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Abstract
This paper is part of a series detailing new methodologies for estimating key components of agri-food
systems emissions, with a view to disseminate the information in FAOSTAT. It describes methods for
estimating greenhouse gas (GHG) emissions from fossil fuel-based energy use in agri-food systems
processes outside agricultural land, i.e. those associated with pre- and post-production activities – in an
effort to inform countries of the environmental impacts of agri-food systems and the possible options to
reduce them. Based on the proposed methodology, we build a new database of the annual carbon
footprint of energy use in pre- and post-production agri-food system processes, on a country basis and
with global coverage, for the period 1990–2019.
Our efforts help to better characterize agri-food systems and the role they can play in achieving the
Sustainable Development Goals (SDGs). In particular, they align well with SDG 12 to ensure “sustainable
consumption and production patterns’’, specifically Target 12.2, “achieve the sustainable management
and efficient use of natural resources” and Indicator 12.2.1, which monitors the “material footprint,
material footprint per capita, and material footprint per GDP” of different products.
This paper covers five categories of energy use in agri-food systems: (1) fertilizer manufacturing; (2) food
processing; (3) packaging; (4) retail; and (5) household consumption. Methods for estimating GHG
emissions from other agri-food system processes and complementing this work are discussed elsewhere
(Tubiello et al., 2021), specifically in relation to estimating emissions from food transport (Karl and
Tubiello, 2021a), waste disposal (Karl and Tubiello, 2021b) and on-farm energy use (Flammini et al., 2021).

iii

Contents
Abstract ........................................................................................................................................................ iii
Acknowledgements...................................................................................................................................... vi
1

Introduction .......................................................................................................................................... 1

2

General methods .................................................................................................................................. 3

3

4

5

6

2.1

Mapping agri-food systems components ..................................................................................... 3

2.2

Emissions estimates ...................................................................................................................... 5

Methods by agri-food systems component .......................................................................................... 7
3.1

Fertilizers manufacturing .............................................................................................................. 7

3.2

Food processing ............................................................................................................................ 9

3.3

Food packaging ........................................................................................................................... 10

3.4

Food retail ................................................................................................................................... 12

3.5

Household consumption ............................................................................................................. 13

Imputation of missing countries and results ...................................................................................... 17
4.1

Imputation of missing countries ................................................................................................. 17

4.2

Validation of results: pre and post production totals ................................................................. 18

4.3

Validation of results: agri-food systems components ................................................................ 19

4.4

Country level comparisons.......................................................................................................... 23

Limitations and next steps .................................................................................................................. 25
5.1

Boundaries of this analysis .......................................................................................................... 25

5.2

Uncertainty ................................................................................................................................. 25

5.3

Areas for advancement ............................................................................................................... 25

References .......................................................................................................................................... 27

v

Acknowledgements
This paper has been drafted by Francesco Tubiello, Alessandro Flammini, Kevin Karl, Griffiths Obli-Laryea,
Sally Yue Qiu, Hörn Halldórudóttir Heiðarsdóttir, Xueyao Pan and Giulia Conchedda.
Many principles of this methodology were built on previous FAO work on the use of energy in agri-food
systems, led by Olivier Dubois. We are thankful to Cynthia Rosenzweig, Philippe Benoit, David Sandalow,
Erik Mencos Contreras, Matthew Hayek and the Food Climate Partnership for their useful inputs and
comments, which helped to improve the quality of this work. We are also thankful to Leonardo Sousa at
the United Nations Statistics Division (UNSD) for support with data provision.

vi

1 Introduction
Agri-food systems generate about one-third of greenhouse gas (GHG) emissions from human activity and,
therefore, are a key component of any effective climate change mitigation strategy (Mbow et al., 2019;
Rosenzweig et al., 2020). Recent work has classified agri-food systems emissions into three main
categories: farm gate; land use change; and pre- and post-production (Tubiello et al., 2021). While
statistics of GHG emissions generated within the farm gate and from land use change are well
characterized globally with country detail and over sufficiently long time series (FAO, 2021e), methods
and data for estimating emissions beyond the farm gate are generally lacking (Clark et al., 2020). These
include methods to estimate emissions from energy use in several critical pre- and post-production
processes, such as fertilizer manufacturing, food processing, retail and household consumption
(Rosenzweig et al., 2021). First-order estimates of energy use along food chains and associated GHG
emissions were first carried out by FAO (2011), based on a literature review, leading to a first set of rather
coarse regional and global estimates. More recently and building on the FAO pioneering work, Crippa et
al. (2021a) and Tubiello et al. (2021) have significantly moved forward the methodological basis for full
quantification of agri-food systems emissions. In particular, Crippa et al. (2021a) built the first countrylevel database of agri-food systems emissions, EDGAR-FOOD, covering the period 1990–2015. The work
in Tubiello et al. (2021) lays the foundations for the development of an independent database in FAOSTAT,
with a view to disseminate country-level statistics on GHG emissions from agri-food systems, with annual
updates and global coverage.
Our efforts help to better characterize agri-food systems and the role they can play in achieving the 2030
Sustainable Development Goals (SDGs). In particular, they align well with SDG 12 to ensure “sustainable
consumption and production patterns’’, specifically Target 12.2, “achieve the sustainable management
and efficient use of natural resources” and Indicator 12.2.1, which monitors the “material footprint,
material footprint per capita, and material footprint per GDP” of different products.
Additionally, the work presented contributes to linking statistics on agri-food systems – typically reported
by countries to FAO – to those reported under the UN Framework Convention on Climate Change
(UNFCCC). We do so by explicitly linking relevant FAO classifications to those of the Intergovernmental
Panel on Climate Change (IPCC) – used by countries to report to the UNFCCC. This mapping enables
countries to better employ the information in their national GHG inventories in order to design effective
mitigation strategies for their agri-food systems (Tubiello et al., 2021; Rosenzweig et al., 2021).
Previous work has helped characterize agri-food systems emissions into three components: 1) farm gate;
2) land use change; and 3) pre- and post-production (Tubiello et al., 2021; Rosenzweig et al., 2021).
Emissions from the first two – generated by crop and livestock production activities within the farm gate
as well as by the conversion of natural ecosystems to agriculture, such as deforestation and peatland
degradation – are regularly disseminated in FAOSTAT (FAO, 2021e; Tubiello, 2019). This paper focuses on
emissions from energy use in pre- and post-production activities, including: (1) fertilizer manufacturing;
(2) food processing; (3) packaging; (4) retail; and (5) household consumption. Methods for estimating GHG
emissions from other agri-food system processes are described elsewhere (Tubiello et al., 2021),
specifically in relation to emissions from transport (Karl and Tubiello, 2021a) waste disposal (Karl and
Tubiello, 2021b) and on-farm energy use (Flammini et al., 2021). Section 2 describes the general
methodological approach applied throughout this work. Section 3 describes for each specific agri-food
1

systems component the methods applied to characterize relevant activity data, emission factors and foodshare coefficients. Section 4 describes the final imputational approach to obtain complete time series of
agri-food systems emissions by country over the period 1990–2019, and validates results against
published data. Finally, section 5 discusses the limitations and uncertainties associated with this
methodology and discusses the way forward in terms of needed methodological refinements and future
applications.
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2 General methods
2.1 Mapping agri-food systems components
The methods developed in this paper support the compilation of new country-level data on pre- and postproduction emissions component of agri-food systems. The data complement existing information on
farm-gate and land use change emissions, already disseminated in the FAOSTAT Emissions shares
database (FAO, 2019). Data are organized in IPCC emissions categories: energy; industrial processes and
product use (IPPU but henceforth: industry); waste; agriculture; land use, land use change and forestry
(LULUCF); and other. IPCC sectors and sub-sectors are mapped to FAO categories relevant to food and
agriculture, in line with recent work (Tubiello et al., 2021), with extensions made to cover all IPCC sectors
with relevant agri-food systems activities (Table 1).
FAO already disseminates data for 15 sub-domains associated to IPCC sub-sectors in agriculture, LULUCF
and energy. This methodological work addresses new methods for computing emissions from five new
components, covering energy use in fertilizers manufacturing, food processing, retail and household
consumption, as well as refrigeration in retail. Methods for estimating agri-food systems emissions in
transport and waste disposal were provided in companion papers (Karl and Tubiello, 2021a and 2021b).
Methods for estimating agri-food systems emissions from on-farm energy use, including the production
of electricity for agricultural use (which we also characterize as a pre-production activity) are addressed
in another companion paper (Flammini et al., 2021). It does not cover embedded energy in machinery
(i.e. machinery manufacturing), pesticide manufacturing, or upstream emissions associated with oil and
gas supply chains.
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Table 1. Mapping IPCC to FAO emissions categories

N2O

CO2

Net forest conversion

x

x

x

Tropical forest fires

x

x

x

Peat fires

x

x

Drained organic soils

x

x

Burning – Crop residues

x

x

Burning – Savanna

x

x
x

Drained organic soils

x

Enteric fermentation

x

Manure management

x

x

Manure applied to soils

x

Manure left on pasture

x
x

ENERGY

Synthetic fertilizers

WASTE

INDUSTRY

x

On-farm energy use

x

x

x

Fertilizer manufacturing

x

x

x

Processing

x

x

x

Packaging

x

x

x

Transport

x

x

x

Household consumption

x

x

x

Retail – Energy use

x

x

x

Retail – Refrigeration

x

x

x

Solid food waste

x

Incineration

x

Industrial wastewater

x

x

Domestic wastewater

x

x

PRE- AND POST-PRODUCTION

Rice cultivation

AGRI-FOOD SYSTEMS

Crop residues

FAO

AGRICULTURAL LAND

CH4

FARM GATE

LULUCF
AGRICULTURE

AFOLU

GHG

LAND USE
CHANGE

Agri-food systems
activity

IPCC

Source: Adapted from Tubiello et al. (2021).
Note: Blue highlights represent pre- and post-production components of agri-food systems covered in this
work.
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2.2 Emissions estimates
The methodology presented in this paper follows a step-wise approach for the estimation of agri-food
systems emissions:
Step 1 identifies, for each agri-food systems component, the relevant international statistics needed to
characterize country-level activity data (AD).
Step 2 determines the food-related shares of the activity data (ADfood) and assigns relevant GHG emission
factors (EF) to each activity.
Step 3 implements the generic IPCC method for estimating GHG emissions (Efood), using inputs of activity
data and emission factors from the first two steps, as follows:
Efood = EF*ADfood

(1)

Finally, Step 4 imputes any missing agri-food systems emissions data by component, using as input
PRIMAP, a complete dataset of emissions estimates for all IPCC sectors, by country, over the period 1990–
2019 (Gütschow et al., 2021).
Table 2 provides an overview of the sources used for the analysis. PRIMAP emissions data are already
disseminated in FAOSTAT through the Emissions shares domain mentioned previously. The PRIMAP data
compile all available information on GHG emissions by country, including form official reporting. They
were used internationally as the basis for an early, first-order estimate of agri-food systems shares in total
GHG emissions (IPCC, 2019). Additionally, they were recently used by the UNFCCC to assess world GHG
emissions form all sectors (UNFCCC, 2021).
The next two sections describe methods in detail. Section 3 focuses on implementation of steps 1–3 by
agri-food systems component. Section 4 focuses on the imputation methods that were generally applied
to all components.

5

Table 2. Overview of sources of activity data, food shares and emission factors applied
Agri-food system
component

Activity data

Fertilizer
manufacturing

FAOSTAT Fertilizers by
Product database
(FAO, 2021a)
FAOSTAT Fertilizers by
Nutrient database
(FAO, 2021b)

Food processing

UNSD Energy Statistics
Database (UN, 2021a)

For all: UNSD Energy
Statistics Database
(UN, 2021a).

Food packaging

For glass, tin and
aluminium: UNSD
Industrial Commodity
Statistics database
(UN, 2021b).
For pulp & paper:
FAOSTAT Forestry
Products Database
(FAOSTAT, 2021c.))

Food retail

Food household
consumption

UNSD Energy Statistics
(UN, 2021a)
IEA energy statistics
(IEA, 2020) (only for
China)
Crippa et al. (2021a) (Fgases)
UNSD Energy Statistics
(UN, 2021a)

Food share

Emission factor

Calculated from FAOSTAT
Fertilizers by Nutrient database
(FAO, 2021b) and Fertilizers by
Product database (FAO, 2021a)

International Fertilizer
Society (2019),
Brentrup et al. (2016,
2018), Zhang et al.
(2013)

Set to unity

IPCC (2006), and
electricity and heat
calculated from IEA
(2013)

For glass: EU-MERCI (2017); Scalet
et al. (2012); Schmitz et al. (2011);
Bergmann et al. (2007); Alliance
Europe (2021); EIA (2013, 2017,
2021); Hu et al. (2018); Ireson et al.
(2019); IEA (2007); CARE Ratings
(2018)
For plastics: IEA (2018); UNEP
(2018); ING Economics Department
(2019)
For aluminium: IEA (2007); IAI
(2018)
For tin: WSA (2019); UN (2021b)
For pulp and paper: FAO (2021c)

IPCC (2006), and
electricity and heat
calculated from IEA
(2013)

Crippa et al. (2021a); Eurostat
(2018); Canning et al. (2017); EIA
(2012); Song et al. (2019); IEA
(2015); GACC (2017); MOSPI
(2015); PRB (2021)

IPCC (2006), and
electricity and heat
calculated from IEA
(2013)

EUROSTAT, 2019; Zabaloy et al.,
2020; IEA, 2016; Coelho et al.,
2014; Zheng and Wei, 2016;
Pachauri et al., 2018; EIA, 2014;
IEA, 2019; Bisu et al., 2016; IEA,
2021; EIA, 2015.

IPCC (2006), and
electricity and heat
calculated from IEA
(2013)

Source: Authors’ own elaboration.
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3 Methods by agri-food systems component
3.1 Fertilizers manufacturing
Mineral fertilizers are a critical input into crop production, amounting globally to more than 100 million
tonnes of nitrogen (N), 40 million tonnes of phosphates (P2O5) and 35 million tonnes of potash (K2O)
applied annually in agricultural fields (FAO, 2021b). In terms of nitrogen, current application levels are
about an order of magnitude larger than in the 1960s (FAO, 2021b). Largely owing to the energy-intensive
process of manufacturing ammonia from hydrogen and atmospheric nitrogen via the Haber-Bosch
process, fertilizer production is thought to be responsible for approximately 1 percent of global energy
use (Dawson and Hilton, 2011; Leigh, 2004; Walling and Vaneeckhaute, 2020).
The methods presented allow for estimation of GHG emissions from energy use in fertilizer manufacturing
of the following products: (i) ammonia; (ii) nitric acid (Ahlgren et al., 2008); and (iii) potash and phosphate
(Brentrup et al., 2018). Emissions from the extraction, transfer and supply of natural gas as input into the
Haber-Bosch process were not considered in this analysis.

3.1.1 Fertilizers manufacturing: activity data
Activity data were sourced from the FAOSTAT Fertilizers by Product database (FAO, 2021a), which contains
data on the amount of different fertilizers produced by country, with global coverage for the period 2002–
2019 for nearly 200 countries and territories. The following fertilizers products were included: ammonium
nitrate; calcium ammonium nitrate; urea; urea ammonium nitrate; ammonium sulfate; anhydrous
ammonia; NPK fertilizers; monoammonium phosphate, diammonium phosphate, superphosphates (both
above and below 35 percent); potassium chloride (muriate of potash); and potassium sulfate (sulfate of
potash). These categories of fertilizers represent 85 percent of the total quantity of fertilizers produced
over the time period covered by the database. Missing values for the period 1990–2001 were computed
by using linear regression and only applied to countries with annual fertilizer production data in the
FAOSTAT Fertilizers by Nutrient database for at least two years between 2002–2019 (FAO, 2021b). For
China, mainland, data were sourced from the FAOSTAT Fertilizers by Nutrient database, since no productspecific fertilizer data is available for China, mainland in the FAOSTAT Fertilizers by Product database.

3.1.2 Fertilizers manufacturing: food shares
Fertilizers are manufactured worldwide, with agriculture being the largest user. Because of a lack of
information on the fraction of country-level fertilizer production attributable to national agri-food
systems (FAO, 2021a), this method applied, to each country with non-zero fertilizer production data in
FAOSTAT, a globally averaged food share coefficient, obtained by dividing the world total agricultural use
of nutrient N fertilizers by the world total production of nutrient N, as disseminated in FAOSTAT (FAO,
2021b). The global food share coefficient thus obtained varied over the period 1990–2019, ranging from
0.88 to 0.99, with a mean of 0.93. They were consistent with the range of food share values applied in
EDGAR-FOOD, which were between 0.92 and 1 (Crippa et al., 2021a).

3.1.3 Fertilizers manufacturing: emission factors
Emission factors used were specific to fertilizer products. They were sourced from the International
Fertilizer Society (2019) for ammonium nitrate, calcium ammonium nitrate, urea, and urea ammonium
nitrate, and from Brentrup et al. (2018) for ammonium sulfate, anhydrous ammonia, NPK fertilizers,
7

monoammonium phosphate, diammonium phosphate, superphosphates (both above and below
35 percent), potassium chloride and potassium sulfate.
Regional EFs were applied based on product-specific data for the following countries:
• Europe: the 27 countries of the European Union (EU);
• Commonwealth of Independent State nations (CIS): Belarus, the Russian Federation,
Turkmenistan, Ukraine and Uzbekistan;
• Africa: Algeria, Egypt, Nigeria and South Africa;
• Near East: Islamic Republic of Iran, Kuwait, Oman, Qatar, Saudi Arabia, Turkey and the United
Arab Emirates;
• North America: Canada and the United States of America;
• Latin America and the Caribbean: Argentina, Brazil, Mexico, Trinidad and Tobago and the
Bolivarian Republic of Venezuela;
• South Asia: India and Pakistan;
• South-east Asia: Indonesia, Malaysia and Vietnam; and
• Oceania: Australia and New Zealand.
Emission factors for nitrogenous fertilizer production in China were taken from International Fertilizer
Society data for nutrient N (IFS, 2018) as an average of coal and gas-based production, and a weighted
average across N fertilizer types was based on data from Zhang et al. (2013). N fertilizer are produced
mainly in China, the United States of America, India and the Russian Federation. China, the United States
of America and the Russian Federation and also among the main producers of P2O5 and K2O fertilizers. EFs
for nutrient P2O5 and K2O for China are taken as average values from Brentrup et al. (2016).
Table 3. Product-specific emission factors, with ranges across regions.
CO2 emissions factor N2O emissions factor
(kg CO2eq/kg
(kg CO2eq/kg
Source
product)
product)
Ammonium nitrate
0.77–1.36
0.16–1.66
Calcium ammonium nitrate
0.67–1.48
0.13–1.34
IFS (2019)
Urea
0.57–1.36
0
Urea ammonium nitrate
0.53–1.10
0.07–0.74
Ammonium sulphate
0.56–1.12
0
Anhydrous ammonia
2.05–4.2
0
NPK fertilizers
0.71–1.71
0
Diammonium phosphate*
0.63–1.15
0
Brentrup et
Monoammonium phosphate*
0.44 –0.81
0
al. (2018)
Superphosphate (above 35 percent)*
0.18–0.28
0
Superphosphate (below 35 percent)*
0.08–0.13
0
Potassium chloride
0.25
0
Potassium sulfate
0.25
0
(*) EFs for phosphorous- and potassium-based fertilizers include energy use in mining and extraction from
parent rock material, which were not separated in the available literature (Hasler et al., 2015).
Product

Source: Authors’ own elaboration.
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3.2 Food processing
Food processing includes all operations needed to transform raw agricultural commodities into food
products for intermediate and final consumption. These include many different activities, e.g. from simple
flour making to highly processed food. Thermal processes, such as refrigeration and heating, account for
the majority of energy use in food processing, with process heating generally the most important (LadhaSabur et al., 2019). An important exception is meat and milk processing, for which up to 90 percent of
total energy can be used for cooling and refrigeration (Compton et al., 2018; FAO 2014). The amount of
energy used in food processing – and related emissions – is highly variable by country. In Thailand, for
example, it was found that food and beverage manufacturing accounts for 30 percent of energy
consumption in the manufacturing sectors, whereas in the EU food processing accounts for roughly
10 percent of total energy use in the manufacturing sector (Wang, 2014). In the United States of America,
the food industry represents roughly 8 percent of energy consumption in manufacturing and is the fifth
highest industrial sector by energy use (Compton et al., 2018).

3.2.1 Food processing: activity data
Relevant activity data were sourced from the UNSD Energy Statistics Database, ISIC Divisions 15–16, Flow
1214f: final energy consumption by manufacturing of food and tobacco (UNSD, 2021). UNSD data
represented official country data from 100 countries and territories, for which the information was
already fairly complete; additional gap-filling performed by FAO by linearly interpolating in between
available years and by carrying forward the last available values led to an overall imputation rate of
6.3 percent. The UNSD energy data by fuel corresponded to the IPCC Energy sector sub-category 1A2e
(food processing, beverages and tobacco) including electricity and heat. Finally, the UNSD data, expressed
originally in fuel amounts, were converted to energy units by using IPCC (2006) default calorific values or,
when the latter were missing, by UNSD and IEA (2004) coefficients.

3.2.2 Food processing: food shares
The food share percentage of the UNSD energy data, representing use in food and tobacco manufacturing,
was set to unity. This assumed that the tobacco manufacturing component was negligible, in line with
assumptions made in previous work (Crippa et al., 2021). As an indirect confirmation of this assumption,
FAOSTAT statistics indicated that tobacco represented globally only 0.1 percent of all crop production in
2019. Explicit analyses of energy use in the manufacturing sectors are otherwise scarce. Two national
analyses for the United States of America and the Netherlands confirm nonetheless that energy use in
tobacco processing represents a very small percentage of total energy use in food, beverage and tobacco
processing (Ramírez et al., 2006).

3.2.3 Food processing: emission factors
The GHG emissions from food processing considered herein consist of carbon dioxide (CO 2), methane
(CH4) and nitrous oxide (N2O) gases emitted by the on-site combustion of fossil fuels for energy generation
and the off-site generation of electricity. Default emission factors for use in equation (1) above were taken
from IPCC (2006), relative to stationary combustion in manufacturing industries and construction.
Consistently with the same IPCC guidelines, biofuels and renewables were considered carbon-neutral
fuels, i.e. their emissions coefficients were set to zero.
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For electricity, which is generated using a mix of fuels, country-specific grid CO2 emission factors over the
period 1990–2012 were taken from IEA (2013), and carried forward for the period 2013–2019 using the
most recent 10-year average. Country-specific heat emission factors were set to 52 percent of
corresponding grid electricity emission factors based on a large synthesis analysis published by the IPCC
Fifth Assessment Report (IPCC, 2014). CH4 and N2O emission factors were computed from CO2 emission
factors, using methods of IPCC (2006).
The country-level grid emission factors developed for food processing were also applied to the other agrifood systems components of this analysis.

3.3 Food packaging
Food packaging protects food through distribution channels, increasing shelf-life, improving traceability,
and maintaining freshness, among other purposes (Paine and Paine, 2012). By some estimates, up to twothirds of all packaging material produced annually is used in the agri-food system (Piergiovanni and Limbo,
2016). Emissions from food packaging covered in this methodology are those linked to energy use in the
industrial production of glass, plastic, aluminium, tin, and pulp and paper products used in food packaging.
Energy use in facilities where food is packaged is not considered in this analysis, nor are emissions
associated with special multi-material packaging (e.g. Tetrapack), and indirect emissions from the fuel
chain.

3.3.1 Food packaging: activity data
Activity data for energy use in the industrial production of glass and plastic were taken from the UNSD
Energy Statistics Database (UN, 2021a), Flow 1214b: final energy consumption by manufacturing of nonmetallic minerals. Activity data for energy use in the industrial production of paper were taken from Flow
1214g: consumption by pulp, paper and print. Activity data for the industrial production of tin were taken
from the UNSD industrial commodity statistics database (UN, 2021b). Finally, data for aluminium
production were taken from aluminium industry publications (IAI, 2018). The relevant data on the
materials analysed was available for 215 FAO countries and territories.

3.3.2 Food packaging: food shares
The computation of food shares in packaging proceeded through the following steps:
For glass, the share of energy consumption for glass manufacturing to total energy consumption for all
non-metallic minerals production was collected from the literature for the EU, the United States of
America and China. First, it was assumed that 19 to 62 percent of energy use in non-metallic mineral
production is associated with glass production (Table 4). The EU estimate of 31 percent was applied to the
rest of the world since the information provided by the referenced reports represent the most spatially
comprehensive and detailed data (EU-MERCI, 2017). The share of container glass in total glass production
was taken from the literature, and ranged between 30–60 percent (Table 4). The resulting food shares of
energy use for non-metallic mineral production ranged between 10–19 percent.
For plastic, it was first assumed that 4 percent energy use (oil and gas) in the chemical industry was for
plastics manufacturing globally (IEA, 2018). We then applied a coefficient of 30 percent to estimate the
share of plastics manufactured used for packaging (UNEP, 2018). Finally, we employed a third coefficient
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of 40 percent to determine the food share of plastic packaging (ING Economics Department, 2019). The
result was a food share of 0.48 percent.
For aluminium, it was assumed that 60 percent of energy consumption in primary non-ferrous metals
production could be attributed to aluminium production (IEA, 2007). Data on aluminium production were
available for Europe, Canada, the United States of America, Mexico, Brazil, South Africa, Australia, China,
India, the Russian Federation and Japan (IAI, 2018). The food share of aluminium production was
determined by dividing the amount of aluminium used for aluminium cans and aluminium foil by the total
amount of aluminium produced in a year. The year-specific shares ranged between 4–38 percent. The
food share percentages of aluminium packaging, obtained by combining information on energy use for
aluminium production, the percentage going to packaging, and the food share of that packaging, ranged
across countries and regions between 2–27 percent of energy used by non-ferrous metals. Regional
averages were calculated according to FAOSTAT definitions and applied to countries with no countryspecific food share data, but with aluminium production data in the UNSD Industrial Commoditiy Statistics
database (UNSD, 2021b).
For tin, year-specific energy shares of food-related tin production to total iron and steel were based on
tinmill product share of non-ferrous metals in the World Steel Association’s world steel statistical
yearbook (WSA, 2019). The methodology assumes that virtually all cans and containers in tinmill products
are for food. Taken together, the country-specific and year-specific food shares ranged 1–9 percent of
energy use in iron and steel production. Year-specific regional food share averages were developed based
on the World Steel Association data and applied to countries with tin production data based on the UNSD
industrial commodity statistics database (UN, 2021b).
For pulp and paper, food shares were estimated from information from the FAOSTAT forestry production
and trade database (FAOSTAT, 2021c). Here it was assumed that household and sanitary papers are
primarily food-related, as well as “cartonboard”, which is described as “mainly used in cartons for
consumer products such as frozen food and liquid containers” (Eurostat, FAO, ITTO and UNECE, 2020).
The fraction of this category over the total aggregate (containing: packaging paper and paperboard,
graphic papers, pulp for paper, and wood pulp) was used to determine the food share of energy used for
food in pulp and paper production. Country-specific and time-dependent food shares ranged between 1–
50 percent of total energy used in pulp and paper production, excluding biofuels and renewables.
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Table 4. Share of energy use in non-metallic minerals manufacturing for glass packaging

Country/region

Fuels

China

Natural gas,
electricity,
fuel oil, coal

EU

Natural gas,
electricity,
fuel oil*

United Kingdom
of Great Britain
and Northern
Ireland
United States of
America
World

Glass share of
energy use in
non-metallic
mineral
production

Food share of
energy use in
glass
production

Food share of
energy use in
non-metallic
mineral
production

0.19

0.53 (world
figure used)

0.11

Hu et al. (2018)

NA
Natural gas,
electricity
NA

Source

0.31

0.6

0.19

EU-MERCI (2017);
Scalet et al. (2012);
Schmitz et al. (2011);
Bergmann et al. (2007);
Alliance Europe (2021)

0.31 (EU
figure used)

0.6

0.19

Ireson et al. (2019)

0.62

0.3

0.19

EIA (2013, 2017, 2021)

0.31 (EU
figure used)

0.53

0.16

IEA (2007); CARE
Ratings (2018)

*includes gas oil and diesel oil
Source: Authors’ own elaboration.

3.3.3 Food packaging: emission factors
As done for previous energy use components, emission factors to estimate GHG emitted per unit of fossil
fuel combusted in energy production, were the IPCC (2006) default values for stationary combustion in
manufacturing industries and construction. Emission factors for renewables were assumed to be zero.

3.4 Food retail
GHG emissions from food retail consist of CO2, CH4 and N2O generated by energy consumption in food
retail facilities, such as for refrigeration and lighting. Food retailers and supermarkets are large energy
users – supermarket energy use intensity was estimated to be up to 1 500 thousand British Thermal Units
(BTU) per square foot (kBTU/ft2) in the United States of America in 2015 – 56 percent of which was used
for refrigeration (EPA, 2015). Furthermore, it was estimated that 3 percent of the British electricity
consumption is used in food retail environments (Tassou et al., 2011). Additionally, food retailing
environments often emit large amounts of fluorinated greenhouse gases (F-gases) via leaked refrigerants
(Hart et al., 2020). The main class of F-gases relevant to this analysis are hydrofluorocarbons (HFCs), which
have a very high global warming potential – over 4 000 times higher than CO2 for some of them (Hart et
al., 2020).

12

3.4.1 Food retail: activity data
Activity data of energy use are taken from UNSD Energy Statistics, Flow 1225: final energy consumption
in commerce and public services (UN, 2021a). Activity data for China, mainland, which was not
represented in the UNSD database, were taken from IEA energy statistics, Final Consumption in
Commercial and Public Services (IEA, 2020). Activity data for F-gas emissions are taken from Crippa et al.
(2021a), which contains country- and year-specific data on food-related emissions of HFC 134a, HFC-32,
HFC-143, and HFC-125 in accord with IPCC guidelines (IPCC, 2019). Since the data from Crippa et al.
(2021a) only extend to 2015, the relationship between food-related emissions and total country emissions
were used to extend the data with linear regression from 2015–2019, using the methodology described
in depth in Karl and Tubiello (2021a).

3.4.2 Food retail: food shares
The food share of energy use in retail are taken from a variety of publications sourced from governments
and academia (Table 5). For India, Africa and Latin America, food shares were based on Crippa et al.
(2021a). Where country- or region-specific data were not available, averages based on the country
groupings of “industrialized” and “developing” where applied to countries in such groups, as displayed
below. Country groupings for industrialized and developing countries were applied based on the
methodology and groupings employed by Crippa et al. (2021a).
Table 5. Energy use in food retail
Country/region
Africa

Food share
0.14

China
0.08
Developing
0.15
EU-27
0.11
India
0.13
Industrialized
0.08
Latin America
0.14
United States of America
0.06
Source: Authors’ own elaboration.

Source
GACC (2017); PRB (2021); IEA (2015)
(Average of Kenya, Ghana, Nigeria and Uganda)
Song et al. (2019); IEA (2015)
Average of Africa, India and Latin America
Eurostat (2018)
GACC (2017); MOSPI (2015); IEA (2015)
Average of China, EU-27 and United States of America
GACC (2017); PRB (2021); IEA (2015) (Guatemala)
Canning et al. (2017); EIA (2012)

3.4.3 Food retail: emission factors
Emission factors to estimate GHG per unit of fossil fuel combusted in energy production, were the IPCC
(2006) default values for stationary combustion in the commercial/institutional. Emission factors for
renewables were assumed to be zero, and emissions from biofuels were excluded in this analysis.

3.5 Household consumption
GHG emissions from household food consumption refer to CO2, CH4 and N2O generated by energy
consumption in the household, for example for cooking, kitchen appliances and refrigeration. F-gases
emitted by refrigeration systems in households were not considered due to lack of information. The
energy consumption, thus emissions, in household food consumption can vary significantly depending on
the country, region and industrialization level. Food storage and preparation in high-GDP countries
13

consume electricity for the operation of refrigerators, freezers, microwave ovens and appliances
(∼40 percent of total household food-related energy); heat for cooking on stoves and ranges
(∼20 percent); and for heating water and operation of dishwashers (∼20 percent) (Sims and Flammini,
2014).

3.5.1 Household consumption: activity data
Activity data for industrial production were taken from UNSD Energy Statistics, Flow 1231: consumption
by households (UN, 2021a). UNSD data represented official country data from 238 countries and
territories. Additional gap-filling was performed by FAO by linearly interpolating in between available
years and by carrying forward last available values. This led to an overall imputation rate of 2.6 percent.
The UNSD energy data by fuel correspond to IPCC energy sector sub-category 1A4b (residential) including
electricity and heat. As for other agri-food system components, the UNSD data, expressed originally in
fuel amounts, were converted to energy units by using IPCC (2006) default calorific values or, when the
latter were missing, by UNSD and IEA (2004) coefficients.

3.5.2 Household consumption: food shares
The food share of residential energy use can be considered as the sum of the shares of cooking,
refrigeration and appliances (e.g. dishwasher and microwave). Food shares were collected from a variety
of literature sources including academic journals, government publications and reports from international
organizations. Whenever possible, the cooking and refrigeration shares of energy use in households were
collected separately (Tables 6 and 7). For countries and territories where data are not available, we
calculated regional averages according to FAOSTAT definitions, and applied the resulting food shares to
those countries and the UNSD activity data.
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Table 6. Food shares for household cooking energy consumption by country and region
Country/region
Africa
Albania
Argentina
Asia
Australia
Bosnia and Herzegovina
Brazil
Canada
China, mainland
EU-27
Europe (excl. EU-27)
Guatemala
India
Japan
Latin America and the Caribbean
Mozambique
New Zealand
Nicaragua
Nigeria
Northern America
Norway
Oceania
Republic of Korea
Republic of Moldova
Serbia
Turkey
Ukraine
United Kingdom of Great Britain and
Northern Ireland
United States of America
*Does not include biofuels.

Food share
0.31
0.27
0.17
0.30
0.06
0.05
0.55
0.04
0.40
0.06
0.10
0.18*
0.63
0.08
0.44
0.17*
0.06
0.58*
0.43
0.03
0.02
0.06
0.08
0.13
0.07
0.08
0.16

Source
Calculated regional average
EUROSTAT (2019)
Zabaloy et al. (2020)
Calculated regional average
IEA (2016)
EUROSTAT (2019)
Coelho et al. (2014)
IEA (2016)
Zheng and Wei, (2016)
EUROSTAT (2019)
Calculated regional average
Pachauri et al. (2018)
EIA (2014)
IEA (2016)
Calculated regional average
IEA (2019)
IEA (2016)
Pachauri et al. (2018)
Gujba et al. (2015) (calculated)
Calculated regional average
EUROSTAT (2019)
Calculated regional average
IEA (2016)
EUROSTAT (2019)
EUROSTAT (2019)
IEA (2021)
EUROSTAT (2019)

0.03

EUROSTAT (2019)

0.02

EIA (2015)

Source: Authors’ own elaboration.
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Table 7. Food shares for household refrigeration energy consumption by country and region
Country/region
Asia
Australia
Austria
Canada
China, mainland
Czechia
Denmark
Europe
Finland
France
Germany
Greece
Ireland
Italy
New Zealand
Northern America
Oceania
Portugal
Republic of Korea
Slovakia
Sweden
Switzerland
Republic of Korea
United Kingdom of Great
Britain and Northern Ireland
United States of America
World
Source: Authors’ own elaboration.

Food share
0.23
0.07
0.03
0.03
0.02
0.03
0.02
0.03
0.02
0.04
0.03
0.09
0.02
0.03
0.03
0.03
0.05
0.02
0.03
0.04
0.01
0.03
0.03

Source
Calculated regional average
IEA (2016)
IEA (2016)
IEA (2016)
Zheng and Wei (2016)
IEA (2016)
IEA (2016)
Calculated regional average
IEA (2016)
IEA (2016)
IEA (2016)
IEA (2016)
IEA (2016)
IEA (2016)
IEA (2016)
Calculated regional average
Calculated regional average
IEA (2016)
IEA (2016)
IEA (2016)
IEA (2016)
IEA (2016)
IEA (2016)

0.03

EUROSTAT (2019)

0.03
0.03

EIA (2015)
Calculated average

As a subsequent step to further refine the GHG emissions from food consumption, only the relevant fossil
fuels (kerosene, liquefied petroluem gas (LPG), natural gas) and electricity have been retained for the
calculation of the GHG emissions. In the calculation, the food shares were adjusted accordingly so that
the total energy used for food consumption in each country did not change.

3.5.3 Household consumption: emission factors
The emission factors used were the IPCC (2006) default values for stationary combustion in the residential
category.
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4 Imputation of missing countries and results
4.1 Imputation of missing countries
The methods applied above allowed for the estimation of agri-food systems emissions for countries and
time periods for which activity data were available and relevant food shares could be computed, following
steps 1–3. For countries with no activity data, agri-food systems emissions were estimated using an
independent global database of emissions data, used as prior information. The PRIMAP data (Gütschow
et al., 2021) provide GHG emissions by country, including from official reporting over the period 1990–
2019 for the IPCC sectors not already covered by FAO (energy, industry, waste and other), covering all
FAOSTAT countries. As such, PRIMAP data are used in the FAOSTAT emissions shares domain to
complement GHG emissions on agricultural land (FAO, 2019). PRIMAP is a well-regarded international
source in addition to its use in FAOSTAT: the IPCC special report on land and climate change (IPCC, 2019b)
used it to estimate agri-food systems emissions shares in total GHG emissions, and the UNFCCC used it to
assess world-total GHG emissions in a landmark synthesis report (UNFCCC, 2021). With this in mind, our
imputation steps were as follows.
I.

For each agri-food systems component, year and subregion, the average share of emissions in
total energy emissions (from PRIMAP) was computed;

II.

The average subregional share computed above was then applied to PRIMAP energy emissions
data for all missing countries in the region, to obtain an estimate of emissions by agri-food systems
component, year and country;

An overview of the number of imputed countries is presented in Table 8.
We therefore used the complete set of PRIMAP country energy emissions data as ‘’prior information’’ to
constrain and then estimate GHG emissions generated by agri-food systems component, by country and
year. This imputation was therefore performed directly at the level of emissions data, without having to
gap-fill missing information on energy use in the input databases (i.e. in the activity data). Another
advantage of this methodology is that it allowed to estimate time-dependent emissions share factors as
opposed to constant coefficients over the period 1990–2019, providing a more realistic approach that
better reflects the evolution of agri-food systems and their relation to total energy use in countries.
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Table 8. Gap filling of countries with no activity data
Agri-food system component
Food processing
Fertilizers manufacturing
Aluminium
Glass
Food
Plastic
packaging
Tin
Pulp and paper
Energy
Food
retail
F-gas
Household consumption
Source: Authors’ own elaboration.

Number of FAO countries and
territories by activity data to
calculate GHG emissions
125
74
80
55
114
107
81
113
94
223

Total number of FAO
countries and territories with
derived GHG emissions (2019)
72
0

74

13
4

4.2 Validation of results: pre and post production totals
Shares of energy use by agri-food systems can vary significantly across countries and regions. Sims and
Flammini (2014), for instance, estimated that food-related shares could be as high as 55 percent in some
African countries, two-thirds of which mostly for food preparation and cooking. EDGAR-FOOD provides
independent, country-level data for many of the agri-food system activities analysed in this work, and was
therefore used as a reference for validating the work presented herein. The results presented in this
section include both the energy-related emissions covered by the methodology illustrated in Chapter 3,
as well as those related to transport and waste, as illustrated in Karl and Tubiello (2021a and 2021b).
Specific differences between the two datasets include:
i)

Scope: The FAO estimates are limited to processes directly related to food and agriculture, for
instance direct energy use for the manufacturing of fertilizers, whereas the EDGAR-FOOD
approach includes additional life-cycle stages. For example, it includes upstream, indirect fuel
chain processes such as emissions from petroleum refinement (subsequently combusted to
produce energy), whereas our methods do not;

ii)

Input datasets: We use UNSD energy data while EDGAR-FOOD relies on IEA data;

iii)

Sources: Different government publications and scientific literature were used to derive
specific food shares coefficients;

iv)

Coverage: EDGAR-FOOD provides information up to the year 2015, whereas we generated a
time series up to 2019.

We focused at first on validating global trends, observing a very close alignment between the FAO
estimates produced in this work and EDGAR-FOOD (Figure 1). Specifically, including all agri-food systems
processes for which new methods were newly developed – i.e. both in this paper and including transport
and waste disposal processes (Karl and Tubiello, 2021a and 2021b) – FAO results agree with EDGAR-FOOD
in indicating global total annual emissions from pre-and post-production processes of roughly 6 billion
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tonnes of CO2 equivalent (Gt CO2eq). They also agree well on estimated trends, showing a nearly linear
increase of emissions (with FAO data indicating nearly a doubling in 2019 compared to 1990). Our
estimates were also consistent with previously published work. For instance, Tubiello et al. (2021)
estimated emissions of 5.8 Gt CO2eq in 2018, in line with FAO new estimates; Ritchie (2019) estimated
food supply chain emissions (food processing, packaging, transport and retail) of about 2.5 Gt CO2eq
(compared to 2.4 Gt CO2eq in our estimates) in 2017. Previous global estimates from FAO (2011) also
support our results.
Figure 1. Comparison of FAO and EDAGR-FOOD estimates of global agri-food systems emissions from preand post-production
6
5

Gt CO2eq

4
3
2
1
0
1990

1995

2000

2005

FAO

2010

2015

2019

EDGAR-FOOD

Source: Authors’ own elaboration based on EDGAR-FOOD emissions data and FAO estimates.

4.3 Validation of results: agri-food systems components
Our estimates of GHG emissions from energy use in fertilizers manufacturing were about 420 million
tonnes CO2eq in 2019, representing less than 8 percent of pre- and post-production emissions. While
EDGAR-FOOD emissions from fertilizers were not available as a stand-alone component, our estimates of
325 million tonnes CO2eq in 2007 were within the range 282–575 million tonnes CO2eq estimated for the
same year by Vermeulen et al. (2012), though the latter included life-cycle processes that our methods
exclude by design – for instance indirect emissions from the extraction and supply of fossil fuels or from
the storage and transfer of phosphorus and potassium fertilizers.
Figure 2 summarizes the comparisons of global emissions agri-food systems components for which
EDGAR-FOOD data was available.
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Figure 2. Comparison of FAO and EDGAR-FOOD estimates for global emissions from pre- and postproduction by agri-food systems component, 2015
1.6
1.4

GtCO2eq

1.2
1.0
0.8
0.6
0.4
0.2
0.0
Food
processing

Food
transport

Food retail

FAO

Food
packaging

Food
Food waste
household
disposal
consumption

EDGAR-FOOD

Source: Authors’ own elaboration based on EDGAR-FOOD emissions data and FAO estimates.
The agri-food systems emissions estimates were consistent with EDGAR-FOOD for food transport,
processing, waste and retail components data – considering uncertainties of about 30 percent in EDGARFOOD estimations (Crippa et al., 2021). Conversely, our methods led to significantly higher estimates of
household consumption emissions, and significantly lower for food packaging. For food processing,
EDGAR-FOOD estimates include emissions from industrial wastewater management, which are instead
accounted for separately in our approach (Karl and Tubiello, 2021b).
FAO estimates for food packaging were likewise consistently lower, often by a factor of 2–3, than
published results, including Vermuelen et al. (2012) and Poore and Nemecek (2018), which nonetheless,
as noted for EDGAR-FOOD data, included additional, indirect life-cycle processes compared to those
considered in this methodology. Nevertheless, our estimates for emissions from energy use in the
manufacturing of specific agri-food system packaging materials are consistently higher than EDGAR-FOOD
estimates, likely owing to differences in food share assumptions and activity data used as input (Table 9).
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Table 9. GHG emissions from food packaging, 2015, FAO estimates compared to EDGAR-FOOD estimates
(Mt CO2eq)
Food Packaging Component
Glass

FAO
38.8

EDGAR-FOOD
4.8

Aluminium

65.1

29.9

Plastic
79.1
N/A
Tin
17.3
10.6
Pulp and paper
100.1
59.9
Source: Authors’ own elaboration based on EDGAR-FOOD emissions data and FAO estimates.
The good agreement on emissions from food retail between FAO and EDGAR-FOOD was largely related to
F-gas emissions, which dominate this agri-food system component total and are estimated similarly
between the two approaches. Small differences on the other hand could be related to different activity
data (UNSD vs. IEA energy statistics). Our estimates are consistent with specific current literature on
national trends. For the United Kingdom of Great Britain and Northern Ireland for instance, our estimates
of the contribution of energy use in retail, about 1.5–2 percent, were consistent with those of Tassou et
al. (2011).
Figure 3. Comparison of FAO and EDGAR-FOOD estimates for global emissions from food retail
1.0
0.9
0.8

Gt CO2eq

0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0
1990

1995

2000

2005

FAO

2010

2015

2019

EDGAR-FOOD

Source: Authors’ own elaboration based on EDGAR-FOOD emissions data and FAO estimates.
The most pronounced difference between our estimates and EDGAR-FOOD was for household
consumption emissions, as our methods lead to estimated emissions in 2015 of roughly 1.2 Gt CO2eq, or
nearly three times the EDGAR-FOOD values. Yet, FAO (2011) estimates of this agri-food systems
component in the early 2000s, of about 1.2 Gt CO2eq, is closer to our estimates of 0.8 Gt CO2eq for the
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same period, whereas EDGAR-FOOD estimates only about half that amount (Figure 4). The trend in our
estimates may be more realistic, as it properly reflects concomitant increases in world population during
the study period, whereas such trends are missing from the EDGAR-FOOD data. Indeed, trends in
household consumption should match global population growth. For instance, global residential energy
use grew by 25 percent from 1993 to 2013, while per capita use remained rather constant over the same
period (Pablo-Romero et al., 2017). At the same time, major energy transitions occurred in Asia, especially
rural China, where between 1992 and 2002 electricity and LPG consumption were multiplied by 97 and 7,
respectively, while consumption of biomass decreased by more than 50 percent (Tao et al., 2018).
Figure 4. Comparison of FAO and EDGAR-FOOD estimates for global emissions from household food
consumption
1.4
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Gt CO2eq

1.0
0.8
0.6
0.4
0.2
0.0
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FAO

2010

2015
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EDGAR-FOOD

Source: Authors’ own elaboration based on EDGAR-FOOD emissions data and FAO estimates.
In general, the boundaries and reference years of all available global assessments of emissions from preand post- production activities are hardly comparable. Table 10provides a simple overview of the different
global estimates by agri-food systems component discussed above.
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Table 10. Overview of pre- and post-food production emission estimates from select studies (Gt CO2eq)
Agri-food
system
component
Reference year
Fertilizer
manufacturing
Food processing
Food packaging
Food transport
Food retail
Food household
consumption
Waste disposal
On-farm
electricity
generation
TOTAL

FAO
(2011)1

Vermeulen
et al.
(2012)2

Poore &
Nemecek
(2018)3

Ritchie
(2019)4

Tubiello et al.
(2021)5

Mid-2000s

2004–2007

2009–2011

2017

2019

Crippa et
al. (2021)
EDGARFOOD6
2015

-

0.3–0.6

-

-

-

-

0.4

0.2

0.6

0.5

0.5

0.5

0.6

0.7

1.0

0.3

0.7

0.8
0.4

0.8
0.4

4.3 (incl.
retail and
household
consumption)
0.5

0.9
0.8

0.6
0.9

1.2

0.2

-

-

0.5

1.3

-

0.1

-

-

1.0

1.6

1.3

-

-

-

-

-

-

0.5

3.3

1.9–2.2

2.4

2. 4

5.8

5.3

5.8

2.1

0.4

This
analysis6
2019

1

Includes emissions from indirect energy inputs (e.g. manufacturing of machinery). Global estimate based on
literature.
2
Global estimate based on Chinese and British emission patterns and literature.
3
Meta-analysis of life-cycle assessments.
4
Global estimate based on literature.
5
Global estimate largely based on country-level (bottom-up) analysis (relying on FAOSTAT and EDGAR-FOOD).
6
Global estimate largely based on country-level (bottom-up) analysis.

Source: Authors’ own elaboration.

4.4 Country level comparisons
FAO and EDGAR-FOOD estimates of total pre-and post-production emissions for the year 2015 were
compared for the 216 countries and territories covered by this methodology, showing excellent
correlation (R2 = 0.95 1.12 at P <0.0001) (Fig. 5). Such good agreement extended to estimates of the top 5
emitting countries according to the two approaches (Table 11).
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Figure 5. Correlation of country level estimates between FAO and EDGAR-FOOD (GtCO2eq, 2015)
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EDGAR-FOOD

1.0
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0.6
0.4
0.2
0.0
0.0

0.2

0.4

0.6
FAO

0.8

1.0

Source: Authors’ own elaboration based on EDGAR-FOOD emissions data and FAO estimates.
Table 11. Comparison of top countries in pre- and post-production emissions (Gt CO2eq)
Country

FAO

EDGAR-FOOD

China

1.00

1.25

United States of America

0.66

0.80

Russian Federation

0.33

0.47

India

0.57

0.32

Japan

0.18

0.14

Source: Authors’ own elaboration.
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1.2

5 Limitations and next steps
5.1 Boundaries of this analysis
The pre- and post-production activities described herein are not meant to be an exhaustive list of GHG
emissions from all activities and processes attributable to agri-food systems. In particular, the scope of
this work does not include, by design, upstream GHG emissions in the fuel chain such as petroleum
refining, methane leaks during extraction processes and piping. These are expected to be non-negligible.
Conversely, processes such as F-gas emissions from household refrigeration and from climate-controlled
transportation were not included for lack of available data and estimation methods. Emissions from the
pesticide manufacturing were also not included due to the paucity of information and methodologies for
their estimation across all product types.

5.2 Uncertainty
Significant errors may be introduced by the use of subregional and regional coefficients, given the diversity
in agri-food system typology and their dependence on physical geography and national socio-economic
drivers. These limitations nonetheless reflect the paucity of activity data available to describe agri-food
systems components and their trends, globally and regionally. While knowledge and data exist for regions
and countries such as the China, the EU, India and the United States of America, much remains to be done
in terms of regional and country-specific coverage.
Uncertainties also exist in estimating GHG emission factors. These are typically related to difficulties in
deriving generic coefficients in the face of natural spatial and temporal variability characterizing the
underlying bio-physical processes. More detailed information on uncertainties associated with emission
factors and activity data can be found in the IPCC guidelines of 2006.

5.3 Areas for advancement
Work towards estimating agri-food systems emissions at the country level can be advanced in several
ways. The present approach could be expanded on by including other country- and region-specific studies
that estimate trends in energy consumption across a range of similar activities as proxies – whether or
not they are distinctly related to food. Furthermore, other data sources could help explain and estimate
variations in agri-food systems between countries, such as: GDP per capita, urbanization levels, proxies
for infrastructure and industrial development, and geographic and climate considerations.
The development of a methodology to estimate emissions from pesticide manufacturing could be
explored, as it would help complement the understanding of emissions associated with chemical use in
agriculture, in addition to fertilizers. Emissions from machinery manufacturing and from upstream GHG
emissions in the fuel chain could also be added to further refine the analysis.
This work could be expanded by focusing on specific food commodities – requiring an additional focus on
international trade and supply and demand patterns. Such an analysis would ultimately enable consumers
to understand the full carbon footprint of particular commodities across global supply chains.
Furthermore, it would be also useful to further investigate the increasing role of bioenergy and
renewables as an important mitigation option in the food sector.
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Finally, additional indicators should be considered for a fuller characterization of agri-food systems and
their future trajectory, for example by linking GHG emissions to economic productivity and output flows
across food sector activities, or to per capita indicators.
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