
����������
�������

Citation: Barthelmie, R.J. Impact of

Dietary Meat and Animal Products

on GHG Footprints: The UK and the

US. Climate 2022, 10, 43. https://

doi.org/10.3390/cli10030043

Academic Editor: Steven McNulty

Received: 25 February 2022

Accepted: 14 March 2022

Published: 17 March 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the author.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

climate

Article

Impact of Dietary Meat and Animal Products on GHG
Footprints: The UK and the US
Rebecca J. Barthelmie

Sibley School of Mechanical and Aerospace Engineering, Cornell University, Ithaca, NY 14853, USA;
rb737@cornell.edu

Abstract: Direct and indirect greenhouse gas (GHG) emissions from the ~30+ billion animals con-
sumed as food each year contribute ~14–16% of the global total. The aim of this research is to
determine the contribution of meat and animal products to individual GHG footprints. Top-down
estimates of GHG emissions from each livestock species are determined using livestock numbers,
types, and region-specific emission factors. Comparing livestock emissions with those from in-
dividual countries, cattle rank as the third largest emitter after China and the United States (US).
The largest uncertainty in these emissions calculations is in the range of emissions factors. Global
top-down calculations indicate that the per capita GHG footprint from livestock emissions alone
are approximately 1 tCO2eyr−1. For the United Kingdom (UK) and the US, the calculated GHG
livestock-related footprints are 1.1 tCO2eyr−1 and 1.6 tCO2eyr−1 per person, respectively. Bottom-up
calculations focused on the UK and the US from consumption figures indicated emissions related
to meat consumption are approximately 1.3–1.5 tCO2eyr−1 per person. Comparing dietary changes
with other ways of reducing GHG footprints indicates removing dietary meat is similar to avoiding
one long-haul flight each year and a larger reduction than driving 100 miles less each week.

Keywords: carbon footprint; diet; carbon dioxide emissions; agriculture; livestock

1. Introduction

Greenhouse gas emissions (GHGs) increased to a record high of 52.4 ± 5.2 GtCO2eyr−1

(59.1 GtCO2eyr−1 if land-use contributions are included) in 2019 [1]. Fossil fuel combustion
related CO2 emissions are 38.0 ± 1.9 GtCO2yr−1. Atmospheric CO2 concentrations are
expected to continue to increase, leading to a ~3.2 ◦C global temperature increase by the
end of the century [1]. There has been considerable progress in emissions reductions from
some sectors, such as introducing low-carbon electricity generation [2], but much slower
progress in areas such as lower carbon transport [3]. Low-carbon diets have received even
less attention despite estimates that GHG emissions from the food supply chain may be up
to 13.7 GtCO2eyr−1, i.e., approximately 26% of the total [4].

The overall objective of this research is to quantify GHG emissions from livestock
production/meat consumption at the personal level and to compare GHG contributions
from diet with other activities over which individuals have some control. Within that
context, a secondary objective is to compare the magnitude of personal GHG footprints
from diet using both top-down and bottom-up approaches. Total contributions to GHG
emissions from food vary widely by country and are estimated in 2009 as 14% for the UK
and 8% for the US [5] on which the analyses presented are focused.

1.1. Emissions of Greenhouse Gases from Agriculture/Food Supply

GWP is the time-accumulated radiative forcing of a gas relative to carbon dioxide
(CO2) [6]. For example, CH4 has a lifetime of 12.4 years and a GWP of 28 over a 100 year
period, while N2O has a lifetime of 121 years and a GWP of 265 [7]. Carbon dioxide (CO2)
is the main GHG (64% of radiative forcing (RF)), but methane (CH4) contributes 17% RF
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and nitrous oxide (N2O) (6% RF) [7]. To simplify issues arising from complications of
the radiative potential of different gases or their different lifetimes, emissions are often
expressed as carbon dioxide equivalents, CO2e.

Agriculture is responsible for ~22–26% of global warming potential (GWP) arising
from GHG emissions [4,8] with the food supply chain accounting for up to 37% [8]. Esti-
mates of GHG emissions attributable to the ~17–24 billion domestic animals assigned as
food at any time (Table 1 and Figure 1), have a wide range from 8% to 26% of total GHG emis-
sions [4,9,10], i.e., 4.7–13.7 GtCO2eyr−1 depending on the assumptions and the time range.
A recent analysis found that food production GHG emissions are 17.3 ± 1.7 GtCO2eyr−1,
57% from animal-based food (including livestock feed) [11].
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Figure 1. Global livestock numbers for selected species (in millions) for 1970–2019 (as bars) [12] and
for 2007 (shown as the diamond symbol) [10]. Total is the number of animals from each species listed
plus rabbits, ducks, turkey, rodents, horses, buffalo, and asses.

Global numbers of livestock have tripled over the last 50 years to 2019 [12] (Table 1
and Figure 1) and now represent ~60% of total mammalian biomass [13]. The growth
in the number of livestock approximates an exponential fit (Figure 1) and represents an
increase in the number of livestock per head of human population from 2.6 in 1970 to 4.3 in
2019 (Table 1).

Table 1. Global livestock numbers for selected species (in millions) for 1970–2019 [12] and for 2007
[10]. Total includes rabbits, ducks, turkey, rodents, horses, buffalo, and asses. Human population
taken from [14].

1970 1980 1990 2000 2010 2019 2007 [10]

Cattle 1082 1217 1297 1320 1412 1511 1430
Pigs 547 798 849 899 972 850 980

Sheep and goats 1441 1563 1794 1825 2017 2333 1870
Poultry 5712 7978 11,787 16,021 22,262 27,883 19,600

Total 9693 12,425 16,604 20,784 27,295 32,943
Human population (billions) 3.7 4.46 5.33 6.14 6.96 7.71

Ratio livestock per human 2.6 2.8 3.1 3.4 3.9 4.3
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Globally, agriculture and waste are the dominant source (62%) of anthropogenic
(human-caused) CH4 emissions, the total of which is larger than all natural CH4 emis-
sions [6]. The digestive system of ruminants (cows, sheep, goats, and buffalo) ferment and
decompose food, producing CH4 in a process known as enteric fermentation [15]. Rumi-
nants emit about half of the agricultural CH4 emissions [6]. Agriculture is also the largest
anthropogenic source of N2O [7]. Livestock on managed pastures and range accounted
for more than half of anthropogenic N2O emissions from agriculture [8]. Livestock are a
major contributor to overall global warming, e.g., including not just direct emissions but
also pasture conversion brings “the warming directly attributable to livestock to 23% of the
total warming in 2010” [16]. Emissions include methane 1.6–2.7, N2O 1.3–2.0, and land use
for animal feed and pasture 1.6 GtCO2eyr−1 [8].

1.2. Determining GHG Emissions from Livestock: Top-Down

Reports from national governments on livestock statistics are compiled into the Global
Livestock Environmental Assessment Model (GLEAM) database by the Food and Agri-
cultural Organization (FAO) [17]. From GLEAM [18], the total emissions, including feed,
from livestock globally are approximately 7.5 GtCO2e, around two-thirds from meat and
one-third from milk and eggs. Emissions from ruminants dominate with ~60% from cattle,
while emissions from chickens are ~10% because of the sheer number involved (around
20 billion at any time) (Table 1 and Figure 1) [18].

To determine direct emissions from livestock, emissions factors for enteric fermentation
and manure management are typically used [18]. Indirect emissions associated with feed
consumed, transport, processing, or on farm energy use can then be added. The land-use
and farm stages account for 80% of emissions from food, while transportation accounts
for less than 10% and the remainder is from processing, packaging, and retail [19,20].
For meat products, the land-use, farm, and feed contributions are higher, e.g., for beef,
transport-related emissions are less than 1% [19].

Emissions factors associated with different food products are shown in Table 2. Emis-
sions from livestock are also dependent on production methods, such as the living condi-
tions, and the approach to issues such as manure management. Thus, emission rates vary
by region (Table 2). Beef production in North America uses feed that has high emission
intensities and manure management in intensive dairy units and feedlots. In contrast, beef
in Western Europe mainly comes from dairy herds with lower emission intensities [21].

Table 2. Comparison of emissions factors by weight and by protein weight for meat and food
products from different studies.

kgCO2e/kg kgCO2e/kg Protein

Source [22] [23] [24] [25] [26] [27] WE [18] NA [18]

Beef/cattle 40.5 18.2 9–129 35.9 (Meat) 27.0 60.0 64.3 94.6
Chicken 5.9 P 4.0 2–6 P 5.4 P 6.9 6.0 27.5 20.2

Eggs 3.0 3.0 2–6 4.8 4.5
Fish 7.7 2.8 1–86 5.4 11.9 5.0–12.0
Pork 7.0 5.0 4–11 12.1 7.0 50.0 36.5

Lamb/goat 50.4 23.0 10–150 39.2 24.0 95.5 217.2
Turkey 5.6 10.9

Cheese/dairy 2.0 1–22 1.8 13.5 21.0
Meat substitutes 1–2

Vegetable oils 3.0 6.0–8.0
Rice 1.7 3.9 2.7 4.0

Sugar 0.1 3.0
Nuts 2.3 2.5

Vegetables 0.5 1.6 1.1–2.9 0.3–3.0
Pulses 1–2 0.9

P = number for all poultry, WE = Western Europe, NA = North America.
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1.3. Determining Footprints from Diet or Consumption: Bottom-Up

The most common approach to determining a carbon or GHG footprint is to work
bottom-up, assigning emissions from different activities performed by individuals. Typical
activities include travel, heating, and electricity use, but not all footprints include the
contributions from food/diet.

According to a 2014 study of UK diets [28], the diet of heavy meat eaters are responsible
for 2.6 tCO2eyr−1 per person, while vegetarians had approximately half the CO2 footprint
(1.4 tCO2eyr−1 per person) and vegans a lower total of 1.1 tCO2eyr−1 per person. These are
based on the amounts of food people ate according to a food diary and are a real bottom-up
approach. A review of vegan diets in the UK estimated approximately 51% less GHG
emissions versus a meat-based diet [29]. Reductions in GHG footprint (per person) from
implementing a vegetarian diet are estimated at 0.5 or 0.9 tCO2eyr−1 per year from a vegan
diet, while reducing food waste can reduce totals by a 0.3 tCO2eyr−1, and eating local,
organic food by 0.5 tCO2eyr−1 per person [1].

Results from a population-based survey in the US indicated that the food-related
GHG footprint in the US is 3.88–4.64 kgCO2e per person per day or 1.4–1.7 tCO2eyr−1

per person [30]. A cross-sectional analysis reported that replacing meat in the diet could
reduce food-related GHG emissions by almost 50% [30]. A review of a number of carbon
footprint calculators relating to diet found an average US footprint of 1.5–3.72 tCO2eyr−1

per person [31]. Furthermore, the transition from a high meat to a vegetarian diet reduces
the GHG footprint by 0.28–1.56 tCO2eyr−1 per person and from vegetarian to vegan a
further 0.1–0.7 tCO2eyr−1 per person [31].

The relative GHG footprints of vegetarian versus non-vegetarian diets are consis-
tent with food-related emissions, particularly for diets that include meat from ruminants
(Table 2). Of the non-animal products reviewed in Table 2, only vegetable oils, rice,
sugar, and nuts have average GHG emissions greater than 2.0 kgCO2e/kg [22,27]. In
all but one study in Table 2, all meat products exceeded 4.0 kgCO2e/kg (the lowest re-
ported emission factor for poultry) with beef at an average of 48.6 and mutton/goat at
74.9 kgCO2e/kg [22,27]. Based on a “meta-analysis of life cycle assessments that includes
742 agricultural systems and over 90 unique foods”, it was stated that “ruminant meat has
impacts ~100 times those of plant-based foods” [22].

In the following section, we outline the methods applied here to make new GHG
footprints for top-down calculations from total emissions and bottom-up footprints from
consumption figures.

2. Materials and Methods
2.1. Greenhouse Gas Footprints

A GHG footprint is a person’s or a country’s share of annual GHG emissions. There
are essentially two different methods to determine GHG footprints employed in this work:

(i) Using a top-down approach, a GHG footprint, F, can be calculated by dividing total
emissions, E, by the total population, N:

F =
E
N

(1)

For multiple contributions from different sectors, the footprint is calculated using the
sum of all emissions, where ES are the emissions from different sectors or species, and
the sector population is NS:

F = ∑
(

ES
NS

)
(2)

Using livestock numbers and emissions factors, total GHG emissions from livestock
(by country or region or from a specific species) are calculated for the derivation of
GHG footprints from meat consumption.
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(ii) The bottom-up approach aggregates goods or services consumed with associated
emissions factors to compile GHG emissions.

There are numerous sources for the data on which these studies are based. To clarify
the processes used here, the methods are shown schematically in Figure 2 and described in
detail in the following sections.
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2.2. Greenhouse Gas Footprints: Top-Down

Within the top-down framework, there are several approaches to determining country
GHG footprints used here that are described in the following sub-sections.

2.2.1. Country GHG Emissions Statistics

GHG emissions from agricultural sectors are reported by many government agencies,
but the methods used and the sectors included exhibit marked inconsistencies. Here,
statistics are used from the UK from the Department for Environment, Food and Rural
Affairs (DEFRA) [32,33]. However, approximately half of UK animal feed is imported,
and less than half of the food consumed in the UK is produced in the UK [25,32,34]. The
contribution from imports of food is considered in Section 2.3. A detailed study of GHG
emissions associated with imported animal feed used in the UK (such as soya beans from
the US and Brazil) suggested 64% of feed related GHG emissions for UK agricultural
feed occurs abroad [34]. To account for this GHG totals (in MtCO2e) associated with UK
agricultural soil emissions are increased in Section 3.2.1 from 16.1 to 25.2 MtCO2eyr−1 using
the following equation:

GHGsoil

(
in MtCO2eyr−1

)
=

[4.5 from CH4 + 10 from N2O + 1.6 from CO2 ]

0.64
(3)

where the amounts of each GHG associated with soil emissions (shown in brackets in
Equation (3) in MtCO2eyr−1) are taken from [33].

Reported livestock GHG emissions from the US Department of Agriculture (USDA) [35]
(Table 3) exclude emissions from crops grown for livestock feed that are estimated to use
75% of US cropland [36]. In Section 3.2.1, US livestock GHG emissions are corrected by
adding these emissions using a simple multiplier of 0.75 of GHG emissions from crops.
The US imports less than 20% of food consumed, less than 10% of meat/animal products,
and the value of agricultural exports and imports is nearly equal [37]. Thus, for the US, no
corrections or other methods are applied here to account for food imports.
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Table 3. Greenhouse gas emissions by economic sector in the US for 2019 [35].

Sector % Mt CO2eyr−1

Transport 29 1876
Electricity 25 1648
Industry 23 1504
Agriculture 10 669
Crop 368
Livestock 261
Fuel combustion 41
Commercial 7 455
Residential 6 380
Total 100 6532

2.2.2. Scaling Regional Estimates from the GLEAM Model

Detailed emissions data by livestock species are available by region from the GLEAM
model. To determine emissions for the UK and the US, regional livestock emissions can
be scaled according to the number of ruminant livestock in each country compared to the
region. This simple approach can be justified on the basis that ruminant animals dominate
livestock GHG emissions [38]:

FG = FGR

(
Nsc
NSR

)
(4)

where:
FGR are the regional livestock emissions from GLEAM;
FG are the scaled country livestock GHG emissions;
NSC is the approximate number of ruminant livestock in the country;
NSR is the number of ruminant livestock in the GLEAM region.

2.2.3. Using Emissions Factors Combined with Livestock Statistics

For a more detailed approach to calculate total emissions, F, globally or by country,
livestock numbers (from Figure 1 and Table 1) for each species type, NS, are multiplied by
the emissions factors for enteric fermentation for each species, EFS. A correction factor to
convert from emissions of CH4 to CO2e is needed, CCH4, which is the GWP of 28 [7]. The
current FAO breakdown of livestock emissions is 44% enteric fermentation, 41% feed, 10%
manure management, and 5% energy (farm and non-farm) [18] (Figure 3). Thus, to account
for not just enteric fermentation but also indirect livestock-related emissions, a factor T of
2.27 (i.e., 1/0.44) is applied in Equation (5) [18]:

F = ∑
T,S,P

(NS·EFS·CCH4·T) (5)

where:
F is the total emissions;
Ns is the number for each livestock species;
EFs is the emissions factor for enteric fermentation for each species;
CCH4 accounts for GWP and is 28 [39];
T is the factor for manure management, feed, and energy use [18].
To apply Equation (5) for the UK and the US in Section 3.2, the following sources

are used:

• Ns is the number of livestock from country reports from DEFRA [40] and USDA [41];
• EFs are IPCC Tier 1 regional emission factors of CH4 per head for enteric fermen-

tation. For western Europe/US 126/138 kg·yr−1 for dairy cows, 52/64 kg·yr−1 for
beef or heifers, respectively [15]. For lamb/sheep EFs are 8 kg·yr−1 and for poultry
0.26 kg·yr−1 [8]. For pigs total emissions factors of CH4 of 5.5 kg·yr−1 global average for
pigs, 7/12 kg·yr−1 for Western Europe/US without correction for enteric fermentation.
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Figure 3. Direct and indirect GHG emissions from livestock by source for different GHGs as a
percentage (CO2e) (the numbers in each pie slice) [18]. Emissions associated with feed are shown
in blue shades and include: application of manure; CO2 emissions from feed production; land use
(LU) including pasture expansion and with soy and palm oil production; CH4 emissions from rice
grown for feed. Emissions related to processing and transport and on-farm energy use are shown
in red shades. Gray is used solely for emissions from enteric fermentation and brown shades show
emissions related to manure management.

2.3. Determining Food Carbon Footprints: Bottom-Up

The bottom-up GHG footprint for the UK is calculated here based on consumption fig-
ures (in £ or in emissions of CO2e) of goods and services in 106 categories from DEFRA [42].
The advantage of using this approach rather than top-down is that all emissions can be
aggregated including those from imported goods. The data set shows that, in 2017, of the
total GHG emissions associated with the consumption of goods and services in the UK,
414.4 of 772 MtCO2eyr−1 are UK based, the remaining 47% are associated with imports. To
determine food emissions and separate other categories, consumption from all goods and
services are aggregated to six types:

1. Food—all food plus restaurants;
2. Personal—drinks, alcohol, tobacco, and clothing and footwear;
3. Home—DIY, furniture, textiles, and appliances;
4. Utilities—water, gas, and electricity;
5. Transport—vehicles, public transport;
6. Services—medical, hospitals, education, recreation, and other categories not given above.

Over 300 GHG emissions factors are provided (in kgCO2e per £) by DEFRA [42]. To
give some examples, the highest emitters in terms of GHG emissions are shown in Table 4.
This gives meat products as the seventh largest in terms of GHG emissions per £ spent.

Table 4. Highest GHG emissions as a function of consumption in the UK from 2007 to 2017 [42].

Categories GHG (kgCO2e per £)

Personal travel and season tickets 8.55–11.11
Imputed rent 6.69
Natural gas 6.31

Haberdashery, clothing materials, and clothing hire 5.23
Legal fees, professional organizations and fees, and funeral expenses 4.47

Electricity 3.67
NHS prescription charges and payments 2.94

Beef, pork, lamb, poultry, bacon, and ham sausages
(fresh, chilled, or frozen) 2.85
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The UK food total emissions are 103.4 MtCO2eyr−1 (13.3%) including imports [42].
To assess the contribution from livestock agriculture and meat products, a more detailed
breakdown of emissions from food is made by aggregating the “animal-derived product’
vs. ‘other’ categories (as shown in Figure 4). This division by categories is used to assign
the food footprint as 85% animal-derived/15% other.
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related emissions (shown on each slice).

Equivalent data for the bottom-up consumption method could not be located for the US.
Therefore, comparisons for the US rely on bottom-up figures for GHG footprints from the
literature based on methods such as analyses of food diaries and dietary recommendations.

3. Results
3.1. Emissions of Greenhouse Gases from All Activities

Using total global GHG emissions (52.4 ± 5.2 GtCO2eyr−1) for 2019 [1] and a global
population number of 7.8 billion [14], the average global GHG footprint per person is
6.7 ± 0.7 or 7.6 tCO2eyr−1 if land use contributions are included. Total GHG emissions (all
sources) for 2018 are slightly lower at 49.3 GtCO2e, but are available on a country basis
from the World Resources Institute (WRI) [43]. Using Equation (1) gives a global average
footprint per person of 6.3 tCO2eyr−1.

From the WRI data, for the UK total GHG emissions are 441 MtCO2eyr−1 [43], us-
ing a population of 67.0 million people [14] gives a total GHG footprint (per person) of
6.6 tCO2eyr−1. For the US, GHG emissions are 5794 MtCO2eyr−1 [43], using a population
figure of 331.0 million [14], the GHG footprint (per person) is 17.5 tCO2eyr−1.

As noted in Section 2.3 above, a country’s own reports of emissions may include
those associated with imports. The UK government statistics indicated total GHG emis-
sions as 772 MtCO2eyr−1 [42]. The US government sources reported GHG emissions of
6558 MtCO2eyr−1 in 2019 [35]. Thus, GHG footprints (per person) from their own coun-
try government emission reports are 11.5 and 19.8 tCO2eyr−1 for the UK and the US,
respectively, substantially higher than the WRI global database.
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3.2. Emissions of GHG by Country from Livestock Statistics: Top-Down
3.2.1. Country’s Own Emissions Estimate

Direct emissions from UK agriculture in 2019 are estimated by the UK Department
of Agriculture as 46.3 MtCO2eyr−1 (10% of the UK total) [33]. Of this total, enteric fer-
mentation CH4 is ~21.5 MtCO2eyr−1, 16.1 MtCO2eyr−1 from N2O mainly from soils,
and 6.0 MtCO2eyr−1 is CO2, the majority of which is from combustion [33]. Account-
ing for emissions associated with imported feed (Section 2.2.1., Equation (3)) increased
the agricultural total to 55.4 MtCO2eyr−1 or a personal UK GHG agricultural footprint of
0.8 tCO2eyr−1. Eighty-five percent of agricultural land is ascribed to grassland for livestock
feed (63%) and livestock feed crops (22%) [44]. Hence, the UK GHG livestock footprint is
estimated at 0.7 tCO2eyr−1 per person, excluding the contribution from food imports (see
Section 3.3. below).

Of US agricultural GHG emissions (Table 3) [35], 39% derived directly from livestock,
giving an estimated 261 MtCO2eyr−1. Adding an estimate of 276 MtCO2eyr−1 for crops
for animal feed increased the contribution from US animal agriculture to 544 MtCO2eyr−1

(81% of the agricultural total) or a personal livestock GHG footprint of 1.6 tCO2eyr−1.

3.2.2. Scaling Regional Estimates from the GLEAM Model

The GLEAM livestock emissions for North America are 603 MtCO2eyr−1 and for
Western Europe 578 MtCO2eyr−1 [18]. There are 80 million cattle in the Western European
region of which the UK has 12.4% [40]. Using Equation (4), regional GLEAM livestock
emissions for Western Europe can be scaled to ~12% of 578 MtCO2eyr−1, giving an estimate
for livestock emissions from the UK of 71.7 MtCO2eyr−1. This is ~36% higher than total
agricultural GHG emissions estimated in Section 2.2.1 from country reported data.

From GLEAM [18], there are 105 million cattle in the US and Canada, 89% are in
the US [45]. Of the 6 million sheep in the US and Canada, 87% are in the US [45]. Using
Equation (4), regional GLEAM livestock emissions for the US and Canada can be scaled to
88% of 603 MtCO2eyr−1, giving an approximate number for livestock GHG emissions from
the US of 530 MtCO2e.

Using Equation (1) with these scaled estimates of livestock emissions from GLEAM
gives GHG footprints from livestock agriculture of ~1 tCO2eyr−1 per person globally,
1.1 tCO2eyr−1 per person for the UK and 1.6 tCO2eyr−1 per person for the US.

3.2.3. Using Emissions Factors Combined with Livestock Statistics

GHG emissions can also be calculated for each livestock species directly. Using the
livestock statistics in Table 1 and Equation (5), the emissions from enteric fermentation
linked to animal agriculture can be recalculated (Table 5). Table 5 uses the reference year of
2010 [18] except for UK livestock numbers from 2019 [40] and for 2020 for the US [45–48].
For the UK, 26 MtCO2eyr−1 from enteric emissions estimated in Table 5 is similar to the
UK DEFRA estimates for 2019 from enteric fermentation of 21.5 MtCO2eyr−1 [32]. DEFRA
adds a further ~7 MtCO2eyr−1 for manure management [32], but this is still less than the
total GHG emissions associated with UK livestock derived here of 59 MtCO2eyr−1, which
attempts to include emissions associated with feed, land use, transport, and processing. The
estimated total from enteric fermentation for the US ~10 MtCH4yr−1 or 295 Mt CO2eyr−1

are similar to other top-down estimates for the US in [49] but up to 50% higher than those
determined for 2018 in [50] or for bottom-up estimates in [49]. Overall, the global CH4
emissions derived in Table 5 of 111 MtCH4yr−1 are similar to 118 MtCH4yr−1 emissions
from livestock determined in [49].
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Table 5. GHG emissions from enteric fermentation and estimated total GHG emissions (including all
sources as described in Section 2.1) from selected livestock species. Note that species like buffalo are
not included. Calculations are made using Equation (5) and the methodology outlined in Section 2.1.

Enteric Fermentation Only Total Estimated
Emissions MtCO2eyr−1

Number (Millions) Emission Factor EFs CH4 Emissions Mtyr−1 CO2 Emissions
MtCO2eyr−1

Global UK US Global UK US Global UK US Global UK US Global UK US

Source [18] [40,51] [41,47,48,52] [15] [8,18] [8,18]

Cattle 1511 57 86 2412 5481
Beef 7.2 94.4 52 64 0.4 6.0 10 169 24 384

Dairy 1.9 9.4 126 138 0.2 1.3 7 36 15 83
Pigs 850 5.1 79.1 5.5 7 12 1 0.0 0.1 131 1 3 298 2 60

Sheep 2333 33.1 5 7 7 7 16 0.2 0.0 457 6 1 1039 15 2
Chickens 27,833 187 8500 0.26 0.26 0.26 7 0.0 2.2 203 1 62 461 3 141

Total 111 0.9 9.7 3107 26 272 7278 59 670

The resulting GHG footprints from livestock farming for the UK and US from these
calculations are 0.9 tCO2eyr−1 per person for the UK and 2.0 tCO2eyr−1 per person for
the US.

If global emissions from Table 5 from any species—cattle, small ruminants, chickens,
and pigs—are summed and compared to total country emissions [43] (including agriculture)
for the 19 top country emitters of GHG, cattle would be placed as the third largest emitter
(Figure 5). Only China and the US are larger GHG emitters. Small ruminants would
be ranked 9th with slightly lower emissions than Japan, and chickens would rank 20th
between the emissions of the countries Turkey and the United Kingdom. Summed together,
emissions from those species (not all livestock) are ~7.3 GtCO2eyr−1, which is ~15% of the
global total GHG emissions (from all sources of 49.3 GtCO2eyr−1) [43].
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Emissions from cattle are 5.4 GtCO2eyr−1 and are thus by far the biggest single con-
tributor to livestock GHG emissions. The largest source of uncertainty is in the geographic
variation of emissions factors for CH4 from enteric fermentation and nitrogen compounds
associated with manure management [53,54], which are estimated by the FAO as ±30% [15].
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If the number of cattle and the emissions factors from enteric fermentation are varied
by ±30%, and then the conversion from CH4 using a GWP is 28 ± 3 (within the range
found in the literature [7]) and the correction to total emissions is varied by ±30%, the
final contribution from cattle has a maximum range from 1.7 to 13.3 GtCO2eyr−1. The
major sensitivities within the GLEAM model arise less from animal numbers than the
type of animal, i.e., whether it is fully grown, male or female, used for beef or dairy,
and the production system. These variations can more than triple the enteric emissions
factor. For dairy cattle, the range given for different types of cattle and across different
production systems and geographical regions is 74–138 kg CH4 yr−1 per head and for beef
26–96 CH4 yr−1 per head [15]. In the calculations here, the results ae highly sensitive to
accounting for the non-enteric fermentation contributions, mainly feed (and associated
land-use changes) and manure management. On-farm energy use and processing are
relatively small contributors (Figure 3).

3.3. Contributions Using Classifications of Consumption or Food Diaries/Surveys: Bottom-Up

DEFRA UK GHG emissions figures from consumption in 2017 are 46.3% from imports
used for UK consumption, 35.1% UK production and consumption, 9.8% household heating,
and 8.8% from road transport emissions. GHG emissions from most sectors have remained
steady over time, except in utilities where lower carbon electricity generation is reducing
emissions (Figure 6) [42]. The calculated contribution from food-related activity in 2017
of 103 MtCO2eyr−1 is consistently between 15% and 19% of the total [42]. Direct GHG
emissions from food production are 68 MtCO2eyr−1 and can be broken down into 85% from
meat, fish, and dairy products vs. 15% non-animal sources such as vegetable oils and bakery
(Section 2.2.1) [42]. The food footprint determined here as the total emissions from food-
related activity divided by the population is 1.5 tCO2eyr−1 per person, or from animal
products 1.3 tCO2eyr−1 per person (Table 6).

Climate 2022, 10, x FOR PEER REVIEW 12 of 19 
 

 

 
Figure 6. UK GHG emissions by sector over time, aggregated from emissions by product as de-
scribed in Section 2.2 [42]. “Food” includes restaurants and hotels; “Personal” includes clothing, 
footwear, tobacco, alcohol, and other drinks; “Utilities” include fuel and water; “Home” includes 
rentals, repair, and furnishings; “Transport” includes personal transport and transport services; all 
other services are grouped into “Services” including medical, education, and recreation. 

Table 6. Comparison of GHG footprints (per person per year) calculated here using different meth-
ods focused on the UK and the US. 

 Method/Source of Data Global 
tCO2eyr−1 

UK 
tCO2eyr−1 

US 
tCO2eyr−1 

To
p-

do
w

n 

Total GHG (with land use) 2019 [1] 6.7 (7.6)   
Total GHG 2018 [43] (Section 3.1.) 6.3 6.6 17.5 

Country’s own data for total GHG [42,35] (Section 3.1)  11.5 19.8 
Country’s own data for livestock emissions [32,35] (Section 3.2.1)  0.7 1.6 

GLEAM livestock emissions (scaled from regional data for the UK and US) [10,18] (Sec-
tion 3.2.2) 

1.0 1.1 1.6 

Livestock emissions (Table 5) (Section 3.2.3)  0.9 2.0 

Bo
tto

m
-u

p 

Carbon footprint calculator (excludes food) [55]   8.9 
Emissions from food/animal products only (consumption analysis, Section 3.3)  1.5/1.3  

Emissions from meat consumption (Section 3.3)   1.5 

Food diary meat eaters (M)/vegetarian (V)/vegan (N) [28]  
2.6 M/1.4 
V/0.5 N 

 

Population-based survey [30]. Original diet/100% meat replaced with plant protein   1.4–1.7 M/0.7 V 

 Review using footprint calculators [31] High red meat/average/vegetarian/vegan   
1.6–5.3 M/1.3–5.7 
M/0.5–2.7 V/0.2–

2.3 N 

In the US, in 2017, the amount of red meat per capita (i.e., beef 18.6 and pork 15.1 kg) 
accounted for 51% the total 65.3 kg per person meat total, compared with 42% for poultry 
(27.8 kg). Based on emissions factors in Table 2, per person emissions from meat are dom-
inated by beef at 1.1 tCO2eyr−1 per person from a total of approximately 1.5 tCO2eyr−1 per 
person from meat. This is in good agreement with results from [30] using the bottom-up 
approach, the food-related GHG footprint for the US is 1.4 tCO2eyr−1 per person. 

Figure 6. UK GHG emissions by sector over time, aggregated from emissions by product as described
in Section 2.2 [42]. “Food” includes restaurants and hotels; “Personal” includes clothing, footwear,
tobacco, alcohol, and other drinks; “Utilities” include fuel and water; “Home” includes rentals, repair,
and furnishings; “Transport” includes personal transport and transport services; all other services are
grouped into “Services” including medical, education, and recreation.
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Table 6. Comparison of GHG footprints (per person per year) calculated here using different methods
focused on the UK and the US.

Method/Source of Data Global
tCO2eyr−1

UK
tCO2eyr−1

US
tCO2eyr−1

To
p-

do
w

n

Total GHG (with land use) 2019 [1] 6.7 (7.6)

Total GHG 2018 [43] (Section 3.1.) 6.3 6.6 17.5

Country’s own data for total GHG [35,42] (Section 3.1) 11.5 19.8

Country’s own data for livestock
emissions [32,35] (Section 3.2.1) 0.7 1.6

GLEAM livestock emissions (scaled from regional data for the
UK and US) [10,18] (Section 3.2.2) 1.0 1.1 1.6

Livestock emissions (Table 5) (Section 3.2.3) 0.9 2.0

Bo
tt

om
-u

p

Carbon footprint calculator (excludes food) [55] 8.9

Emissions from food/animal products only (consumption
analysis, Section 3.3) 1.5/1.3

Emissions from meat consumption (Section 3.3) 1.5

Food diary meat eaters (M)/vegetarian (V)/vegan (N) [28] 2.6 M/1.4 V/0.5 N

Population-based survey [30]. Original diet/100% meat
replaced with plant protein 1.4–1.7 M/0.7 V

Review using footprint calculators [31] High red
meat/average/vegetarian/vegan

1.6–5.3 M/1.3–5.7 M/
0.5–2.7 V/0.2–2.3 N

In the US, in 2017, the amount of red meat per capita (i.e., beef 18.6 and pork 15.1 kg)
accounted for 51% the total 65.3 kg per person meat total, compared with 42% for poultry
(27.8 kg). Based on emissions factors in Table 2, per person emissions from meat are
dominated by beef at 1.1 tCO2eyr−1 per person from a total of approximately 1.5 tCO2eyr−1

per person from meat. This is in good agreement with results from [30] using the bottom-up
approach, the food-related GHG footprint for the US is 1.4 tCO2eyr−1 per person.

4. Discussion: The Potential for Emissions Reductions

At COP26, a pact was reached that urges countries to phase down coal and fossil-fuel
subsidies. One hundred countries agreed to cut methane emissions by 30% by 2030 [56].
Livestock agriculture is directly responsible for 80% of agricultural methane emissions and
has contributed ~12% of global warming [57]. Both the US and the UK are signatories to
methane emissions reduction. For the US, President Biden’s target is a 50–52% reduction
from 2005 levels in economy-wide GHG pollution in 2030 focused on carbon-free power by
2035 and net-zero emissions economy by no later than 2050 [58]. The methane reduction
plan includes “methane emissions reductions from manure, rice, and enteric sources by as
much as 26 million metric tons in 2030 and a cumulative total of approximately 130 million
metric tons CO2e from 2030–2035”, approximately a 10% reduction per year.

In the UK, the government’s stated role is to reach net-zero carbon emissions by
2050 and “at least 68% reduction in greenhouse gas emissions by the end of the decade,
compared to 1990 level” [59]. However, very little has been done to tackle GHG emissions
from food. The recently published UK Government ten-point plan does not mention food
production [60]. Reductions in the agricultural sector are focused on nutrient management
and better farming practices [32], while the number of UK livestock has hardly changed
over the last decade remaining at close to 10 million head of cattle [51]. Similarly the
numbers of 5.1 million pigs, 33.6 million sheep, and 187 million poultry have remained
fairly constant over time for the UK [51]. UK agriculture is expected to contribute 30% of
GHG emissions by 2050 [61], but according to one report, a shift to plant-based diets could
generate up to a 73% reduction in diet-related emissions [61]. Referencing the EU Common
Agricultural Policy (CAP), “Approximately three-quarters (€29–33 billion) of the CAP direct
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payments go to producers of livestock or livestock fodder—almost a fifth of the EU’s total
annual budget” [61].

By 2023, annual global meat consumption is projected to reach a total of 313 Mt,
increasing at ~ 1.4% per year to per capita meat consumption of 39 kg [62] and projected
to increase further to 49 kg by 2050 [8]. IPCC reports of GHG emissions from agriculture
with high confidence state that, “Without intervention, these are likely to increase by about
30–40% by 2050” [8]. In the UK and the US, livestock-related emissions are ~74% and
~80% of the agricultural totals [32,50]. Thus, it seems likely that for GHG emissions
from agriculture, which are dominated by livestock, both direct and indirect emissions
will increase significantly and represent an increasing share of total emissions as other
sectors decarbonize.

If meat consumption reduces rather than increases, the question: “What happens to
those animals?” is often raised. The overwhelming majority of animals used as food are
poultry (~86%) (Table 1). These are bred for food and slaughtered at around 47 days old [63].
Pigs and beef cattle are slaughtered at around 6 months and a year old, respectively. Further,
it is estimated that 99% of animals farmed in the US are kept in factory farms and over
70% of food animals in the UK [63,64]. Thus, reducing the numbers of animals raised and
slaughtered for food occurring over one year or more would not result in a large number
of “unwanted” farm animals or “empty fields”. Rather, reducing meat consumption would
result in the reduction of the increasing number of mega factory farms [64]. If meat,
particularly meat from ruminants, is replaced by any plant-based food or even cultured
meat, for the same food weight, GHG emissions would be much lower [22].

In devising a strategy to limit CO2 concentrations in the atmosphere to 500 ppm, an
early study (2004) suggested emissions reduction of ~3.67 GtCO2eyr−1 is required [65].
Diet modification and improvement of livestock/crop methods could contribute 15–43%
of that total. The total technical mitigation potential from crop and livestock activities
and agroforestry is estimated at 2.3–9.6 GtCO2eyr−1 by 2050 (medium confidence) [8].
This wide range arises because some mitigation measures have very large potential for
reducing GHG emissions such as soil carbon sequestration. The IPCC estimates the total
technical mitigation potential of dietary changes as 0.7–8 GtCO2eyr−1 by 2050, but note
this total could be higher, depending on social factors such as consumer choice and dietary
change [8]. There may be impacts from climate change on agriculture impacting the
viability of some systems such as the availability of grazing. If the number of livestock are
reduced, in addition to the reduction in food’s annual GHG emissions, the land no longer
required for food production could remove ~8.1 GtCO2 from the atmosphere each year as
natural vegetation [4].

While emissions from agriculture are projected to increase, especially in developing
countries [66], the availability of meat alternatives and cultured meat as well as lifestyle
changes have started to pose the question of whether some parts of the globe are at ‘peak
meat’ [67]. The growth of meat alternatives such as cultured meat (emissions 2.01 kg CO2e
per kg cultured meat) is also expected to contribute to immediate GHG emission reductions,
although the longer term impact is less clear [68]. “By 2035, the shift to plant-based beef,
pork, chicken, and egg alternatives will save more than 1 gigaton of CO2e, about as much
as Japan currently emits annually” [69]. Halving meat, dairy, and egg consumption would
half EU emissions from agricultural sector [61]. Replacing beef with beans in the US would
free up 43% of US cropland and reduce GHG emissions by 334 MtCO2eyr−1, 75% of the
reduction target [70].

The US Department of Agriculture reports that US diets are increasingly out of bal-
ance with Federal recommendations with the consumption of meat, eggs, and nut nearly
40% higher than recommended [71]. The continued viability of increased meat consump-
tion in terms of health costs and the role of farming subsidies has also been raised in
the health community [72]. “Because intake of red meat is not essential and appears to
be linearly related to total mortality and risks of other health outcomes in populations
that have consumed it for many years, optimal intake might be 0 g/day, especially if
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replaced by plant sources of protein” [73]. Other benefits to the planet would include
reducing the 43% of the ice- and desert-free land that is currently devoted to agriculture
and reducing other environmental impacts, such as deforestation, intensive water use, acid-
ification, and eutrophication, all of which are high for meat production [4,73]. Although
there is agreement that reducing meat and dairy consumption is important for health [74]
as well as reduced carbon footprints [75], achieving that as meat consumption rises [76]
is challenging [75].

An optimistic view is presented in [4]: “dietary change can deliver environmental
benefits on a scale not achievable by producers”. Moving towards diets that exclude
animal products has the transformative potential of reducing food’s GHG emissions by
6.6 GtCO2eyr−1 (49% reduction) [4]. In terms of the future, [73] states that a population of
10 billion humans could be sustained but “even small increases in consumption of red meat
or dairy foods would make this goal difficult or impossible to achieve”. One of their key
messages reads: “Transformation to healthy diets by 2050 will require substantial dietary
shifts, including a greater than 50% reduction in global consumption of unhealthy foods,
such as red meat and sugar, and a greater than 100% increase in consumption of healthy
foods, such as nuts, fruits, vegetables, and legumes.” [73].

Some dietary change may already be underway. Reportedly, 40% of EU consumers
have reduced or eliminated red meat consumption [77]. A 20% reduction in the con-
sumption of meat in the UK from 2008 to 2019 is attributed mainly to eating less red and
processed meat [78], whereas meat consumption levels in the US are unchanged overall
(1999–2016) [79]. Among methods considered to encourage reduced meat consumption are
the implementation of meat taxes [23], meat-free Mondays, citizen science platforms, [77] or
increased pricing [80]. A discussion of other mechanisms and the role of political leadership
can be found in [70]. Reducing food waste, currently estimated globally to be 931 Mt yr−1

(17% of food) and potentially responsible for 8–10% of GHG emissions, [81] can also help
to reduce food-related GHG footprints.

The comparison of GHG footprints in Table 6 shows that using top-down approaches
for the contribution of livestock agriculture to individual GHG footprints (per person) gives
0.9 tCO2eyr−1 for the UK and 2.0 tCO2eyr−1 for the US. Bottom-up approaches give a wider
range of GHG footprints up to 1.3–5.7 tCO2eyr−1 per person for meat eaters (Table 6) with
reductions in the range 0.8–3.0 tCO2eyr−1 per person for vegetarians. Consumption figures
from Section 3.3 give GHG footprints from meat consumption of 1.3 tCO2eyr−1 for the UK
and 1.5 tCO2eyr−1 for the US. Comparing these with other activities [28,82], indicates that
removing meat from the diet has a broadly comparable or larger impact to other lifestyle
adjustments to reduce personal GHG footprints (Table 7).

Table 7. Comparison of methods of reducing an individual carbon footprint (per person). The
comparative data are calculated from [1,28,82].

Activity Reduced tCO2eyr−1

Drive ~100 miles less each week, save one liter of petrol 1.2
Eat one 200 g steak less per week 0.6

Take one less return flight within Europe (~1000 km) 0.4
Take one less return long-haul flight (~11,000 km) 1.8

Reduce TV use by 6 h a week, save 1 kWh of electricity 0.05
Removing meat from the diet 1.3–1.5

5. Conclusions

Actions to reduce GHG emissions have to this point been largely focused on decar-
bonizing the electricity supply and transport systems. This research indicates that the
contribution of GHG emissions from livestock is not decreasing and is likely to become a
large fraction of overall GHG emissions.

Agriculture is already an important contributor to GHG emissions being of similar
magnitude to emissions from transport (~14–16% for each sector). Agricultural GHG
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emissions have a relatively large uncertainty of approximately ±30% [12]. The global GHG
emissions from animal agriculture are ~7.5 GtCO2eyr−1 [18]. Here, it is shown that livestock
numbers are increasing at an exponential rate and now number 4.3 per human (Figure 1,
Table 1). If emissions from individual livestock species are ranked with emissions from
countries, cattle rank as the third largest after China and the US (Figure 5, Table 5).

The calculations of GHG footprints from the top-down approach indicate that emis-
sions of approximately 1 tCO2eyr−1 per person globally are from animal agriculture. For
the UK, they are 0.9 per person and 2.0 tCO2eyr−1 per person for the US. However, there are
differences between the footprints estimated using the top-down and bottom-up methods.
In the top-down approach these can be ascribed to uncertainty in GHG emissions factors
from livestock. In the bottom-up approach, GHG emissions are allocated to food consumed
and imports. Bottom-up calculations presented here from UK consumption figures deter-
mine the animal product footprint as 1.3 tCO2eyr−1 per person, while for the US the GHG
footprint from the consumption of meat is 1.5 tCO2eyr−1 per person. Reductions in GHG
footprint in removing meat products are therefore assumed to be at least 1.3–1.5 tCO2eyr−1

per person. These are similar personal GHG footprint reductions to taking one less return
long-haul flight per year.
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