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Optimization of grain import 
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in China
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Introduction: Major food-importing countries are characterized by highly 
concentrated import sources, which easily exposes them to risks of food supply 
shortages due to over-reliance on a limited number of source countries.

Methods: Using China’s soybean imports as a case study, this study proposes a 
novel analytical framework that specifically addresses the unique characteristics 
of agricultural products. A multi-objective optimization model is employed to 
both validate the framework’s rationality and explore optimization schemes for 
China’s import source layout.

Results and discussion: The results indicate that, first, neglecting seasonal factors 
in optimizing China’s soybean import source layout may increase fluctuations 
in soybean import quantities. The import optimization considering seasonal 
factors can reduce risks at equivalent costs while ensuring import stability. 
Second, increased soybean export availability from Russia or Kazakhstan can 
further reduce risks at equivalent costs while ensuring the stability of soybean 
imports. This study establishes an analytical framework for optimizing import 
layout that conforms to the unique characteristics of agricultural products, 
aiming to achieve sustainable food supply and ensure food security in importing 
countries.
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1 Introduction

Ensuring food security is a top priority for national stability and people’s livelihoods 
(Zhao and Qu, 2024; Hamulczuk et al., 2023). In the face of the uneven distribution of global 
food production and consumption, international trade has become an important means to 
ensure global food security (Wassénius et  al., 2023). According to the World Trade 
Organization (WTO), one in every six people worldwide depends almost entirely on 
international trade for their food supply, a proportion that could rise to 50% by 2050 (WTO, 
2021). At the same time, countries highly dependent on food imports exhibit geographically 
concentrated sourcing patterns (e.g., China, Indonesia and Malaysia import soybeans, 
Vietnam and Egypt import corn). In the context of growing uncertainties in international 
food markets (Chen et al., 2023), this highly concentrated import pattern could easily expose 
importing countries to risks of food supply shortages due to over-reliance on a limited 
number of source countries.

World soybean production and exports are highly concentrated in the United States, 
Brazil and Argentina. From 2001 to 2022, the soybean production concentration and 
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export concentration of these three countries are 80 and 90%, 
respectively. At present, China is the world’s largest soybean 
consumer, with a self-sufficiency rate of less than 20%. After 
China’s accession to the WTO, its soybean imports expanded 
significantly—from 13.94 million tons in 2001 to 91.08 million 
tons in 2022, with an average annual growth rate of 9.35%. 
Meanwhile, although the number of source countries for China’s 
soybean imports increased from 9  in 2011 to 15  in 2022, the 
concentration of China’s soybean imports from the United States 
and Brazil did not decrease but instead increased, rising from 
81.69% in 2011 to 92.14% in 2022. For China, adjusting soybean 
import sources to reduce concentration and diversify risks 
remains a pressing and ongoing challenge. Thus, China’s soybean 
import market serves as a representative case study for this issue.

Some scholars have explored strategies to reduce food import 
risks in relevant countries. Le Mouël et al. (2023) and Kiloes et al. 
(2024) respectively used a biomass balance model and a systems 
thinking approach to explore feasible ways of reducing import 
dependence in the Middle East and North Africa, and in Indonesia. 
Ritzel et  al. (2024) proposed a multifactorial and standardized 
import vulnerability index for monitoring food supply security in 
food-importing countries. Faced with the hidden risks stemming 
from China’s highly concentrated soybean import sources, scholars 
have conducted research on adjusting and optimizing China’s 
soybean import source layout. Some scholars have explored possible 
ways to adjust and optimize China’s soybean import source layout 
by developing single-dimension risk indices, including: dependence 
degree of exporting countries (Zhao et al., 2021), disruption risks 
at crucial points in trade routes (Wang, 2017, 2018), import 
dependence risks (Liu, 2015) and import concentration risks (Li 
et al., 2022). However, optimization frameworks based on single-
dimension risk index often lack comprehensive consideration. 
Some scholars have realized the necessity to establish multi-
dimensional import risk index system. Wei et al. (2021) and Liu 
et  al. (2024) analyzed the optimization path of China’s soybean 
import source layout under the objective of minimizing import 
risks by constructing a soybean import risk index system. In the 
field of energy research, which is the same primary product as 
soybean, abundant empirical studies have investigated the risks and 
costs of energy imports (Ge et al., 2024; Sun et al., 2022; Geng et al., 
2017), providing valuable insights for optimizing import source 
layout of agricultural products. Based on this, Lu et  al. (2022) 
further investigated the optimization of China’s soybean imports 
source layout by simultaneously considering both import risk and 
cost objectives. Ge et  al. (2025) proposed that product quality 
should not be  neglected alongside import risk and cost, 
subsequently discussing the optimization strategy of China’s 
soybean import source layout from the triple objective of minimum 
risk, lowest cost and highest quality. On the whole, past studies have 
examined China’s soybean import source optimization by focusing 
on single-dimension risk, comprehensive import risk indices, 
considering both import risk and cost, and considering risk, cost 
and quality.

Calculations based on UN Comtrade statistics reveal that China 
mainly imports soybeans from major producing countries such as 
Brazil and Argentina in the southern hemisphere from April to 
September, and from major producing countries such as the 
United States in the northern hemisphere from October to March of 

the following year. This demonstrates that China’s soybean imports 
from southern and northern hemisphere countries exhibit a distinct 
seasonal pattern. Therefore, any adjustment of China’s soybean import 
source layout is likely to affect the seasonal distribution of soybean 
imports in a year,1 thereby impacting the stability of its soybean import 
supply. Lin et al. (2015) have also indicated that we should pay attention 
to the differences in production seasons and export time among 
import source countries, and promote the seasonal diversification of 
import sources, rather than just expanding import source channels. 
However, few studies have considered the significance of seasonal 
factors in optimizing soybean import source layout. Ignoring seasonal 
factors could impact the scientific decision-making process for soybean 
import source layout optimization, potentially leading to biased 
decision-making. In addition, import risk is likely to increase due to 
the highly concentrated import pattern but there is a certain economic 
rationality (Ye, 2018). That is, by adjusting and optimizing import 
source layout, import risks can be reduced while import costs may 
increase. Therefore, the optimization of soybean import source layout 
should not ignore import costs while paying attention to import risks, 
so as to prevent excessive increase of import costs.

This study takes the optimization of China’s soybean import 
source layout as a research case. The findings aim to provide possible 
references for China to diversify import risks, while offering new 
insights and perspectives on optimizing food import source layout 
for countries facing similar challenges. Specifically, this study first 
analyzes the seasonal characteristics of global soybean production 
and China’s soybean import patterns. Then, a risk assessment index 
system for China’s soybean imports is established to measure import 
risks from various source countries. Finally, an analytical framework 
is created considering seasonal factors to optimize the layout of 
soybean import sources, discussing the optimization under actual 
situation. Given that global soybean production and exports remain 
concentrated in a few countries, seasonal factors may leave limited 
room for adjustments and optimizations. Therefore, the optimization 
of soybean import source layout under the scenario of increasing 
soybean supply capacity of related source countries is 
further discussed.

2 Seasonal characteristics of global 
soybean production and soybean 
import pattern in China

2.1 Analysis of seasonal characteristics of 
global soybean production

As shown in Table 1, major soybean-producing countries in the 
southern hemisphere (e.g., Brazil and Argentina) start planting in 
September or October and harvesting in March of the following year. 
In contrast, northern hemisphere producers such as the United States 
and Canada start planting in April or May and harvesting in August, 

1 Excessive geographic concentration of soybean imports in either hemisphere 

may exacerbate annual import fluctuations. Conversely, achieving balanced 

geographic distribution between northern and southern hemisphere sources 

could mitigate such supply fluctuations.
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September or October. Since soybeans are a bulk agricultural product 
that incur high storage costs, exporting countries tend to prioritize 
large-quantity exports during their domestic production seasons, 
while reducing soybean exports during non-production seasons due 
to increased costs. This results in seasonal characteristics in soybean 
exports between northern and southern hemisphere countries. From 
2020 to 2022, soybean production in the southern hemisphere 
exceeded that of the northern hemisphere among the seven countries 
listed in Table 1, with supply levels from March to May surpassing 
those from August to October.

2.2 Analysis of soybean import pattern in 
China

Overall, since joining the WTO, China’s soybean imports have 
increased continuously, and the number of source countries has risen 
gradually from 8 in 2001 to 15 in 2022 (see Table 2). Although China 
has reduced the market concentration of the top three suppliers by 
diversifying its import sources, the decline is relatively modest. 
Specifically, the three-country concentration ratio (CR3) decreased 
from 99.77% in 2001 to 96.15% in 2022. It is worth noting that the 
proportion of China’s soybean imports from the United States and 
Brazil has increased rather than decreased, rising from 63.75% in 2001 
to 92.14% in 2022. This suggests that the rise in the number of soybean 
import source countries has failed to effectively reduce 
market concentration.

Seasonally, China’s soybean imports from the southern and 
northern hemisphere show obvious seasonal characteristics (as shown 
in Supplementary Figure 1). Specifically, China’s soybean imports 
from northern hemisphere countries such as the United States and 
Canada are mainly concentrated in the first and fourth quarters, while 

imports from southern hemisphere countries such as Brazil and 
Argentina are mainly concentrated in the second and third quarters. 
This is mainly affected by the seasonal characteristics of soybean 
production in each source country.

Given the seasonal characteristics of China’s soybean imports 
from the southern and northern hemispheres, it is necessary to clarify 
the concentration of China’s soybean imports from each hemisphere, 
respectively. As can be seen from Table 3, since joining the WTO, 
China has gradually increased the number of soybean source countries 
in the southern and northern hemispheres, from 2 and 6 in 2001 to 5 
and 10 in 2022, respectively. However, China’s soybean imports from 
the southern hemisphere are still mainly concentrated in Brazil, while 
those from the northern hemisphere are still mainly concentrated in 
the United States, with an even more pronounced concentration in the 
northern hemisphere. This highly concentrated import pattern in both 
southern and northern hemispheres could exacerbate the risk of 
seasonal supply shortages for China.

3 Risk analysis of soybean import in 
China

3.1 Import risk evaluation index system

The upstream and downstream stages of a supply chain are 
interconnected. Any problem in any stage can affect safe operation of 
the entire supply chain and may even lead to supply chain interruption. 
Therefore, independent risk evaluation of any stage is not enough to 
comprehensively evaluate product import risks. Based on the studies 
of Ding and Xu (2022) and Zhang et al. (2013), this study develops an 
evaluation system for China’s soybean import risk from a supply chain 
perspective. It mainly includes the supply stage risk of whether 

TABLE 1 Soybean production status in major producing countries worldwide.

Country Production in 
2020 (10,000 tons)

Production in 2021 
(10,000 tons)

Production in 
2022 (10,000 tons)

Planting time Harvest time

Brazil 12182.09 13479.92 12070.10 Starting in September
Starting in March of 

the following year

Argentina 4878.04 4621.79 4386.11 Starting in September
Starting in late March 

of the following year

Uruguay 199.00 170.70 64.78 Starting in October
Starting in late March 

of the following year

United States 11474.89 12152.78 11637.70 Starting in May
Starting in September 

of that year

Canada 635.85 622.40 654.32 Starting in May
Starting in October of 

that year

Russia 430.76 475.99 600.32 Starting in April
Starting in September 

of that year

Ukraine 279.77 349.32 344.38 Starting in April
Starting in August of 

that year

Southern hemisphere 17259.14 18272.41 16520.99 – –

Northern hemisphere 12821.27 13600.49 13236.71 – –

Since 2001, seven major soybean producers—the United States, Brazil, Argentina, Canada, Uruguay, Russia, and Ukraine—have collectively accounted for over 80% of global soybean 
production. Notably, China sources more than 99% of its soybean imports from these seven countries. Therefore, this study mainly shows the soybean production status of these seven 
countries.
Source: Production data are collated from FAO statistics, soybean planting and harvest time data for each country are from USDA.
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international grain is “available,” the transportation stage risk of 
whether international grain is “accessible,” and the demand stage risk 
representing the dependence of importing countries on 
international grain.

3.1.1 Risks in the supply stage
Resource availability, domestic political situations in exporting 

countries, and bilateral relations between importing and exporting 
countries are the main factors that determine supply stage risks (Zhang 
et al., 2013; Kong et al., 2019; Ge et al., 2024).

The soybean availability risk in exporting countries reflects their 
soybean export capacity. Although market thickness reflects the 
proportion of a country’s soybean production allocated to exports, this 
measure alone proves insufficient. Even with high market thickness, 
minimal production cannot substantiate strong export capacity. 
Therefore, following the methodology of Chen et al. (2021b), this study 
uses the product of the source country’s soybean market thickness and its 
share of global soybean exports to represent this country’s soybean 
availability. As shown in Equation 1.

 ( ) ( ) = ⋅ 1/ / / .i i i i wAR E P E E  (1)

Where ARi represents the soybean availability risk of import 
source country i. Ei represents the soybean export quantity from 

import source country i, Pi represents the soybean production of 
import source country i, and Ew represents the total world export 
quantity of soybeans. The higher the value of ( ) ( )⋅/ /i i i wE P E E , the 
higher the availability. The inverse value of ( ) ( )⋅/ /i i i wE P E E  indicates 
the availability risk.

If the political situation in exporting country is unstable, the 
products imported from that country may face the risk of disruption. 
Therefore, the political risk of exporting country plays a critical role 
in determining product supply security for importing country. As 
shown in Equation 2.

 =100 /i iPR ICRG  (2)

Where PRi represents the political risk of import source 
country i. The political situation of a country can be quantified 
through the political risk rating of import source country i, with 
values ranging from 0 to 100. The higher the value, the higher the 
political stability. Transforming it into (100/ICRGi) stands for 
political risk.

In the context of deepening economic globalization, international 
trade and economic interactions are highly dependent on bilateral 
relations. China’s foreign trade environment is complex and volatile, 
as trade flows are frequently constrained by events related to bilateral 
relations (Wang et  al., 2021). Therefore, the relationship between 

TABLE 2 Number of soybean import source countries and import market concentration in China from 2001 to 2022.

Year Import volume 
(10,000 tons)

Number of source 
countries

CR3 (%) The import share from 
the United States (%)

The import 
share from 
Brazil (%)

2001 1393.95 8 99.77 41.08 22.67

2004 2023.00 8 99.93 50.41 27.76

2007 3081.66 9 98.74 37.54 34.34

2010 5479.77 9 97.40 43.06 33.92

2013 6337.79 9 94.94 35.09 50.19

2016 8391.33 9 95.80 40.72 45.53

2019 8858.59 12 94.24 19.21 65.11

2022 9108.14 15 96.15 32.42 59.72

CR3 refers to the market concentration of China’s imported soybeans in the three countries.
Data Source: Collated according to UN Comtrade statistics.

TABLE 3 Number of source countries and market concentration of China’s soybean imports from the southern and northern hemispheres from 2001 to 
2022.

Year The number of source 
countries from the 

southern hemisphere

The number of source 
countries from the 

northern hemisphere

Brazil’s share in the 
southern hemisphere 

(%)

US share in the 
northern hemisphere 

(%)

2001 2 6 38.63 99.44

2004 3 5 56.05 99.87

2007 4 5 55.03 99.83

2010 4 5 59.72 99.68

2013 4 5 79.06 96.08

2016 4 5 79.79 94.84

2019 4 8 84.16 84.93

2022 5 10 90.91 95.23

Data Source: Collated according to UN Comtrade statistics.
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trading partners is a key determinant of the supply security for the 
importing country’s products. As shown in Equation 3.

 = −i c iBR Ideal Ideal∣ ∣ (3)

Where BRi represents the bilateral relations risk between China 
and import source country i. BRi is measured by the absolute distance 
of the ideal voting point in the United Nations General Assembly 
between China and import source country i. The smaller the value, the 
closer the bilateral relationship between the two countries.

3.1.2 Risks in the transport stage
Transportation risk mainly reflects the possibility of supply 

interruption caused by various factors during the transportation 
process. It is used to measure the risk existing in the transportation 
route from import source country to importing country. This study 
mainly measures the transportation risk through the transportation 
distance and passage risks of key transportation nodes. As shown in 
Equation 4.

 ( ) ( ) ( )α= ⋅ ⋅max max max/ / /i i iTR D D MR MR N N  (4)

Where TRi represents the transportation risk from import source 
country i to China. First, the longer the transportation distance, the 
greater the uncertainty and potential risks. Di represents the route 
distance from import source country i to China, Dmax represents the 
longest route distance from the selected soybean import source 
countries to China, and then the risk brought by the transportation 
distance is indicated by (Di/Dmax). Second, the Strait of Malacca is vital 
to ensure the security of China’s soybean imports.2 MR and MRmax 
respectively represent the average political-military index and the 
maximum average political-military index of Singapore, Malaysia, and 
Indonesia, the three countries jointly managing the strait. α is a 
dummy variable, the shipping route passes through the Strait of 
Malacca, α = 1, otherwise, α = 0. The higher the political-military 
index value, the lower the political-military risk. To be consistent with 
the direction of other values, following the approach of Zhang et al. 
(2013), the passage risk of the Strait of Malacca is denoted by 
(MRmax/MR)α. Third, factors such as geopolitical conflicts, extreme 
weather disasters and human-induced damage may lead to 
interruptions in key transportation nodes. Therefore, the more 
transportation nodes passed through, the higher the transportation 
risk incurred (Li et  al., 2015). Ni represents the number of key 
transportation nodes passing from import source country i to China,3 
Nmax represents the maximum number of key transportation nodes 
from the selected soybean import source countries to China, and 
(Ni/Nmax) represents the risk of passing through the 
transportation node.

2 In 2020, 65% of China’s total soybean imports were transported through 

the Strait of Malacca (Li et al., 2022), where 60% of global pirate attacks occur 

(Zhang et al., 2013).

3 As the risk of passage through the Strait of Malacca has been considered, 

the statistics on the number of key transportation nodes no longer include the 

Strait of Malacca.

3.1.3 Risks in the demand stage
The measurement of import dependence risk is based on the study 

of Wei et al. (2021), incorporating bidirectional dependency analysis 
between importing and exporting countries. The dependency level Mi 
of the importing country on source country i is expressed as the 
product of the following three indicators. First, the ratio of soybean 
imports of the importing country to its domestic soybean production. 
Second, the share of soybeans imported by an importing country from 
an exporting country in its total imports. Third, the share of the 
quantity of soybeans exported by the exporting country in the world 
market. The dependency level Ei of source country i on the importing 
country is expressed as the product of the following three indicators. 
First, the ratio of soybean exports from the exporting country to its 
domestic production. Second, the share of the exporting country’s 
exports to a destination country in its total exports. Third, the world 
market share of imported soybeans by importing countries. If 
Mi/Ei > 1, it indicates that the importing country is more dependent 
on the exporting country; if Mi/Ei < 1, it indicates that the exporting 
country is more dependent on the importing country.

3.2 Analysis of import risk

Based on the evaluation index system of China’s soybean import 
risk constructed above, this study uses the entropy method4 to weight 
each index and calculates the risk of China’s soybean import from 
each source country. This process lays the foundation for optimizing 
the soybean import sources layout. According to the UN Comtrade 
statistics, the soybean exports of the United States, Brazil, Argentina, 
Canada, Uruguay, Russia, and Ukraine have all ranked in the global 
top ten since 2015. Moreover, China’s soybean imports from these 
seven countries account for over 99% of its total soybean imports. 
Therefore, this study calculates the risk of China’s soybean imports 
from these seven countries from 2011 to 2020. Annual soybean 
import and export data of various countries are sourced from the UN 
Comtrade database; annual soybean production of various countries 
are sourced from the FAO database; annual country risk of various 
countries and political-military index of related countries are sourced 
from the International Country Risk Guide (ICRG) published by 
PRS. The data for calculating bilateral relations is sourced from the 
United Nations General Assembly Voting Data. Based on the maritime 
shipping routes for the import of China’s agricultural products, the 
Netpas Distance software is used to calculate the route distances and 
the number of key transportation nodes from various import source 
countries’ ports to China’s ports.

As shown in Table 4, firstly, from 2011 to 2020, the risk of importing 
soybeans from the United States and Brazil was higher than that from 
other countries. This was mainly because China’s dependency risk on 
soybean imports from these two countries was significantly higher than 
its dependency risk on imports from other countries. Secondly, while 
China faces the highest risk when importing soybeans from Brazil 
among southern hemisphere source countries, the northern 

4 The entropy method is an objective evaluation method based on information 

entropy theory, which determines the weights of various indices based on the 

variation degree of each index’s data.
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hemisphere’s highest risk originates from the United States. Finally, the 
risk of China’s soybean imports from Brazil showed an upward trend, 
peaking in 2018. This was mainly driven by the US-China trade disputes 
in 2018, which prompted a significant shift in imports to Brazil, further 
intensifying China’s dependence on Brazil. Meanwhile, due to the 
seasonal characteristics of soybean production, changes in China’s 
soybean import source layout are likely to affect the seasonal distribution 
of soybean imports quantity within a year. If China mainly imports 
soybeans from northern hemisphere source countries, the imports will 
primarily be concentrated in the first and fourth quarters; if imports are 
dominated by southern hemisphere source countries, they will primarily 
be concentrated in the second and third quarters. This will affect the 
stability and continuity of soybean supply in China. This indicates that 
optimizing China’s soybean import source layout should not only 
consider risks faced during the supply, transport and demand stages but 
also account for import quantity fluctuations caused by such changes.

4 Methods

While optimizing the layout of soybean import sources to reduce 
import risks, it is critical to ensure that import costs do not rise 
substantially. The multi-objective optimization models can address 
situations where multiple objectives need to be optimized, even when 
these objectives are measured in different units. Additionally, the 
impact of changes in import source layout on fluctuations of import 
quantities mainly depends on the direction and extent of such 
changes (Lin et al., 2015). If changes of import source layout lessen 
the proportion difference of importing countries’ imports from 
source countries in opposite seasons, this could smooth annual 
import fluctuations. Conversely, if such changes widen the proportion 
difference of importing countries’ imports from source countries in 
opposite seasons, this may aggravate annual import fluctuations. 
Therefore, it is necessary to control the difference in the proportion 
of soybean imports from the northern and southern hemispheres 
within a certain range to ensure import stability for China. It is 
essential to incorporate seasonal factors into the optimization model. 
A multi-objective optimization model can balance the proportional 

distribution of China’s soybean imports between the northern and 
southern hemispheres through constraint settings. Based on this, this 
study employs a multi-objective optimization model to explore the 
optimization problem of China’s soybean import source layout 
considering seasonal factors while focusing on import risk and 
cost objectives.

Firstly, regarding the objective of import risk, Modern Portfolio 
Theory (MPT) holds that investors can minimize risks through portfolio 
diversification (Markowitz, 1952). This theory provides an important 
theoretical basis for diversifying product import risks. Specifically, 
product imports should not rely on a single source but diversify across 
multiple suppliers to reduce supply failure risks caused by over-
dependence on one country (Ge and Fan, 2013). These principles 
demonstrate that import source concentration is a critical factor in 
assessing import risks. Further, the import risk objective is set as the 
product of country-specific import risks and import source concentration 
(Kong et al., 2019; Ge et al., 2024). Among them, China’s soybean import 
risk from various source countries is the risk value quantified through 
the entropy method mentioned earlier, as shown in Equation 5.

Secondly, regarding the objective of import cost, the objective 
function of soybean import cost is defined as the sum of the import 
prices from various source countries multiplied by their import 
quantities, divided by China’s total annual soybean import volume. 
Each stage in the trade process (from producers to consumers) 
incurs trade costs. Due to the unique characteristics of agricultural 
products, agricultural trade costs are generally higher than those 
of manufactured goods. Therefore, trade costs are an important 
factor affecting a country’s agricultural imports (Wang and Liu, 
2020). Following the methodology of Li et al. (2015), this study 
calculates the average price of China’s soybean imports from 
various source countries using the CIF (Cost, Insurance and 
Freight) price, which covers production and trade cost, as shown 
in Equation 6.

Finally, this study considers four constraints, as shown in Equation 7. 
First, soybean imports to China from each source country must not 
exceed the exporting country’s soybean supply. Second, the total soybean 
imports from all source countries must equal the total soybean imports 
to China. Third, China’s soybean imports plus domestic production 

TABLE 4 The risk of China’s soybean import from various source countries.

Year Source countries in the southern 
hemisphere

Source countries in the northern hemisphere

Brazil Argentina Uruguay United States Canada Russia Ukraine

2011 0.3862 0.2955 0.2175 0.5257 0.3414 0.3665 –

2012 0.3653 0.2869 0.2267 0.5759 0.3518 0.2579 –

2013 0.4426 0.2911 0.2121 0.5595 0.3368 0.2412 0.3606

2014 0.4560 0.3039 0.2222 0.6477 0.3526 0.2729 0.4224

2015 0.5268 0.2763 0.2128 0.5709 0.3161 0.2511 0.3801

2016 0.4699 0.2634 0.2052 0.6178 0.3094 0.2574 0.3865

2017 0.4965 0.2463 0.2105 0.5363 0.3018 0.2442 0.3830

2018 0.5988 0.2578 0.2069 0.5216 0.3060 0.2420 0.3880

2019 0.5023 0.2506 0.2073 0.4679 0.2977 0.2366 0.3710

2020 0.5065 0.2534 0.2177 0.5129 0.3055 0.2423 0.3670

Since China began to import soybeans from Ukraine in 2013, the risk value of China’s soybean imports from Ukraine in 2011 and 2012 is –.
Data Source: Calculated and collated by the author.
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minus inventory should be greater than or equal to its domestic soybean 
demand, meaning the actual soybean supply must satisfy domestic 
demand. Fourth, China should control the difference in the proportion 
of soybean imports from the northern and southern hemispheres to 
remain within a certain range, thereby ensuring the stability of soybean 
imports in China (taking seasonal factors into account in this model).

Based on this, the expressions for the two objective functions 
(objective 1 minimizes import risk, objective 2 minimizes import 
cost) and the constraints are as follows.
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Where Ri represents the risk value of China’s import of soybeans 
from source country i calculated based on entropy value above. qi is the 
decision variable, representing the amount of soybeans imported by 
China from source country i. Q represents the total amount of soybeans 
imported by China. ( )∑ 2/ii q Q  represents the concentration of China’s 
soybean import sources. αi represents the average price of soybeans 
imported from source country i in China. ai and bi represent the lower 
and upper limits of China’s soybean imports from source country i, 
respectively. P and D represent China’s soybean production and 
consumption in that year, and S is China’s soybean inventory. is and in 
respectively represent the source countries of China’s soybean imports 
located in the southern and northern hemisphere. 

siq  and 
niq  represent 

the amount of soybeans imports from source countries in the southern 
hemisphere and northern hemisphere to China, respectively. c 
represents the upper limit on the absolute difference between the 
proportions of soybean imports to China from the southern and 
northern hemispheres. During the 10 years preceding the US-China 
trade disputes (2008–2017), the absolute difference between the 
proportions of soybean imports to China from the southern and 
northern hemispheres did not exceed 30%. Subsequently, this difference 
value rose to over 50% influenced by the US-China trade disputes. In 
2021 and 2022, it decreased to around 30%. This to some extent indicates 
that controlling the absolute difference in China’s soybean import shares 
from the southern and northern hemispheres below 30% helps ensure 
import stability. Therefore, this study proposes setting c at 30%.

Compared with solving the optimal value using a single-
objective decision model, the essence of multi-objective decision 
lies in coordinating multiple objectives to find a set of optimal 
solutions. NSGA-II is an improvement of the Non-dominated 
Sorting Genetic Algorithm (NSGA) proposed by Deb et al. (2002) 

over Srinvas and Deb (1994). NSGA-II proposed a fast 
non-dominated sorting operator, introduced the save elite 
strategy, and replaced the shared parameter with crowding 
distance, thus solving the three disadvantages of NSGA. At the 
same time, NSGA-II is widely used in multi-objective 
optimization problems because of its low computational 
complexity, even distribution of individuals in Pareto solutions, 
the ability to ensure the best individuals are not lost, and easy 
programming (Yu et al., 2020). Previous studies have also shown 
that NSGA-II has better optimization effect than Multi-Objective 
Differential Evolution (MODE) algorithm and Multi-Objective 
Particle Swarm Optimization (MPSO) algorithm (Elarbi et al., 
2018; Dhanalakshmi et al., 2011; Li and Zhang, 2009). Therefore, 
this study will use NSGA-II algorithm to solve the multi-objective 
optimization model of China’s soybean imports. Moreover, this 
study selects seven countries including the United States, Brazil, 
Argentina, Canada, Uruguay, Russia, and Ukraine, to investigate 
the optimization of China’s soybean import source layout. When 
optimizing China’s soybean import source layout, the data used 
consists of annual data from both China and the aforementioned 
seven countries. Annual soybean import and export volumes and 
values of various countries are sourced from the UN Comtrade 
database; annual data on soybean production, consumption, and 
inventory in China are sourced from the FAO database. The 
source of other data is the same as above.

5 Results and discussion

The Pareto frontier generated by NSGA-II contains numerous 
non-inferior solutions, posing challenges for decision-makers in 
identifying the optimal solution (Lin and Yeh, 2012; Chen et al., 2021a). 
Each point on the Pareto optimal frontier, which comprises multiple 
non-inferior solutions, corresponds to an import portfolio. Existing 
studies mainly determine optimal import quantities from each source 
country by calculating the mean value across all frontier solutions (Li 
et al., 2014, 2015). Therefore, this study will use the above method to 
calculate China’s optimized import quantities from each source country. 
This method will also be used in the subsequent simulation analysis.

5.1 Benchmark analysis

Due to space constraints, this study mainly presents and 
analyzes soybean import optimization results in 2020. It can 
be seen from Table 5 that, first, compared with China’s actual 
soybean import portfolio in 2020, the optimized import portfolio 
neglecting seasonal factors while focusing on both risk and cost 
objectives reduces risks at equivalent costs from 0.6187 to 0.5872. 
However, this optimization amplifies the disparity in import 
proportions between the southern and northern hemispheres. 
Second, compared with China’s actual soybean import portfolio 
in 2020, the optimized import portfolio considering seasonal 
factors while focusing on both risk and cost objectives reduces 
risks at equivalent costs from 0.6187 to 0.4779. The difference in 
the proportion of soybeans imported from the southern and 
northern hemisphere to China decreases from 46.37 to 21.79% 
(calculations show that the coefficient of variation for China’s 
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monthly soybean import quantity5 decreases from 0.2743 to 
0.1696, indicating that considering seasonal factors helps reduce 
import fluctuations). Third, compared with the import 
optimization portfolio neglecting seasonal factors, the import 
optimization portfolio considering seasonal factors reduces risks 
at equivalent costs from 0.5872 to 0.4779. The difference in the 
proportion of soybeans imported from the southern and northern 
hemisphere to China decreases from 49.62 to 21.79% (helping 
reduce import fluctuations). Additionally, the proportion of 
China’s soybean imports from the southern hemisphere 
concentrated in Brazil decreased from 84.17 to 80.65%, while the 
proportion from the northern hemisphere concentrated in the 
United States decreased from 92.33 to 91.22%. Overall reliance 
on the United States and Brazil decreased from 86.22 to 84.78%. 
The above analysis shows that the import optimization portfolio 
considering seasonal factors can reduce risks at equivalent costs 
while ensuring the stability of soybean imports. It can also reduce 
the concentration of China’s soybean imports from Brazil in the 
southern hemisphere and from the United States in the northern 
hemisphere, as well as the overall reliance on both countries. 
However, the extent of this reduction is limited. Notably, seasonal 

5 Due to the US-China trade disputes in 2018, China’s monthly proportion 

of soybean imports from various source countries in 2017 was used as the 

reference for calculating monthly import shares. Then, the monthly soybean 

imports were determined based on both these historical proportions and 

optimized import volumes that accounted for seasonal factors, risks and costs.

factors may leave more limited room for optimizing imports from 
the United States.

In addition, the economic and trade frictions between China 
and the United  States have significantly impacted the bilateral 
trade. Agricultural product trade is a key focus of economic and 
trade negotiations between the two nations, with soybeans being 
of utmost importance (Yu et  al., 2021). In April 2018, the 
United States imposed a 25% tariff on $50 billion worth of goods 
imported from China. On July 6, 2018, China officially started 
implementing a 25% tariff on $34 billion worth of imported goods 
from the United States, including soybeans (HS code: 12019010). 
Based on this, in order to eliminate the impact of US-China trade 
disputes on the multi-objective optimization model results of 
China’s soybean imports in 2020, taking 2015 (before the US-China 
trade disputes occurred) as an example, further related analysis is 
carried out (as shown in Table 6). Specifically, first, compared with 
China’s actual soybean import portfolio in 2015, the optimized 
import portfolio neglecting seasonal factors while focusing on 
both risk and cost objectives reduces risks at equivalent costs from 
0.4691 to 0.4430. However, this optimization amplifies the disparity 
in import proportions between the southern and northern 
hemispheres (calculations show that the coefficient of variation for 
China’s monthly soybean import quantity increases from 0.1841 to 
0.2641, indicating that ignoring seasonal factors would aggravate 
import fluctuations). Second, compared with China’s actual 
soybean import portfolio in 2015, the optimized import portfolio 
considering seasonal factors while focusing on both risk and cost 
objectives reduces risks at equivalent costs from 0.4691 to 0.3845, 
and the difference in the proportion of soybeans imported from 

TABLE 5 China’s actual and optimized soybean import portfolio in 2020 (10,000 tons).

Import source country Actual 
import

Dual objectives of risk 
and cost (no seasonal 

factors)

Dual objectives of risk 
and cost (seasonal 

factors)

Export 
volumea

United States 2588.76 2413.41 3703.80 6457.10

Brazil 6427.76 6533.66 5098.51 8297.34

Argentina 745.57 1022.65 1023.89 1024.23

Canada 24.53 65.81 165.00 443.18

Uruguay 165.66 206.26 199.71 216.67

Russia 69.32 118.89 119.40 119.59

Ukraine 6.51 15.83 71.97 178.84

Total 10028.10 10376.51 10382.28 –

Southern hemisphere proportion 73.18% 74.81% 60.89% –

Northern hemisphere proportion 26.82% 25.19% 39.11% –

The absolute value of the difference in proportion 46.37% 49.62% 21.79% –

Brazil’s share in the southern hemisphere 87.58% 84.17% 80.65% –

US share in the northern hemisphere 96.27% 92.33% 91.22% –

Share of the United States and Brazil 89.91% 86.22% 84.78% –

Import risk 0.2437 0.2311 0.1901 –

Import cost 0.3939 0.3937 0.3978 –

Import risk/import costb 0.6187 0.5872 0.4779 –

aTotal soybean exports from each source country in 2020.
bFor better comparing and analyzing the risk between actual and optimized imports, this study calculates the ratio of import risk to import cost.
Data Source: Calculated and collated by the author.
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the southern and northern hemisphere almost does not change. 
Third, compared with the import optimization portfolio neglecting 
seasonal factors, the import optimization portfolio considering 
seasonal factors reduces risks at equivalent costs from 0.4430 to 
0.3845. The difference in the proportion of soybeans imported 
from the southern and northern hemisphere to China decreases 
from 44.33 to 26.20% (helping reduce import fluctuations). 
Similarly, seasonal factors may leave more limited room for 
optimizing imports from the United States. It can be seen from the 
analysis that the optimization results of China’s soybean import in 
2015 are basically consistent with those in 2020.6 This can illustrate 
the universality of the analysis on the optimization of China’s 
soybean import source layout in 2020.

5.2 Extensibility analysis

Currently, even if the import source layout is optimized, China’s 
soybean imports from the southern hemisphere are more concentrated 
in Brazil, and imports from the northern hemisphere are more 
concentrated in the United  States, with the latter being more 
prominent. Meanwhile, seasonal factors may leave more limited room 
for optimizing imports from the United States. Therefore, this section 
will explore the impact of increased soybean export supply capacity of 

6 The optimization results of China’s soybean imports in 2017 are basically 

consistent with those in 2015, which can better support the conclusions of 

this study.

relevant source countries in the northern hemisphere on the 
optimization of China’s soybean import source layout.

5.2.1 Feasibility analysis
A country’s agricultural resource endowment is a crucial factor 

determining its potential for agricultural exports, and the bilateral 
relationship between two countries is a key factor determining the 
smooth conduct of trade. Both Russia and Kazakhstan are countries 
along the “Belt and Road” initiative, have established good trade relations 
with China, and possess abundant agricultural resources. Moreover, both 
Russia and Kazakhstan serve as nations along the China Railway Express, 
with the potential to complement multinational grain transportation that 
relies heavily on maritime shipping. Therefore, this study will analyze the 
optimization of China’s soybean import source layout under scenarios 
of increasing soybean supply from Russia and Kazakhstan based on the 
calculation of soybean production potential in both countries.

5.2.2 Scheme setting
This study estimates the potential for increasing soybean 

production through yield improvement in Russia, and the 
potential for production growth through both yield improvement 
and area expansion in Kazakhstan. The Global Agro-Ecological 
Zones (GAEZ) model, developed jointly by the Food and 
Agriculture Organization of the United Nations (FAO) and the 
International Institute for Applied Systems Analysis (IIASA), is a 
model used to assess crop production potential. In the GAEZ v4 
model, calculating potential yields of crops for each country 
requires setting parameters such as crop type, Representative 
Concentration Pathways (RCPs), time period, water supply 
conditions, input levels, CO2 fertilization effects, and others. The 

TABLE 6 China’s actual and optimized soybean import portfolio in 2015 (10,000 tons).

Import source country Actual 
import

Dual objectives of risk 
and cost (no seasonal 

factors)

Dual objectives of risk 
and cost (seasonal 

factors)

Export 
volumea

United States 2841.31 1804.63 2483.56 4820.88

Brazil 4007.67 4592.18 3811.62 5432.42

Argentina 943.66 1164.97 1165.13 1165.16

Canada 107.11 423.84 424.19 424.72

Uruguay 231.77 343.86 345.44 346.04

Russia 37.35 37.75 37.83 38.22

Ukraine 0.11 86.83 166.84 219.90

Total 8168.97 8454.05 8434.60 –

Southern hemisphere proportion 63.45% 72.17% 63.10% –

Northern hemisphere proportion 36.55% 27.83% 36.90% –

The absolute value of the difference in proportion 26.90% 44.33% 26.20% –

Brazil’s share in the southern hemisphere 77.32% 75.27% 71.62% –

US share in the northern hemisphere 95.16% 76.69% 79.80% –

Share of the United States and Brazil 83.84% 75.67% 74.64% –

Import risk 0.1998 0.1879 0.1637 –

Import cost 0.4259 0.4241 0.4256 –

Import risk/Import cost 0.4691 0.4430 0.3845 –

aTotal soybean exports from each source country in 2015.
Data Source: Calculated and collated by the author.
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potential yield of soybeans in RCPs4.5, 2020s, high input level 
under rain-fed condition and considering the CO2 fertilization 
effect is selected as the basis for estimating the soybean 
production potential of Russia and Kazakhstan. According to 
Table 7, soybean production in Russia and Kazakhstan increased 
by 100 and 500% respectively, with soybean production potentials 
reaching 4.5672 million tons and 1.2934 million tons.

Based on this, two simulation scenarios are set in this study, using 
actual soybean imports in 2020 as the benchmark scenario.

Scenario 1: Increased soybean export availability from Russia. The 
export quantity under increased soybean export supply capacity is 
calculated as the sum of Russia’s potential soybean production increase 
and its 2020 soybean export quantity.

Scenario 2: Increased soybean export availability from 
Kazakhstan. The export quantity under increased soybean export 
supply capacity is calculated as the sum of Kazakhstan’s potential 
soybean production increase and its 2020 soybean export quantity.

5.2.3 Simulation result analysis
This section analyzes the impacts of the above two scenarios on 

optimizing China’s soybean import source layout (as shown in Table 8). 
Specifically, compared with the optimized import portfolio under 
actual conditions, increased soybean export availability from Russia or 
Kazakhstan can reduce risks at equivalent costs while balancing the 
proportion of soybean imports from the northern and southern 
hemispheres in China. The reason may be  that increased soybean 
exports from Russia and Kazakhstan could diversify China’s import 
portfolio away from over-reliance on the United States and Brazil. Since 
the risks associated with importing soybeans from Russia and 
Kazakhstan are significantly lower than those from the United States 
and Brazil, this diversification effectively mitigates China’s overall 
soybean import risks. Meanwhile, this not only helps to further reduce 
China’s risk of seasonal supply shortages in the first and fourth quarters 
caused by over-reliance on the United States but also helps to further 
reduce China’s supply shortages risks stemming from dependence on 

TABLE 8 The optimized soybean import portfolio for China under the scenario of increased soybean supply from Russia and Kazakhstan (10,000 tons).

Import source country Actual 
import

Import optimization under 
actual conditions

Scenario 1 Scenario 2 Export 
volumea

United States 2588.76 3703.80 3412.87 3617.35 6457.10

Brazil 6427.76 5098.51 4853.50 5030.00 8297.34

Argentina 745.57 1023.89 1023.66 1023.95 1024.23

Canada 24.53 165.00 173.34 169.24 443.18

Uruguay 165.66 199.71 205.48 205.61 216.67

Russia 69.32 119.40 576.02 119.25 576.31

Ukraine 6.51 71.97 69.77 55.41 178.84

Kazakhstan – – – 104.31 133.68

Total 10028.10 10382.28 10314.64 10325.13 –

Southern hemisphere proportion 73.18% 60.89% 58.97% 60.62% –

Northern hemisphere proportion 26.82% 39.11% 41.03% 39.38% –

The absolute value of the difference in proportion 46.37% 21.79% 17.94% 21.25% –

Brazil’s share in the southern hemisphere 87.58% 80.65% 79.79% 80.36% –

US share in the northern hemisphere 96.27% 91.22% 80.64% 88.98% –

Share of the United States and Brazil 89.91% 84.78% 80.14% 83.75%

Import risk 0.2437 0.1901 0.1717 0.1859 –

Import cost 0.3939 0.3978 0.3954 0.3983 –

Import risk/Import cost 0.6187 0.4779 0.4343 0.4667 –

aRussia’s and Kazakhstan’s soybean exports are their potential export quantity; the exports of other import source countries are the total soybean exports of each country in 2020.
Data Source: Calculated and collated by the author.

TABLE 7 Soybean production potential in Russia and Kazakhstan.

Country Yield in 2020 
(ton/hectare)

Potential 
yield in 2020s 
(ton/hectare)

Harvested area 
in 2020 
(10,000 

hectares)

Production in 
2020 (10,000 

tons)

Potential for 
increased 

production 
(10,000 tons)

Rate of 
increase (%)

Russia 1.59 3.28 270.41 430.76 456.72 106.03

Kazakhstan 2.08 2.65 12.51 26.06 129.34 496.25

The GAEZ model classifies land suitability into six categories: very suitable (VS), suitable (S), moderately suitable (MS), marginally suitable (mS), very marginally suitable (vmS), and not 
suitable (NS). This study selects the potential yield of land above MS grade. In addition, it is assumed that the increased soybean planting area in Kazakhstan is 50% of the potential area 
suitable for soybean cultivation above MS grade.
Data Source: Calculated and collated according to the FAO database and GAEZ v4 model.

https://doi.org/10.3389/fsufs.2025.1549463
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org


Wang and Lu 10.3389/fsufs.2025.1549463

Frontiers in Sustainable Food Systems 11 frontiersin.org

both the United States and Brazil. These effects are more pronounced 
when Russian soybean supply increases.7

6 Conclusion

Taking China’s soybean imports as a case study, this study 
establishes an analytical framework for optimization of soybean import 
source layout considering seasonal factors. Based on this framework, 
the study explores the optimization of soybean import source layout 
both in the current context and under scenarios of increasing soybean 
supply capacity of Russia and Kazakhstan. The main conclusions are as 
follows. Firstly, neglecting the importance of seasonal factors in 
optimizing China’s soybean import source layout may exacerbate 
fluctuations in import quantities, thereby affecting the stability of 
soybean import supply. The import optimization considering seasonal 
factors could reduce risks at equivalent costs while ensuring import 
stability. Secondly, increased soybean export availability from Russia 
or Kazakhstan can further reduce risks at equivalent costs while 
ensuring the stability of soybean imports. The findings of this study are 
expected to provide a decision-making basis for optimizing soybean 
import source layout in China, as well as new insights and perspectives 
for other food-importing countries to avoid supply shortages risks.

Based on the above research conclusions, the following policy 
recommendations are proposed. (1) Importing countries should 
maintain good economic and trade relations with major grain-
exporting countries to ensure stable grain supply. Governments should 
encourage and guide domestic agricultural enterprises to build 
sustainable partnerships with both public institutions and private-sector 
stakeholders in grain-exporting countries. Concurrently, strategic 
initiatives should be  implemented to foster synergistic cooperation 
between domestic agribusinesses and multinational agricultural 
corporations, with phased approaches to developing a stable and reliable 
grain distribution network. (2) It is crucial to emphasize the role of 
seasonal factors in optimizing grain import source layout. While 
diversifying import risks, it is also essential to ensure import stability. 
To achieve this, internationally competitive agricultural enterprises 
should be cultivated. These entities can be guided to establish bilateral 
agricultural cooperation with countries possessing production 
potential. By investing in infrastructure, providing technical assistance, 
and improving agricultural labor skills, grain production capacity can 
be enhanced, thereby securing the reliability of imported grain supplies. 
Furthermore, implementing a just-in-time approach by reducing 
storage time could help save grain storage costs and reduce grain losses. 
Concurrently, enterprises should be encouraged to rationally arrange 
seasonal import plans according to the concentrated season of soybean 
production and export in each source country, thereby optimizing 
supply chain efficiency. (3) Enhancing domestic grain supply capacity 
through scientific and technological advancements can effectively 
reduce the excessive dependence on the global grain market. By 
improving domestic yield levels, the yield gap with the world’s major 
grain-producing countries could be narrowed. Concurrently, research 
and promotion of new technologies and varieties may partially mitigate 

7 Supplementary Figure  2 shows the average values of Pareto optimal 

solutions in 2020.

constraints imposed by limited arable land. For example, China’s recent 
implementation of maize-soybean strip intercropping technology has 
effectively increased soybean production by expanding the planting 
area. Specifically, governments should strengthen support for domestic 
soybean industry, promote the cultivation of excellent soybean varieties. 
While improving the technical level of soybean production through 
technological innovation, infrastructure and agricultural technology 
training should also be  improved to synchronously improve the 
technical efficiency of soybean production.

This study still has some limitations. Firstly, the optimization 
analysis of import source layout is mainly based on historical data, and 
no scenario analysis has been carried out for emergencies such as the 
economic and trade frictions between China and the United States, or 
changes in China’s soybean production and demand. Therefore, future 
research will explore the impact of such emergencies on the layout of 
soybean import sources and associated import risks. Secondly, the 
current transportation risk index mainly considers the transportation 
distance from each source country to China and the risk through the 
transportation node. However, it does not account for the diversity of 
transportation modes. In future research, we  will further explore 
potential alternatives to maritime shipping. For example, the China 
Railway Express is expected to complement multinational grain 
transportation that relies heavily on maritime shipping. Subsequently, 
we aim to develop a scientific methodology for integrating transport 
mode diversity into the construction of transportation risk index. In 
addition, the analytical framework for optimizing food import layouts 
developed in this study will be  used to explore source layout 
optimization for other food-importing countries in future research, 
thereby assisting these countries in achieving sustainable food supply.
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