The UN energy dataset used by CDIAC-FF includes later data for developed countries. CDIAC-
FF only uses the data through the final year in common across all countries, which means it excludes
this extra year of data for the developed countries. We have now implemented a method where we
estimate emissions from the UN energy data directly, and when our estimates compare very closely
with those reported by CDIAC-FF in previous years, we add the additional year to GCB instead of
using EI data for that year. For example, in 2023 UN energy data ran through 2021 for developed
countries and 2020 for all others, so that CDIAC-FF 2023 edition only ran through 2020. We then
could add 2021 data for those countries where UN included these.
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2.3. Per capita series

There is frequent demand for data on emissions per capita, partly reflecting the effort required to
align emissions data with population data. The GCP uses UN data available from 1950 (UN, various
years), and Maddison (2010) before that. The only exceptions to this currently are Finland, Iceland,
Sweden, and Norway, where official population estimates are used from 1750. UN population data for
the most recent 1-2 years of the dataset are projections rather than observations, but indeed even
recent ‘observations’ have often been interpolated by the UN from infrequent censuses. Users of the
per capita data series should note that smaller countries with lower quality data can be highlighted
when looking at per capita emissions, and caution should always be used when interpreting the
emissions trajectories of such countries.

2.4.  Continuous country definitions

While CDIAC-FF’s emissions estimates from 1950 directly reflect the country boundaries of the
underlying reporting by the UN, the GCP chooses to maintain unbroken time series for countries that
currently exist. For example, there was no nation Russia for many decades of the 20" Century, but we
disaggregate this out of the Soviet Union’s emissions estimates given the clear utility of having long
continuous data series.

In general, our approach is very simple, with the shares of emissions in each category in the first
year after new countries split out of larger ones used for all years before the split. For example, Czech
emissions from solid fuels were 81% of the total of Czech and Slovak emissions from solid fuels in
1992, so that we derive Czech emissions from solid fuels in 1991 as 81% of the Czechoslovakian
value.

The transition period between the Soviet Union and the new countries that were formerly Soviet
states was dramatic, with very significant shifts in the economies and emissions before and after the
dissolution of the Soviet Union at the end of 1991, and effects varied across countries. It is therefore
important to represent this transition well. BP’s Statistical Review of World Energy (BP, 2021) has
data for former Soviet states from 1985, based on the limited available pre-dissolution data by republic
(pers. comm., BP, April 2019). We disaggregate years before 1985 using the shares in 1985.

Despite these efforts to disaggregate these countries carefully, emissions estimates before 1992
necessarily have higher uncertainty, and before 1985 must be considered tentative.

Countries that are disaggregated are: Czechoslovakia, USSR, Yugoslavia, East and West
Pakistan, Rhodesia-Nyasaland, United Korea, Federation of Malaya-Singapore, Sudan, Netherland
Antilles, French Equatorial Africa, and French West Africa.

Also for reasons of continuity, we aggregate countries that are now united: East and West
Germany are combined into Germany for a continuous series; Zanzibar and Tanganyika are combined
into Tanzania; North and South Yemen are combined into Yemen; North and South Vietnam are
combined into Vietnam; Peninsular Malaysia, Sabah, and Sarawak are combined into Malaysia.

Note that Western Sahara’s energy data are reported by Morocco, and its emissions are included
in Morocco’s data in GCB. Similarly, Monaco’s emissions are included in France’s data, and The
Holy See (Vatican City) are included in Italy.
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2.5. Source documentation

We continue to improve the tracking of sources in each data point through the entire workflow.
Internally this is stored as binary values to allow compact storage of multiple tags per data cell, while
for publication this information is translated to text in the same file format as the data file.

3.Revisions over time

The refinements introduced to the methodology over time have obviously led to changes in the
level of emissions (Figure 20). This section briefly summarises some of the major changes seen
between versions of the dataset.

The 2016 version (green line, with data ending in 2015) stands out with higher emissions through
the mid-2000s. At the time this version was constructed China had released the results of its third
Economic Census (3EC), which showed significantly higher coal consumption than previous releases.
Analysis of CDIAC-FF’s estimates showed that the 3EC results had only propagated through the UN
energy data CDIAC-FF used from 2010 onwards, but Korsbakken et al. (2016) showed that China had
revised its coal consumption upwards from 2000, and BP’s data for China’s coal reflected this,
showing higher consumption from about 2000. Based on this we chose for the 2016 version of GCB to
overwrite emissions for China for all three fuel categories using energy data reported by BP. The
following year, with the 2017 version, CDIAC-FF’s emissions estimates showed revisions for
emissions from coal in China up across all years since 2000, so we switched back again to CDIAC-FF
as our data source.

In its 2018 edition, the GCP replaced CDIAC-FF’s estimates of cement process emissions With
those of Andrew (2018), leading to a reduction in global emissions of about 0.5 Gt in recent years.

In the 2019 edition GCP recalculated global emissions as the sum of national emissions and
international bunkers. This resulted in an increase in global emissions before 2012 and a decline after
2012 compared to the global emissions reported by CDIAC-FF.

In the 2021 edition, the addition of emissions from lime production in China added about 170 Mt
CO; in recent years.

In the 2022 edition, CDIAC-FF’s upwards revision of China’s emissions from coal during 1999-
2003 added 200-280 Mt CO per year in that period.

In the 2023 edition there are many changes, the largest of which are in 2020-21 because of the
replacement of 2020 estimates from approximate energy growth rates with estimates from CDIAC-FF.
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Global fossil CO, emissions across versions of GCP’s dataset
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Figure 20: Comparison of global fossil CO2 emissions from different versions of the GCB dataset. The final data point of
each version is always the year before the version number, e.g., the 2021 edition has data through the year 2020 (Y-1).

4.Further Research

4.1. Extrapolation in final years

For countries that report to Eurostat, CICERO’s other work towards generating monthly
emissions estimates from Eurostat’s energy data (Andrew, 2021) could be used to provide estimates of
emissions in Y-1 that respect the definition of territorial emissions, excluding bunker fuels. This is a
work in progress, as the underlying data from Eurostat are of highly variable quality.

4.2. Clear geographies

Historically GCP’s fossil CO- dataset has provided no additional information about the
geographies of countries included beyond a hame and a three-letter ISO code. Given that these are
imprecise, and that the exact geographies differ between data sources used, more careful tracking of
geographies is something we intend to look at in future. This would require clear definitions of
geographies for data from each source dataset and tracking via the source information. It may
transpire, for example, that cement emissions for one country have a different geographical boundary
to the energy emissions for the same country, because of the different data sources used. Most
important, however, is to address the lack of clarity about what a name like ‘France’ means (See
section 2.2.18), whether it includes Monaco, French territories within Europe, overseas territories and
regions, or indeed French territory in Antarctica. It is expected that this will be demanding work. It is
also possible that country definitions overlap, and this is indeed the case currently with Ukraine and
Russia, both of which officially report emissions in Crimea.

4.3. Other issues

Because the main energy source underlying the CDIAC-FF emissions is the UN’s energy
database starts in 1950 and the data sources for years before 1950 do not report sales to international
bunkers, there is a jump in bunker emissions from zero in 1949 to a positive value in 1950. While at
the global level this amounts to about 2% “mis-allocated” (not missing) emissions, for some countries
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the effect is much larger. For its size, Trinidad and Tobago was a significant producer of crude oil and
products, and a large share of non-exported products were sold as international bunker fuels. Because
no data for bunkers are available before 1950, this leads to an inflated estimate of territorial
consumption in those years.
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Figure 21: Emissions from oil consumption in Trinidad and Tobago, showing a large discontinuity at 1950 because of a lack
of data on sales to bunkers before 1950.

In the early 19" century, energy data for some European countries (e.g., Belgium) is available
only for specific years, resulting in spikes in the emissions dataset where emissions are only non-zero
for a single year with zero either side. This leads to interpretation issues when rates of change are
calculated.

5.FAQ

Some questions are received more frequently than others, so we will collect responses to some of
these here, developing this over time.

5.1. Kuwaiti oil fires

In the dataset there is one region that does not represent a territory, and that is “Kuwaiti oil fires”.
This represents the emissions from the >650 oil wells that were set alight by Iraqi troops as they
retreated from Kuwait in 1991. The emissions from combustion of both oil and natural gas were
estimated by CDIAC-FF to be 477 Mt CO, (Andres et al., 1994). This region has non-zero emissions
only in the year 1991.

5.2. Aruba

Aruba is a country within the Kingdom of the Netherlands located in the Caribbean. The territory
has an unusual emissions history because of the presence of a single oil refinery that, when running,
substantially increases the island’s emissions (Figure 22). In 2012, this refinery was mothballed,
leading to a sharp decline in the island’s emissions (McCarthy, 2016).
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Figure 22: Emissions in Aruba, a Caribbean island, exhibiting an unusual trend.

5.3. Singapore

Singapore is a small country that sells a very large amount of fuel for international shipping and
aviation. By convention, emissions from combustion of these bunker fuels, the vast majority of which
does not occur in national territory, are excluded from national emissions accounts. However, a
number of energy and emissions datasets include emissions from bunker fuels in national totals,
assigned to the country that sells them. For the case of Singapore this leads to very different emissions
estimates between datasets (Figure 23).

Singapore CO, emissions, with and without bunker fuels
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CO,
BP
200 - |E Awith bunkers
150 -
100 -
501 IEA
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0
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Figure 23: Singapore’s CO2 emissions as reported by several different agencies, demonstrating the very different trend when
international bunkers are included.
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But further than that, the estimates of Singapore’s emissions from oil are highly volatile in
CDIAC-FF, and therefore in GCB, because of noise in the data and the use of the reference approach.

5.4. Luxembourg
Luxembourg is a very small country that employs a significant number of people from

neighbouring countries and many people commute into the country for work. One indicator of this is
that about “70% of the climate emissions from fuel sales come from motor vehicles registered abroad”
(Government of Luxembourg, 2020, p.62). Those who commute into Luxembourg for work are much
more likely to purchase fuel in Luxembourg than in their home country because fuel taxes have long
been lower in Luxembourg (IEA, 2020). This then skews statistics, because much of the fuel
purchased in Luxembourg is used outside of the country, and trade statistics do not capture these
movements. Given that the Reference Approach (RA) relies on trade statistics, emissions datasets that
use the RA will produce incorrect estimates of Luxembourg’s territorial emissions.

5.5. Nigeria

Nigeria’s oil consumption is highly uncertain. Very high subsidies on fuel have led to significant
undocumented smuggling across its border to neighbouring countries. Government agencies appear to
have highly conflicting ideas of how much is consumed within Nigeria, and probably none of these
account for black market losses (e.g., Akintayo, 2022). These subsidies were removed suddenly in
2023, which will lead to reduced domestic consumption, reduced smuggling, and possibly more
accurate estimates in future.

6.Conclusions

The Global Carbon Project’s fossil CO, emissions dataset has undergone a number of important
changes over the years, and while some aspects of these changes have been reported in the annual
publication of the Global Carbon Budget, detail there has necessarily been at a low level. Further,
there were significant changes particularly in the 2021 edition, with more use of independent data
from countries’ own reporting rather than from the country>UN>CDIAC-FF route as well as
somewhat reduced reliance on BP’s data in the final year.

While global emissions of fossil CO; are relatively well characterised, particularly in relation to
other greenhouse gases, the work in improving the accuracy and traceability of global fossil CO,
estimates is ongoing, and there is considerable scope for further improvement. The relatively new use
of independent approaches such as use of proxy activity data (Liu et al., 2020; Le Quéré et al., 2020)
and detection of activity levels in satellite imagery (Climate TRACE, 2021) are exciting, but require a
substantial investment of effort in verification and reduction in the number of assumptions required.

Capacity of governments around the world to estimate national emissions with reasonable levels
of accuracy is growing and will continue to grow, but there will always be a need for independent
estimates, estimates of older emissions that may not be relevant for international treaties but are vital
inputs to climate science, and global collation of available data. This work will continue.
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Appendix: Change Log

2021v34, published 14 October 2021

Modified method of extrapolation using BP energy data for oil emissions to recognise that
BP’s national oil data include sales to international bunker. This correction allowed the
maintenance of the global total change in oil emissions in 2020 to match the global total
change in oil consumption in energy terms reported by BP (see section 2.2.27).

Added data from CBS for the Netherlands (see section 2.2.6).

2022v27, published 17 October 2022

For non-Annex 1 countries, we have used satellite-derived estimates of flaring reported by the
World Bank’s Global Gas Flaring Reporting (GGFR) Partnership starting from 2012. The use
of these data for Annex 1 countries is still being considered.

New estimates of Chinese coal consumption 1907—-1949 based on information from historian
Tim Wright.

Added preliminary estimates from Statistics Finland for the year following the final year of
their most recent submission to the UNFCCC.

Adjustments to international bunker emissions based on additional data from Marine
Benchmark and the EIA.

CDIAC’s 2022 pre-release had negative emissions for UAE and Oman in 2019, a result of
incorrect energy reporting by these two countries, so we have replaced from 2017 using
growth rates from BP’s energy data.

CDIAC’s 2022 pre-release had a doubling of Colombia’s emissions from natural gas, which is
inconsistent with other sources, so we have replaced with CDIAC’s 2021 release, which does
not exhibit the same errors.

2023v28, published 2 November 2023

Added additional country disaggregations for French Equatorial Africa and French West
Africa before 1960

Used EIA data for DR Congo coal after 1990

New series for early UK coal

New series for Australian coal before 1990, coal 1960-1989, oil before 1960

Replaced use of BP/EI data with extensions using UN energy data and JODI natural gas data
for final years, where available

Specific estimate for Ukraine in 2022

Use of official low-lag estimates for Thailand

Estimation from Iceland’s energy data 1940-1949

Estimation from Liechtenstein’s energy data 1959-1989

Addition of earlier satellite-derived flaring estimates

New methods for international bunkers in final years

2023v36, published 21 November 2023

New data for New Caledonia

New data for Iceland’s final year

Split of international bunkers by aviation and shipping
Norway updated from official 2023 release
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2023v43, published 24 January 2024

New coal emissions for 20 Latin American countries estimated from data collated by Yéfiez et
al. (2013)
Further work identifying true zeros and true NaNs (=NODATA)
Clear indication of source as CDIAC (Andres et al. 2011) before 1950 where appropriate
Various updates to countries for which low-lag data are available
Corrected errors:

o Some data were incorrect processed in per capita series

o Some sources were incorrect for disaggregated countries
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