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Agro-food greenhouse gas emissions are increasingly 1 

driven by foreign demand 2 

Pablo Piñero1,2, Eduardo Aguilera1, Emiliano Travieso3, Juan Infante-Amate4, Martin Bruckner5, 3 

James Gerber6, Luis Lassaletta1, Nathan Mueller7, Alberto Sanz-Cobeña1 4 

Abstract 5 

Greenhouse gas emissions embodied in international trade have risen sharply over the last few 6 

decades because of the globalization of economies and countries’ productive specialization. We 7 

have built a model able to trace all agro-food emissions along global value chains for 1986–2013. 8 

The results show that while the domestic fraction of food emissions has slightly decreased, the 9 

foreign fraction has grown by 75%, accounting for 24% of all agro-food emissions today. A few 10 

supply chains concentrate most of this increase, with consumption of animal products explaining 11 

70% of all embodied emissions in trade. It was also found that higher incomes resulted in higher 12 

percentages of foreign agro-food emissions, and that increasing the proportion of imports in these 13 

footprints can be associated with lower per capita emissions. Because trade increasingly 14 

redistributes agro-food emissions around the world, national mitigation efforts should be 15 

complemented with strong international and coordinated cooperation actions.16 

17 

A profound understanding of greenhouse 18 

gas (GHG) emissions transferences between 19 

producer and consumer countries through 20 

international trade is necessary at all stages 21 

of the policy cycle. However, studies 22 

comprehensively targeting such exchanges 23 

in agro-food systems1,2 remain rare and their 24 

scope is limited, which compromises the 25 

efficacy of mitigation strategies. This paper 26 

aims to contribute to rectifying this 27 

disparity, providing a detailed assessment of 28 

the evolution of national consumption 29 

emissions of foods over nearly three decades 30 

to reinforce global mitigation actions.  31 

International trade triggers approximately 32 

one-quarter of all anthropogenic GHG 33 

emissions3, increasing up to one-half for 34 

petroleum-based products4. Similarly, high-35 

impact displacement through international 36 

trade occurs for other environmental 37 

pressures and impacts, e.g. biodiversity loss 38 

or natural resources depletion5. For the 39 

specific case of food consumption, the 40 

foreign share has been estimated to explain 41 

between 16%1 and 27%2 of all emissions. 42 

This proportion rises to 29–39% when 43 

focusing only on deforestation-related 44 

emissions6. The impact of trade on land 45 

systems is heterogeneous across regions and 46 

commodities, causing negative (e.g. 47 

deforestation) and positive impacts (e.g. 48 

spared land)7. Approximately 1.7 billion 49 

people are fed from food trade yearly8. 50 

Economic integration and trade 51 

interconnections will likely amplify over the 52 

next few decades as lower-income countries 53 

increase their participation in world trade 54 

and economies continue to converge9, 55 

provided that distributional impacts of 56 

climate change10 or biophysical constraints 57 

related to resource depletion11 do not 58 

counterbalance this trend. This implies that 59 

the relative importance of emissions 60 

embodied in traded food products and 61 

agricultural inputs will probably grow, 62 

which raises at least two new challenges. 63 

First, a key question is to what extent trade 64 

expansion can lead to ‘carbon leakage’, that 65 
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is, to an offset effect on emissions reductions 66 

due to offshoring carbon-intensive processes 67 

to countries with more permissive climate 68 

legislation12. Second, how can particular 69 

features and complexities of the agro-food 70 

supply chains hinder policy monitoring in an 71 

increasingly interconnected world?  72 

Consumption footprint and carbon 73 

leakage. Mitigation policies can target 74 

either the production side (e.g. reducing 75 

yield-scaled N2O emissions through better 76 

nitrogen fertilizer management) or the 77 

consumption side (e.g. promoting a shift to 78 

more sustainable and healthy diets). 79 

Production-side policies aim to impact on 80 

emission intensities of the wide range of 81 

existing technologies for producing foods 82 

and agriculture inputs. In contrast, 83 

consumption-side measures are mainly 84 

intended to impact on consumers’ 85 

behaviour, facilitating a decrease in supply-86 

chain emissions driven by, for example, 87 

households’ consumption patterns. Two 88 

accounting approaches were proposed on 89 

this basis13: i) production-based 90 

responsibility (also called the territorial 91 

approach) and ii) consumption-based 92 

responsibility (the consumer footprint). 93 

International trade is key to explain the 94 

difference between the two. More precisely, 95 

it equals the net balance, which is calculated 96 

subtracting national exports from imports 97 

for each country. The net balance is a useful 98 

indicator in itself, informing on the quantity 99 

of emissions outsourced from third countries 100 

to maintain national consumption levels. 101 

Trade theories state that different trade 102 

profiles relate to comparative advantages 103 

according to the distinct human, 104 

technological and natural endowments of 105 

each country. However, persistent and 106 

increasing imbalances in trade emissions 107 

could also be associated with carbon 108 

leakage, which could ultimately cause 109 

global emissions levels to remain unchanged 110 

or even increase, even though national 111 

targets on emissions reduction are met at the 112 

same time. Ensuring a robust monitoring 113 

system for measuring transferences of 114 

Figure 1. a. Domestic vs. foreign fractions in % of GHG emissions for the agro-food system (left), textile and other 

agriculture emissions (centre) and the rest of the economy (right). b. Carbon footprint of food consumption vs. domestic 

GHG emissions of food production in GtCO2e (above) and tCO2e per capita (below). Red dashed line indicates 5.0 

tCO2e/cap/yr. EU-28 excludes intra-region trade, and includes the UK. 



embodied emissions is a necessary step in 115 

assessing the magnitude of this 116 

phenomenon. 117 

 118 

Agro-food emissions of trade in 119 

inventories. Despite the relevance of agro-120 

food system emissions, which explain 121 

around one-third of total anthropogenic 122 

emissions14-16, and the existence of detailed 123 

guidelines for preparing national 124 

inventories17, there is still substantial 125 

uncertainty in the estimation of food-related 126 

emissions. First, farm-gate emissions are 127 

highly variable due to their dependence on 128 

complex biogeochemical processes, 129 

hindering the reliability of simple 130 

estimations. This problem is more relevant 131 

in middle- and low-income countries18, for 132 

which less information is available 133 

regarding both activity data and emissions 134 

factors. Second, assessing emissions of land 135 

use change (LUC)19,20, and in particular the 136 

attribution of LUC emissions to agricultural 137 

products, remains a challenging task 138 

requiring strong assumptions and value 139 

judgements21. Third, energy use emissions, 140 

along with upstream and downstream 141 

emissions, such as fertilizer manufacturing, 142 

power supply, packaging, distribution and 143 

storage, cooking and food waste, comprise a 144 

heterogeneous group of emissions that are 145 

not included in the AFOLU sector in the 146 

IPCC guidelines, reducing the usefulness of 147 

national inventories as a basis to design 148 

mitigation strategies in the food system. 149 

Finally, there are different approaches to 150 

account for emissions embodied in trade 151 

flows, which differ on how intermediate 152 

imports and exports are modelled22. In the 153 

‘emissions embodied in bilateral trade’, 154 

intermediate trade is externalized, and 155 

emissions are calculated using gross trade 156 

statistics. In contrast, in the consumption 157 

footprint approach, used here, the focus is on 158 

the link between producer countries and 159 

consumer countries, and trade 160 

intermediaries are usually ignored. It is 161 

generally accepted that both provide 162 

valuable insights for policymaking.  163 

This paper addresses these challenges by 164 

means of a novel model which expands the 165 

multi-regional input-output database 166 

FABIO23 (Food and Agriculture Biomass 167 

Input-Output) to assess: i) on-farm 168 

emissions (FAOSTAT24), ii) LUC emissions 169 

(Land Use Harmonization LUH225), and iii) 170 

up- and downstream emissions beyond the 171 

farm-gate (Exiobase26, and International 172 

Energy Agency27). This approach advances 173 

the field in several ways. First, it provides a 174 

comprehensive and fully consistent global 175 

estimation of agro-food emissions embodied 176 

in trade and consumption from the main 177 

sources, including LUC, for almost three 178 

decades, while previous contributions offer 179 

only cross-sectional data for a few time 180 

points, which constrains the potential of the 181 

data sets to examine the drivers behind 182 

momentous changes in the environmental 183 

impacts of agro-food trade. Further, the 184 

model internalizes intermediate imports to 185 

produce exports, connecting source 186 

countries of emissions to consumer 187 

countries, and thus goes beyond the bilateral 188 

approach that focuses on gross trade. We 189 

chose this approach for two reasons: first to 190 

avoid any potential double counting in a 191 

systematic assessment such as this one, and 192 

second, to circumvent any possible 193 

overestimation due to re-exports in harbour 194 

countries. Lastly, our model tracks physical 195 

product flows (in tonnes and heads) instead 196 

of financial transactions between sectors of 197 

the economy. The latter is often employed in 198 

carbon footprint assessments, but in the case 199 

of land-based products, it introduces major 200 

biases due to a lack of product detail and the 201 

resulting mingling of potentially very 202 

different products, and due to the 203 

assumption of homogenous prices among 204 

consumers when tracing GHG emissions 205 

along supply chains28. In FABIO, the 206 

emissions embodied, e.g. in cereals, are 207 

instead allocated to users, e.g. to food 208 

(flour/bread/pasta/etc.) and animal feed, 209 

according to the actual quantities used, 210 

rather than in relation to monetary 211 

transactions, which often do not clearly 212 

reflect physical product flows. 213 

 214 

Results   215 

Sources and sinks of emissions. GHG 216 

emissions of the global food system 217 

moderately increased during the 1986–2013 218 

period, from 12.0 GtCO2e to 13.0 GtCO2e 219 



per year. However, the percentage of 220 

emissions associated with international trade 221 

increased 75%, from 1.7 GtCO2e in 1986 to 222 

3.1 GtCO2 in 2013, that is, from 15% to 24% 223 

of total food emissions. This resulted from a 224 

2% yearly increase in trade emissions, while 225 

domestic emissions dropped slightly (0.3 226 

GtCO2e) (Fig. 1-a). Accordingly, in 2013 227 

nearly 429 kgCO2e per world inhabitant 228 

were emitted in a country different from 229 

where consumption occurred, which is 92 230 

kgCO2e per person above the 1986 levels. If 231 

this growth continues in the short term, 35% 232 

of global food emissions will be embodied 233 

in trade by 2035 (4.8 GtCO2). This growth is 234 

more pronounced than in other agriculture-235 

related activities, mainly supplying the 236 

textile industry (accounting for 1.6 GtCO2e 237 

in 2013), but less pronounced than the rest 238 

of the economy (Fig 1-a), where both flows 239 

grew at a rapid pace (55 and 71 percentage 240 

points for domestic and trade embodied 241 

emissions, respectively, in nearly 20 years). 242 

The net trade at world level is zero. 243 

However, aggregating only either net 244 

imports or exports at country level, i.e. 245 

ignoring differences in traded product 246 

mixes, shows that 1.7 GtCO2e of emissions 247 

were transferred by international trade in 248 

2013. This amount is 78% higher than in 249 

1986 (1.7 GtCO2e) and accounts for 13% of 250 

total food emissions. This figure will reach 251 

22% in 2035 if this trend remains constant 252 

(2.8 GtCO2). Thus, both total and net trade 253 

emissions are growing. 254 

 255 

The growing imbalance at world level 256 

indicates that there are production-oriented 257 

countries, while there are others that are 258 

more consumption-oriented. Three 259 

categories were identified (Fig.1-b): i) Net 260 

exporters, with Brazil the main 261 

representative of this group, with a 262 

production-based responsibility per capita 263 

that is 57% higher than the consumption-264 

based approach in 2013 (8.6 tCO2e/cap vs. 265 

5.5 tCO2e/cap). ii) Net importers, with the 266 

EU a noteworthy example, with a 267 

consumption footprint 42% greater than the 268 

production perspective in 2013 (2.2 269 

tCO2e/cap vs. 1.6 tCO2e/cap). Finally, iii) 270 

countries showing a changing profile during 271 

the period analysed: such as the case of 272 

China, which began being a net importer in 273 

1995, and India, which transitioned from 274 

neutral to becoming a net exporter. 275 

The fraction of foreign emissions in the total 276 

national footprint varies widely across 277 

regions (Fig. 2, and Fig. SI-4–10). Sub-278 

Saharan Africa and South Asia are the 279 

regions least open to trade. The 15 greatest 280 

Figure 2. Share of foreign emissions in national consumption footprints vs. the proportion of emissions embodied in 

exports. Countries above the 1:1 line are net importers, while countries below the 1:1 line are net exporters. Dot scale 

represents total GHG consumption; dark dots refer to 2013, light dots to observations for 1986–2012. All countries with 

population > 2 M. Country labels follow ISO 3166-1 alpha-3 codes. 



Sub-Saharan importers of emissions, 281 

accounting for 80% of all the continent’s 282 

emissions embodied in imports, have a share 283 

below one-third. The situation is similar for 284 

Sub-Saharan exports, with the exception of 285 

Ivory Coast (a large exporter of cocoa, nuts 286 

and coffee), Botswana and Namibia (in both 287 

cases, primarily due to livestock systems). 288 

South Asian countries are also more oriented 289 

to domestic markets, and for the largest 290 

economy, India, exports account for only 291 

21% of territorial emissions. In Central Asia, 292 

and especially in the Middle East and 293 

Europe, net importers of emissions 294 

predominate. Middle East and North African 295 

countries, with shares of imports in 296 

footprints above 0.5, account for 82% of all 297 

imported emissions, with higher 298 

dependencies in countries of the Arabian 299 

Peninsula than in North Africa. Likewise, in 300 

Europe, more than 80% of all countries score 301 

higher than 0.4 in shares of imports in their 302 

footprint, but only 45% of them reach that 303 

figure in terms of exports. Ireland and 304 

Belarus stand as exceptions of this regional 305 

pattern with their clear net exporter role. 306 

Russia, accounting for almost 80% of all 307 

imported emissions in Central Asia, show a 308 

Figure 3a. Changes in foreign emissions by final product (GgCO2e), b. % of foreign emissions by final product, c. 

Changes in foreign emissions by primary input (GgCO2e), d. % of foreign emissions by primary input. Categories 

contributing > 1% of global foreign emissions are included, 1986 (light) vs. 2013 (dark). 



0.4 share of foreign emissions in the 309 

footprint. Further, Canada had a pronounced 310 

net exporter profile, but over the years has 311 

gradually moved closer to balance, where 312 

the USA is also found. Latin America shows 313 

more heterogeneous patterns. Brazil 314 

explains almost 54% of all regional exports 315 

of emissions, and along with four other net 316 

exporters (Paraguay, Argentina, Uruguay 317 

and Nicaragua), this figure rises to 65%. In 318 

contrast, smaller Caribbean countries are 319 

often net importers, as are larger ones, such 320 

as Chile and Venezuela. Lastly, in East Asia 321 

and the Pacific, all possibilities are shown: 322 

first, the domestic orientation of Indonesia 323 

(as well as China and the Philippines), clear 324 

net importers, such as Japan (also Korea and 325 

Malaysia), and the examples of Australia or 326 

New Zeeland as net exporters.  327 

From farm inputs to final products. 328 

Emissions of agricultural activities are 329 

concentrated in a few supply chains and 330 

goods (Fig. 3). The growth of 1.4 GtCO2e 331 

during the past three decades was primary 332 

driven by meat products. More precisely, 333 

bovine, pig and poultry meat account for 334 

50% of all emissions embodied in trade (Fig. 335 

3-a). All animal products combined account 336 

for 70% of all emissions. Rice is the most 337 

important plant product, responsible for 4% 338 

of emissions transferences. This does not 339 

mean, however, that these products are the 340 

ones whose upstream foreign emissions 341 

grew more (Fig. 3-b). From this perspective, 342 

foreign emissions of coffee and rice 343 

remained invariant over nearly 30 years, 344 

while soybean oil almost doubled the foreign 345 

fraction of embodied emissions (from 33 346 

MtCO2e to 67 MtCO2e). Regarding the three 347 

key meat products, poultry meat stands out 348 

with a 288% increase (from 41 MtCO2e to 349 

160 MtCO2e), followed by pig meat (from 350 

192 MtCO2e to 437 MtCO2e). From a 351 

primary products perspective (Fig. 3-c), the 352 

picture is significantly different, since 353 

animal inputs explain only 28% of the 354 

transfers. Emissions embodied in soya bean 355 

trade experienced the most pronounced 356 

growth (Fig. 3-d), rising to 20% of the total 357 

worldwide.  358 

Drivers of trade emissions. Economic 359 

enrichment drove the displacement of food 360 

consumption emissions globally, both in 361 

absolute and per capita terms. Increasing 362 

average income is a significant predictor of 363 

both within- and between-country variation 364 

in per capita carbon footprint of food 365 

imports considering all countries (including 366 

former countries such as the USSR) in the 367 

1986–2013 period. Figure 4 shows that there 368 

is a strong correlation between the variation 369 

in absolute per capita emissions embodied in 370 

food imports and GDP per capita in the 371 

pooled data. Higher incomes were also 372 

associated with a higher fraction of 373 

emissions embodied in import trade (Fig. SI-374 

11). Island economies (e.g. Cuba and Hong 375 

Kong) or those with more arid climates 376 

(notably Middle Eastern countries such as 377 

Kuwait, or those with Sahelian territories 378 

such as Senegal) are generally above the 379 

trendline, as their consumption depends 380 

more on imported food across income levels. 381 

Conversely, countries with very large 382 

agricultural land areas are below the 383 

trendline across income levels (China, 384 

Brazil, and the United States, for example).  385 

Crucially, the positive effect of average 386 

incomes on the per capita emissions 387 

embodied in food imports remains 388 

significant when including country and year 389 

fixed effects as well as when controlling by 390 

population growth in panel data regression 391 

(Table SI-3). The country fixed-effects 392 

model controls for unobserved 393 

heterogeneity arising from relatively time-394 

invariant idiosyncratic features of countries 395 

(geography, cultural traditions surrounding 396 

food, and others which are unlikely to 397 

change in the time span considered). Time 398 

fixed-effect regression tests whether cross-399 

country variation in emissions embodied in 400 

food imports is correlated with income in 401 

each year. When considered together, these 402 

results show that (i) richer countries 403 

persistently displaced more food 404 

consumption emissions through imports 405 

than poorer countries, and (ii) as individual 406 

countries become richer their levels of 407 

displaced food emissions rise, with an 408 

estimated income elasticity of 0.35.  409 

Population growth was strongly associated 410 

with increases in a nation’s total CO2e 411 

embodied in imports. However, when 412 



considering the consumption footprint in per 413 

capita terms, population growth was 414 

associated with lower embodied emissions 415 

displaced via trade. A country becoming 416 

more densely populated only led to more 417 

externalization of its food consumption 418 

footprint when demographic growth was 419 

accompanied by rising incomes.  420 

A climate dividend through trade? We 421 

conducted a panel data regression analysis 422 

on the data to consider whether leakage of 423 

agro-food emissions leads to larger or 424 

smaller emissions per capita in the importing 425 

country. The results suggest, perhaps 426 

contrary to expectations, that increasing the 427 

import share of the consumption footprint is 428 

associated with very slightly lower total 429 

agro-food per capita emissions in the 430 

importing country (see Table SI-4). When 431 

including both country and year fixed 432 

effects, as well as controlling for income, we 433 

find that a 1% increase in the import share of 434 

emissions is associated with a 0.06% 435 

decrease in the total per capita agro-food 436 

consumption emissions.  437 

 438 

Discussion 439 

On the question of carbon leakage, the 440 

model cannot inform on possible 441 

correlations between firms’ delocalization 442 

and permissive climate legislation (‘strong’ 443 

leakage), but it does inform on the 444 

magnitude of the level of national 445 

imbalances (‘weak’ leakage): on average 13 446 

out of 100 kgCO2e of global agro-food 447 

emissions were transferred from producer to 448 

consumer countries in 2013. However, this 449 

outsourcing does not necessarily imply 450 

higher world emissions in comparison to a 451 

scenario of absence of such trade29, which 452 

depends ultimately on the carbon intensities 453 

of the foreign vs. domestic technologies 454 

involved30. In fact, optimally relocating 15% 455 

of croplands to other countries and 456 

importing foods potentially halves current 457 

carbon and biodiversity impacts of global 458 

crop production31. On this issue, we argue 459 

that this apparent climate dividend of agro-460 

food trade is in fact the net result of two 461 

distinct countervailing impacts of trade 462 

forces on consumption footprints. On the 463 

one hand, trade expansion may allow 464 

production to be re-located to places with 465 

lower impacts, which would have a negative 466 

Figure 4. Carbon footprint of food imports vs. GDP per capita (log scales; dark dots, trendline and correlation coefficients 

refer only to 2013 data, light dots to 1986–2012 observations). All countries with population > 2M. The positive relationship 

between income and food emission displacement via imports remains highly significant (p<0.001) when including country 

and year-fixed effects in panel data regression (see Table SI-3). Country labels follow ISO 3166-1 alpha-3 codes. 



(i.e. emission-reducing) effect on the per 467 

capita consumption footprint in the 468 

importing country. On the other hand, 469 

increasing imports can enable changes in 470 

consumption patterns (e.g. eating more meat 471 

and rice), which have a positive (i.e. 472 

emission-expanding) impact on the 473 

importing country’s consumption footprint. 474 

Therefore, from a comparative advantage 475 

standpoint, there are opportunities to reduce 476 

emissions through trade (via the former 477 

mechanism), but this dividend can only be 478 

reaped if mitigation costs are fully included 479 

in the production function through 480 

regulation. In addition, the assessment of the 481 

role of trade in climate change mitigation 482 

should also include a detailed assessment of 483 

transport emissions, which have recently 484 

been reported to be much higher than 485 

previously estimated32. These considerations 486 

support the notion that a trade for mitigation 487 

policy, which prevents carbon leakage but 488 

exploits the opportunities of open trade, is 489 

urgently needed. This contrasts with the fact 490 

that the nexus between trade and climate 491 

change is generally poorly covered in 492 

Nationally Determined Contributions33. 493 

The data presented here could be useful in 494 

designing a trade policy for mitigation 495 

beyond preventing carbon leakage. For 496 

example, a few products – beef, pig meat, 497 

poultry, fish, eggs and rice – explain over 498 

65% of the global emissions embodied in 499 

trade; therefore these products could be the 500 

subject of carbon taxation, which could 501 

contribute to countering the global ‘subsidy’ 502 

amounting to between 550 and 800 billion 503 

dollars a year for more carbon-intensive 504 

imports due to overall lower tariffs34. To 505 

level the playing field, and to avoid potential 506 

losses of effectiveness of the mitigation 507 

policies35, modelling techniques similar to 508 

ours were proposed to study the application 509 

of border carbon adjustments, i.e. a tariff 510 

according to carbon content. These 511 

methodological proposals are based, for 512 

instance, on the existing ‘best available 513 

technology’36 across a wide range of 514 

production blueprints, or on the potential 515 

domestic ‘avoided emissions’37 resulting 516 

from importing products, which both could 517 

be employed as references for a new taxation 518 

system. Our model and data allow for a 519 

similar exercise, but with an unprecedented 520 

geographical and product detail for agro-521 

food systems, which opens the door to finer 522 

assessments by input and country of origin. 523 

Similarly, there is empirical evidence that 524 

regional trade agreements and trade 525 

liberalization increases net deforestation38, 526 

including in sensitive ecosystems. In this 527 

regard, the geographical distribution of 528 

source and consumer countries described in 529 

this work (see Fig. 2 and Fig-SI 4–10) could 530 

support climate diplomacy, helping to 531 

identify key partners and areas for 532 

environmental provisions and international 533 

cooperation in future trade agreements.  534 

Further, according to these results, 535 

promotion of demand-side options focusing 536 

on transiting sustainable and healthy diets 537 

(e.g. lowering the intake of animal-based 538 

products in high-income economies39-41) not 539 

only has important implications on GHG 540 

emissions and other environmental impacts 541 

from agro-food systems (e.g. disruption of 542 

biogeochemical cycles42), but also profound 543 

consequences on the way emissions are 544 

distributed along global food supply chains. 545 

For instance, according to our estimations 546 

70% of all GHG emissions embodied in 547 

trade are driven by consumption of animal 548 

products, which suggests that the potential 549 

impact on foreign emissions of a shift in the 550 

diet of residents in a given country or region, 551 

along with possible global value chain 552 

reconfigurations, could be significant. 553 

Finally, while this paper focuses on 554 

emissions of traded foods, the 555 

considerations made here are also useful in 556 

the context of global uncertainty and 557 

highlight the substantial risks of potential 558 

supply disruptions of foods and agriculture 559 

inputs. 560 

 561 

Methods 562 

Multi-Regional Input-Output (MRIO). A global 563 
MRIO model was employed to estimate the domestic 564 
and foreign fractions of the carbon consumption 565 
footprint, and the domestic production of GHG 566 
emissions of 191 countries plus one ‘rest of the world’ 567 
(RoW) for the 1986–2013 period. The data for the 568 
model were developed in two steps. First, a detailed 569 
GHG emissions matrix from agricultural activities and 570 
LUC was built using data from FAOSTAT24, the Land 571 
Use Harmonization25 (LUH2) database and other 572 
sources. Second, the MRIO database FABIO23 (Food 573 
and Agriculture Biomass Input Output) was 574 



‘hybridized’ or combined within a single framework 575 
with Exiobase26. The hybridization allowed taking 576 
advantage of the best features of each database: higher 577 
resolution for agricultural products in FABIO and 578 
superior coverage of GHG emissions of non-agro-food 579 
activities in Exiobase. FABIO is a set of multiregional 580 
supply, use and input-output tables in physical units 581 
for tracing biomass flows in the world economy. It 582 
covers 125 agriculture and food products, and 121 583 
agro-food industrial processes for the geographical 584 
and time resolution mentioned above. Exiobase is an 585 
environmentally extended global MRIO database, 586 
which records monetary transactions between world 587 
industries linked with sectoral emissions. It includes 588 
data for 200 products and 163 economic sectors for 44 589 
countries and 5 RoW regions, for the 1995–2016 590 
period. In both cases, product-by-product input-output 591 
tables were used, which were obtained using the fixed 592 
technology assumption43. FABIO can perform this 593 
transformation using value and physical allocation, 594 
and the former was followed, that is, allocation of 595 
emissions of dairy cattle, for example, was performed 596 
according to the value of milk and butter produced and 597 
not to mass. This option was preferred on the 598 
assumption that food production is ultimately driven 599 
by consumer purchases. Since Exiobase starts in 1995, 600 
this year was used for the 1986–1994 period. Finally, 601 
since FABIO has a greater geographical coverage, 602 
emissions for the rest of economy, i.e. those estimated 603 
with Exiobase, were further split using a world 604 
coverage data set of emissions by sector44. This 605 
disaggregation was performed directly on the 606 
calculated results when required. 607 

Footprint estimations. The general expression of an 608 
input-output model is shown in Eq. 145, 609 𝜙 = 𝛿 ∙ 𝐿 ∙ 𝑐 (1) 610 

where 𝜙 is the total GHG emissions of food 611 
consumption in CO2e, 𝛿 is the GHG emissions per 612 
product output, 𝐿 is the Leontief inverse or multiplier 613 
matrix, and 𝑐 is the final consumption of food 614 
products. 𝛿 provides a ratio or emission intensity in 615 
kgCO2e/kg (FABIO’s products) or kgCO2e/€ 616 
(Exiobase’s), and is obtained following 𝛿 = 𝑟 ∙ �̂�−1, 617 
where 𝑟 is the total GHG emissions for producing a 618 
given product and 𝑞 is product output in kg or €. 𝐿 is 619 
obtained applying 𝐿 = (𝐼 − 𝐴)−1, where 𝐼 is the 620 
identity matrix, 𝐴 the input-output matrix, and -1 621 
denotes matrix inversion. 𝐴 describes input 622 
requirements per unit of product output in the 623 
economy, that is, technological relations in 624 
production, and is obtained following 𝐴 = 𝑍 ∙ �̂�−1, 625 
where 𝑍 is the transactions matrix, which shows the 626 
exchange of intermediate products in a given year. The 627 
MRIO model is expressed as a development of Eq. 1, 628 
as shown in Eq. 2 for two countries, 𝑟 and 𝑠, 629 𝜙𝑟 = (𝛿𝑟 𝛿𝑠) ∙ (𝐿𝑟,𝑟 𝐿𝑟,𝑠𝐿𝑠,𝑟 𝐿𝑠,𝑠) ∙ (𝑐𝑟,𝑟𝑐𝑠,𝑟) (2) 630 

where 𝜙𝑟  is the total GHG emissions in CO2e of food 631 
consumption in country 𝑟, which includes emissions 632 

occurring nationally 𝛿𝑟 and abroad 𝛿𝑠. Similarly, final 633 
products can be produced in both countries. This is 634 
denoted by sub-indexes 𝑖 and 𝑗 for each 𝑐𝑖,𝑗, which 635 
denote product origin and destination, respectively. 636 
Further, final consumption of products could require 637 
either national inputs to be produced, i.e. when 𝐿𝑖=𝑗 , 638 

or imported products, i.e. when 𝐿𝑖≠𝑗 . This is more 639 
clearly appreciated in Eq. 3,  640 Φ𝑟 = �̂� ∙ 𝐿 ∙ �̂� = (𝜙𝑟,𝑟 𝜙𝑟,𝑠𝜙𝑠,𝑟 𝜙𝑠,𝑠) (3) 641 

where sub-index 𝑖 indicates which country generates 642 
GHG emissions, and 𝑗 where the final product is 643 
produced for each 𝜙𝑖,𝑗  element. Accordingly, 644 
summing by column the footprint of country 𝑟 is 645 
obtained (i.e. consumption-based responsibility), 646 
whereas summing by row provides the production-647 
based emissions, also called territorial emissions. In 648 
absence of international trade, i.e. 𝜙𝑖≠𝑗 = 0, territorial 649 
emissions and the carbon footprint would be equal. 650 
Analogous considerations applied for country 𝑠. 651 

Hybridization. The hybridization of FABIO and 652 
Exiobase is exemplified in Eq. 4, 653 𝜙 = (𝛿𝑓𝑎𝑏𝑖𝑜 𝛿𝑒𝑥𝑖𝑜𝑏𝑎𝑠𝑒) ∙ 𝐿ℎ𝑦𝑏𝑟𝑖𝑑 ∙ ( 𝑐𝑓𝑎𝑏𝑖𝑜𝑐𝑒𝑥𝑖𝑜𝑏𝑎𝑠𝑒) (4) 654 

It requires calculating a new ‘hybrid’ Leontief inverse 655 𝐿ℎ𝑦𝑏𝑟𝑖𝑑 to be used for allocating agro-food and non-656 
agro-food emissions. The expression for estimating 657 𝐿ℎ𝑦𝑏𝑟𝑖𝑑 is given by, 658 𝐿ℎ𝑦𝑏𝑟𝑖𝑑 = (𝐼 − 𝐴ℎ𝑦𝑏𝑟𝑖𝑑)−1 = 659 

( 𝐼 − 𝐴𝑓𝑎𝑏𝑖𝑜 −𝐴𝑙𝑖𝑛𝑘−𝐴𝑓𝑒𝑒𝑑𝑏𝑎𝑐𝑘 𝐼 − 𝐴𝑒𝑥𝑖𝑜𝑏𝑎𝑠𝑒) (5) 660 

where 𝐴𝑓𝑎𝑏𝑖𝑜  is the input-output matrix of FABIO, and 661 𝐴𝑙𝑖𝑛𝑘 and 𝐴𝑓𝑒𝑒𝑑𝑏𝑎𝑐𝑘  represent input-output exchanges 662 
between the two MRIO systems: 𝐴𝑙𝑖𝑛𝑘 describes 663 
biomass flows from FABIO to non-food economic 664 
sectors in Exiobase (e.g. cotton to textile industry), 665 
whereas 𝐴𝑓𝑒𝑒𝑑𝑏𝑎𝑐𝑘  traces inputs from Exiobase non-666 
food sectors to agro-food sectors in FABIO (e.g. 667 
fertilizers). In Eq. 5 𝐴𝑒𝑥𝑖𝑜𝑏𝑎𝑠𝑒 represents a system 668 
which could be called ‘rest of Exiobase’, since it was 669 
calculated subtracting inputs in 𝐴𝑓𝑒𝑒𝑑𝑏𝑎𝑐𝑘  to the 670 

original input-output matrix of Exiobase. 𝐴𝑓𝑎𝑏𝑖𝑜  and 671 𝐴𝑒𝑥𝑖𝑜𝑏𝑎𝑠𝑒 are square matrices but with dissimilar 672 
dimensions: 𝐴𝑓𝑎𝑏𝑖𝑜 is dimension {𝑖 × 𝑗} with {𝑖} ∈673 {1, … , 125} and {𝑗} ∈ {1, … , 192} while 𝐴𝑒𝑥𝑖𝑜𝑏𝑎𝑠𝑒 is 674 
dimension {𝑟 × 𝑠} with {𝑟} ∈ {1, … , 200} and {𝑠} ∈675 {1, … , 49}. Accordingly, 𝐴𝑙𝑖𝑛𝑘 and 𝐴𝑓𝑒𝑒𝑑𝑏𝑎𝑐𝑘  have, 676 
respectively, dimension {(𝑖 × 𝑗) × (𝑟 × 𝑠)} and {(𝑖 ×677 𝑗) × (𝑟 × 𝑠)}. To obtain the 𝐿ℎ𝑦𝑏𝑟𝑖𝑑, block matrix 678 
inversion was used, as described in Eq. 6,  679 (𝐼 − 𝐴ℎ𝑦𝑏𝑟𝑖𝑑)(𝐼 − 𝐴ℎ𝑦𝑏𝑟𝑖𝑑)−1 = 680 (𝐵 𝐶𝐷 𝐸) (𝐻 𝐽𝐾 𝑀) = (𝐼 00 𝐼 ) (6) 681 



where, considering 𝐸−1 as known, matrices 𝐻, 𝐽 and 682 𝐾were derived following 𝐻 = (𝐵 − 𝐶𝐸−1 − 𝐷)−1, 683 𝐽 = −𝐻𝐶𝐸−1 and 𝐾 = −𝐸−1𝐷𝐻. To apply the block 684 
inversion, auxiliary matrices, which include shares for 685 
disaggregating or allocating targeted inputs/outputs, 686 
were developed using additional information on area 687 
harvested (crops), sectoral output (other food 688 
products), or domestic final demand (‘food products 689 
nec’). 690 

GHG emissions. The GHG emissions matrix includes 691 
data on agricultural activities (FAOSTAT and other 692 
sources), and LUC emissions (LUH2). Emissions data 693 
were combined and converted to global warming 694 
potentials, applying radiative forcing over 100-year 695 
(GWP100) factors. GWP factors for the main GHGs 696 
follow United Nations guidelines46 and include 697 
climate-carbon feedback (i.e. 36 for CH4, 298 for 698 
N2O), while for HFC, PFC and NMVOC emissions, 699 
those already available in Exiobase were applied, 700 
which are based on the Fourth Assessment Report of 701 
the IPCC (AR4). Indirect emissions of N2O due to 702 
NOX and NH3 were also considered. 703 

Farm-gate emissions. GHG emissions from 704 
agricultural activities were collected mainly from 705 
FAOSTAT47, with the exception of energy use 706 
emissions, which were gathered from the International 707 
Energy Agency27 (IEA). The FAOSTAT GHG 708 
emissions database is based on activity data and IPCC 709 
Tier 1 emissions factors, and considers 11 710 
subcategories to account for emissions from 711 
agriculture, i.e. 80–85% of total agricultural 712 
emissions24. Most of the work consisted in allocating 713 
them to appropriate FABIO products, using additional 714 
data when information in FAOSTAT was insufficient. 715 
For six subcategories (enteric fermentation, crop 716 
residues, rice cultivation, manure left on pasture, 717 
manure management, and burning of crop residues), a 718 
direct allocation to FABIO products was performed, 719 
that is, an emitting process, or more than one emitting 720 
process which simply needed to be aggregated, was 721 
assigned to a single product in FABIO (e.g. emissions 722 
due to wheat crop residues to wheat production). In 723 
contrast, for six subcategories (energy use, synthetic 724 
fertilizers, manure applied to soils, fires, drained 725 
organic soils, burning savannah) FAOSTAT 726 
categorization was insufficient for a direct product 727 
allocation and the original data were further 728 
disaggregated using external data and following 729 
different assumptions. GHG emissions due to energy 730 
use were estimated based mainly on the World Energy 731 
Balances of the IEA. Completeness of IEA data for 732 
agriculture and food processing varies across 733 
countries, and not-available data, and in some cases 734 
zero values required estimation using several proxies 735 
selected according to the highest correlation. Energy 736 
use needed to be split according to crops and livestock 737 
species, and forestry energy use subtracted. This 738 
allocation was performed using bottom-up energy use 739 
data from the life cycle assessment database 740 
Ecoinvent48, while for livestock species manure 741 
management (kgN) was employed as a proxy. N2O 742 

emissions from synthetic and manure fertilization 743 
(direct, indirect through leaching and volatilization) 744 
were allocated to crops based on an estimation of N 745 
distribution among crops, by combining country and 746 
crop-specific synthetic49 and manure N application 747 
rates per hectare in circa 200050 with crop areas 748 
reported by FAOSTAT. For each country and year, we 749 
first multiplied the crop-specific N rates by the crop 750 
areas from FAOSTAT, and the resulting amounts were 751 
used to calculate the shares of N applied to each crop 752 
in each country and year. These shares were then used 753 
to distribute the total N2O emissions among crops. 754 
Burning savannah and fires emissions were allocated 755 
to livestock using manure left on pasture (kgN). 756 

Land Use Change. Using the LUH2 database implied 757 
processing grid-data on states and transitions between 758 
different vegetation types and LUC events to obtain 759 
national figures of carbon losses, which in turn are 760 
allocated to FABIO’s crops. More precisely, 761 
committed changes in carbon stocks for primary and 762 
secondary deforestation for forested and non-forested 763 
areas (grid-cells with potential biomass density greater 764 
than 2 kgC/m2 are designated as potentially forested in 765 
LUH2), managed pasture and rangeland, and different 766 
crop functional types were obtained from the LUH2 767 
database and allocated following six amortization 768 
periods (1, 5, 10, 20, 50 and 100 years) to crops using 769 
production area from FAOSTAT. To obtain enough 770 
data to apply long amortization periods, the LUC 771 
emissions database covers the 1850–2013 period (see 772 
Figure SI-2). The chosen amortization period for 773 
presenting the results was 100 years, which was 774 
considered in line with the global warming potentials 775 
applied. Carbon sequestration in abandoned lands was 776 
not considered. Finally, FAOSTAT’s emissions from 777 
organic soils were assumed to match LUC emissions 778 
but without amortization. 779 

Quality assurance. To ensure the reliability and 780 
validity of the results, three quality assurance actions 781 
were performed. First, total GHG emissions by food 782 
system stage and by gas were compared with other 783 
studies. Second the GHG intensities of the most 784 
relevant food products were compared to bottom-up 785 
estimations from the literature. Finally, a sensitivity 786 
analysis was carried out to assess the impact of 787 
selecting an amortization period in LUC emissions. 788 

Comparison with other studies. These results 789 
generally closely matched those reported by other 790 
studies in each stage of the food system and for each 791 
gas (Fig. SI-1). The lower values of farm-gate 792 
emissions in our study than in FAOSTAT47, despite 793 
using the same aggregated data, was due to the 794 
exclusion in our study of non-food emissions and 795 
stock changes. The higher farm-gate emissions values 796 
reported by Xu et al.1 stem from the inclusion of soil 797 
organic carbon changes, which are not included by 798 
other studies (Table SI-1). LUC emissions closely 799 
agree with most other studies with the exception of 800 
Hong et al. 20222, which is based on the legacy method 801 
and also includes soil organic carbon losses (Table SI-802 
1). The largest differences with other studies are in the 803 



‘Rest of the economy’ stage, in which we estimated 804 
lower values than those reported by the literature, 805 
probably due to the use of an MRIO approach instead 806 
of a life-cycle approach. 807 

GHG intensity of food products. The between-country 808 
variation and global weighted mean in GHG intensity 809 
(carbon footprint, expressed in kg CO2e per kg) of 810 
FABIO food products in 2010 showed a very similar 811 
pattern to the variation and median bottom-up values 812 
reported by Poore & Nemecek16 (Fig. SI-2), which 813 
supports the consistency of our estimates. The 814 
differences between our weighted mean and the 815 
median bottom-up value were generally lower than 816 
50%, and in many cases lower than 20%. In general, 817 
the largest differences were found for products with 818 
high dispersion in the values, such as coffee, cocoa, 819 
peas and grapes. Relatively large differences were also 820 
found for heterogeneous categories such as ‘Root, 821 
other’, ‘Nuts and products’, and ‘Pulses, other and 822 
products’, which also show high variability.  823 

Amortization periods. The selection of the 824 
amortization period for LUC emissions can have a 825 
noticeable impact on the category emissions (see Fig. 826 
SI-3). Overall deviations between the lowest and 827 
highest values increased over the time period 828 
considered, from 1.1 GtCO2e in 1986 (10 years vs. 50 829 
years) to around 1.3 GtCO2e in 2013 (20 years vs. 100 830 
years). The deviations relate to the temporal 831 
distribution of LUC events over the century. 832 
According to the LUH2 database, LUC emissions 833 
have increased steadily since 1875, reaching a peak in 834 
the 1960s, which explains the higher values for the 835 
longer amortization periods. Both 50- and 100-year 836 
amortization accounts for around 133 GtCO2e LUC 837 
emissions over the nearly three decades considered in 838 
this study, while 5–10 years remains below 100 839 
GtCO2e. Allocation to crops was performed based on 840 
production area in all amortization periods, and other 841 
alternatives such as allocation according to crop 842 
expansion were not studied. 843 

Data and code availability. Data for replicating 844 

Figures 1–4 are available in the SI section. Data 845 
processing R scripts are accessible in 846 
https://github.com/gru-wu/food_footprint. 847 
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