
ARTICLE

Half of the greenhouse gas emissions from China’s
food system occur during food production
Gang Liu 1,2, Fan Zhang 1,2 & Xiangzheng Deng 1,2,3✉

Food systems are responsible for a third of global anthropogenic greenhouse gas emissions

and there has been an increasing research focus on food-system greenhouse gases. However,

limited attention has been paid to emissions from the regional trade network associated with

food systems. Here we developed a multi-regional input-output-based hybrid life cycle

assessment model and traced China’s food-system greenhouse gas emissions from farm to

fork. China’s food system emitted 2.4 (95%; confidence interval range: 1.6–3.2) gigatons

CO2-equivalent in 2019, and half were emitted at the production stage. There were sub-

stantial differences in the emission structure and sources among the provinces. Further

analysis indicated that the differences among provinces were caused by the separation of

food production and consumption. People living in wealthier coastal and central regions

consumed food from western and northeastern regions. Therefore, the government should

consider interregional synergies when developing strategies to reduce food-system green-

house gas emissions.
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G lobal greenhouse gas (GHG) emissions have increased
with the growth of industrialization and a series of climate
problems such as global warming has emerged. The major

component of anthropogenic GHGs—carbon dioxide (CO2)—is
usually regarded as the target for emission reduction and it is the
focus of most policies and plans. Non-CO2 GHGs, such as
methane (CH4) and nitrous oxide (N2O), are capable of absorbing
more heat with reference to the value of 100-year global warming
potential (GWP100)1. Reducing their emissions has the advan-
tage of creating more climate benefits and lowering the overall
cost of mitigation2–5. Non-CO2 GHG mitigation, therefore, plays
a vital role of efficient climate mitigation strategies6. Establishing
an overall GHG emission reduction system that takes into
account all economic sectors require substantial time and tech-
nical inputs7. Setting emission reduction targets for different
industries one at a time is the basis and starting point for for-
mulating reduction measures covering all sectors in the future.
Food systems, which contribute one-third of global anthro-
pogenic GHG emissions, could be a priority for setting GHG
reduction targets, especially for developing countries8,9.

Greenhouse gases are released at every food-system life cycle
stage: cultivation, capture or harvest, transportation, processing,
packaging, consumption and disposal of food waste. The food
system’s operation also involves the consumption and conversion
of energy. The material and energy required depend on the use of
raw materials (such as fertilizer) that produce additional GHG
emissions10–13. In developing countries, the contributions of
emissions associated with farm gate production is a dominant
stage in food system emissions14–16. A considerable amount of
research has been conducted on GHG emissions from agriculture,
covering various gases including CO2

17–19 and non-CO2 (such as
CH4 and N2O)20–22. Recently, a growing body of literature has
recognized that accounting for food-system GHG emissions using
a systematic approach is an effective way to understand the
mitigation potential of the system16,23–25). In addition to food-
system GHG emissions within a country or region, researchers
also have shown an increased interest in the interregional transfer
of food-system GHGs via the trade network, covering wide spatial
and temporal scales26–28. China, as one of the largest GHG
emitters, lacks detailed knowledge of food-system GHG emis-
sions, particularly when supply chains and regional trade net-
works are considered.

In this study, we developed a multi-regional input-output-
based hybrid life cycle assessment (MIRO-based hybrid LCA)
model with the aim of filling this gap using a comprehensive
methodological framework. The LCA was able to identify and
analyze the environmental factors and potential influences of
food-system supply chains29–31, while the MRIO is a useful tool
for investigating the linkage among sectors and interregional
trade32,33. We explored the characteristics of national and pro-
vincial food systems in China to improve the understanding of
emissions related to the production, transportation, consumption
and waste throughout its different stages and sectors of China’s
food system. This study will help stakeholders better understand
the components and sources of food-system GHG emissions, as
well as provide opportunities for the mitigation of China’s food-
system GHGs.

Results
National food-system greenhouse gas emissions. Our estimate
of the total GHG contribution of China’s food system was 2.4
(95 %; CI range: 1.6–3.2) Gt CO2-equivalent (CO2e) in 2019
(Fig. 1). Carbon dioxide is the primary GHG induced by human
activities and it is also the major component of food-system
emissions. In 2019, approximately 1.2 (95 %; CI range: 0.7–1.6)

Gt CO2e (47.6%) of emissions were attributed to CO2, in line with
FAOSTAT12,15. From production to consumption, CO2 escaped
at each life cycle stage of the food system. The packaging stage,
contributing 0.4 (95 %; CI range: 0.2–0.6) Gt CO2e, was the
leading source of CO2 emissions, while CO2 emissions from retail
formed the smallest share. Previous studies have revealed similar
findings12,15.

China’s food system emitted 0.8 (95 %; CI range: 0.4–1.3) Gt
CO2e of CH4, which accounted for 34.1% of total emissions. The
CH4 emissions were mainly from the production and waste
stages. The proportion of CH4 in food-system GHG emissions
was notable although CH4 accounted for only 13.2% of China’s
anthropogenic GHG emissions in 2018 (expressed in CO2e)34.
This discrepancy may be attributed to the substantial agriculture’s
contribution to CH4 emissions, driven by livestock farming and
rice paddies35. We found that N2O had the second lowest
proportion of GHG emissions at only 14.1%, mainly owing to
agricultural production. Although fuel combustion contributed to
N2O emissions, livestock manure management and fertilizer use
in crop cultivation at the production stage were the major
contributors. F-gases estimated to be responsible for only 4.2% of
total emissions, with the majority escaping during the retail stage.

Half of China’s food-system GHGs (50.2%) were emitted at the
production stage. In 2019, China released 1.2 (95%; CI range:
0.8–1.6) Gt CO2e GHGs from food production, including 25.0%
of CO2, 52.5% of CH4 and 22.5% of N2O. Of the emissions from
production, emissions from energy and non-energy activities
account for 17.8% and 82.2% of total emissions, respectively. In
contrast to other life cycle stages, the production, retail and waste
stages had very high proportions of non-CO2 GHGs, while CO2

was the dominant GHG for other stages. The packaging stage was
the most important contributor of CO2 emissions for food
system, releasing 0.4 (95%; CI range: 0.2–0.6) Gt CO2e of CO2.
The GHG emissions from the transport stage was the lowest,
accounting for merely 5.4% of food-system emissions.

Regional food-system greenhouse gas emissions in China. To
examine China’s regional GHG emissions for the food system, we
evaluated the provincial contributions, considering emissions for
various gases and life cycle stages. As shown in Fig. 2, there was a
notable discrepancy among the provinces for total GHG emis-
sions. Inner Mongolia (Fig. 2, row 1, column 5) and Qinghai
(Fig. 2, row 6, column 4) were the largest GHG emitter in China’s
food system, causing 128 (95%; CI range: 83–173) Mt CO2e and
127 (95 %; CI range: 87–167) Mt CO2e of GHG emissions in
2019, respectively. GHG emissions from energy activities account
for approximately 41.8% and 60.8% of GHG emissions in Inner
Mongolia and Qinghai, respectively. Hunan (Fig. 2, row 3, col-
umn 6), Guangdong (Fig. 2, row 4, column 1) and Shandong
(Fig. 2, row 3, column 3) were also important contributors,
emitting 118 (95%; CI range: 74–163) Mt CO2e, 117 (95%; CI
range: 83–151) Mt CO2e and 111 (95%; CI range: 79–143) Mt
CO2e of GHGs, respectively. Only 28 (95 %; CI range: 19–37) Mt
CO2e of GHGs could be attributed to Tianjin (Fig. 2, row 1,
column 2, which was the province with the lowest emissions. The
emissions from Beijing (Fig. 2, row 1, column 1), Hainan (Fig. 2,
row 4, column 3), and Shanghai (Fig. 2, row 2, column 3) were
also low (39 (95% CI 26 to 52), 40 (95% CI 27 to 53) and 41 (95%
CI 29 to 53) Mt CO2e, respectively).

The components of the GHG emissions from food system
varied greatly from province to province. Overall, CO2, CH4, N2O
and F-gases accounted for 47.6%, 34.1%, 14.1%, and 4.2% of the
national food-system GHG emissions, respectively (Fig. 2).
However, the share of different gases in provincial food-system
GHG emissions differed from the national components. For
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example, CO2 accounted for a very large proportion of food-
system GHG emissions in Beijing (Fig. 2, row 1, column 1),
Shanxi (Fig. 2, row 1, column 4) and Ningxia (Fig. 2, row 5,
column 5). However, for Jiangxi (Fig. 2, row 3, column 2),
Sichuan (Fig. 2, row 4, column 5) and Yunnan (Fig. 2, row 5,
column 1), CH4 took a larger share of food-system GHG
emissions than CO2. Furthermore, N2O was responsible for a very
small part of total food-system emissions in some provinces (e.g.,
less than 3% of the total emissions in Beijing) but made up a
larger share in other provinces (e.g., 33.3% of Hainan’s food-
system GHG emissions). Similarly, the proportion of F-gases
varies obviously across provinces.

Different life cycle stages of the food system had disparate
contributions in various provinces, as seen in Fig. 2. Although the
production stage contributed the most GHG emissions in China’s
food system, various stages of the life cycle were important in
different provinces. For instance, the emissions from the
production stage accounted for merely 8.4% of total food-
system emissions in Beijing (Fig. 2, row 1, column 1), while the
proportion of the production stage in the food system emissions
of Sichuan (Fig. 2, row 4, column 5) was 67.0%. Furthermore,
provinces with higher proportion of emissions at the production
and waste stages typically had a larger share of CH4, while
provinces with higher share of the packaging stage in GHG
emissions had a larger share of CO2. For example, the total
proportion of the production and waste stages in GHG emissions
was 61.3% in Jiangxi (Fig. 2, row 3, column 2), with 51.8% of CH4

emissions. For Beijing (Fig. 2, row 1, column 1), the GHG
emission from packaging stage made up 38.7% and CH4

contributed 17.5% of food-system emissions. A possible explana-
tion for this might be that the types and proportions of GHGs
from various food-system stages were different.

Contribution of non-CO2 greenhouse gases to the food system.
Non-CO2 GHGs were the vital contributors to China’s food
system as mentioned in section “National food-system green-
house gas emissions”. To compare the difference of non-CO2

GHG contributions to food-system emissions among provinces,
we evaluated the total non-CO2 emissions, the portion of non-
CO2 gases in GHG emissions and the non-CO2 emissions from

various sources. Figure 3a presented the spatial variation of food-
system GHG emissions. It was reported that the provinces with
the highest emissions were Heilongjiang Qinghai, Shandong,
Henan, Hunan and Guangdong. The lowest GHG emissions were
from Tianjin, Hainan, and Beijing at less than 40 Mt CO2e. The
three provinces with low GHG emissions all had a higher pro-
portion of CO2 emissions than that of CH4 emissions. Among
China’s 30 provinces, four provinces (Tianjin, Ningxia, Shanghai
and Hainan) had relatively small areas. This meant the land for
agricultural production was limited, while the production stage
was the main source of food-system emissions.

Figure 3b shows provincial non-CO2 GHG emissions. By
comparing Fig. 3a and Fig. 3b, it could be found that there were
the synergies between total GHG emissions and non-CO2 GHG
emissions. In other words, for the provinces who having high
total GHG emissions also tended to have higher non-CO2

emissions. Therefore, non-CO2 GHGs were the most important
driver of food-system GHG emissions.

Figure 3c presents the non-CO2 GHGs from different sources
and the portion of non-CO2 GHGs in provincial food-system.
The non-CO2 GHG sources varied obviously among different
provinces. The non-CO2 GHGs from production played a vital
role in food-system non-CO2 GHG emissions for the most
provinces (e.g., Inner Mongolia, Hunan and Sichuan), while CH4

from production had the relatively low contribution in other
provinces (e.g., Beijing and Tianjin). The highest GHG emissions
from waste management were in Guangdong—over 20 Mt CO2e
—while GHG emissions from waste management for the most
provinces were less than 10 Mt CO2e. Qinghai emitted the largest
non-CO2 GHG (8.8 Mt CO2e) at the retail stage, followed by
Gansu which released 7.3 Mt CO2e of non-CO2 gases at the retail
stage. In three provinces (Beijing, Tianjin and Ningxia), the
portion of non-CO2 GHGs in food-system emissions was less
than 0.3. Non-CO2 GHGs for food system in Beijing accounted
for only 0.27 of total GHG emissions.

Impacts of intraregional trade on China’s greenhouse gas
emissions from food system. The above results indicated that
there were substantial differences among the provinces in the
components and sources of GHG emissions. A recent global

Fig. 1 China’s food-system greenhouse gas (GHG) emissions. Total GHG (left bar), the contributions of different gases (bars in the middle) and the
contributions of different life cycle stages (right bars). The numbers indicate the GHG in 2019 and are rounded. Emissions are expressed as CO2e
calculated using the values of the 100-year global warming potential (28 for CH4 and 273 for N2O). Because numbers are rounded, they do not necessary
sum up to 100%.
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analysis of food-production emissions revealed that approxi-
mately 22% of agricultural products were purchased in other
regions from that where they were produced28. It is possible,
therefore, that the differences in China’s GHG emissions from
food-system are related to interregional trade. In this section, we
analyzed the regional discrepancy triggered by intraregional
trade.

The total GHG emissions embodied in interregional trade were
0.7 (95% CI 0.5 to 0.9) CO2e in 2019, which was 30.5% of China’s
food-system emissions. Approximately 20.8% of embodied GHGs
were attributed to intermediate input, while final consumption
accounted for 79.2%. Intermediate input included agricultural
products that went into other industries, such as food processing,
whereas final consumption includes rural and urban consumption,
government consumption, gross fixed capital formation, and stock
increasing of agricultural products and food. Figure 4a, b illustrate
the food-system GHG emissions transfer among the 30 provinces

via final consumption and intermediate input, respectively. For
final consumption, the largest interregional transfer flow was from
Gansu to Henan, with 13.7 Mt CO2e of GHG emissions. Xinjiang
exported total 48.5 Mt CO2e of GHG emissions, which was the
highest. Guangdong was the major importer for final consumption
and 56.8 Mt CO2e of GHG emissions transferred from other
provinces to Guangdong. For intermediate input, the transferring
is synergistic with final consumption.

Figure 4c shows the total trade in GHG emissions transferred
among provinces, including final consumption and intermediate
input. Guangdong had the largest volume of food-system GHG
emission imports, with 73.9 Mt CO2e. Henan ranked second with
imports of 63.5 Mt CO2e of GHG emissions. The province with
the largest net imported volume of GHG emissions was
Guangdong, with up to 59.2 Mt CO2e. Xinjiang, located in
northwest China, exported the largest volume of food-system
GHG emissions in 2019, at 2.8 Mt CO2e, followed by Qinghai,

Fig. 2 Provincial food-system greenhouse gas emissions (GHGs) from various life cycle stages in 2019. Outer circles show the share of various
greenhouse gas components, while inner circles express the proportion of each life cycle stage. Central numbers are the provincial total emissions. Because
numbers are rounded, they do not necessary sum up to 100%.
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which had an export volume of 63.0 Mt CO2e. Among the 30
provinces, the net trade flow of 12 provinces was negative and
these provinces were net importers. In contrast, 18 provinces had
a positive trade flow and these provinces were considered as net
exporters.

Spatial characteristics of intraregional food-system greenhouse
gas transfers. One interesting finding was that provinces with a
net export of GHG emissions were generally located in the
southwest and north of China, while provinces that imported
GHG emissions were concentrated in the wealthier eastern and
central China, as shown in Fig. 5a. For provinces with embodied
GHG emissions exports, the proportions of non-CO2 GHGs were
larger than CO2 and emissions from the production stage occu-
pied a relatively large share (e.g., Gansu and Inner Mongolia).
The proportion of GHG emissions from the waste and con-
sumption stages was higher in provinces with embodied GHG
emissions imports (e.g., Beijing and Zhejiang).

Figure 5b illustrates the dominating net trading flows of food-
system embodied GHG among the eight regions. 30 provinces are
grouped in to eight regions referring to previous work36,37, and
the details are shown in Supplementary Table S6. The Northeast,
Northwest and Southwest of China were the main food-system
GHG emission export regions and they were a vital guarantee of
China’s food security. The Northwest region was an important
part in the food-system GHG export, transferring a total of 230.3
Mt CO2e of GHGs to Beijing–Tianjin, the North, Central, Central
Coast, Southwest, and South Coast regions. The flow of food-
system embodied GHGs from the Northwest to the Central
regions was up to 91.2 Mt CO2e. The South Coast was the major
recipient of food-system embodied GHGs exported by the
Southwest and it imported 28.6 Mt CO2e of GHGs. In 2019,
the Northeast exported 13.3 and 13.8 Mt CO2e of GHGs via the
interregional trade network to Central Coast and the North
region, respectively. Another vital trade link was the flow from
the Southwest region to the Central region, with 21.8 Mt CO2e of
GHGs. Therefore, the Southwest region was not only a recipient

Fig. 3 Spatial differences in provincial greenhouse gas (GHG) emissions from food systems in 2019. a Total greenhouse gas emissions (drawing review
No: GS (2016) 2929). b Non-CO2 greenhouse gas emissions (drawing review No: GS (2016) 2929). c Contribution of different sources to non-CO2

greenhouse gas. The base map in a, b was downloaded from the Resource and Environment Science and Data Center (https://www.resdc.cn/Datalist1.
aspx?FieldTyepID=20,0).
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importing embodied GHG emissions from the Northwest, but it
was also an exporter transferring GHGs to the Central. It was
notable that Central Coast, which are regions with high
population density and economic development, imported embo-
died GHGs from more than one region.

Discussion
Several estimate on China’s food-system GHG emissions at the
national level have been reported12,16. These studies have mostly
been global-scale estimates and have given specific emissions
from China. China’s food-system GHG emissions in 2018 esti-
mated by Crippa et al.16 based on IPCC default emission factors
are 2.5 Gt CO2e, which are higher than our results, while FAO-
STAT estimates for China’ food-system total emission of 1.9 Gt
CO2e for 201912,15. In this study, our assessment suggests that the
total GHG emissions from China’ food system are 2.4 (95%; CI
range: 1.6–3.2) Gt CO2-e, which is close to previous works within
the overall uncertainty of these results. To adopt of various sys-
tem boundaries and emission factors across studies is one of the
primary reasons for the differences of reported figures. We
adopted a bottom-up framework, where each province has
independent emission factors rather than identical ones. And the
emission factors for fuel chains38 and domestic wastewater

emissions39 refer to specialized studies, which are different to
previous estimate on food-system emissions. This approach rea-
lized food-system emission estimates that are more in line with
Chinese reality, but they are lower than that in the study of
Crippa et al.16. Furthermore, our estimates for GHG emitted by
energy system include the notable amounts of upstream emis-
sions linked to the processing of fossil fuels, which possibly leads
to the higher estimate than FAOSTAT12,15. The estimate of
Tubiello et al.12 on China’s food-system supply chain (stages
except production) emissions in 2019 is 1.1 Gt CO2e, while our
estimate is 1.2 (95%; CI range: 0.9–1.5) Gt CO2e which is con-
sistent with existed finding.

Many efforts have also been made to conduct studies specifi-
cally targeting China’s food production emissions40–43. However,
the majority of these studies cover only one or a few stages of the
food system and are not on the basis of an integrated food system
analysis framework. For instance, Zhang et al.43 estimated
emissions from the production and processing stages in China in
2017 as 1.6 Gt CO2e, which is higher than our estimate. Crippa
et al.16 estimates for the production and processing stages of
1.33 Gt CO2e (in 2017 and 2018) are approximate to our findings.
FAOSTAT reported the GHG emitted at production is 0.8 Gt
CO2e in 2019 accounting for 42% of total food-system
emissions12,15, which is in line with our estimate considering

Fig. 4 Interregional transfers of food-system greenhouse gas emissions (GHG) along with the trade network among provinces. a Final consumption.
b Intermediate input. c Sum of emissions transferred. For a and b, the width of ribbons denotes the volume of trading flow. The connection between
provinces indicates the food-system GHG emissions transfer and the color of ribbons in line with the exporter. For c, positive numbers indicate imports,
while negative numbers represent exports.
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the underlying uncertainties. Due to the scarcity of similar stu-
dies, overall emissions of food system at the provincial level are
incomparable. For GHG emissions transferring of China’s food
system, discrepancy could be found in previous studies. On a
global scale, intermediate trade and final consumption account
for two-thirds and one-third of agricultural GHG emissions,
respectively26. If only agriculture is considered, the proportion of
intermediate inputs and final consumption in this study is
comparable to Zhao et al.26. However, our research is based on an
integrated food system perspective, with the food industry (which
accounts for a larger share of final consumption) included in the
accounting framework. Inconsistent results were obtained due to
differences in accounting frameworks.

Beginning with the MRIO-based hybrid LCA based on pro-
vincial GHG emission inventory, our study evaluates the national
and regional food-system emissions. GHG emissions from farm
to fork are discussed, taking into account the intraregional trade.
However, there are several limitations to our research. First, we
do not account F-gases adopt from bottom to up owing to the

lack of necessary data. We used results from EDGAR-Food v6.0
and allocated national F-gases emissions to provinces based on
energy consumption in each province during the retail stage.
Then, MRIO tables are not updated on an annual basis. The 2017
MRIO table were used in this study, and this study ignored dif-
ferences in the structure of the economy between 2017 and 2019.
Besides, all production and consumption data in MRIO table is
on the basis of currency, which is a common assumption in
previous studies. Finally, our accounting framework only con-
siders 30 Chinese provinces. Tibet, Hong Kong, Macau, and
Taiwan are excluded due to a lack of data.

Conclusions
This study provided an analysis of China’s food-system GHG
emissions covering each life cycle stage from production to waste
and the embodied food-system GHG emissions transferred via
the interregional trade network. At the national level, CO2 was
the dominant contributor, but the total share of non-CO2 gases

Fig. 5 Net greenhouse gas emissions embodied in trade. a Emissions embodied in trade among provinces. b Emissions embodied in trade regions This
study considered 30 provinces in China, excluding Tibet, Hong Kong, Macao, and Taiwan. The width of the black line indicates the net volume of emissions
transfer. The base map in a, b was downloaded from the Resource and Environment Science and Data Center (https://www.resdc.cn/Datalist1.aspx?
FieldTyepID=20,0).
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was slightly more than half. The production stage emitted the
largest proportion of food-system GHGs and was also one of the
major sources of non-CO2 GHGs. The provincial view was
diverse, with remarkable differences in the composition and
sources of food-system GHG emissions among the provinces.

Unlike the overall anthropogenic GHG emissions, the portion
of non-CO2 to the food-system was considerable. Despite non-
CO2 GHGs from various sources of food-system emissions dif-
fering among provinces, the synergies between total and non-CO2

GHG emissions suggested that non-CO2 GHGs were the
important drivers of food-system GHG emissions. The produc-
tion and waste stages were the two main contributors to non-CO2

GHGs, while the packaging stage was the major source of CO2.
Considering the important contribution of non-CO2 gas to food-
system emissions, it may be that increasing non-CO2 GHG
emissions might negate China’s efforts to mitigate GHG
emissions44. From the perspective of mitigation, therefore, non-
CO2 GHGs must be considered to reduce food-system GHG
emissions beyond CO2 reduction strategies. The food system itself
is a primary source of anthropogenic GHGs and it will require
dedicated policies to mitigate these emissions.

We analyzed the regional variations in the food-system GHG
emissions among 30 provinces and eight regions based on the
energy inventory and MRIO-based hybrid LCA model to examine
China’s food-system GHG emissions via the interregional trade
network. The sources and composition of emissions varied widely
in different provinces and further analysis indicated that geo-
graphical separation of production-related and consumption-
related GHG emissions existed. The GHG emissions from pro-
duction for provinces located in northern and western China
were larger than those for wealthier central and coastal China.
Owing to interregional trade, wealthy regions imported food
produced in other regions, triggering the transfer of food-system
GHGs. The production stage was the most important contributor
to food-system GHG emissions. This means, however, that food
origin regions rather than food consumption regions are
responsible for large GHG emissions at the production stage.
However, regional GHG emissions reduction responsibility
should not be based solely on production but should also take
interregional trade into account.

This study provided a broad level of life-cycle and geographical
detail of national and regional food-system GHG emissions and
developed a MRIO-based hybrid LCA model which was used to
assess national and regional food-system GHG emissions. In
contrast to previous studies, this study considered the supply
chain and interregional trade network holistically rather than
separately in its examination of the food-system emissions, which
represents an important advance in understanding of how Chi-
na’s food system has developed. Furthermore, it is crucial to the
prediction of China’s food-system emissions in the future and to
the blueprint of effective mitigation strategies aimed at preventing
additional GHG emissions.

China has developed and implemented policies in recent years
to reduce emissions, tackle climate change, and achieve a low-
carbon, climate-resilient future. However, not enough attention
has been paid to food-system. The food system contributes
obviously to anthropogenic GHG emissions and is an important
source of non-CO2 gases. To meet ambitious climate-change
targets, we call for specific mitigation policies for food system
GHG emissions (covering both CO2 and non-CO2 gases). As
the first step, China can set emission reduction targets for specific
life cycle stages (e.g., the production stage) before establishing
more general food-system mitigation targets. It is also necessary
to take differences in regional food-system emissions and develop
mitigation strategies and targets for each province into account.
Food-system GHG emissions and food security go hand in hand.

The trade-off between food supply and climate change mitigation
should be considered by policy makers. Interventions on the
demand side, such as GHG certification schemes and region of
origin food labelling, can also help importing regions to optimize
trade and help exporting regions to generalize sustainable agri-
cultural technologies26. In light of the spillover effects of miti-
gation policies, a regionally strong relationship via trade networks
will mandate greater interregional cooperation. Consumers are
shifting to less emission-intensive foods, less food waste and more
climate-friendly diets, ultimately encouraging upstream suppliers
to reduce GHG emissions45,46. A combination of policies and
actions on both the production and consumption sides is required
to fully realize the potential to reduce food-system emissions.
Future studies on creating targeted policies should consider
specific food commodities using more detailed models and more
precise data sources. Furthermore, regional variations in diet and
other consumption requirements, as well as the changing trends
in interregional trade networks, also should be considered.

Method and data
System boundary. Figure 6 presents system boundary and the
analytical framework of the research. The current study con-
sidered the food-system emissions in full life cycle stages (pro-
duction, processing, transport, packaging, retail, consumption
and waste) and estimated the emissions of four main greenhouse
gases (CO2, CH4, N2O and fluorinated gases (F-gases)) for the
food system in nationally and in 30 Chinese provinces (excluding
Tibet, Macao, Hong Kong, and Taiwan). The framework is
aligned with strategies that use an integrated food-system per-
spective, such as the new Farm to Fork Strategy of the European
Commission16.

GHGs from production that contributed to the food system
were from crop cultivation and animal breeding. In this study,
GHG emissions from enteric fermentation, rice cultivation,
manure, synthetic fertilizers and agricultural fuel combustion
are taken into account. Emissions from processing, transport,
packaging and retail were mainly related to fuel combustion and
refrigeration. The contribution from consumption referred to
household energy use for food-related activities (e.g., refrigera-
tion, cooking and heating food). The waste stage contained GHG
from solid waste disposal and sewage treatment.

MRIO-based hybrid LCA model. We developed a MRIO-based
hybrid LCA model to assess China’s food-system GHG emissions.
The classical MRIO model is used to describe the economic lin-
kages accompanying the supply chain among various regions47,
with intermediate trade and final consumption. It can be
expressed using the following equations:

X ¼ ðI � AÞ�1F; ð1Þ

X ¼

x1

x2

..

.

xn

2
6664

3
7775;A ¼

a11 a12 � � � a1n

a21 a22 � � � a2n

..

. ..
. . .

. ..
.

an1 an2 � � � ann

2
66664

3
77775
; F ¼

f 11 f 12 � � � f 1n

f 21 f 22 � � � f 2n

..

. ..
. . .

. ..
.

f n1 f n2 � � � f nn

2
66664

3
77775
;

ð2Þ
where X denotes the total output vector and xrj is the total output

of sector j located in region r, ðI � AÞ�1 represents the Leontief
inverse matrix, F indicates the final demand matrix, I indicates
the identity matrix and A is the technical coefficient matrix
including submatrix Ars ¼ ðarsij Þ. arsij is calculated by the following
equation:

arsij ¼ zrsij =x
s
j ; ð3Þ
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where zrsij is the intermediate trade from sector i in region r to
sector j in region s and xsj indicates the total output of sector j in
region s.

The total input coefficient matrix B can be calculated on the
basis of the technical coefficient matrix using the following
equation:

B ¼ ðI � AÞ�1 � I: ð4Þ
The environmentally extended input-output model (EEIO) was

developed by introducing GHG emissions from production
activities on the basis of the classical MRIO model. In this study,
GHG emissions is derived from section “Life cycle inventory of
food-system emissions”.

Given that the contribution of the various sectors among the
regions to food-system GHG emissions is diverse, we calculated
the GHG emissions from food system by multiplying the sectorial
food-system shares (SFSs) by the total GHG emissions of each
sector. The range of the SFS was from 0 to 1. Specifically, SFS= 1
indicated the entire sector was attributed to the food system (e.g.,
agriculture), while SFSs with a value from zero to less than one
showed the sectors that were partly related to the food system,
such as transportation:

Efood
k;r ¼ ∑

n

i¼1
Ek;i;r ´ SFSi;r; ð5Þ

where k indicates different types of greenhouse gas (CO2, CH4

and N2O), r denotes various regions, i represents different sectors.
E is the GHG emissions and SFS indicates the sectorial emissions
shares for food system. The SFSs of various sectors were in line
with total input coefficient. SFSs of household consumption were
from Crippa et al.16, which was closed to a household survey in
China48. Non-CO2 GHG emissions (CH4, N2O) were converted
into CO2-eq (28 for CH4 and 273 for N2O), adopting the
GWP100 according to the existing study39.

Life cycle inventory of food-system emissions
Production. As mentioned in above sections, GHG emissions
induced by non-energy activities from production included four
sources: enteric fermentation, rice cultivation, manure and syn-
thetic fertilizers. The calculation for agricultural fuel combustion,
which was a part of the food-system energy emissions, is shown
in section “Energy activities”. There was a difference in the types
and structure of GHGs among various sources. Below, we detail
the approach for calculating GHG emissions of different agri-
cultural activities.

The CH4 emissions of production were primarily from enteric
fermentation, manure and rice cultivation. Referring to IPCC
guidelines49,50 and Wang et al.51, the CH4 emissions from enteric
fermentation and manurewere estimated by the following
equation:

ECH4
FM ¼ ∑

m

p¼1
∑
n

r¼1
ðNL

p;r ´ ηp;rÞ; ð6Þ

where ECH4
FM represents the CH4 emitted from enteric fermentation

or manure, NL
p;r denotes the livestock population of animal

category p in region r and ηp;r is CH4 emissions factor for animal
category p for enteric fermentation or manure management in
region r.

The CH4 emissions induced by rice cultivation were calculated
by:

ECH4
RICE ¼ ∑

m

q¼1
∑
n

r¼1
SRICEq;r ´ μq;r ´ tq;r; ð7Þ

where ECH4
RICE is the total CH4 emitted from rice cultivation, q

indicates the category of rice (e.g., early and late rice), r represents
different regions, SRICE denotes the area of rice field, μ is the
emission factor of rice cultivation and t represents the rice
growing period.

Fig. 6 System boundary. This study considers the full life cycle from cradle to grave, including production, processing, transport, packaging, retail,
consumption and waste.
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The N2O is released from manure and synthetic fertilizers.
According to the IPCC guidelines and existing literature52, N2O
emissions from the production stage were estimated as:

EN2O
M ¼ ∑

m

p¼1
∑
n

r¼1
ðNL

p;r ´ λp;rÞ þ EN2O
Left ; ð8Þ

where EN2O
M denotes the total N2O emitted from manure, NL

p;r has
the same meaning as in Eq. (6), λp;r represents the N2O emissions
factor for animal category p for manure management in region r.
EN2O
Left refers to the emissions from manure left on pasture and

applied to soils. Reference to FAOSTAT (https://www.fao.org/
faostat/), total N2O emissions from manure left on pasture and
applied to soils are 1.5 times higher than N2O emissions from
manure management.

The N2O emissions induced by synthetic fertilizers were
estimated as:

EN2O
F ¼ R ´ ∑

m

k¼1
∑
n

r¼1
ðNSk;r þ ω � NCk;rÞ ´ σk;r ð9Þ

where EN2O
F is the total N2O emitted from synthetic fertilizers, R

denotes the correction factor, which is 1.571 according to a
previous study53, k indicates the type of crop and r represents the
region. NS and NC denote the consumption of nitrogen fertilizer
and compound fertilizers, respectively, ω is the share of
“nitrogen” in compound fertilizer, which is set as 0.354, σ denotes
the N2O emissions factor.

Energy activities. Food-system energy consumption triggers
GHG emissions at various stages: (1) emissions from fuel com-
bustion in agriculture, industries, transport, households and other
participants; (2) emissions induced by electricity and heat pro-
duction that are used by food-system participants; (3) GHGs
attributed to fuel mining, transport and leakage; and (4) indirect
GHG emissions from the above stage. We estimated the GHG
emissions caused by the energy activities of 42 economic sectors
(in line with the MRIO table), households and disposal of waste.
We consolidated the sectors in the energy inventory to remain
consistent with the MRIO table and then attributed various sec-
tors to different life cycle stages (see Supplementary Table S1).

Fossil fuel combustion. The GHG emissions from energy activities
were calculated as the consumption of energy by emission factors
based on the following equation:

Ei
ENE ¼ ∑

r
∑
w
Cr;w ´NCVw ´ EFw ´Ow; ð10Þ

where Ei
ENE represents emissions from energy consumption for

sector i, r denotes the region and w is the fuel type, C indicates
the energy consumption, NCV is the net caloric value, EF refers
the emission factor and O represents oxygenation efficiency. The
GHG emission factors, net caloric value and oxygenation effi-
ciency of different types of fuel (see Supplementary Table S2)
were sourced from previous studies55,56. We allocated the sectors
in the MRIO table to the different food-system stages to estimate
GHG emissions caused by energy activities at various stages (see
Supplementary Table S1). The consumption of electricity and
heat is converted to primary energy with reference to Shan
et al.57.

Fuel production. GHG emissions from the fuel production
included CH4 emissions from coal exploitation, and oil and
natural gas systems. Coal mining and post mining both induce
CH4 emissions. Underground and surface coal mines are the two
main coal exploitation methods. In comparison to surface

mining, underground mining produces obviously more CH4

emissions per unit of coal49.
There are large uncertainties in the calculation of CH4 from

coal mining adopting IPCC default emission factors58. A research
develops China’s province-level CH4 emission factors from coal
exploitation on the basis of data analysis of coal mining and
associated discharged CH4 emissions from 787 coal mines with
various geological and operational characteristics38. This dataset
has a lower uncertainty than the IPCC emission factors. In order
to capture GHG emissions from energy activities in the China’s
food system more accurately, we applied this improved emission
factor in our analysis. CH4 emissions from coal exploitation are
shown in Supplementary Table S3.

In this study, the emission factors of fugitive CH4 from oil and
natural gas systems are taken from existing literature58, and they
include venting, exploration, production and upgrading, refining/
processing, storage, transport and distribution networks. Our
accounting framework is consistent with the IPCC definition, and
province-level active data is from China Statistical Yearbook. The
average emission factor from oil systems is 2.9 kg CH4 /m3, and
the fugitive emission rates of natural gas is 1.5%.

Fluorinated gases. Fluorinated gases (F-gases) are primarily
associated with the retail stage of food systems12,16. The main
F-gases used for refrigeration, according to IPCC guidelines, are
HFC-134a, HFC-32, HFC-143, and HFC-125. To be in line with
previous studies and reflect the contribution of retail stage, F-gas
has also been included in our accounting framework. Unfortu-
nately, due to a lack of detailed data, estimating F-gas emissions
of China’s provincial food system is difficult. EDGAR-Food v6.0
provides national F-gases emissions at retail stage of China’s food
system in 2018. We project national F-gas emissions for 2019
based on historical EDGAR-Food data adopting a linear model,
which l agreed well with those published in FAOSTAT12. We
allocated the national F-gas emissions to each province based on
the electricity use in the retail stage in each province, taking into
account retail stage refrigeration as appliances such as
refrigerators.

Waste management. Waste management is the end-of-life stage,
containing solid waste management, industrial wastewater treat-
ment and domestic sewage treatment. The primary GHG at this
stage is CH4 and CH4 emissions from solid waste management
were calculated by:

ECH4
SOL ¼ ∑

r
SWr ´MCFr ´DOC ´DOCF ´ FD ´ 16=12; ð11Þ

where ECH4
SOL represents the CH4 emissions caused by solid waste

disposal, r is the region, MCF denotes the correction coefficient of
solid waste landfill following Cai et al.59 (see Supplementary
Table S4), DOC indicates the proportion of degradable organic
carbon, DOCF is the proportion of actually degradable DOC. DOC
and DOCF were set as 0.151 and 0.5, respectively, according to the
literature53. FD denotes the share of CH4 in total gases escaping
from solid waste disposal, which was set as 0.5 following to Du
et al.60. The conversion factor of CH4 (CH4/C) was 16/12.

The CH4 emissions induced by industrial wastewater treatment
were estimated as:

ECH4
WAS ¼ ∑

r
CODdis

r ´WF ´MCFdis þ∑
r
CODre

r ´WF ´MCFre;

ð12Þ
where ECH4

WAS denotes CH4 emissions from industrial wastewater
treatment, r is the region, CODdis and CODre are the chemical
organic demand for wastewater directly discharged and cleaned
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up by wastewater treatment facilities, respectively. WF represents
the emission coefficient that took a value of 0.25 from the IPCC
guidelines49,50, MCFdis and MCFre denote correction coefficients
of CODdis and CODre, respectively, which were 0.45853 and
0.149,50.

The CH4 emissions caused by domestic sewage treatment were
calculated based on the following equation:

ECH4
SEW ¼ ∑

r
BODdis

r ´ SF ´MCFdis þ∑
r
BODre

r ´ SF ´MCFre;

ð13Þ
where ECH4

SEW is the total CH4 emitted from domestic sewage
treatment, r represents the region, BODdis and BODre indicate the
biological oxygen demand for wastewater directly discharged and
cleaned up by wastewater treatment facilities, respectively, SF
denotes the emission coefficient, which takes a value of 0.6
following the IPCC guideline, MCFdis and MCFre denote the
correction coefficients of BODdis and BODre, respectively, which
were 0.153 and 0.16549,50.

CH4 and N2O from domestic wastewater are estimated by a
recent investigation conducted by Wang et al.39 in a recent study.
The dataset includes provincial detailed GHG emissions from
domestic wastewater based on wastewater treatment plants and
other facilities in China, considering biological treatment
processes and discharge pathways.

Data sources and compilation. This study adopted data from
four categories: agricultural statistics, the MRIO table, the energy
and the waste inventory. Agricultural statistics were used to
estimate the emissions generated at the production stage of the
food system. We obtained China’s provincial agricultural statis-
tics in 2019 from China Agriculture Yearbook61, including pro-
vincial inventories of livestock by category, the usage of nitrogen
and compound fertilizers, all types of crop acreage and yields and
the rice areas with different varieties (early, middle and late) by
province. The corresponding emission factors can be found in
Supplementary Table S6-S10.

The MRIO table was obtained from Carbon Emission Account
and Datasets (CEADs)62. The 2012–2017 MRIO table quantified
the intermediate trade and final consumption covering 42 sectors
in 30 of China’s provinces (in line with this study) based on the
gravity model. The MRIO tables compiled by CEADs are
recognized as a comprehensive and reliable data source. The
2019 MRIO table was missing because the data are released every
5 years. Because the MRIO table was used to estimate input
coefficients and trade structure in our study, we adopted the 2017
MRIO table. The current study excluded the influence of
international trade and technology homogeneities because we
focused on food-system GHG emissions across China.

The provincial energy inventory in 2019 was constructed by
CEADs, covering 20 types of energy and 30 provinces in
China57,63–65. The provincial inventory of solid waste disposal
was derived from the China Urban Construction Statistical
Yearbook66. The provincial inventory of industrial wastewater
treatment and chemical oxygen demand removed were from the
China Environmental Statistical Yearbook67.

Uncertainty analysis. The uncertainty in our estimation of food
system emissions mainly stems from the emission factors and
activity data adopted. Previous studies assigned different uncer-
tainty to various food system emission sources, and the similar
approach is employed in this study. GHG emissions induced by
non-energy activities from production are accounted based on
IPCC guidelines49, and the range is 30–70% across various
activities. FAOSTAT assigned uncertainties of 50% and 30%

respectively to land-based change and farm-gate processes of
global inventory12. Given the applicability of IPCC emission
factors to China, we assign 40% of the uncertainties to compo-
nents of non-energy activities from production. Emissions from
the energy activities are calculated based on previous
works38,56–58. We therefore attribute an overall uncertainty of
30% to energy activities. The accounting of F-gas emissions is on
the basis of the work of Crippa et al.16, and thus has a 46%
uncertainty with reference to their work. GHG emissions from
solid waste are assigned a 30% uncertainty, which is consistent
with the work of Tubiello et al.12. The estimate of GHG emissions
from wastewater treatment refers to previous literature39. And
uncertainties of wastewater treatment are from this work, with
60%, 150%, and 4% uncertainties for CH4, N2O, and CO2,
respectively. Moreover, all uncertainties can be combined
adopting the Eqs. (14)-(15), which is suggested by IPCC guide-
line. The Eq. (14) is applicable to the merger among related GHG
sources, and the Eq. (15) applies to the merger among unrelated
sources.

Utotal ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðU1�x1Þ2 þ ðU2�x2Þ2 þ :::þ ðU3�x3Þ2

q

jx1 þ x2 þ :::þ xnj
ð14Þ

Utotal ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðU1Þ2 þ ðU2Þ2 þ :::þ ðUnÞ2

q
ð15Þ

Where Utotal indicates total uncertainty on the basis of 95%
confidence interval, Ui is uncertainty of emission source i, and x1
refers to the uncertain emissions.

Data availability
The data that support the findings of this study and Supplementary Table 2, 3, 4, 6, 7, 8, 9
and 10 are archived at https://doi.org/10.6084/m9.figshare.22083959. Raw data are
available from the following sources. Energy inventories, GHG emission inventory and
the 2017 China MRIO table can be sourced from the China Emission Accounts and
Datasets (http://www.ceads.net/). China’s provincial agricultural statistics in 2019 from
China Agriculture Yearbook (https://data.cnki.net/yearBook/single?id=N2022030154).
The provincial inventory of solid waste disposal was derived from the China Urban
Construction Statistical Yearbook (https://data.cnki.net/yearBook/single?id=
N2021110027). The provincial inventory of industrial wastewater treatment and
chemical oxygen demand removed were from the China Environmental Statistical
Yearbook (https://data.cnki.net/yearBook/single?id=N2021070128).

Code availability
The code to process and analyse the primary data collected in this study will be made
available upon request.
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