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Abstract: 24 

Food systems, including supply chains, account for approximately one-third of 25 

global anthropogenic GHGs emissions. We construct a bottom-up GHG inventory of 26 

China’s food system from farm to fork for the period 1990–2018. The decomposition 27 

method is used to assess regional differentiated drivers. GHG emissions reduced by 6.8% 28 

between 1990 and 2000 due to energy structure changes in East, Central and Southwest 29 

China. They then increased by 2.3% (2001–2010) because of rapid economic growth. 30 

Further large increases of 13.1% (2011–2018) were driven by growing consumption 31 

expenditure and GHG-intensive food consumption. In 2018 total emissions from 32 

China’s food system, including supply chains, was 1.55 Gt CO2e yr-1 (95%CI 1.07-2.03 33 

Gt CO2e yr−1). Scenario simulation shows that demand- and supply-side synergies can 34 

offset emissions increases from high-quality protein food demands. Results 35 

demonstrate the importance of supply-side production spatial optimization and green 36 

source food importation for mitigating GHGs emissions. 37 

 38 
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 41 

Agriculture and food production systems are responsible for over a quarter of 42 

global GHGs emissions (IPCC, 2014), while the entire food system (production, 43 

processing, distribution, preparation and consumption) accounts for approximately one-44 

third (34% [25-42%]) of total anthropogenic GHGs (Crippa, et al. 2021). The 45 

emergence of food systems research provides a new paradigm for the comprehensive 46 

assessment of food-related resources and environmental effects (IPCC, 2019; Fan, 47 

2021). These together support actions to achieve the UN’s Sustainable Development 48 

Goals (SDGs) for zero hunger (Goal 2) and climate action (Goal 13) (UN, 2016). 49 

Calculations of food system GHG emissions provided by the NASA Research Institute 50 

(Rosenzweig et al., 2020) and EU Joint Research Center (Crippa et al., 2021) provide 51 

essential information to assess the trends and transition of global food system GHGs 52 

emissions, especially revealed the increasingly dominant GHG emissions in pre-and 53 

post-production processes along supply chains (Tubiello et al., 2022). To date, however, 54 

accurate food system emission inventories are still needed for regional-specific 55 

mitigation solutions. China, in particular, is the largest food system carbon emitter 56 

(Godfray et al., 2018), covers a vast territory that is characterized by heterogeneous 57 



 

 

environmental and socioeconomic conditions and is currently transitioning to high-58 

quality diets (He et al., 2018; Zhao et al., 2021). Although estimated GHGs emissions 59 

per capita from China’s food system (1.72 ton/capita) are still far below the global 60 

average (2.43 ton/capita; Crippa et al., 2021), the nation’s food system is facing a 61 

profound transformation to meet future demands (Zhao et al., 2020) in the context of 62 

carbon neutrality and 1.5°C global warming targets (Roe et al., 2019). 63 

The drivers of food-related GHG emissions, alongside measures through which 64 

they can be reduced, are related to both the demand- and supply-sides of the food system  65 

(Godfray et al., 2010; Poore and Nemecek, 2019). On the one hand, supply-side GHGs 66 

emissions can be reduced by closing the yield gap, promoting sustainable 67 

intensification and developing more efficient management practices (Zhang et al., 2013; 68 

Chen et al., 2014; Bajželj et al., 2014). On the other hand, food-related emissions 69 

ultimately depend on sustainable healthy diets from the demand-side (Heller and 70 

Keoleian, 2015; IPCC, 2022). These are influenced by dietary patterns and preferences 71 

(He et al., 2018; 2021; Hayek et al., 2021), especially for developed regions (Sun et al., 72 

2022), food prices (Kehlbacher et al., 2016; Fujimori et al., 2022) and expenditure 73 

(Kramer et al., 1999). To sum up, mitigation of food system GHG emissions should 74 

therefore tackle both demand and supply, but such integrated approaches are currently 75 

lacking in China. Additionally, spatial optimization has received increasing attention 76 

and could play a significant role in some countries, including China, given the regional 77 

imbalances in resources and environmental problems (Jin et al., 2020; Bai et al., 2022).  78 

To address knowledge gaps in region-specific food system GHGs inventories and 79 

investigate the mechanisms influencing food system emissions in China, this study 80 

provides the first attempt to build an approximate "bottom-up", from farm to fork, 81 

GHGs inventory at the provincial level for China’s food system. This inventory is based 82 

on 12 types of food and almost 200 lifecycle processes. The study firstly extends 83 

understanding of regional “food-process-emission” linkages for China’s food system 84 

and reveals the structural trends and characteristics of food system GHGs, including 85 

the contributions of different types of food to emissions. Secondly, the study 86 

decomposes factors influencing China’s food system GHGs changes and downscales 87 

these factors with regional details. Thirdly, the study explores effective mitigation 88 

strategies and pathways for China’s food system using five scenarios related to 89 

production technology upgrades, dietary shifts, domestic spatial allocation of 90 

production and international food imports. Our findings support policymakers to better 91 



 

 

understand GHGs emissions from China’s food system and formulate tailored measures 92 

to cut these emissions.  93 

Results 94 

Structural shifts of food system and associated GHG emissions 95 

Overall, China's food system GHGs emissions decreased between 1990 and 2000 96 

but then increased up to 2018. Across the entire period 1990–2018, total GHGs from 97 

the Chinese food system increased from 1.44 Gt CO2e yr-1 (95% confidence interval 98 

(CI): 1.00-1.88 Gt CO2e yr−1) to 1.55 Gt CO2e yr-1(95% CI: 1.07-2.03 Gt CO2e yr−1) 99 

(Fig. 1a; see Supplementary Table S2 for a detailed uncertainty description). China's 100 

food system emissions have undergone profound structural shifts in the dietary and 101 

supply chain stages as well as in their spatial distribution. In terms of dietary patterns, 102 

GHGs from China's food system has shifted from cereal-dominated foods in 1990 to 103 

highly carbon-intensive and more diverse foods in 2018 (Fig. 1a). Specifically, 104 

emissions from cereals reduced from 66.0% of the total in 1990 to 28.6% in 2018, while 105 

rice dropped from the top source of GHGs from the food system to the second but is 106 

still a significant source of CH4 emissions (60.3% in 2018; Fig. 1c). Moreover, the 107 

carbon emission proportion from meat increased from 19.5% to 39.1%. Pork has been 108 

the leading and principal source of CO2 emissions (Fig. 1c), increasing by 70.8% from 109 

1990 to 2018 and accounting for 23.9% of total meat emission growth. Meat is another 110 

major source of CH4 (34.3% of the total; Fig. 1c), with emissions being driven by 111 

manure management and fermentation from ruminant beef and mutton. Emissions from 112 

protein products have increased from 2.1% to 5.8%, whilst those from aquatic products 113 

have grown from 2.3% to 8.5% (Fig. 1a). Of the different GHGs, CO2, CH4, and N2O 114 

accounted for 81.6%, 14.4%, and 4.0%, respectively, of China’s overall food system 115 

GHGs in 2018. With the increasing demand for meat, the emissions from feed (wheat 116 

bran, soybean cake, corn) production and processing in the food supply chain rose from 117 

94.5 Mt CO2e yr−1 in 1990 to 193.0 Mt CO2e yr−1 in 2018, 9.8% and 26.5% of the total 118 

emissions from food production, respectively (Fig. 1c, 1d). 119 

 120 



 

 

 121 

Figure 1. Structure of food system and associated GHG emissions. a. Total amount and 122 

food type structural changes in GHGs from China's food system during the period 1990-123 

2018; b. structural changes in GHGs in China's food system at supply chain stages 124 

between 1990 and 2018; c. Sankey diagram of GHG emissions from the food system in 125 

China in 1990, representing the linkages among GHGs, food products, agricultural 126 

commodities and stages of China’s food system GHGs; d. Sankey diagram of GHGs 127 

emissions from China food system in 2018.Between 1990 and 2018, the food supply 128 



 

 

chain developed rapidly in China, leading to large emission changes from the post-129 

production stage. During this period, the percentage of total GHG emissions associated 130 

with the post-production stage increased from 33.4% to 53.1% (Fig. 1b). In 2018, 131 

GHGs emissions from the production and preproduction stages accounted for 46.9% of 132 

the entire food supply chain, the consumption stage accounted for 31.0%, and 133 

processing, transportation and retailing accounted for 4.0%, 4.3% and 12.9%, 134 

respectively (Fig. 1b). 135 

 136 

As the diversity of food consumption has increased, the proportion of cereals in 137 

the entire lifecycle stage has decreased. Conversely, the proportions of fruit, vegetables, 138 

meat (pork, mutton, beef, and poultry), protein products (milk and eggs) and aquatic 139 

products (fish, shrimp, crab, shellfish, and algae) have increased, especially in the post-140 

production stage. The relative importance of GHG-intensive foods rose from 25.6% in 141 

1990 to 55.2% in 2018 (Fig. S4). At the production stage, cereals dominated GHGs 142 

emissions, but their contribution reduced from 74.2% in 1990 to 38.0% in 2018. Meat 143 

and protein food increased from 22.9% to 51.3% during the same period. Rice and pork 144 

dominated the structural changes declining from 56.8% to 28.8% and rising from 14.4% 145 

to 20.8%, respectively (Fig. S4). Over the period 1990–2018, significant reductions in 146 

N fertilizer (-91.8%) and paddy CH4 emissions (-40.6%) contributed to a very large 147 

decline in GHGs from the production stage of rice (Fig. S6). However, these two 148 

sources still contributed the largest emissions at the end of this period (38.0% and 149 

12.0%, respectively, with an additional 11.7% being contributed by straw burning). For 150 

the production emissions from pork, forage production (28.2%), energy use (9.4%) and 151 

manure management (9.1%) were the three primary GHG sources at the production 152 

stage in 2018. Although the emissions of energy use in the production stage of pork 153 

were reduced by 75.4% between 1990 and 2018, overall production emissions increased 154 

by 12.9 Mt CO2e yr−1 (9.3%) due to an increase of 59.0% from forage planting (Fig. 155 

S6) 156 

In the processing stage, pork slaughtering accounted for the majority (56.0%) of 157 

emissions (Fig. S4), rising by 31.5 Mt CO2e (2.9 times) between 1990 and 2018 (Fig. 158 

S5). For the transportation stage, vegetables contributed the largest proportion of 159 

national food system transport emissions, accounting for 28.2% in 2018 (Fig. 4), 160 

increasing almost 12.0 times from 1990 (Fig. S6). At the retail stage, rice, pork, aquatic 161 

products and vegetables accounted for 72.1% of the total national retail stage emissions 162 



 

 

in 2018. In the consumption stage, pork accounted for 29.3% of the total consumption 163 

emissions in the same year (Fig. S6), increasing by 88.5 Mt CO2e (1.7 times) from 1990 164 

(Fig. S6). The proportion of highly carbon-intensive food, such as meat, protein foods 165 

and aquatic products, accounted for 59.0% of total consumption stage emissions in 166 

2018, increasing from 29.4% in 1990 (Fig. 1b, Fig. S5). 167 

 168 

 169 

Figure 2. Spatial distribution and consumption patterns trends of food system GHGs 170 

from 1990 to 2018. Different shades of red on the maps represent changes in total GHGs 171 



 

 

from regional food systems. Colors in the pie charts represent different food types with 172 

numbers representing percentages of the total. The sizes of pie charts correspond to 173 

emission amounts. Grains comprise rice, wheat, and maize; F&V comprise fruit and 174 

vegetables; meat comprises pork, beef, mutton, and poultry; protein comprises eggs and 175 

milk; and aquatic comprises fish, shrimp, crab, shellfish, and algae etc. NE = Northeast 176 

China, NC = North China, NW = Northwest China, EC = East China, SC = South China, 177 

CC = Central China, and SW = Southwest China. 178 

Spatially, GHG emissions from China’s food system were primarily concentrated 179 

in the south. The contribution of the southern part of the country (here comprising four 180 

regions: EC-East China, SC-South China, CC-Central China, and SW-Southwest China) 181 

to the national total GHGs decreased slightly from 77.0% in 1990 to 75.4% in 2018 182 

(Fig. 2d and Fig. 2a). Total GHGs emissions from the food system in East China were 183 

the highest, accounting for 30.3% of the total national emissions, followed by South 184 

China with 16.0%. In contrast, Northwest China accounted for the lowest, only 6.1% 185 

in 2018. In terms of the change rate between 1990 and 2018, GHGs from food systems 186 

increased in both the southern and northern regions, but the latter experienced a more 187 

rapid growth rate (on average 15.2% in the north compared 6.2% in the south. 188 

Northwest China (NC) had the most rapid growth rate (68.8%), while Southwest (SW), 189 

Central (CC), and Northeast China (NE) experienced decreasing trends (3.5-6.7%). 190 

In terms of the spatial characteristics of GHGs emissions from different types of 191 

food, in most cases, with the exception of mutton, emissions from the south were higher 192 

than those from the north. From the perspective of dietary structural change, all regions 193 

showed a unified trend of decreasing GHGs emissions from cereal food and increasing 194 

emissions from fruit and vegetables, protein foods and aquatic products. However, there 195 

was significant spatial heterogeneity in emissions caused by regional dietary structure 196 

changes. Food system GHGs increases in South China were dominated by meat, those 197 

in North China were primarily from meat and vegetables, whilst those in East China 198 

were led by aquatic products (Fig. 2). As the largest food system GHGs emitter in the 199 

country, East China experienced the largest drop in cereal related emissions (-58.1%) 200 

and a large increase in meat (21.8%) and aquatic product (9.0%) emissions over the 201 

period 1990–2018 (Fig. 2). In South China, high carbon-intensive meat consumption 202 

caused this region to experience the largest emission growth rate in the country. GHGs 203 

from meat consumption rose by the largest amount (219.4%), and the percentage of 204 

GHGs from meat increased from 19.0% in 1990 to 43.3% in 2018. In Northwest China, 205 



 

 

the large growth rate in food system GHGs emissions between 1990 and 2018 were 206 

dominated by meat (2.1 times) and vegetables (near doubling) (Fig. 2). 207 

Overall food GHGs emissions per capita experienced an initial decline between 208 

1990 and 2010 followed by an increase, reaching 1.11 tons per person in 2018 (Fig. S7). 209 

The highest GHGs per capita are in South China (1.45 tons per person in 2018) and 210 

exhibited a gradual increasing trend since 2000 (9.8% over the growing period). GHGs 211 

per capita in Northwestern China increased by 30.6%, while those in other regions 212 

decreased, with East China experiencing the largest declines of 17.0% (Fig. S8). For 213 

GHGs emissions per capita in 2018, grains were responsible for the largest emissions 214 

in South China, fruits and vegetables provided the largest emissions in North and 215 

Northwest China, while in South China meat was responsible for the largest emissions. 216 

Protein products provided the largest proportion of emissions in North China, whilst in 217 

East and Southeast China this role was dominated by aquatic products (Fig. S8, S9). 218 

Drivers of food-related GHGs emissions 219 

To quantify the relative contributions of multiple drivers to total food system 220 

GHGs emissions, we used Log Mean Divisia Index (LMDI) decomposition analysis to 221 

decompose the GHG changes in various food types in each region into eight factors. 222 

These factors comprise one supply-side driver (technology), four demand-side drivers 223 

(food consumption structure, food purchasing power, Engel coefficient, and 224 

expenditure), and three socioeconomic drivers (economic growth, urbanization and 225 

population; Fig. S9). Overall, economic growth (contributing 173.2% of the growth) 226 

and food purchasing power (contributing 136.0% of the reduction) had the largest 227 

impacts on China’s food system GHGs emission during the period 1990–2018. The 228 

Engel coefficient contributed 57.8% to the decrease in GHGs emissions, whilst shifts 229 

in dietary pattern contributed 30.7% to the increase in these emissions. Changes in 230 

GHGs emission intensity contributed 28.4% of the decrease in food GHGs, while 231 

expenditure and population contributed 23.9% and 20.2% of the increases, respectively. 232 

For the whole country, the impact of urbanization was relatively small, with a 233 

cumulative impact of only 0.7%, but the influences of urbanization varied between 234 

different regions and different food types (for more details of the downscaling 235 

decomposition in Fig. 5 see Fig. S12). 236 



 

 

 237 

Figure 3. Contributions of different factors to changes in food system GHGs between 238 

1990 and 2018. Using 1990 as the base year, the solid black line shows the percentage 239 

change in total food system GHGs. The other lines show the contribution to the change 240 

in emissions from eight different drivers. 241 

 242 

Between 1990 and 2000, a period that was associated with achieving sufficient 243 

food for the Chinese people, GHGs emissions from China's food system decreased by 244 

6.8% (Fig. 4). The reduction in emission intensity (technology) of 9.8% was the main 245 

reason for the overall reduction in food system GHGs during this phase. Optimization 246 

of the energy structure of the food system in East, Central and Southwest China (Fig. 247 

4, S11) resulted in reduced use of raw coal in the processing of cereal (e.g. wheat and 248 

maize) and rice (Fig. S12). Economic growth, consumption structure and population 249 

growth contributed 43.7%, 13.4% and 10.0% to the overall growth, respectively, while 250 

the Engel coefficient and food purchasing power contributed 16.6% and 31.7% to the 251 

decrease, respectively (Fig. 4). Food purchasing power contributed the most to the 252 

declines in East China for all food types (Fig. S11 and S12). 253 

During the period 2001–2010, a stage associated with progress toward more 254 

comfortable standards of living for many Chinese people, the direction of change in 255 

China's food system GHGs reversed with overall increases, albeit of relatively small 256 

magnitude (2.3%, Fig. 4) taking place. Economic growth played the largest role in this 257 

period, contributing 96.9% of overall growth and being particularly important in East 258 



 

 

China, Central China, South China and Southeast China, (Fig. 4, S11). China's per 259 

capita gross domestic product (GDP) increased from 1,222 USD in 2000 to 4,740 USD 260 

in 2010, an almost 3-fold increase. Other increases were due to consumption structure 261 

transformation (7.4%), population growth (6.0%) and emission intensity (technology), 262 

although the influence of the latter weakened (0.7%) compared to the previous period. 263 

Reductions in consumption expenditure and food purchasing power contributed 17.0% 264 

and 75.8% to the decreases but these could not offset the growth brought about by the 265 

other drivers.  266 

Between 2011 and 2018, a period with widespread comfortable living standards, 267 

GHGs emissions from China's food system continued to increase with an overall growth 268 

of 13.1% (Fig. 4). Transformation of consumer expenditure contributed 23.9% of the 269 

increase and was particularly concentrated in Central, East China, and North China (Fig. 270 

4, S11). The increasing effect of the transformation of the dietary pattern contributed 271 

10.9% of the growth and was focused, in particular, within the developed areas in East, 272 

Central, Southwest, and South China (Fig. 4, S11). A total of 86.6% of the emission 273 

increase by consumption structure was related to GHG-intensive consumption of meat, 274 

protein foods and vegetables (Fig. S12). In addition, economic growth contributed 41.1% 275 

of the GHGs increase. While the reduction in GHGs from the food system due to the 276 

Engel coefficient increased to 29.4%, the food purchasing power effect on the reduction 277 

in food system GHGs decreased by 35.4%. The impacts of emission intensity 278 

(technology) on GHGs emission reductions declined in all regions and even reversed 279 

(i.e. increase in GHGs) in North and Northwest China (Fig. 5 and Fig. S11). 280 

There were apparent spatial variations in the effects of the different drivers on food 281 

system GHGs emissions. The impacts of urbanization were relatively small (3.9% 282 

decrease overall) (Fig. 3) but continued to increase in Northwest and North China with 283 

the influence direction in Northeast, East and South China switching from decreases to 284 

increases (Fig. 4, S10). In particular, within the highly urbanized South and East China, 285 

the impacts of urbanization on food system GHGs emission decreased in the first two 286 

periods described above (1990–2000 and 2001–2011) then increased between 2011 and 287 

2018 (Fig. S11). Increases in GHGs emissions driven by population gradually 288 

weakened in all regions (Fig. 5), especially in Northeast China; in the final period the 289 

population even had a decreasing effect (Fig. S11). 290 

 291 



 

 

 292 

Figure 4. Contribution of different factors to the changes of GHGs in food system in 293 

three periods. According to the classification standard of the Engel coefficient used by 294 

the FAO these periods are 1990–2000 - achieve sufficient food, Engel’s range 50%–295 

59%; 2001–2010 – progress towards comfortable standards of living, Engel’s range 296 

40%–49%; and 2011–2018 – widespread comfortable living standards, Engel’s range 297 

30%–39%. 298 

 299 



 

 

 300 

Figure 5 Spatial patterns in total food system GHGs emissions changes and the role of eight drivers between 1990 and 2018 in China. Percentage 301 

values indicate the contribution made by each driver to overall.302 



 

 

Mitigation pathways for China’s food system GHGs emissions  303 

Five scenarios were constructed to project China’s food system GHGs emissions 304 

to 2060: the S0 business-as-usual scenario (BAU) basically following the SSP2, S1 305 

production technology upgrade (TECH), S2 dietary pattern transformation (DIET), S3 306 

domestic optimizing spatial allocation of crops production (SPAT), and S4 international 307 

import pattern optimization (IMP) (see Methods and Supplementary Table S4 for 308 

detailed description of the scenarios). All potential changes for S1-S4 are compared to 309 

BAU for the same year and the numbers in brackets after these figures in the following 310 

discussion represent the uncertainty of each scenario. Results show that S2 DIET, the 311 

transformation of the nutrient-oriented dietary pattern, will lead to a 14.9% decrease in 312 

the food system GHGs emission, whereas it has the highest emission reduction potential 313 

(43.0%) by 2060 (Fig. 6a). Due to demand for high-quality protein food, vegetables and 314 

fruit, and the lack of a “healthy-sustainable” dietary guide for the Chinese population, 315 

the emission reduction potential of the transformation of the food consumption 316 

structure is highly uncertain (-43.0% - 7.3%). S1 TECH, which focusses on upgrading 317 

food production technology, also has a high emission reduction potential of 12.1% (-318 

16.3%, -7.9%). Comparison between the S3 SPAT domestic production and S4 IMP 319 

imports scenarios indicates that the former can achieve more effective emission 320 

reduction (-3.5% (-3.0%, -3.9%)) than the latter (-2.7% (-1.2%, -4.3%)). The spatial 321 

optimization of domestic grain production is a sustainable path to reduce the rising 322 

emission potential for the vulnerability of international agricultural markets. 323 

The emission reductions at the supply-side can be further enhanced by both 324 

technological upgrades and spatial optimization. The combined emission reduction 325 

effects of S1 and S3 are equivalent to 212 Mt CO2e (13.8%) over the BAU (Fig. 6b). A 326 

combination of measures at production and consumption sides can systematically 327 

reduce emissions. The combination of S1 and S2 can achieve approximately the same 328 

reduction over the baseline scenario, which means the upgrading technology could 329 

offset the emission increase from high quality food consumption, but with considerable 330 

uncertainty without a “healthy-sustainable"” dietary guide (Fig. 6b). The 331 

comprehensive optimization of domestic and international production space can also 332 

contribute to reducing Chinese food system GHGs emission; combining S3 and S4 333 

produces a decline of approximately 92 Mt CO2e (6.0%) over the BAU (Fig. 6b). 334 



 

 

 335 

Figure 6. Mitigation pathways of China’s food system GHGs emission. a. Food system 336 

GHGs emissions in China for five scenarios between 2018 and 2060. The colored lines 337 

represent the trend of each scenario and the shaded areas represent the uncertainty for 338 

each scenario. b. Combined effects of scenarios in 2060 for GHGs from food systems. 339 

The value and color of each grid represent the effect combined by the column and raw 340 

scenario. c. Spatial optimization process of grain production, current situation on the 341 

left and the optimization on the right, the color of the map represents the emission 342 

footprint of grain production in different regions, the pie chart represents the structure 343 

and scale of regional grains production, black arrow represents the inter-regional grain 344 

embodied emission flows, the red arrow represents the increase of grain production 345 

while the green arrow represent the decrease.  346 

 347 



 

 

Discussion 348 

The food system framework breaks down entrenched sectoral categories within 349 

the national GHG inventory framework described by IPCC (2006) (Rosenzweig et al., 350 

2020). However, novel practical frameworks for understanding food system GHGs are 351 

required (IPCC, 2019). With the booming development of food supply chains (Garnett, 352 

2011) and increasing importance for food supply chains to adapt to climate change 353 

(Gustafson et al., 2021), supply-related emissions have gradually been incorporated 354 

into the food system emission accounting (see Supplementary Table S2 for a detailed 355 

comparison of different results). Although different datasets and methodologies provide 356 

varying accounting results for food system GHGs, there is a consensus within the 357 

existing literature that food systems, including the complete supply chain, account for 358 

approximately one-third of anthropogenic GHGs (Crippa et al., 2021). Nevertheless, 359 

inconsistent and poorly defined system boundaries could lead to significant accounting 360 

bias (Rosenzweig et al., 2021). Additionally, it is essential to incorporate food system 361 

GHGs into nationally determined contributions (NDCs) rather than just the previously 362 

considered agriculture, forestry, and other land use (AFOLU) category (Rosenzweig et 363 

al., 2021). It is also urgent that regional mitigation pathways need to be developed. 364 

These require that the inventories not only contain specific information on 365 

consumption-oriented food patterns but consider regional and other scales of spatial 366 

heterogeneity.  367 

Within this study, the provincial food type-specific “bottom-up” GHG inventory 368 

of China's food system is an exploration of such regional downscaling. This research 369 

addresses the gap in regional lifecycle emission estimations and driver differentiation 370 

for the nation’s food systems. Results demonstrate that reduced use of raw coal in the 371 

production stage for cereal in East, Central and Southwest China largely drove 372 

reductions in food system GHGs emission between 1990 and 2000 (Figs. S9 and S10). 373 

However, with the development of the food supply chains, the post-production stages 374 

have become increasingly dependent on energy (Tubiello et al., 2021). This will 375 

necessitate cleaner energy supplies to mitigate the impacts of energy-dependent food 376 

supply chains. In line with Garnett (2015), but including regional details, this study 377 

found that economic growth was the most dominant factor driving the increases in 378 

China’s food system GHGs. It was crucial in East, Central, South and Southeast. The 379 

rapid growth rate of China's food system GHGs since 2011 was primarily led by 380 

consumer expenditure increases in Central, East, and North China as well as shifts in 381 



 

 

dietary patterns, principally associated with GHG-intensive meat and protein food, 382 

especially in the more developed areas in East, Central, Southwest, and South China. 383 

The multi-side “supply-demand” factor decomposition model was constructed to 384 

systematically analyze the influencing mechanisms driving changes in GHGs emissions 385 

from China's food system. Although it has been argued that the global supply mitigation 386 

potential is greater than that of the demand-side (Rosenzweig et al., 2020), quantitative 387 

evidence from this study shows that the reduction effect caused by demand-side factors 388 

had a larger potential compared to supply-side factors (Table S3). It was, however, 389 

demonstrated that supply-demand cooperation provides a more effective and substantial 390 

pathway to reduce China's food system GHGs emissions (Fig. 6b). The food purchasing 391 

power mechanism plays an important role in national emission mitigation and varies 392 

from region to region. Results of this study could, therefore, provide evidence for 393 

regionally differentiated food carbon tax policies. Frank et al. (2019) suggested that a 394 

food carbon tax specifically reflected in food prices could reduce global GHGs by 8% 395 

by 2050. Carbon tax-based redistributed compensation mechanisms in China would 396 

permit the inclusion of regional differences in order to prevent risks of hunger and 397 

malnutrition, which could otherwise result from spatially uniform emission mitigation 398 

policies (Hasegawa et al., 2018; Soergel et al., 2021). 399 

Although China's food system emissions are still far below the global average 400 

(Crripa et al., 2021), the country should take responsibility in proposing more ambitious 401 

mitigation measures along with pursuing high-quality food consumption. China has 402 

promulgated the health-oriented Dietary Guidelines for Chinese Residents (2016), but 403 

such guidelines lack consideration of their potential environmental impacts 404 

(Supplementary S3.4). Therefore, there is an urgent need to develop “healthy and 405 

sustainable” co-benefit dietary guidance to promote environmentally friendly diets, 406 

shifting the food system from the demand-side to the supply-side. Previous studies have 407 

demonstrated that a combination of supply- and demand-side policies has synergistic 408 

effects (Sprinmann et al., 2018; Poore and Nemecek, 2018). Our study shows that 409 

supply-side technological upgrades can offset increased GHGs emissions from the 410 

demand-side of high-quality protein foods. Of course, in the globalization context, the 411 

effect of international food imports on domestic food GHGs cannot be ignored (Zhao 412 

et al., 2020). This study simulated a scenario in which China imported carbon-intensive 413 

food from green source agricultural exporting countries with low-carbon production 414 

practices, demonstrating a 41.9 Mt CO2e (2.7%) reduction in emissions (Supplementary 415 



 

 

S3.5). Compared with a limited import mitigation strategy, the optimization of food 416 

production allocation for grains has a relatively higher 3.5% mitigation potential to 417 

against the instability of international food trade, which could provide a new solution 418 

through production spatial redistribution as a land-based climate change mitigation 419 

measures (Fujimori et al., 2022). For instance, as simulated using the low-carbon 420 

oriented spatial equilibrium model assuming optimization through planting loation 421 

adjustment by spatial planning and development of low-carbon intensive unused 422 

cultivated land, demand driven rice expansion in the future could be distributed in the 423 

currently unexploited land in Northeast China and the Yangtze River Delta, with low-424 

carbon production practices and overall low-carbon emissions from the supply-side 425 

(Supplementary S3.4). Our novel findings of domestic production optimizing strategy 426 

also provide insights into the dual-challenges of food security and climate change in an 427 

unstable global environment. In particular, the Ukraine war has threatened the stability 428 

of world food supplies (Nature Editorial, 2022). Approximately 84.3% of China’s 429 

maize was imported from Ukraine and Russia (FAOSTAT), while the supply crisis with 430 

maize could be addressed, at least temporarily, by reclaiming domestic unused cropland 431 

in low-carbon northern regions in China. However, this optimization result is limited to 432 

the full consideration of scarce resources, such as water resource, in northern regions 433 

of China.  434 

 435 

Methods 436 

LCA and system boundary of the food system 437 

Life Cycle Assessment (LCA) is the evaluation of the environmental burdens 438 

associated with a product, process, or activity. It is based on identifying and quantifying 439 

the energy and materials used and, in turn, the waste materials released into the 440 

environment (Garnett, 2008). The International Organization for Standardization (ISO) 441 

has standardized this framework within the ISO 14040 series on LCA. The LCA of the 442 

food system includes the entire lifecycle of food, encompassing preproduction, 443 

production and post-production processes. 444 

The food system assessed in this study involves 12 primary food categories 445 

consumed by Chinese people and comprises five plant-sourced foods (rice, wheat, 446 

maize, vegetables, and fruit), seven animal-sourced foods (pork, beef, mutton, poultry, 447 

egg, and milk), and aquatic foods (fish, shrimp, crab, shellfish, and algae). The nutrients 448 

supplied from these 12 food categories account for 85.4% of the total calories and 88.7% 449 



 

 

of protein intake by Chinese people (FAOSTST, 2019). Following the EU (2020) Farm-450 

to-Fork Strategy, the food supply chain includes preproduction (extraction of the 451 

resources needed to produce agricultural products), production (the land and farm 452 

management practices by farmers during the food production process), and post-453 

production (processing, transportation, packaging, distribution, retail, household 454 

refrigeration and cooking) (Fig. S1, S2). Emissions from land use and land use change 455 

(LULUC) associated with agriculture in the preproduction stage were excluded from 456 

the assessment since it is difficult to link them directly to the food lifecycle, the basic 457 

framework employed in this study (Lai et al., 2016). Post-consumption stages (food 458 

waste and disposal) were not considered owing to their high variability and low food-459 

specific data availability (Xue, et al., 2021). Supplementary S1.2 justifies other 460 

exclusions. 461 

Decomposition analysis 462 

The LMDI method, developed by Ang (2004), was used to analyze how supply- 463 

and demand-side drivers affect food system GHGs structural shifts in China. LMDI 464 

quantifies the contribution of each driving force in proportion without residuals. To 465 

conduct the decomposition analysis, the GHG changes for the different food types in 466 

each region were decomposed into eight factors: technology, food consumption 467 

structure, food purchasing power, Engel coefficient, expenditure, economic 468 

development, urbanization and population. 469 

!"#$%&' = !") + !"+  Equation 4-1 

!") =, !")..,0123),.,4 ∗ 123),.,4123),4 ∗ 123),4!"67),4 ∗ !"67),4"67),4.,4
∗ "67),4897),4 ∗ 897),47),4 ∗ 7),474 ∗ 74
=,":),.,4.,4

∗ 1;),.,4 ∗ 17),4 ∗ "<),4
∗ 1"),4 ∗ ";),4 ∗ =>),4 ∗ 74 

Equation 4-2 



 

 

!"+ =, !"+..,0123+,.,4 ∗ 123+,.,4123+,4 ∗ 123+,4!"67+,4 ∗ !"67+,4"67+,4.,4
∗ "67+,4897+,4 ∗ 897+,47+,4 ∗ 7+,474 ∗ 74
=,":+,.,4.,4

∗ 1;+,.,4 ∗ 17+,4 ∗ "<+,4
∗ 1"+,4 ∗ ";+,4 ∗ =>+,4 ∗ 74 

Equation 4-3 

 470 

where i denotes the different food types, j denotes the different Chinese provinces, 471 

U denotes urban factors, and R denotes rural factors. !"#$%&'  are the total GHGs 472 

emissions from the food system in China, and !")  and !"+  are the GHGs from 473 

urban and rural residential consumption, respectively. !")..,0  denotes the urban 474 

residential consumption GHGs of food i in province j, 123),.,4  denotes the urban 475 

residential consumption volume of food i in province j, 123),4  denotes the urban 476 

residential consumption volume of all food types in province j, !"67),4 is the food 477 

consumption expenditure of all types of food in province j, "67),4  is the residential 478 

consumption expenditure in province j, 897),4 represents the GDP from urban areas 479 

in province j, 7),4 represents the urban population in province j, and 74 is the total 480 

population in province j. ":),.,4 = ?@A.B,CD$EA,B,F represents the emission intensity from the 481 

entire food supply chain of food i in province j’s urban residential consumption; 482 

1;),.,4 = D$EA,B,FD$EA,F  denotes the consumption structure of food i in province j’s urban 483 

residential consumption; 17),4 = D$EA,F?@GHA,F denotes the purchasing power of food i in 484 

province j’s urban residential consumption (which represents the reciprocal of food 485 

price); "<),4 = ?@GHA,F@GHA,F  is the Engel coefficient of urban residents in province j; 486 

1"),4 = @GHI,FJKHI,F  is the consumption expenditure of urban residents in province j; 487 

";),4 = JKHA,FHA,F  is the economic development of urban area in province j; and =>),4 =488 

HA,FHF  represents the urbanization ratio of province j. 489 

 490 



 

 

△ !") = !")# − !")N=△ !"),@O +△ !"),DP +△ !"),DH +△ !"),@Q +△ !"),D@ +△ !"),@P +△ !"),)+ +△ !"),H 

Equation 4-4 

△ !"+ = !"+# − !"+N=△ !"+,@O +△ !"+,DP +△ !"+,DH +△ !"+,@Q +△ !"+,D@ +△ !"+,@P +△ !"+,)+ +△ !"+,H 

Equation 4-5 

 491 

where !")# and !")N represent the GHGs from urban residential consumption in 492 

period T and the baseline period, respectively. △ !") denotes the change in GHGs 493 

from urban residential consumption between period T and the baseline period. △494 !"),@O , △ !"),DP , △ !"),DH , △ !"),@Q , △ !"),D@ , △ !"),@P , △ !"),)+ , and △495 

!"),H  indicate the contributions from technology, food consumption structure, 496 

purchasing power, Engel coefficient, expenditure, economic development, urbanization 497 

and population, respectively. 498 

Scenario Analyses 499 

Using decomposition analysis, this study formed a multi-side (i.e., supply, demand, 500 

and socioeconomic) driven model to detect the determinants of food system GHG 501 

emissions and their spatial variability across China (Supplementary S2.1 for details). 502 

Subsequently, the study compared the emission reduction potential of different factors 503 

based on the business-as-usual scenario (BAU). It is acknowledged that some extreme 504 

events (such as the Sino-US trade war in 2018 or COVID-19) may cause shocks to 505 

economic growth. In general, however, these shocks tend to be short-term disruptions, 506 

and the long-time series scenarios employed in this study accommodate these 507 

uncertainties. 508 

The S0 BAU scenario following SSP2, which is regarded as the most consistent 509 

with the current development trend (O'Neill et al., 2014; Fricko et al., 2017), was 510 

adopted in this study. SSP (Shared Socioeconomic Path) was developed with the 511 

comprehensive consideration of population, economy, technological progress, resource 512 

utilization and other factors, and has been used to quantitatively describe the 513 

relationship between climate change and socioeconomic development pathways 514 

(Kriegler et al., 2010; Zhang et al., 2015). SSP2 describes a scenario with a gradual 515 

reduction in dependence on fossil fuels and in which China will maintain current levels 516 



 

 

of population growth, fertility, mortality, migration, and education. It is considered that 517 

China's population will peak at 1.4 billion around 2035, the urbanization rate will peak 518 

at 80% by 2050, and population will be 1.36 billion in 2060 (Supplementary S3.1 for 519 

details). This study revised the population data for 2020 based on China’s recent (2021) 520 

seventh population census. Including the SSP population forecast and urbanization rate 521 

(Gao and Wei, 2013; Pan and Shan, 2019) in the LMDI decomposition model causes 522 

China's food system GHGs to peak at 1.60 Gt CO2eq in around 2040 and then decrease 523 

to 1.54 Gt CO2eq in 2060 (a figure that is 1.0% lower than that of 2018). 524 

The S1 TECH scenario was based on a meta-analysis of a range of food production 525 

types in China and worldwide and a comparison of the footprint gap in food production 526 

between China and world’s best-practice low-carbon production technology. A total of 527 

352 articles in Chinese and English were identified in the determination of China's 528 

emissions, of which 217 articles were valid. The GHGs emission intensities of other 529 

countries were derived from the database provided by Clune et al. (2017) with 1,731 530 

estimates of emissions  being selected to match the carbon footprint of different types 531 

of food. It was considered that China will achieve the world’s best practice technology 532 

for food production in around 2060 resulting in emissions reduction of about 173 Mt 533 

CO2e, about 15.1% of the total emission under BAU in 2060 (see S3.2 for details). 534 

The S2 DIET scenario was based on the Dietary Guidelines for Chinese Residents 535 

issued by the Chinese Nutrition Society (CNS, 2016). Shifts in diet driven by 536 

consumption scale and structure are key factors affecting food system GHGs emissions. 537 

Given that there are upper and lower recommended intake values for different types of 538 

food, the values in brackets are the upper and lower range of the resulting carbon 539 

emissions of dietary shifts. Under this scenario, we consider the dietary pattern will 540 

follow the Dietary Guidelines by 2060. Whole grain consumption are projected to 541 

increase by 1.8% [-21.1%-24.8%] with the intake of tubers like potato and beans 542 

increasing by 31.9% [9.9%-53.9%] by 2060. Over the same period meat consumption 543 

will reduce by 40.2% [22.1%,58.4%], whilst aquatic-derived foods will increase by 544 

84.3% [28.2%,140.4%], eggs by 69.3% [50.5%, 88.1%], vegetables by 51.9% [13.9%, 545 

89.9%], and fruit by 92.7% [40.1%, 145.2%]. According to this nutrient-oriented 546 

transformation of food consumption structure (i.e., reduced consumption of meat, 547 

moderate increase in whole grains, increase in fruit, vegetable, aquatic and protein 548 

products, and moderate increase in dairy products), it is estimated that China's food 549 

system GHGs emissions have the best mitigation potential of 14.9%, but there is large 550 



 

 

uncertainty [-43.0%, 7.3%] without details of the carbon-nutrient combined dietary 551 

guideline (see S3.3 for details). 552 

The S3 SPAT scenario was based on the optimization of production location. Due 553 

to the spatial differences in climate, soils, and farm management practice (energy use, 554 

fertilizer application; Poore and Nemecek, 2018), there are regional variations in the 555 

carbon footprint of agricultural production (Vermeulen et al., 2012). As a result, 556 

regional-specific mitigation measures are needed (Liu et al., 2021) (Fig. S4). This 557 

scenario was based on identifying a spatial optimization pathway from the supply-side 558 

by adjusting agricultural production patterns and optimizing cropland expansion. The 559 

objective was to find the overall lowest GHG emissions whilst meeting the existing 560 

consumption demand, considering the potential of cropland expansion in low-carbon 561 

undeveloped areas and minimizing the transportation of crop between regions. The 562 

results showed that GHGs emissions of rice, wheat and maize production system can 563 

be reduced by 21.76%, 10.20% and 1.71%, respectively, by optimizing the distribution 564 

of production location (see S3.4 for details of the spatial equilibrium model). 565 

The S4 IMPO scenario was based on the optimization of food imports. According 566 

to the OECO-FAO datasets (https://stats.oecd.org/index.aspx?queryid=71240), China's 567 

imports of livestock, poultry, meat and dairy products are expected to increase. This 568 

study extended the projected trends of OECD-FAO from 2025 to 2060. Livestock and 569 

poultry food imports are projected to rise by 24.8% and dairy imports by 27.7% when 570 

comparing 2025 with 2018. These increases continue into the future, and by 2060 are 571 

projected to be 1.56 times and 1.87 times, respectively, of those in 2018. By selecting 572 

countries with low production emission intensity and sufficient export capacity, China's 573 

food system GHGs emissions can be further mitigated. It is estimated that by 2050 574 

China could mitigate 7.48 Mt CO2eq by importing livestock and poultry and 1.89 Mt 575 

CO2eq by importing milk from green source importing countries. Pursuing this 576 

approach for another decade (i.e., figures for 2060) would lead to further mitigation 577 

(9.77 Mt CO2eq by importing livestock and poultry and 2.49 Mt CO2eq by importing 578 

milk; see S3.5 for details).  579 

Limitations and uncertainty 580 

In common with many studies, this research has some limitations. For the 581 

emissions inventory, the parameters used for the processing, wholesale and retail stages 582 

were primarily based on ESU World Food. The emission factor from cooking was 583 

adopted from food consumption survey data in the UK (Frankowska et al., 2020) and 584 



 

 

modified based on China's energy emission factors (see Table S9 for detailed 585 

references), which led to a higher proportion of emissions from retailing and cooking. 586 

In the process of data collection, parameters for different foods, regions and time series 587 

were considered with all available data (Table S4), but spatially uniform parameters 588 

were still required in some stages. More work is still needed to establish China's own 589 

food system GHG factors. In terms of the food lifecycle system boundary, due to the 590 

limited data for China's food loss and waste (FLW) and food disposal, these two stages 591 

were excluded from this study. Recent research has shown that the total amount of food 592 

lost and wasted across China's food supply chain is 350 million tons, or 27% of the total 593 

food produced (directly for consumer consumption; Li, et al., 2021). In addition, it is 594 

difficult to link LULUC with food type, and the system boundary of this study also 595 

excludes land use emissions. The emissions from LULUC associated with agricultural 596 

production (IPCC sector 3a) accounts for about 32% of global food-system emissions 597 

(Crippa et al., 2021) with drained organic soils on agricultural land dominating these 598 

emissions (Cooper et al., 2020). As a result, LULUC-related emissions could represent 599 

another factor underestimated in this study. All of these factors discussed above could 600 

drive the accounting results to be lower than current national-level estimates in Table 601 

S2. However, even with the imprecise emission parameters and uncertainties along the 602 

food supply chain, the trends of GHG emissions from the food system calculated in this 603 

study are consistent with those of the sectoral emission inventory developed by the EU 604 

(Crippa et al., 2021). 605 

The uncertainty analysis in this study follows the IPCC Guidelines for National 606 

Greenhouse Gas Inventories for good practices and uncertainty management (2006). 607 

Uncertainties in the emissions from the production stage of the flood lifecycle mainly 608 

come from regional differences in activity survey data collected in the production 609 

process (for example, those describing fertilizer and energy use). The uncertainties in 610 

the processing and retail stages are primarily derived from the emission factors in the 611 

literature or the LCA database. Uncertainties in the transportation stage mainly come 612 

from the spatial allocation of food transport emissions by rail and road based on 613 

transport statistical data. The surveyed consumption activity data for different regions 614 

are the main source of uncertainties for the consumption stage. 615 

After identifying the sources of each uncertainty, the CI was set at 95%; thus, the 616 

probability density function was between the 25th and 95th percentiles. Firstly, by 617 

establishing the empirical distribution functions of individual activity and emission 618 



 

 

factors, alternative probability density function models were evaluated and selected to 619 

represent the variability in activity data or emission factor data. The general probability 620 

density function distributions include normal distribution, lognormal distribution, and 621 

trigonometric distribution. Secondly, the Monte Carlo method was used to calculate 622 

(1,000 times) the established probability density function, and the range of the 95% CI 623 

was calculated to identify the uncertainty for each food type in different stages. In 624 

addition, under the IPCC Guidelines for National Greenhouse Gas Inventories for good 625 

practices and uncertainty management (IPCC, 2006), all uncertainties can be combined 626 

and transmitted through two types of methods. The first is applicable to the merger 627 

between two unrelated emission sources (Equation 4-6), and the second applies to the 628 

merger between two related emission sources (Equation 4-7), with the following 629 

formula: 630 

 631 

=%$%&' = R=ST +=TT +=UT +⋯+=ET，i=1…n Equation 4-6 

=%$%&' = W（)X∗YX）Z[（)Z∗YZ）Z[⋯[（)\∗Y\）Z
(YX[YZ[⋯[Y\)Z ，i=1…n Equation 4-7 

 632 

where =%$%&'  is the combined uncertainty, =.  is the uncertainty of each 633 

functional unit, and _. is the activity value of each unit. 634 
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