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Reducing climate change impacts from the 
global food system through diet shifts

Yanxian Li    1, Pan He    2,3, Yuli Shan    4 , Yu Li5, Ye Hang    4, Shuai Shao    6, 
Franco Ruzzenenti1 & Klaus Hubacek    1 

How much and what we eat and where it is produced can create 
huge differences in GHG emissions. On the basis of detailed 
household-expenditure data, we evaluate the unequal distribution of 
dietary emissions from 140 food products in 139 countries or areas and 
further model changes in emissions of global diet shifts. Within countries, 
consumer groups with higher expenditures generally cause more dietary 
emissions due to higher red meat and dairy intake. Such inequality is more 
pronounced in low-income countries. The present global annual dietary 
emissions would fall by 17% with the worldwide adoption of the EAT-Lancet 
planetary health diet, primarily attributed to shifts from red meat to 
legumes and nuts as principal protein sources. More than half (56.9%) of the 
global population, which is presently overconsuming, would save 32.4% of 
global emissions through diet shifts, offsetting the 15.4% increase in global 
emissions from p re se ntly u nd erconsuming populations moving towards 
healthier diets.

Food choices impact both our health and the environment1,2. The food 
system is responsible for about one-third of global anthropogenic GHG 
emissions3,4 and climate goals become unattainable without efforts to 
reduce food-related emissions5,6. However, not everyone contributes 
the same way to food-related emissions because of disparities in life-
style, food preferences and affordability within and across countries7–9. 
High levels of food consumption (especially animal-based diets), one 
of the leading causes of obesity and non-communicable diseases10,11, 
lead to substantial emissions9,12. Simultaneously, >800 million people 
still suffer from hunger and almost 3.1 billion people cannot afford a 
healthy diet13. Ending hunger and malnutrition while feeding the grow-
ing population by extending food production will further exacerbate 
climate change14,15. Given the notable increase in emissions driven by 
food consumption despite efficiency gains16, changing consumer life-
styles and choices are needed to mitigate climate change17.

Research shows that widespread shifts towards healthier diets, 
aligned with the sustainable development goals (SDGs) of the United 

Nations18, offer solutions to this complex problem by eradicating 
hunger (SDG 2), ensuring health (SDG 3) and mitigating emissions 
(SDG 13)19–22. Numerous dietary options have been proposed as guide-
lines for diet shifts1,23,24. The planetary health diet12, proposed by the 
EAT-Lancet Commission, stands out as a prominent option. It aims to 
improve health while limiting the impacts of the food system within 
planetary boundaries by providing reference intake levels for different 
food categories9,25. It is flexibly compatible with diversities and prefer-
ences of regional and local diets12. Previous research has estimated 
changes in country-specific environmental impacts, including GHG 
emissions26–28 and water consumption25, resulting from adopting the 
planetary health diet. However, there is limited evidence on how dif-
ferent population groups will contribute differently in this process7.

Food consumption and associated emissions differ as a result of 
disparities in consumer choices guided by social and cultural pref-
erences, wealth and income29. Quantifying food-related emissions 
along the entire supply chain for different products and population 
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for 87% of calories in global diets (Supplementary Table 4). The three 
main sources of emissions, namely red meat (beef, lamb and pork)  
(5% of calories), grains (51%) and dairy products (5%), contribute to 
29%, 21% and 19% of global emissions, respectively. The substantial 
emissions from red meat and dairy products are attributed to their 
considerably higher emissions per unit of calories compared to other 
categories (Supplementary Table 4).

To highlight emission differences at a regional level, we further 
group the country-level results into 18 regions according to geograph-
ical locations and development levels (Fig. 1b and Supplementary 
Fig. 10). In most regions, animal-based products contribute fewer 
calories (less than a quarter) (Supplementary Data 21) but yield more 
emissions than plant-based products, especially in Australia (84% 
from animal-based products), the United States (71%) and the region 
Rest of East Asia (71%) where residents excessively consume both red 
meat and dairy products. However, the consumption of plant-based 
products in Indonesia (83% of total calories), Rest of Southeast Asia 
(92%) and Sub-Saharan Africa (77%) accounts for the most emissions, 
at 92%, 73% and 64%, respectively. Southeast Asia including Indonesia 
has a high-emission proportion from grains (42%) due to the prevalent 
meals dominated by rice. The typical food basket in Sub-Saharan Africa 
is broadly made up of grains, tubers, legumes and nuts25,47, representing 
over half of the regional emissions.

Unequal distribution of dietary emissions within 
countries
We find substantial differences in per capita GHG footprints within 
countries and regions. To clearly present the distribution of footprints 
within each country and region, individuals are sorted in ascending 
order of their total expenditure levels and then sequentially allocated 
to ten expenditure deciles with equal population size (Supplementary 
Fig. 11 and Fig. 2a). As expenditures increase, individuals tend to have 
higher levels of footprints, with the largest increase attributed to red 
meat and dairy products. Richer populations usually have higher per 
capita footprints related to animal-based products than the poorer 
in most regions (Fig. 2b). However, there are differences in per capita 
footprints within expenditure deciles. For example, even in high-income 
countries such as Australia and Japan, the dietary intake of red meat 
for some people in the poorest deciles falls below the recommended 
levels (Supplementary Data 15). Rest of East Asia is one exception, with 
the poorest decile having high footprints due to a substantial intake 
of red meat, as seen in Mongolia where beef and mutton are the most 
common dish48.

Footprints related to plant-based products in specific regions show 
a different trend from animal-based products as expenditures increase. 
The middle expenditure groups are responsible for the highest foot-
prints associated with grains in Sub-Saharan Africa and Southeast Asia 
and the highest footprints of tubers, vegetables and fruits (mainly 
starchy tropical fruits49) in the Rest of Oceania. These locally produced, 
high-carbohydrate products are traditional staple foods. In poor coun-
tries, agricultural policy primarily targets improving the productivity 
of staple food, with little investment in the market and facilities for 
nutrient-rich products50,51. Consequently, the need for dietary diversity 
for middle- and low-income people is not adequately addressed50, lead-
ing to increased consumption of these lower-cost products. However, 
wealthier consumers can afford more expensive products, such as red 
meat, reducing their reliance on these staple products.

We use the GHG footprint Gini (GF-Gini) coefficient, calculated 
on the basis of data from 201 expenditure groups, to measure the 
dietary emission inequality within a country (Fig. 3), with 0 indicating 
perfect equality and 1 indicating perfect inequality. The inequality of 
dietary emissions tends to decline with the increase of the per capita 
GDP of a country, especially for animal-based products. We find the 
highest inequality of dietary emissions of food products generally 
in low-income countries, most of which are located in Sub-Saharan 

groups provides information for emission mitigation through chang-
ing consumer choices17. With the improved availability of household 
consumption data, recent studies have revealed inequality in energy 
consumption30,31 and carbon emissions17,32–34. Although there are several 
studies on income- or expenditure-specific food-related emissions 
within individual countries based on survey-based data35–38, previ-
ous studies have not assessed global food-related emissions with a 
detailed breakdown into specific products and population groups. 
Furthermore, reducing the overconsumption of wealthy or otherwise 
overconsuming groups can increase the availability of resources for 
reducing hunger and malnutrition7. However, it remains unclear how 
emissions from different population groups would change in response 
to global diet shifts.

To fill these gaps, this study evaluates GHG emissions (CO2, CH4 
and N2O) throughout the global food supply chains (including agri-
cultural land use and land-use change, agricultural production and 
beyond-farm processes)16 induced by diets, termed ‘dietary emis-
sions’, in 2019 and the potential emission changes of global diet shifts. 
Food loss and waste during household consumption25,39,40 have been 
subtracted from the national food supply to obtain dietary intake. We 
quantify dietary emissions of 140 products16 (classified into 13 food 
categories12) on the basis of the global consumption-based emissions 
inventory of detailed food products16. By linking detailed food intake 
amounts to the food consumption patterns of 201 global expendi-
ture groups (grouped according to the per capita total expenditure 
of each group) from the household-expenditure dataset41 based on 
the World Bank Global Consumption Database (WBGCD)42, we ana-
lyse the unequal distribution of dietary emissions in 139 countries or 
areas, covering 95% of the global population. Despite limitations, the 
total expenditure of consumers, which effectively reflects patterns in 
household income, consumption and asset accumulation, is a useful 
approximation to represent levels of income and wealth31,43. Addition-
ally, we build a scenario of shifting from diets in 2019 to the global 
planetary health diet to estimate emission changes (Methods). This 
study investigates differences in dietary emissions among regions, 
countries and population groups, identifying areas where efforts are 
needed to mitigate emissions during the global transition towards a 
healthier and more planet-friendly diet.

Present dietary emissions across countries
In this study, dietary emissions account for emissions along the entire 
global food production supply chains, which are allocated to final con-
sumers of diets. We use the term ‘GHG footprints’ to specifically refer to 
the dietary emissions of an individual over 1 year17,34. The total dietary 
emissions and country-average per capita GHG footprints show dif-
ferent distributions across countries in 2019 (Fig. 1a; for detailed food 
categories see Supplementary Figs. 1–9). The present total global die-
tary emissions reach 11.4 GtCO2e (95% confidence interval 8.2–14.7 Gt) 
(details of uncertainty ranges in Supplementary Tables 1 and 2). China 
(contributing 13.5% of emissions) and India (8.9%), the world’s most 
populous countries (Supplementary Table 3), are the largest contrib-
utors to global dietary emissions. Alongside Indonesia, Brazil, the 
United States, the Democratic Republic of Congo, Pakistan, Russia, 
Japan and Mexico, the top ten contributors represent 57.3% of global 
dietary emissions but with very unequal per capita emissions within 
and between countries. We find the highest country-average per capita 
footprints in Bolivia, with 6.1 tCO2e, followed by Luxembourg, Slovakia, 
Mongolia, the Netherlands and Namibia, with >5.0 tCO2e (Supplemen-
tary Discussion 2.1). Haiti (0.36 tCO2e) and Yemen (0.38 tCO2e) have 
the lowest country-average footprints, followed by Burundi, Ghana 
and Togo. Insufficient food intake of residents due to limited food 
affordability44,45 is the root cause of low footprints in these low- and 
lower-middle-income countries46.

While animal-based (52%) and plant-based (48%) products contrib-
ute nearly equally to global dietary emissions4,16, the latter accounts 
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Africa. In Sub-Saharan Africa, the highest spending 10% of the popu-
lation contributes 40% of the regional emissions from red meat, 39% 
from poultry and 35% from dairy products. In contrast, high-income 
countries generally have relatively low inequality with high levels of 
emissions despite country-to-country variations. The GF-Gini coef-
ficients for all types of products of most Western European countries 
are <0.20 (Supplementary Tables 9 and 10), which is lower than for 
other high-income countries such as the United States, Australia, 
Canada and Japan.

Dietary emission shares across consumer groups
There are notable differences in dietary emission shares associated with 
food categories across expenditure deciles between regions (Fig. 4). 
In high-income countries, expenditure groups have relatively similar 
patterns of dietary emissions, with large shares of red meat and dairy 
products contributing the largest amount of emissions. Even poor 
consumer groups in high-income countries tend to be more likely to 
be able to afford animal-based products as a result of relatively lower 
prices for dairy products, eggs, white meat and processed red meat. 

This contrasts with the high prices of animal-based products due to 
supply constraints in most low- and lower-middle-income countries52,53. 
Except in high-income countries, starchy staple foods (including grains 
and tubers), with low prices but high-carbohydrate content44,54, consti-
tute a large proportion of dietary emissions because of the high level of 
consumption, especially in Southeast Asia and Sub-Saharan Africa. As 
individuals’ expenditures increase in these countries, emission shares 
from starchy staple foods in total emissions decrease substantially. 
These changes demonstrate that as the affordability of food increases, 
populations tend to adopt instead more diverse diets composed of 
fewer starchy staple foods and more meat, dairy products, vegetables 
and fruits. This trend generally aligns with Bennett’s Law25,55,56. For exam-
ple, research shows that with rapid economic growth, China’s urban 
or high-income groups increase their intake of non-starchy foods to 
fulfil their requirements of dietary diversity35, while poorer groups, 
often engaging in strenuous physical jobs, predominantly consume 
inexpensive starchy staple foods. One exception is Rest of Oceania, 
where poorer groups have higher percentages of emissions from not 
only tubers but also vegetables and fruits. Owing to relatively low 
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Fig. 1 | National and regional dietary GHG emissions in 2019. a, Total and per 
capita dietary emissions for 139 countries/areas. b, Regional dietary emissions 
from different food categories and populations. The bar chart (left primary 
axis) shows the regional emission amounts and the line chart (right secondary 
axis) shows the number of regional populations. Columns are ordered by the 
descending per capita GDP of regions (Supplementary Tables 5 and 6). USA, 
United States; AUS, Australia; WE, Western Europe; CAN, Canada; JPN, Japan; 
RUS, Russia; ROEA, Rest of East Asia; EE, East Europe; CHN, China; ROO, Rest of 

Oceania; NENA, Near East and North Africa; BRA, Brazil; ROLAC, Rest of Latin 
America and the Caribbean; ROSEA, Rest of Southeast Asia; IDN, Indonesia; 
IND, India; ROSA, Rest of South Asia; and SSA, Sub-Saharan Africa. Details 
for the division and scope of regions are shown in Supplementary Fig. 10 and 
Supplementary Tables 7 and 8. Country classification by income levels is based 
on the World Bank46. Credit: World Countries basemap, Esri (https://hub.arcgis.
com/datasets/esri::world-countries/about).
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Fig. 4 | Relative contributions of per capita dietary GHG footprints for 
different food categories for regional expenditure deciles. The numbers at 
the bottom of each bar represent the expenditure levels of regional expenditure 
deciles, ranging from the poorest (1) to the wealthiest (10). Food categories are 

shown in the colour legend. a, United States. b, Australia. c, Western Europe.  
d, Canada. e, Japan. f, Russia. g, Rest of East Asia. h, Eastern Europe. i, China.  
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expenditure on food, poor populations in this island region usually 
choose locally cultivated tubers and fruits (such as cassava, taro and 
bananas)57,58 with high intensities of land-use emissions59.

Emission changes from adopting the planetary 
health diet
To estimate the emission changes from a global diet shift, we build a 
hypothetical scenario by assuming that everyone in all countries adopts 
the planetary health diet (Methods). Results indicate that the global 
dietary emissions would decrease by 17% (1.94 (1.51–2.39) GtCO2e) 
compared with the 2019 level (details of the uncertainty ranges can be 
found in Supplementary Tables 11 and 12). The presently overconsum-
ing groups (56.9% of the global population) would save 32.4% of global 
emissions through diet shifts, more than offsetting the 15.4% increase 
in global emissions from the presently underconsuming groups (43.1% 
of the global population) as a result of adopting healthier diets (Sup-
plementary Table 13). National dietary emissions in 100 countries would 
decline by 2.88 GtCO2e, whereas the other 39 countries (mainly low- and 
lower-middle-income countries46 in Sub-Saharan Africa and South 
Asia) would have an increase in emissions by 938 MtCO2e (Fig. 5a; for 
detailed food categories see Supplementary Figs. 12–20).

Countries would be affected differently regarding emission 
changes by adopting the planetary health diet, reflected in the percent-
age change in national emissions (Fig. 5a). Uzbekistan (−74%), Australia 
(−70%), Qatar (−67%), Turkey (−65%) and Tajikistan (−64%) would see 
the largest percentage decrease. In comparison, most of the countries 
with an estimated considerable percentage increase are located in 
Sub-Saharan Africa and the Middle East, with the largest percentage 
increase from Iraq (+155%). Notably, with the increase in per capita GDP, 
the percentage change in overall dietary emissions of countries shows 
a shift from a positive to a negative trend, primarily led by changes in 
animal-based emissions (Supplementary Fig. 21).

Global emission reduction would be dominantly driven by red 
meat and grains (Fig. 5b). The reduction in meat, eggs and fish would 
lead to 2.04 GtCO2e of emission reduction, of which 94% is driven by 
the decrease in red meat. China (22%), the United States (15%) and Brazil 
(14%) would be the largest contributors to emission reduction associ-
ated with a decrease in red meat consumption. A decline in grains would 
result in 914 MtCO2e of emission reduction, of which 56% would happen 
in Asia. A further 240 and 89 MtCO2e reduction in emissions would come 
from reduced sugars and tubers, respectively. However, increased pro-
teins (legumes and nuts and dairy products), added fats and vegetables 
and fruits would partly offset the above-reduced emissions by 41%. 
Intake of legumes and nuts would increase in all regions, leading to a 
further 757 MtCO2e of emissions, whereas most of the emission increase 
related to added fats (largely vegetable oils) (279 Mt) and dairy products 
(143 Mt) would take place in Sub-Saharan Africa, China and other Asian 
countries. Global dietary emissions associated with vegetables and fruits 
would increase by 163 Mt, despite declines in China and Rest of Oceania.

The decline in per capita GHG footprints would be achieved pri-
marily in wealthy consumer groups in high- and upper-middle-income 
countries, while increased footprints would occur mainly in poor 
groups in most countries (Fig. 6a). Results show that the shifts of chief 
protein sources from animal-based to plant-based proteins according 
to the planetary health diet12 would contribute the most to changes in 
footprints globally (Fig. 6b). For example, in Australia, Brazil, Canada 
and the United States where diets are dominated by red meat and dairy 
products, the top and upper-middle expenditure groups would have 
notable reductions in footprints. However, most populations in South 
and Southeast Asia and Sub-Saharan Africa would have a consider-
able increase in footprints because of the present low levels of red 
meat intake. Meanwhile, the present intake of plant-based proteins 
in all countries is below the recommended level25. Footprints related 
to legumes and nuts would increase for most expenditure groups in 
all regions to meet nutrient demands. This increase is particularly 

substantial in Rest of Oceania, Brazil, Indonesia and Sub-Saharan Africa, 
where most of the consumed legumes and nuts are domestically pro-
duced with high land-use emission intensities59,60, assuming the present 
production and trade patterns remain unchanged.

Discussion and conclusions
This study uncovers the extent of inequality of dietary emissions within 
countries based on detailed expenditure data17,34 and underlines the 
dependence of dietary emissions on expenditure and income levels. 
Emissions aggregated at expenditure deciles may lose some fine-grained 
information from the 201 expenditure groups. For example, people 
from the lowest expenditure groups in affluent countries may experi-
ence malnutrition or even hunger, which is not adequately captured at 
a decile level. Nevertheless, the GF-Gini coefficient calculated from 201 
groups provides an accurate reflection of emission inequality. Results 
show that affluent countries consume high-emission diets but show 
relatively lower levels of inequality, whereas many poor countries tend 
to have diets with lower emissions but higher levels of inequality.

The objective of the diet shift scenario is to assess the potential 
implications of emission mitigation of the food system resulting from 
changing consumer choices. Widespread diet shifts offer dual benefits 
by moving 43.1% of the global population out of underconsumption 
and mitigating 17% of global dietary emissions. The simulated changes 
in the volume of global emissions under the planetary health diet 
approximate the findings by ref. 26 (Supplementary Discussion 1).  
However, worldwide diet shifts require tailored policies targeted 
at regions, countries, expenditure groups and products instead of 
‘one-size-fits-all’ policies.

We find that, compared to plant-based products, animal-based prod-
ucts, particularly red meat and dairy products, exhibit greater potential 
for reducing both emission volumes and emission disparities among 
different expenditure groups. Priorities lie in reducing the overconsump-
tion of specific emission-intensive products in affluent countries (par-
ticularly the high-expenditure groups), such as beef in Australia and the 
United States, to achieve health9,12 and climate benefits25,26,28. Incentives, 
such as implementing subsidies or taxation on environmental externali-
ties through food or carbon pricing61, ecolabelling62 and expanding the 
availability of less emission-intensive products (for instance, menu 
design for diverse vegetarian foods63), can encourage consumers to 
make dietary changes. Moreover, a well-designed (primarily urban) food 
environment can reshape residents’ dietary patterns35 and the parallel 
development of urban planning and infrastructure can alleviate the time 
and financial burdens of shifts to healthier diets64. However, in countries 
such as Mongolia, where diets heavily rely on red meat and dairy products 
because of their traditional nomadic lifestyle and limited accessibility of 
diverse foods, especially in rural areas48, diet shifts may not be feasible 
but there is a need to improve national nutritional education48.

Low-income countries face more severe challenges in reaching 
healthier diets. On the one hand, diet shifts require increased food 
consumption in these countries. For example, in Sub-Saharan Africa, the 
planetary health diet requires a 3.4-fold increase in dairy consumption 
for the entire population and a 69-fold increase for the poorest decile 
(Supplementary Fig. 22). However, Sub-Saharan Africa and South and 
Southeast Asia, which have experienced stagnating agriculture produc-
tion efficiency for decades8, cannot produce domestically nor afford 
to import the food required for diet shifts65. It is crucial to enhance the 
production efficiency of feed and food crops through various measures 
such as crop and soil management techniques8,66 and the introduc-
tion of high-yielding crop varieties and hybrids67,68. Moreover, increas-
ing the proportions of nutrient-rich products in food imports65 and 
reducing restrictive trade policies which tend to raise food prices25,69 
help to address this challenge. On the other hand, poor populations 
often opt for lower-cost, calorie-dense but less nutritionally beneficial 
foods. High cost and low affordability remain the largest barriers for 
these individuals to select healthier diets44,54,70,71. Others44 found that 
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>1.58 billion low-income populations worldwide cannot afford the cost 
of the planetary health diet. Therefore, policy efforts (for instance, 
pricing interventions72, technical assistance to reduce food produc-
tion costs73 and so on) should focus on making food more affordable 
and accessible, especially for lower expenditure groups37,74. However, 
studies indicate that lower food prices may decrease the income of 
agricultural households75,76, widen wealth gaps between individuals 
employed in food- and non-food sectors, especially in low-income 
agrarian countries and exacerbate rural poverty1,77. In this sense, policies 
aimed at promoting diet shifts should be deliberately and cautiously 
designed with vulnerable groups in mind to reduce inequality37,61.

Lastly, altered food demand due to diet shifts can induce notable 
structural adjustments within the global agri-food system. Although 
this study does not assess the feasibility of countries supplying suffi-
cient food if the planetary health diet was adopted, results indicate that 
the composition of global food production would change considerably 
to adapt to the substantial changes in demand8,25,77. The diet shifts 
would necessitate the global supply (in calorie content) of red meat 
decrease by 81%, all sugars by 72%, tubers by 76% and grains by 50%, 
while that of legumes and nuts increase by 438%, added fats by 62% 
and vegetables and fruits by 28% (Supplementary Data 16). Research77,78 
confirms that changed food demand could cause fluctuating prices of 
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Fig. 6 | Changes in per capita dietary GHG emissions of each decile of global 
and regional populations for adopting the planetary health diet. a, Changes 
in GHG footprints from all types of food categories. The size of the bubble refers 
to the average total expenditure represented by the decile. b, Changes in GHG 

footprints from different food categories. The colours of bubbles in a and b 
indicate expenditure deciles ranging from the poorest in blue to the wealthiest in 
red and are comparable only within each region.
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agricultural products and land in global markets, triggering spillover 
effects between different food categories or to other non-food sectors 
(for example, stimulating biofuel production) and partly offsetting 
the benefits of diet shifts. Therefore, policy-making should focus on 
alleviating these effects. Incentives such as increased subsidies or tax 
breaks can generate new economic opportunities and motivations for 
industries that need to scale up production to meet the heightened 
demand for products (for example, plant-based proteins). By contrast, 
for emission-intensive food industries that need to downsize, measures 
such as gradual crop substitution25,79 could be adopted to optimize 
production and reduce the costs of production transformations while 
safeguarding the interests of producers.

Online content
Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author contri-
butions and competing interests; and statements of data and code avail-
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Methods
Overview
In this study, we first assess the GHG emissions from diets comprising 
140 products16 (Supplementary Table 14) in 139 countries or areas 
(we collectively use the term ‘country’ because most of them are indi-
vidual countries) (Supplementary Data 1) in 2019 based on the global 
consumption-based emission inventory of detailed food products from 
ref. 16. The inventory16 provides data (in mass units) of GHG emissions 
(including CO2, CH4 and N2O) generated during supply chain processes, 
including agricultural land use and land-use change (LULUC), agricul-
tural activities and beyond-farm processes (excluding emissions from 
household and end of life)4. All emissions are allocated to final consum-
ers of food products. The year 2019 (the latest year before the COVID-19 
pandemic) is selected as a baseline year, which can reflect the level of 
present dietary intake without the interference of the pandemic80,81. 
Subsequently, dietary emissions from different expenditure groups are 
quantified by matching diets with the household-expenditure dataset42 
to reflect the differences and potential inequality of dietary emissions. 
Finally, to measure the magnitude of the emission impact of the global 
diet shift, we model the transition from diets in 2019 to the widespread 
adoption of the planetary health diet. The research framework of this 
study is shown in Supplementary Fig. 23.

The following data sources are mainly used in this study. The 
consumption-based food emissions inventory16 is based on data 
derived from the FAOSTAT82, comprising national emission accounts 
of supply chain processes and data on food trade and production. 
Data on food loss and waste throughout the global supply chain and 
at the household level as well as food supply data, all used for link-
ing emissions with diets, are obtained from FAOSTAT83 and previous 
research25,39. The household-expenditure data41 are built on the basis 
of the WBGCD42 and further refined and supplemented by consumer 
expenditure surveys from high-income countries17,41 to bridge the 
dietary emissions with different expenditure groups. Detailed data 
sources used for calculation are provided in Supplementary Table 15. 
Data processing, assumptions and uncertainties for all calculations 
are also given.

Dietary energy intake and emissions
Accounting of food consumption and supply chain emissions. The 
estimation of the present dietary emissions and the emission changes 
for adopting the EAT-Lancet planetary health diet12 is based on the 
accounting framework designed by ref. 16. They assess global GHG 
emissions induced by the consumption of food products in 181 coun-
tries based on the physical trade flow approach84,85. Consumption-based 
GHG emissions along global supply chains, including local production 
and international trade, are calculated as follows16,84:

Ei,r = Gi
Pi
(I − Ai)−1 Pi

DMIi
DMCi,r = FiDMCi,r (1)

where Ei,r refers to the consumption-based GHG emission of product i 
in country r. Gi/Pi represents the vector of direct emission intensity of 
product i from entire food supply chain processes, of which Gi denotes 
total emissions generated from entire supply chain process of product 
i, Pi is the production vector of product i. (I − Ai)−1 is the trade structure 
of product i, of which Ai is the matrix of export shares and I is the identity 
matrix with the same dimension as matrix Ai. DMIi refers to the vector 
of direct material input of product i and DMCi,r is the vector of domestic 
material consumption of product i in country r with values set to zero 
for other countries. The DMI of a country is defined as the total inputs 
of products and the DMC is defined as the amount of products con-
sumed domestically. DMI equals DMC plus exports of products (or 
production plus imports). Fi refers to the vector of total (or 
consumption-based) emission intensity of product i from food supply 
chain processes, that is, total emissions induced by per unit of domestic 

consumption of product i. All variables in equation (1) are in units of 
mass (metric tonnes).

Feed products are excluded from diets because emissions from 
feed crops have been allocated to livestock products that consume feed 
during production16. Food loss and waste (FLW) along supply chains 
and households are subtracted to quantify the net intake amount of 
food products from the household stage.

Dietary calorie conversions. We use the annual per capita food supply 
(FS) quantity of 140 food products from the supply utilization accounts 
of FAOSTAT83 and population from the United Nations86 to calculate the 
total supply amount of product i in country r (FSi,r, in the unit of mass):

FSi,r = FSi,rperpr (2)

where FSiper denotes the per capita supply of product i per year and pr 
refers to the population in country r.

To be consistently matched with the DMC, the FS values should 
be limited within the coverage of the DMC and values that exceed 
this range are removed. At the same time, to aggregate food prod-
ucts into food categories and compare their nutritional contents with 
the reference level from the planetary health diet, we convert the 
quantity of food consumption or supply into calorie content using 
product-specific nutritive factors (calories per unit weight of prod-
uct)87,88 from FAO (Supplementary Table 14).

Subtracting food loss and waste at the household level. The food 
supply derived from FAOSTAT datasets does not exclude FLW that 
happens during household consumption25. FLW before dietary intake 
can be divided into two parts: the FLW during supply chain processes 
(including agricultural production, postharvest handling and storage, 
processing and packaging and distribution) as well as the FLW during 
the food preparation and supply for household consumption39,40. The 
food supply value provided by FAOSTAT only excludes FLW during 
supply chain processes. Therefore, we exclude household FLW using 
the method by ref. 25 to calculate the annual dietary intake for each 
product as follows:

DIi,r = FSi,renergy × (1 − f i, rFLW) (3)

DIi,rper = FS
i,r
energy_per × (1 − f i,rFLW) (4)

where DIi,r and DIi,rper refer to the national and per capita caloric intake 
amount of product i in country r each year, respectively. FSi,renergy and 
FSi,renergy_per are the national and per capita supply quantity (in calorie 
content) of product i annually, respectively. Parameter f i,rFLW is the FLW 
factor in the household consumption stage39 of food product i in coun-
try r. Others39 provide regional FLW factors, expressed as the weight 
percentage of food that is lost or wasted at different stages of food 
production and consumption, for different food categories. As a result, 
household food waste is subtracted from the FS to obtain the dietary 
intake amount of each product. Detailed household FLW factors are 
shown in Supplementary Table 16.

Quantifying dietary GHG emissions. Our equation (1) can be trans-
formed into the following equation to calculate the total emission 
intensity of food calorie consumption:

F i,renergy =
Ei,r

DMCi,renergy
= FiDMCi,r

DMCi,renergy
(5)

where F i,renergy represents total emissions per unit of calorie content of 
product i in country r, DMCi,renergy refers to total calorie content of prod-
uct i consumed domestically in country r. Then, emissions from the 
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dietary intake (without FLW) of product i in country r (E i,rintake) are calcu-
lated as follows:

E i,rintake = F
i,r
energyDI

i,r (6)

Classification of food categories. The EAT-Lancet Commission report 
provides coverage of different food categories in the planetary health 
diet and their recommended caloric intake levels at 2,500 kcal for 
adults each day12 (Supplementary Table 17). In this study, we classify 
140 products into 13 aggregated food categories according to the 
planetary health diet12, including grains, tubers or starchy vegetables, 
vegetables, fruits, dairy products, red meat (beef, lamb and pork), 
chicken and other poultry, eggs, fish, legumes, nuts, added fats (both 
unsaturated and saturated oils) and all sugars. On the basis of the data 
availability of the FAOSTAT4,82, the food products in this study include 
both primary and processed products (primary and secondary food 
processing) which can be classified into specific food categories16. 
Ultraprocessed products that combine ingredients from several food 
categories, such as ice creams made from both dairy and sugar, are not 
considered. Detailed coverages of each food category and their map-
ping relationship with specific products are shown in Supplementary 
Table 18.

Matching diets with the household-expenditure dataset
We explore the dietary emissions from consumers with differ-
ent expenditure levels (defined as expenditure groups) using the 
household-expenditure dataset41 for the year 2011. The dataset, con-
taining 116 countries and almost 90% of the global population (Sup-
plementary Table 19), is primarily based on the household survey 
microdata from the WBGCD42, supplemented by consumer expenditure 
surveys of national statistical offices from high-income countries such 
as the United States and European countries17,41. For every country in 
the dataset, 201 expenditure groups (grouped according to the per 
capita total expenditure of each group) and the corresponding popu-
lation share are listed. The annual per capita expenditure of people in 
different expenditure groups ranges from <US$50 to ~US$1 million 
per year (expressed in 2011 Purchasing Power Parities, PPP)31,34. For 
each expenditure group, the expenditure for 33 different sectors of 
goods and services (including 11 food items) and the corresponding 
expenditure share in national consumption of each sector are pro-
vided31,34,41. For some affluent (or poor) countries that do not have a 
sufficient representative number of people at the bottom (or top) end 
of the expenditure spectrum, the population in the corresponding 
expenditure groups is empty. Expenditure shares of 11 food items are 
matched with the 140 products in this study (Supplementary Table 20). 
We calculate the dietary intake of different food products for each 
expenditure group in each country by multiplying the food expenditure 
share of groups with the total dietary intake amounts of food products 
of each country.

This study assumes that the amount of food consumption is pro-
portionate to food expenditures and the purchasing price for the 
same product is unchanged across 201 groups ignoring higher prices 
for high-quality or luxury food items within the same food category. 
Although the assumption of an unchanged purchasing price is an 
unsolved limitation shared by similar studies using monetary expendi-
ture data31,34,41, household expenditures on food can still effectively 
highlight the differences in food consumption and emissions across 
consumer groups with different affordability of, and spending on, food. 
We also assume that the proportion of food sources from local produc-
tion and trade for the same food category remains constant across the 
201 groups. In other words, the magnitude of dietary emissions is solely 
determined by the size and pattern of food expenditure of each group 
and the associated supply chains for each food consumption item.

For countries that are major food consumers (and emitters) but 
without data in WBGCD, expenditure shares from countries with similar 

development levels and eating habits and neighbouring geographical 
locations are used to calculate the distribution of their food expendi-
ture. We finally select 201 expenditure groups in 139 countries/areas, 
covering 95% of the global population in 2019 (Supplementary Table 3 
and Supplementary Data 3). Details for dealing with missing data are 
provided in Supplementary Table 7. Countries or areas are then classi-
fied into 18 regions for comparison according to geographical locations 
(Supplementary Table 8). The WBGCD expenditure data from the year 
2011 are adjusted to PPP in 2019 to represent the expenditure level of 
populations in figures. Results of emissions from 13 types of food cat-
egories of 201 expenditure groups at the national and regional levels 
are shown in Supplementary Data 8, 10 and 11.

Analysis of GF-Gini coefficients
Calculation of GF-Gini coefficients. This study uses the GF-Gini 
coefficient33,89, which is based on the well-known Gini coefficient90, to 
measure the inequality of GHG footprints from 201 expenditure groups 
within countries, regions and globally. The GF-Gini coefficient ranges 
from 0 to 1, indicating the emission distribution across expenditure 
groups changes from perfect equality to perfect inequality. The GF-Gini 
coefficient of each food category is calculated as33:

Gini j =
201
∑
m=1

D j
mY

j
m + 2

201
∑
m=1

D j
m (1 − T

j
m) − 1 (7)

where Ginij indicate the GF-Gini coefficient of food category j (including 
product i, i = 1, 2, 3, …, n). Expenditure groups and their population are 
reordered in ascending order of per capita GHG footprint of food 
category j and m refers to the reordered number of groups (m = 1, 2, 3, 
…, 201). D j

m and Y j
m represent the proportions of population and GHG 

footprints (of food category j) for each expenditure group, respectively. 
T j
m is the cumulative proportion of GHG footprints of each expenditure 

group. The results of national, regional and global GF-Gini coefficients 
are shown in Supplementary Tables 9 and 10.

Regression analysis. We use the regression approach to examine the 
relationship between the national GF-Gini coefficients and the per 
capita GDP91,92 of 139 countries/areas. The GF-Gini coefficient of each 
country is regarded as the dependent variable (y) and the national 
per capita GDP acts as the independent variable (x). Initially, locally 
weighted regression is applied to illustrate the trend lines within the 
scatterplot. Subsequently, we test different regression methods for 
validation based on the general trend. Ultimately, we found that loga-
rithmic regression is the most fitting for dietary emissions of most food 
categories, particularly in the case of animal-based products. Thus, the 
logarithmic regression is applied.

Scenario of the planetary health diet
Scenario setting and assumptions. To estimate the emission changes 
resulting from the transition from the 2019 diet to the global planetary 
health diet, we build a hypothetical scenario by assuming that individu-
als belonging to 201 different expenditure groups in all countries will 
all reach the reference intake level of 13 types of food categories12. First, 
we assume that the proportion of food sources from local production 
and trade in each country is unchanged, that is, emission changes from 
dietary shifts would be calculated on the basis of emissions from local 
production and imports accounting for emissions along global food 
supply chains, similar to studies by refs. 25,26. At the same time, emis-
sion changes induced by decreased food consumption in countries 
following the planetary health diet, such as carbon uptake from agri-
culture abandonment59 or emission increase from non-food biomass 
production in saved agricultural land77, are not considered in this study. 
Second, we assume that agricultural and food-related production 
technology, trade patterns and emission intensities of food supply 
chain processes remain unchanged during the diet transition. Third, 
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fluctuations in food prices induced by altered food demand or the 
affordability of the planetary health diet for different consumer groups 
are not considered in this study.

Diet gaps for different food categories. The diet gap (DG) reflects 
gaps between present dietary intake and the planetary health diet12,25, 
as follows:

DGj,rper =
DI j,rper

DI jEAT_per
=

DI j,rper
365 × DI jEAT_day_per

(8)

where DGj,rper is defined as the percentage ratio of the present per capita 
caloric intake of food category j in country r each year (DI j,rper) to the 
annual reference level (DIiEAT_per). DI jEAT_day_per is the recommended per 
capita caloric intake of food category j each day12 (Supplementary 
Table 17). We assume a uniform annual calorie reference level for each 
food category across all populations in all countries. We allow flexibility 
in local diets by keeping the composition of each food category 
unchanged, requiring only that the calorie content reaches the refer-
ence level. According to the definition, present food intake is consid-
ered insufficient compared with reference levels when DG is <100%, 
while it is deemed excessive and should be reduced when DG is >100%. 
Daily per capita caloric intake of food categories from 201 expenditure 
groups of countries or regions are shown in Supplementary Data 12 
and 13. We calculate the DG for food categories of 201 expenditure 
groups at national and regional levels (Supplementary Data 14 and 15).

Emission changes from adopting the planetary health diet. Accord-
ing to equation (1), the total emissions per unit of calorie content of 
food category j in country r (F j,renergy) can be calculated as:

F j,renergy =
E j,r

∑n
i=1 DMC

i,r
energy

=
∑n
i=1Ei,r

∑n
i=1 DMC

i,r
energy

(9)

where Ej,r refers to the national emissions due to consumption of food 
category j in country r. Thus, emission changes for adopting the plan-
etary health diet are calculated as follows:

ΔE j,rintake = F
j,r
energy (DI

j
EAT_per − DI

j,r
per)pr = E

j,r
intake (

1
DG j,r

per

− 1) (10)

where ΔE j,rintake represents the national emission changes of food cate-
gory j in country r, E j,rintake is the national emissions from intake of food 
category j in country r. Changes in dietary emissions of food categories 
from 201 groups are shown in Supplementary Data 9. The number of 
people with increased/decreased emissions from 201 groups is shown 
in Supplementary Data 19.

Uncertainty analysis
We assess the uncertainty range of dietary emissions from different 
food products using a Monte Carlo approach, which simulates the 
uncertainties caused by activity data, emission factors and parameters 
in each emission process16,59,93. More details can be found in Supple-
mentary Methods 1.

Limitations
This study has the following limitations regarding data analysis and 
scenario setting.

In terms of data analysis, this study is limited by the data avail-
ability. First, we use regional household food loss and waste factors of 
aggregated food categories without more detailed product division at 
the national level because of a lack of data. There might also be differ-
ences between calculated and actual food intake amounts that are una-
ble to be removed, such as animal bones or fruit skins25. Second, we use 

the consumer household-expenditure dataset based on WBGCD for the 
year 2011, which provides the most precise and detailed differentiation 
of consumer groups and their consumption patterns within countries 
so far. We assume that the shares in food expenditure and population 
for each expenditure group are the same as in 2011. Third, we assume 
that the composition of different products aggregated in one category 
consumed by expenditure groups is the same as the national con-
sumption composition and there is no difference in the price of food 
products purchased by people from different expenditure groups. 
In addition, data for some populous high- or upper-middle-income 
countries are missing from the household-expenditure dataset. How-
ever, the countries are the world’s major food consumers and emitters, 
their emission changes due to diet shifts are important for the global 
food system. We use the expenditure shares of similar countries in the 
household-expenditure dataset to allocate the distributions of food 
expenditure in these countries.

In terms of scenario setting, we focus on the impact induced by 
changes in consumer choices without changing the proportion of food 
supply sources (domestic production and imports). We do not consider 
altering the proportions of supply sources and associated emissions 
in this study. However, future studies may explore the impacts of the 
production side and supply chains for diet shifts. Moreover, as we 
focus on the present emission inequality and mitigation potentials 
within the food system, we assume that the income and expenditure 
levels of expenditure groups remain unchanged. However, a shift in 
food supply may affect household income and subsequently alter the 
household food budgets, especially for populations employed in, or 
countries reliant on, food-related sectors. Additionally, as a result of 
data and model limitations, this study does not consider price fluc-
tuations induced by food demand and subsequent changes in house-
hold affordability or spillover effects (between food categories or to 
non-food sectors). Future studies may combine assessment models 
incorporating elasticities to project the long-term feasibilities and 
consequences of diet shifts.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
Data for LULUC, agricultural and beyond-farm emissions and data for 
physical food consumption are curated by the FAO and can be freely 
obtained from FAOSTAT82, available from ref. 16. Data of food loss 
and waste rate are retrieved from FAOSTAT82 and ref. 25. The global 
household-expenditure data are obtained from the World Bank42 and 
refs. 17,41. Population data used in this study are obtained from World 
Population Prospects of the United Nations86. Data on per capita GDP 
in countries can be collected from the World Bank91 and the Interna-
tional Monetary Fund92. Supplementary datasets are also available on 
Zenodo (https://doi.org/10.5281/zenodo.11934909)94. Source data are 
provided with this paper.

Code availability
Data collection is performed in MATLAB and Microsoft Excel. Code 
developed for data processing in MATLAB and R in this study is available 
from Zenodo (https://doi.org/10.5281/zenodo.11880402)95.
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Software and code
Policy information about availability of computer code

Data collection Data collection is performed in Matlab 2022b and Microsoft Excel.

Data analysis Data analysis for calculating dietary emissions and scenario setting is performed in Matlab 2022b. The regression analysis and visualization are 
performed using R (Version 4.2.2). Code developed for data processing in MATLAB and R is available from Zenodo (https://doi.org/10.5281/
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World Bank (https://datatopics.worldbank.org/consumption/) and published research (https://doi.org/10.1038/s41467-017-00919-4). Population data used in this 
study are obtained from World Population Prospects of the United Nations (https://population.un.org/wpp/Download/Standard/Population/). Data on per capita 
GDP in countries can be collected from the World Bank (https://data.worldbank.org/indicator/NY.GDP.PCAP.PP.CD) and the International Monetary Fund (https://
www.imf.org/external/datamapper/NGDPDPC@WEO/OEMDC/ADVEC/WEOWORLD). Supplementary figures, tables, Source data, and Supplementary datasets used 
in this study can be found in the Supplementary Information files. Supplementary datasets are also available on Zenodo (https://doi.org/10.5281/
zenodo.11934909).
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Study description This study: 1) evaluates emissions along global food supply chains induced by current diets in 139 countries; 2) quantifies the dietary 
emissions from detailed products and population groups, and estimates the inequality of dietary emissions within countries; 3) 
simulates the scenario of global shifts towards the planetary health diet to explore potentials of emission mitigation from the food 
system.

Research sample This study covers the diets composed with 140 types of food products (both animal- and plant-based products), classified into 13 
food categories (according to the EAT-Lancet planetary health diet) in 139 countries in 2019. The emissions along supply chains 
include emissions from land use and land use change, agriculture production, and other beyond-farm activities. We use the World 
Bank household expenditure dataset to allocate dietary emissions into 201 expenditure groups, and exhibit results at the global, 
regional and national levels. The scenario setting is based the assumption that the global population all reach the same dietary intake 
level according to the planetary health diet.

Sampling strategy We quantify the dietary emissions along global food supply chains of different food products by final consumers with different 
expenditure levels by bridging the detailed food consumption data with detailed household expenditure dataset. We further simulate 
the scenario of worldwide adoption of the EAT-Lancet planetary health diet to examine the global dietary emission changes from 
expenditure groups and products. 

Data collection Yanxian Li collected the data required for this study with support from Yuli Shan and Klaus Hubacek. The datasets for dietary 
emissions are extracted from FAOSTAT and can be freely obtained, available from the previous publication. The global household 
expenditure data  are curated from the World Bank. Other datasets are obtained from database (e.g., the United Nations, IMF, etc.) 
and individual publications cited by this study.

Timing and spatial scale We analyze the dietary emissions for the year 2019 as the baseline, using data collected from published database and individual 
publications. The data collection and analysis starts on 1/12/2022 and ends on 1/5/2023.

Data exclusions No data is excluded in this study.

Reproducibility We provide all the detailed methods and data sources, programming code and results in both the manuscript and supplementary 
information files to ensure the reproducibility of this work. 

Randomization This is not relevant to our study because our work is not an Experimental study. We use survey-based household datasets and 
published datasets of food consumption and emissions to perform the calculation.

Blinding Blinding is not relevant to this study, because this study only uses published datasets and model simulation.
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