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Abstract 15 

Our food system drives global environmental change, and differences in environmental concerns of 16 

consumers may cause negative environmental 'spillover effects' in less concerned countries. Using 17 

an integrated environmental-economic modelling framework and scenario analyses, we explored 18 

options for more sustainable food systems and to mitigate the negative environmental spillovers  19 

from trading partners to China. We found that doubling soy-based food (SBF) consumption while 20 

reducing pork consumption in China decreased Chinese economy-wide emissions of greenhouse 21 

gases (GHGs) by 1% and acidification pollutants by 3%. However, it increased Chinese economy-22 

wide emissions of eutrophication pollutants by 2%, driven by the increased SBF and other food 23 

production with relatively high emission intensities of eutrophication pollutants. Combining a 24 

dietary shift with the adoption of cleaner cereals production technology for half of the current 25 

resources used for cereals production decreased Chinese economy-wide emissions of GHGs by 1%, 26 

acidification pollutants by 7%, and eutrophication pollutants by 3%, but required capital reallocation 27 

from other sectors. Implementing a unilateral environmental policy in China (i.e., implementing 28 

economy-wide taxes on emissions to reduce emissions of all pollutants by 3%) increased economy-29 

wide emissions of GHGs in trading partners by 2%. This ‘carbon leakage’ emerges due to the shift 30 

of production of products with relatively high emission intensities (i.e., nitrogen fertiliser and 31 

livestock) from China to its trading partners through international trade. We can, therefore, draw the 32 

following policy implication: achieving sustainable food production and consumption requires joint 33 

efforts from consumers and producers as well as coordinated environmental policy across countries 34 

in the world. Our study offers policymakers insights into designing effective policies for more 35 

sustainable food systems and sheds light on trade-offs among competing environmental and 36 

economic goals.  37 

Keywords 38 

sustainable food system; sustainable production and consumption; trade; emissions; applied general 39 

equilibrium models; integrated environmental-economic modelling.40 
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1. Introduction 41 

The food-land-water-climate nexus concept arises from recurring resource crises, highlighting the 42 

interconnectedness of food, land, water, and climate and their broader impacts. A nexus approach 43 

aims to enhance resource utilisation efficiency, inter-departmental collaboration, and coherent 44 

policy formulation (Doelman et al., 2022; Hoff, 2011). Exploring options for more sustainable food 45 

systems in the food-land-water-climate nexus is one of the main global challenges (Griggs et al., 46 

2013), in particular when the demand for animal-based food (meat, milk, eggs) continues to increase 47 

(FAO, 2022; UNCCD, 2017). Animal-based food has contributed to over half of the protein supply 48 

to humans in developed countries during the last decades, while its consumption is rapidly 49 

increasing in developing countries due to population growth, economic growth, and urbanisation 50 

(FAO, 2022). Our food system, especially the production and consumption of animal-based food, 51 

has impacts on climate change, ocean acidification, biogeochemical flows (nitrogen and 52 

phosphorus), freshwater use, land-use changes, and biodiversity loss (Springmann et al., 2018). 53 

Improving our food system is essential for realising the Sustainable Development Goals (SDGs), 54 

especially SDG 2 (zero hunger), SDG 6 (clean water and sanitation), SDG 12 (responsible 55 

consumption and production), and SDG 13 (climate action) (UN, 2015).  56 

Differences in environmental concerns of consumers may cause negative environmental ‘spillover 57 

effects’, namely, from trading partners with higher environmental concerns to the region with lower 58 

environmental concerns (Hökby & Söderqvist, 2003; Latacz-Lohmann & Hodge, 2003; Zhu, 2004). 59 

Food system transformation is increasingly recognised as crucial for mitigating such negative 60 

environmental spillovers and achieving multi-dimensional SDGs (Doelman et al., 2022; Newbold 61 

et al., 2015). For example, the EAT-Lancet Commission proposed various measures to keep food 62 

systems within environmental limits while delivering healthy diets by 2050 (Willett et al., 2019). 63 

These measures include dietary structure changes towards healthier and more plant-based diets, 64 

improvements in technologies and management, and reductions in food loss and waste (Springmann 65 

et al., 2018). Policy instruments, such as a meat tax (Funke et al., 2021) and emission restrictions 66 

(Zhu, 2004; Zhu & Van Ierland, 2006; Zhu & Van Ierland, 2005), can help to implement the 67 

aforementioned measures in practice. Du et al. (2018) have suggested that adopting a so-called 68 
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'green source trade strategy (i.e., importing food and feed from nations with low emissions 69 

intensities)' can assist in the realisation of emission mitigation. While the direct environmental 70 

benefits of food system transformation are well acknowledged, possible unintended negative 71 

environmental consequences in other regions and/or economic sectors have received less attention. 72 

For instance, resources freed from one sector may be reallocated to other sectors across the whole 73 

economy and may influence other countries through international trade. Moreover, in some cases, 74 

these negative environmental spillovers may outweigh the direct benefits of food system 75 

transformation. However, many prior studies exploring options for sustainable food systems tend to 76 

either focus solely on a specific mitigation measure or analyse a particular environmental impact 77 

(mainly global warming potential) within small life cycles rather than adopting an economy-wide 78 

perspective. This approach may result in a biased estimation of the environmental benefits derived 79 

from food system transformation (Dandres, Gaudreault, Tirado-Seco, & Samson, 2011, 2012).  80 

While the significance of acknowledging the indirect environmental impacts of food system 81 

transformation is growing, there remains a lack of quantitative analyses that take an economy-wide 82 

perspective to understand the synergies and trade-offs within the food-land-water-climate nexus. 83 

This gap may hinder the design of effective policies for sustainable food systems on a global scale. 84 

This study aims to bridge this gap by constructing an integrated environmental-economic modelling 85 

framework based on applied general equilibrium (AGE) models and employing this framework to 86 

analyse potential options for food system transformation that align with both environmental and 87 

economic goals. We have chosen the AGE models for our study because AGE models with a highly 88 

structured and comprehensive description of the economy based on microeconomic theory are 89 

widely used to assess the economy-wide effects (i.e., production, consumption, and trade) of policy 90 

changes and shock events in society (Gatto, Kuiper, & van Meijl, 2023; Mason-D'Croz et al., 2022; 91 

Mason-D’Croz et al., 2020; Xie et al., 2018; Yao, Zhang, Davidson, & Taheripour, 2021). Moreover, 92 

policymakers can use the AGE models to evaluate the potential socioeconomic and environmental 93 

consequences of food system transformation, which, in turn, allow for feedback to enhance policy 94 

design. We chose the AGE modelling approach for two reasons. First, due to the significant global 95 

implications of supply-side and demand-side measures, as well as environmental policies, facilitated 96 

by international trade of food and feed across various countries, our analysis necessitates a model 97 
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encompassing multiple countries. Second, given the intricate interconnections between food and 98 

feed sectors, including intermediate uses and resource competition (e.g., land, water, and fertiliser), 99 

employing a multi-sectoral model is essential for this analysis. In short, these considerations point 100 

to the use of a multi-country and multi-sectoral economic model that can simulate the effects of the 101 

food system transformation across the whole economy. We, therefore, developed a global 102 

comparative static AGE model, a modified version of an integrated environmental-economic model 103 

(Zhu & Van Ierland, 2004, 2012; Zhu, van Wesenbeeck, & van Ierland, 2006), and calibrated this 104 

model with the Global Trade Analysis Project (GTAP) database (GTAP, 2014). The GTAP database 105 

covers economic data of 65 sectors and 141 countries, and it has been widely used for analysing 106 

global issues related to international trade, the environment, and climate change.  107 

Our study aims to address two related questions under food system transformation. First, what are 108 

the environmental and economic impacts of various options for food system transformation in China? 109 

Second, what are the 'spillover impacts' on China's main food and feed trading partners through 110 

international trade under the food system transformation? We took China as an example, as China 111 

is among the largest and most populous countries in the world, and its food system exerts enormous 112 

impacts on the environment (FAO, 2022). We apply the integrated environmental-economic model 113 

to discuss how differences in environmental concerns of consumers in different regions may cause 114 

negative environmental ‘spillover effects’, namely, from trading partners with higher environmental 115 

concerns to China. To explore options for sustainable food systems to mitigate negative 116 

environmental spillovers, four options for food system transformation related to emission mitigation 117 

in China are simulated: (i) doubling soy-based food consumption while reducing pork consumption, 118 

(ii) adopting cleaner cereals production technology for half of the current resources used for cereals 119 

production, (iii) combining dietary structure change with cleaner cereals production technology, and 120 

(iv) implementing economy-wide taxes on emissions to contribute to China's emission reduction 121 

target and other environmental policies. We also perform a sensitivity analysis for key 122 

environmental, economic behavioural, and technological parameters. 123 
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2. Materials and methods 124 

2.1 The integrated environmental-economic model and database 125 

We developed a global comparative static AGE model, a modified version of an integrated 126 

environmental-economic model (Zhu & Van Ierland, 2004, 2012; Zhu et al., 2006). The basic idea 127 

of AGE models is that supply and demand are interconnected throughout the economy, such that 128 

changes in one sector or market are transmitted to other sectors and markets. Our model incorporated 129 

two major enhancements, which facilitate analysis of the food system. First, we enhanced the 130 

representation of food-related (i.e., crop, livestock, soy-based food, and other food) and associated 131 

non-food (compound feed, nitrogen fertiliser, phosphorous fertiliser, and non-food) sectors. Second, 132 

we further added three main environmental impacts of food systems into the model, i.e., global 133 

warming potential (GWP), acidification potential (AP), and eutrophication potential (EP). The 134 

scheme of economy-wide environment impact assessment was provided in Fig. 1.  135 

The objective of the model is to maximise the total social welfare of an economy subject to consumer 136 

utilities, production technologies, commodity balances, and emissions affecting environmental 137 

quality. In general, social welfare is a measure of overall well-being of society, including the 138 

economic benefit (i.e., the consumption of goods) and environmental benefit (i.e., the amenity 139 

values of the environmental quality) (Zhu & Van Ierland, 2006). AGE models can be presented in 140 

various formats (Ginsburgh & Keyzer, 2002), all of which the same model and lead to the same 141 

equilibrium solutions. We chose the Negishi format for our study because it is more effective in 142 

addressing tipping points and non-convexities, similar to large-scale integrated assessment models 143 

like the dynamic integrated climate-economy (DICE) model (Nordhaus, 1993). This is crucial for 144 

addressing sustainability challenges, as many environmental issues involve non-convexities that 145 

deviate from conventional economic assumptions. Additionally, the Negishi format of AGE models 146 

is widely used to identify optimal options for greater sustainability, enabling efficient resource 147 

allocation under social welfare maximisation (G. Fischer et al., 2007; Greijdanus, 2013; Keyzer & 148 

Van Veen, 2005; Le Thanh, 2016; van Wesenbeeck & herok, 2006).   149 
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 150 

Fig. 1. Scheme of economy-wide environment impact assessment. The blue rounded squares depict the model itself. Parallelograms illustrate the inputs and outputs of 151 
the applied general equilibrium (AGE) model, which is calibrated using the Global Trade Analysis Project (GTAP) database. Green rectangles signify the base data 152 
used to evaluate various environmental impacts. Rounded squares with dotted lines indicate the different environmental impacts assessed. Arrows show the data flows 153 
within the model structure.154 
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 155 

Fig. 2. Economic agents and material flows in the two-region environmental-economic framework. Region 1 is China, and region 2 encompasses the main food and 156 
feed trading partners (MTP, including Brazil, the United States, and Canada) of China. The two regions have the 'same' structural outline of the economy-environment 157 
interaction framework. GWP = global warming potential. AP = acidification potential. EP = eutrophication potential. CO2 = carbon dioxide. CH4 = methane. N2O = 158 
nitrous oxide. NH3 = ammonia. NOx = nitrogen oxides. SO2 = sulphur dioxide. N = nitrogen. P = phosphoru159 
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We used the GTAP version 10 database (GTAP, 2014) based on general equilibrium theory to 160 

calibrate our AGE model. It covers 65 sectors (agriculture, manufacturing, and services) of the 161 

economy and 141 countries. For illustrative purposes, our model distinguishes two regions, namely 162 

China and its main food and feed trading partners (MTP, including Brazil, the United States, and 163 

Canada). Each region has one representative consumer who consumes rival goods and non-rival 164 

environmental quality related to different types of pollutants (Fig. 2.). These trading partners 165 

accounted for more than 75% of China's total trade volume related to food and feed in 2014. Our 166 

reference year is 2014, which is the latest available year for data in the GTAP database. We designed 167 

a sectoral aggregation scheme comprising 13 sectors (see Appendix Table B1) from the original 168 

GTAP database to produce social accounting matrices (SAM) (see Appendix Tables B2 and B3) in 169 

our study. Our sectoral aggregation scheme for GTAP ensured that all competing and 170 

complementing sectors for food and feed were present in a disaggregated form. Factor endowments 171 

(i.e., capital, labour, land) owned by consumers are mobile between different sectors but immobile 172 

among the two regions according to the GTAP default settings. Producers produce goods with the 173 

use of capital, labour, land, and intermediate goods. Products from the livestock and non-food 174 

sectors are used for direct human consumption, while crop products are used as food for human 175 

consumption and as feed for livestock production. Fertilisers and livestock manure are used for crop 176 

production. The model is solved by the general algebraic modelling system (GAMS) software 177 

package (GAMS, 2022). Further details about the model are presented in Supplementary 178 

Information (SI).  179 

To estimate changes in environmental dimensions, we established an economy-wide environmental 180 

impact database for China and MTP in the baseline, rather than restricted in certain sectors within 181 

the food system. Three main environmental impacts include GWP (caused by emissions of 182 

greenhouse gases (GHGs), including carbon dioxide (CO2), methane (CH4), and nitrous oxide (N2O) 183 

emissions; converted to CO2 equivalents), AP (caused by emissions of acidification pollutants, 184 

including ammonia (NH3), nitrogen oxides (NOx), and sulphur dioxide (SO2) emissions; converted 185 

to NH3 equivalents), and EP (caused by emissions of eutrophication pollutants, including N and P 186 

losses; converted to N equivalents). The conversion factors for GWP, AP, and EP are shown in Table 187 

A.1. We obtained data on CO2, CH4, and N2O emissions from the Climate Analysis Indicators Tool 188 
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(CAIT) (2014). We derived NH3, NOx, and SO2 emissions from L. Liu et al. (2022), Huang et al. 189 

(2017), and Dahiya et al. (2020), respectively. We considered NOx emissions from energy use only, 190 

as agriculture's contribution to NOx emissions is generally small (≤2%). We used the global 191 

eutrophication database of food and non-food provided by Hamilton et al. (2018) to obtain data on 192 

N and P emissions to water bodies. We first obtained the total emissions of GHGs, acidification 193 

pollutants, and eutrophication pollutants for the food and non-food sectors in the base year. Then, 194 

we allocated the total emissions to specific sectors according to the shares of emissions per sector 195 

in total emissions to unify the emission data from different years. Emissions per sector were 196 

calculated based on the emission database mentioned above and additional literature provided in SI 197 

by multiplying the physical quantity of an activity undertaken (in tons) and the corresponding 198 

emissions coefficient (tons of CO2, NH3, or N equivalents per unit of activity undertaken). The 199 

sector-level emissions of GHGs (Tg CO2 equivalents), acidification pollutants (Tg NH3 equivalents), 200 

and eutrophication pollutants (Tg N equivalents), as well as the US dollar-based emission intensities 201 

of GHGs (t CO2 equivalents million USD-1), acidification pollutants (t NH3 equivalents million 202 

USD-1), and eutrophication pollutants (t N equivalents million USD-1), are presented in Table B4-6 203 

and Table B7-9, respectively.  204 

2.2 Scenarios 205 

Differences in environmental concerns of consumers may cause negative environmental ‘spillover 206 

effects’ (Hökby & Söderqvist, 2003; Latacz-Lohmann & Hodge, 2003; Zhu, 2004). The growing 207 

environmental concerns over time are evidenced by the increasing environmental expenditures by 208 

governments in high-income countries (Eurostat, 2020). Thus, we examined the impacts of 209 

differences in environmental concerns of consumers in scenario 1 (S1), i.e., a two times higher 210 

expenditure share for improving the environmental quality in MTP than in China. To explore options 211 

for more sustainable food systems and to mitigate the negative environmental spillovers (in our case) 212 

from MTP to China, we examined four additional scenarios regarding food consumption and 213 

production as well as environmental policy, as follows: S2 - dietary structure change, i.e., doubling 214 

soy-based food consumption while reducing pork consumption; S3 - cleaner cereals production 215 

technology, i.e., adopting cleaner cereals production technology for half of the current resources 216 
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used for cereals production; S4 - combining dietary structure change with cleaner cereals production 217 

technology (i.e., S4 = S2+S3); and S5 - unilateral environmental policy in China, i.e., implementing 218 

economy-wide taxes on emissions to contribute to China's emission reduction target and other 219 

environmental policies. These scenarios were further described below and in Table A2 and SI. The 220 

results of scenarios S2 to S5 were compared in relation to those of scenario S1, whereas scenario 221 

S1 was evaluated relative to the baseline (S0). In S0, environmental quality indicators were set at 222 

100 to facilitate the comparison of environmental quality changes across various scenarios. Thus, if 223 

environmental quality indicators in scenarios are higher than 100, it means increases in 224 

environmental quality (i.e., decreases in emissions) compared to S0.  225 

2.2.1 Baseline (S0) 226 

The baseline (S0) represents the economies of China and MTP in 2014. Environmental concerns of 227 

consumers were not considered in S0 because the original GTAP database does not contain 228 

expenditures on environmental programs for improving environmental quality. The substitution 229 

elasticity between soy-based food (SBF) and pig (i.e., the ease of substituting pork with SBF for 230 

consumption) was 0.5. The expenditure shares of SBF in the pork-SBF protein composite 231 

consumption were 25% and 82% in China and MTP, respectively, as calculated based on the SAMs 232 

from the GTAP database. These expenditure shares were maintained in all scenarios except for the 233 

dietary shift scenario S2.  234 

2.2.2 Differences in environmental concerns of consumers (S1) 235 

Consumers in higher-income countries are more willing to pay for environmental quality than less 236 

concerned countries (Hökby & Söderqvist, 2003; Latacz-Lohmann & Hodge, 2003). Environmental 237 

concerns of consumers were reflected through their willingness to pay for environmental quality, 238 

represented by the utility elasticity within the utility functions in our model. This implies that 239 

consumers have to pay for their consumption of environmental quality. Environmental quality is 240 

priced by the marginal value of a balance equation, where each individual's consumption equals the 241 

total supply of the environmental quality. Environmental quality is “supplied” by the environment 242 

and determined by the emissions of pollutants from all producers across the whole economy. Three 243 

types of environmental quality indicators related to GWP, AP, and EP were determined in a linear 244 
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relationship by the associated equivalent emissions of pollutants. The higher the emissions, the 245 

lower the environmental quality. Thus, emissions will decrease the utility of consumers by reducing 246 

environmental quality. As the model accounts for both the utility from consuming goods and the 247 

disutility from environmental pollution, consumers face a trade-off: increasing the consumption of 248 

rival goods leads to lower environmental quality, whereas prioritising higher environmental quality 249 

requires reducing the consumption of rival goods. In this manner, the emissions from production 250 

give a feedback on utility and on the consumption bundle of rival goods and non-rival environmental 251 

quality, indirectly influencing the production structure across the whole economy. That is, 252 

consumers have the chance to improve environmental quality with reduced emissions due to their 253 

cleaner food purchases. In S1, we assumed that consumers in China and MTP were willing to pay 254 

1% and 2% of their total budget for improving environmental quality. Consumers in both regions 255 

were assumed to be willing to pay equally for improving the three types of environmental quality 256 

indicators related to GWP, AP, and EP as they attach equal importance to the three types of 257 

environmental pollutants. Despite Brazil having a relatively lower gross domestic product (GDP) 258 

and the United States and Canada having higher GDPs compared to China, we opted to aggregate 259 

these three main trading partner countries as a whole. This decision was based on Brazil contributing 260 

less than 10% to the combined GDP of these three countries, while the United States and Canada 261 

account for over 90%, according to the GTAP database. Moreover, the simple two-region model 262 

structure was employed here because some fundamental macroeconomic mechanisms can be better 263 

understood in small and aggregated AGE models.  264 

2.2.3 Dietary structure change (S2) 265 

China is a major pork producer and consumer and a significant importer of animal-based products 266 

(FAO, 2022). Pork consumption in China has exceeded the recommended red meat consumption 267 

ranges reported by the EAT-Lancet diet (Willett et al., 2019) and the Chinese Dietary Guidelines 268 

2022 (Chinese Nutrition Society, 2022). China is also the world's largest importer and consumer of 269 

soybeans, which are utilised as both human food, including traditional SBF (tofu, soy milk, tempeh, 270 

and soybean oil) and novel SBF (soy-based meat), and livestock feed (soybean meal) (FAO, 2022). 271 

It has been shown that if consumers partially replace meat with plant-based food, GHG emissions, 272 
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land use, and water use can be reduced substantially (Aleksandrowicz, Green, Joy, Smith, & Haines, 273 

2016; Guo, Shao, Trishna, Marinova, & Hossain, 2021; Tong et al., 2022; Yu, Jiang, Cheshmehzangi, 274 

Liu, & Deng, 2023; M. Zhang et al., 2022). However, previous studies have not adequately 275 

accounted for interactions with other sectors and countries, as they primarily focused on the 276 

environmental impacts of dietary shifts within limited life cycles. It is crucial to consider these 277 

interactions, as resources saved through dietary shifts may be reallocated elsewhere in the economy, 278 

potentially mitigating the environmental benefits of the dietary shift. Aiking et al. (2006b) and 279 

Markiewicz (2010) suggested that almost 50% of meat in the diet in terms of protein food 280 

expenditure should be replaced by plant-based food in order to achieve a 20-fold reduction of 281 

environmental pressure by 2035. In addition, from a nutritional perspective, the protein content in 282 

SBF (13-19 grams per 100 grams) is comparable to that in traditional pork and beef (15 grams and 283 

20 grams per 100 grams, respectively) (Yang, 2020). Thus, we explored the impacts of an exogenous 284 

dietary shift in consumer demand, i.e., by doubling SBF consumption while reducing pork 285 

consumption in China, driven by the increased consumer acceptance of SBF. The expenditure share 286 

of SBF in the pork-SBF protein composite consumption increased from 25% in the baseline (S0) to 287 

50% in S2 concomitant with a decreased pork consumption.  288 

2.2.4 Cleaner cereals production technology (S3) 289 

Interventions in cereals production technology are of interest for sustainable food production and 290 

emission mitigation, as China is a major cereal producer, while fertilizer and pesticide inputs are 291 

high (FAO, 2022; Zhai et al., 2021). Compared to China’s original cereals production technology, 292 

MTP's cereals production technology has a better technological performance (i.e., achieving the 293 

same output level with fewer inputs) and requires relatively less land, labour, and nitrogen fertiliser 294 

but more capital and phosphorus fertiliser to produce one unit of cereals. The cleaner technology 295 

also has relatively lower emission intensities of all pollutants than the original technology (see Table 296 

B7-9). Technological innovations have been well recommended in China, for example, through the 297 

Science and Technology Backyard approach (Cui et al., 2018; W. Zhang et al., 2016). Therefore, in 298 

S3, half of the current resource uses (i.e., capital, labour, land, nitrogen fertiliser, and phosphorus 299 

fertilise) were employed using the cleaner MTP technology in cereal production. Technological 300 
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parameters and input cost shares of the two production technologies are presented in Table A3.  301 

2.2.5 Combination of dietary structure change and cleaner cereals production technology (S4) 302 

In S4, we combined the dietary structure change (S2) and cleaner cereals production technology (S3) 303 

to examine to what extent the combination of demand-side and supply-side measures would affect 304 

the economy (i.e., production, consumption, and trade) and environment (i.e., emissions of GHGs, 305 

acidification pollutants, and eutrophication pollutants).  306 

2.2.6 Unilateral environmental policy (S5) 307 

The primary cause of environmental problems associated with food systems is emissions from 308 

economic activities. Therefore, from a policy-making perspective, it is crucial to implement 309 

effective measures, particularly economic instruments, to reduce emissions based on principles such 310 

as the 'polluter pays principle'. A carbon tax, recogonised as the most efficient market-based GHG 311 

emission mitigation policy instrument, is highly recommended by economists and international 312 

organisations (S. Frank et al., 2018; Lin & Li, 2011; Peña-Lévano, Taheripour, & Tyner, 2019; Zhu 313 

et al., 2006). The introduction of economy-wide taxes on emissions would motivate producers and 314 

consumers to shift from emission-intensive activities, commodities, and technologies to cleaner 315 

alternatives. This is because if a producer's emission abatement cost is lower than the market price 316 

for emissions, they will actively implement technological solutions to reduce emissions and sell the 317 

excess emission quota to other sectors or regions. Thus, in a perfectly competitive world, emissions 318 

are reduced most cost-effectively in sectors or regions with relatively high emission intensities or 319 

significant mitigation potential. The emission tax can be determined based on the marginal value of 320 

the emission permit balance equation, where total emissions from all producers across the whole 321 

economy should not be above a certain level of emissions, thereby allowing the emission tax to be 322 

imposed on the polluters. For the specified emission reduction target, the AGE model can 323 

endogenously calculate the emission tax of different pollutants. The Chinese government has 324 

committed itself to achieving carbon neutrality by 2060, in line with the Paris Agreement (NDRC, 325 

2018). To accomplish this goal, China has pledged to reduce the country's carbon intensity 326 

(emissions per unit of GDP) by more than 65% in 2030 compared to the 2005 level. The Chinese 327 

government has also implemented several environmental policies to address nutrient losses from 328 
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agriculture and improve water quality. These policies include initiatives such as (i) Zero Fertilizer 329 

Growth (MOA, 2015), (ii) Improvement of manure recycling (MOA, 2017), and (iii) Prevention 330 

and Treatment of Water Pollution (“Ten-Point Water Plan”) (GOV, 2015). In this scenario, we 331 

implemented economy-wide taxes on emissions to contribute to China's emission reduction target 332 

and other environmental policies for a 3% reduction in emissions of all pollutants.  333 

2.3 Sensitivity analysis 334 

Conducting a sensitivity analysis is a way to check the robustness of a simulation model with many 335 

uncertain parameters and the sensitivity of model results to these parameters. Results were obtained 336 

for key environmental, economic behavioural, and technological parameters. So far, we have 337 

assumed that current consumers were willing to pay equally for improving the three types of 338 

environmental quality indicators related to GWP, AP, and EP. In the sensitivity analysis, we first run 339 

the model by assuming that consumers were willing to pay for improving only one type of 340 

environmental quality in both regions. Then, we increased the environmental willingness to pay in 341 

China from 1% to 2%, equal to that in MTP. For the simultaneous reduction target of 3% for 342 

emissions of all pollutants, we did sensitivity analyses for each type of pollutant. For the value of 343 

the economic behavioural parameter, we considered the value of substitution elasticity between pork 344 

and SBF in a range from 0.5 to 1.5 because SBF is not a perfect substitute for pork, and, in the short 345 

run, it is impossible to replace all pork by SBF. For the value of the technological parameter, we 346 

considered the value of the replacement ratio of cleaner MTP technology in a range of 0 to 1. Further 347 

details about the sensitivity analysis are summarised in Table A4.  348 

3. Results 349 

3.1 S1 - Differences in environmental concerns of consumers 350 

Differences in environmental concerns of consumers increased environmental quality indicators 351 

related to GWP, AP, and EP in MTP relative to S0 by 10%, 34%, and 43%, respectively. Conversely, 352 

these indicators experienced a 2% decrease in GWP, a 21% decrease in AP, and a 38% decrease in 353 

EP in China (Table A5). The consumption of rival goods decreased by 0.06-4% in China and MTP 354 

(Fig. A3.), as increasing environmental concerns in both regions call for reducing consumption of 355 

rival goods. Despite the increased expenditure on environmental quality, the overall environmental 356 
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quality did not increase in China because the willingness to pay for improving environmental quality 357 

was higher in MTP than in China (2% versus 1%). Consequently, emission-intensive production 358 

was transferred from MTP to China (Fig. 3a), causing negative environmental spillovers from MTP 359 

to China, i.e., increased emissions and lower environmental quality in China (Fig. 3b). To be more 360 

specific, the production of goods with relatively high emission intensities, such as animal products, 361 

soy-based food, and fertilisers, increased by 18-287% in China. The decline in the environmental 362 

quality indicator associated with EP surpassed that of the other two indicators, primarily due to the 363 

substantial increase in the production of other animals (179%) with high emission intensity of 364 

eutrophication pollutants in China. In contrast, MTP obtained environmental benefits by decreasing 365 

its domestic production of relatively emission-intensive products, as China increased production 366 

and exported these goods to MTP. Concurrently, resources freed from the reduced production of 367 

emission-intensive products were reallocated towards increasing the production of vegetables & 368 

fruits by 215% and other food by 42% in MTP, respectively. This production shift is because MTP 369 

has a comparative advantage in producing these relatively “clean” goods compared to China.   370 
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 371 

Fig. 3. Changes in (a) production of goods (%) and (b) emissions of greenhouse gases (Tg CO2 372 
equivalents), acidification pollutants (Tg NH3 equivalents), and eutrophication pollutants (Tg N 373 
equivalents) in China (CN) and its main trading partners (MTP) when there are differences in 374 
environmental concerns of consumers (S1). Changes are relative to S0.  375 
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3.2 S2 - Dietary structure change 376 

The dietary shift from pork to SBF decreased pork consumption by 33% and increased soy-based 377 

food consumption by 102% in China (Fig. A4). This shift resulted in a 1% reduction in GHG 378 

emissions and a 3% reduction in acidification pollutants, but a 2% increase in eutrophication 379 

pollutants in China relative to S1 (Fig. 4 & 6). The latter increase in emissions was mainly propelled 380 

by the heightened production of soy-based food and other food in China, which have relatively high 381 

emission intensities of eutrophication pollutants.  382 

Lower pork demand influenced not only the consumers and producers of pork but also have knock-383 

on effects on other sectors across the whole economy. Evidently, the reduction in domestic pork 384 

consumption led to a 28% decrease in pig production (Fig. 5a), which subsequently reduced the 385 

production of cereals (1%) and compound feed (9%) used to raise pigs. Agricultural inputs freed up 386 

from reduced pig production were primarily reallocated to increase the production of plant-based 387 

alternatives, such as soy-based food (26%) and other (crop-based processed) food (25%). Soybean 388 

production in China remained nearly constant, as increased food use outweighed the decline in feed 389 

use, with higher demand met by imports from MTP, where production surged by 21% due to MTP’s 390 

comparative advantage. The production of vegetables & fruits (23%) and other crops (2%) increased 391 

in China due to their increased use as intermediate inputs for other (crop-based processed) food 392 

production. Changes in China's crop production structure increased domestic fertiliser demand, 393 

raising domestic production of nitrogen and phosphorus fertiliser by 0.5% and 5%, respectively. 394 
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 395 

 396 

Fig. 4. Changes in (a) emissions of greenhouse gases, acidification pollutants, and eutrophication 397 
pollutants and (b) environmental quality indicators related to global warming potential (GWP), 398 
acidification potential (AP), and eutrophication pollutants (EP) in China (CN) and its main trading 399 
partners (MTP) under scenarios of dietary structure change (S2), cleaner cereals production 400 
technology (S3), the combination of dietary structure change and cleaner cereals production 401 
technology (S4), and unilateral environmental policy (S5). Changes are relative to S1, in %. 402 
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 403 

Fig. 5. Changes in the production of goods in China (upper panels) and its main trading partners (MTP, lower panels) under scenarios of (a) dietary structure change 404 
(S2), (b) cleaner cereals production technology (S3), (c) the combination of dietary structure change and cleaner cereals production technology (S4), and (d) unilateral 405 
environmental policy (S5). Changes are relative to S1, in %. 406 
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 407 

 408 

Fig. 6. Changes in emissions of greenhouse gases (Tg CO2 equivalents), acidification pollutants (Tg NH3 equivalents), and eutrophication pollutants (Tg N equivalents) 409 
in (a) China (upper panels) and (b) its main trading partners (MTP, lower panels) under scenarios of dietary structure change (S2), cleaner cereals production technology 410 
(S3), the combination of dietary structure change and cleaner cereals production technology (S4), and unilateral environmental policy (S5). Changes are relative to S1. 411 
The red dots in the figures refer to the net emissions in China and MTP, respectively. 412 
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3.3 S3 - Cleaner cereals production technology 413 

Adoption of cleaner cereals production technology in China decreased emissions of GHGs, 414 

acidification, and eutrophication pollutants in China by 0.5%, 4%, and 5%, respectively, relative to 415 

S1 (Fig. 4 & 6). In addition, the adoption of cleaner technology, which requires relatively less 416 

nitrogen fertiliser but more phosphorus fertiliser to produce one unit of cereals than the original 417 

technology, resulted in a 2% decrease in nitrogen fertiliser production and a 25% increase in 418 

phosphorus fertiliser production (Fig. 5b.). This adoption also led to a 3% decrease in cereals 419 

production, as the higher costs of increased capital and phosphorus fertiliser use outweighed the 420 

savings from reduced land, labour, and nitrogen fertiliser use. The higher production cost of cereals 421 

increased cereal prices, resulting in a 3% decrease in cereals consumption in China (Fig. A4.). 422 

Higher cereal prices also led to an 11% decrease in the production of other (crop-based processed) 423 

food, which rely on cereals as intermediate inputs. Consequently, resources freed as a result of 424 

adopting cleaner cereal production technology were reallocated, resulting in an 18% increase in 425 

vegetables & fruits production in China and a corresponding decrease in imports from MTP. The 426 

structural shifts in China's production also have cross-border impacts, influencing production in 427 

MTP through international trade. Specifically, the production of vegetables &fruits in MTP declined 428 

by 3%, whereas the production of other food increased by 4%.  429 

3.4 S4 - Combination of dietary structure change and cleaner cereals production technology 430 

Combining dietary changes with cleaner cereals production technology in China decreased 431 

emissions of GHGs, acidification, and eutrophication pollutants in China by 1%, 7%, and 3%, 432 

respectively, relative to S1 (Fig. 4 & 6). That is, the combination decreased the pollution-swapping 433 

effect associated with the dietary shift scenario. This combination resulted in a 5% reduction (2% 434 

more than S3) in cereal production in China (Fig. 5c), attributed not only to its increased production 435 

costs but also to decreased demand for cereals as feed in the pig sector. Resources freed up by this 436 

combination were reallocated, leading to a 41% increase in vegetables &fruits production, along 437 

with a 13% increase in the production of other food in China. In contrast, the production of 438 

vegetables & fruits and other food in MTP decreased by 6% and 5%, respectively.  439 
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3.5 S5 - Unilateral environmental policy 440 

Implementing a unilateral environmental policy in China (i.e., implementing economy-wide taxes 441 

on emissions to reduce emissions of all pollutants by 3%) increased emissions of GHGs by 2% in 442 

MTP with minor impacts on emissions of acidification and eutrophication pollutants relative to S1 443 

(Fig. 4 & 6). The increased GHG emissions in MTP reflect the so-called ‘carbon leakage'. This 444 

emerges due to the shift of production of products with relatively high emission intensities from 445 

China to MTP as there were no emission restrictions in MTP. For example, China experienced 446 

reductions in the production of cereals by 8%, other crops by 3%, pigs by 5%, poultry by 11%, other 447 

animals by 6%, nitrogen fertiliser by 90%, and phosphorus fertiliser by 5% (Fig. 5d). The percentage 448 

change in nitrogen fertiliser production was the most significant because nitrogen fertiliser 449 

production has high GHG emission intensity (see Table B7). Therefore, to reduce economy-wide 450 

GHG emissions in China, the highest priority should be placed on reducing nitrogen fertiliser 451 

production and use. The consumption of goods with relatively high emission intensities also 452 

decreased by 2-10% (refer to Fig. A4), as these “dirty” goods became relatively more expensive due 453 

to emission restrictions. Meanwhile, China increased the production of products with relatively low 454 

emission intensities, such as vegetables & fruits (45%). Although the fertiliser application rate per 455 

hectare is about two folds higher for vegetables & fruits than for cereals and soybean (Wang et al., 456 

2021), the dollar-based emission intensities of all pollutants are relatively low for vegetables & fruits 457 

(see Table B7-9), which is related to the high prices and yields of vegetables & fruits (FAO, 2022). 458 

In contrast, due to MTP's comparative advantage in nitrogen fertiliser production, its output 459 

increased by 17 times. The substantial percentage changes in nitrogen fertiliser production can be 460 

attributed to its initially low share of value-added in MTP’s GDP.  461 

3.6 Sensitivity analysis 462 

Alterations in model results were examined in responses to variations in the values of three 463 

parameters: environmental concerns, the substitution elasticity between pork and SBF, and the 464 

replacement ratio of the cleaner cereals production technology.  465 

First, if consumers only care about one type of environmental quality, the gap between countries 466 

with different environmental concerns in that type of environmental quality is larger than the gap in 467 
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the other two types of environmental quality (Table A5). When countries have equal environmental 468 

concerns, the gaps in environmental quality, particularly related to EP, diminish between China and 469 

MTP (Table A6). Furthermore, a single emission reduction target for China would improve one type 470 

of environmental quality at the expense of the other one or two types (Table A7).  471 

Second, for the substitution elasticity between pork and SBF, the current value was 0.5. Variation in 472 

the elasticity in the range of 0.5 to 1.5 did not affect pork consumption under S2 (Fig. A8a) because 473 

the expenditure share of SBF in the pork-SBF composite consumption remained fixed. However, a 474 

higher substitution elasticity indicates an increased price ratio between SBF and pork, leading to 475 

decreased pork production as pork becomes cheaper (Fig. A8b).  476 

Third, increasing the replacement ratio of the cleaner cereals production technology in China 477 

decreased cereals production, as well as emissions of all pollutants (Fig. A9). Specifically, raising 478 

the technology replacement ratio from 0% to 40% resulted in a significant decrease in cereals 479 

production. This is because the cleaner MTP technology necessitates relatively less land, labour, and 480 

nitrogen fertiliser but more capital and phosphorus fertiliser to produce one unit of cereals. 481 

Reallocating resources raises production costs, as the higher costs of increased capital and 482 

phosphorus fertiliser use outweigh savings from reduced cropland, labour, and nitrogen fertiliser 483 

use, leading to reduced cereal production. When the ratio exceeded 40%, the model results for 484 

cereals production stabilised, reaching a point where no additional capital and phosphorus fertiliser 485 

would be available for cereals production. Overall, changes in model parameters had a modest 486 

impact on model results, showing the robustness of the model results.  487 

4. Discussion 488 

4.1 Main findings 489 

Our study emphasises the importance of employing an economy-wide modelling approach, rather 490 

than a single sector/country approach, in the design of effective policies for sustainable food systems. 491 

This broader perspective enables a deeper understanding of the interconnections among different 492 

countries, sectors, and environmental impacts, while also shedding light on the trade-offs between 493 

environmental and economic objectives.  494 
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First, we found that differences in environmental concerns of consumers led to cross-national 495 

pollution spillover effects through international trade, a type of telecoupled impact (Hull & Liu, 496 

2018; J. Liu, 2023). Specifically, environmental quality increased more in countries with higher 497 

environmental concerns compared to those with lower concerns because the production of ‘dirty’ 498 

products shifted to countries with lower environmental concerns through international trade. This 499 

echoes findings by Meyfroidt, Lambin, Erb, and Hertel (2013), who argue that globalisation can 500 

benefit developing nations economically but can also lead to negative environmental impacts like 501 

carbon leakage and land-use displacement. Our study focused on emissions of GHGs, acidification, 502 

and eutrophication pollutants, rather than solely on a specific environmental impact (mainly GWP), 503 

as previous studies have done using models such as GTAP-E (Burniaux & Truong, 2002), GTAP-504 

AEZ (Lee, 2005), and GTAP-BIO (Golub & Hertel, 2012). This is significant because food systems 505 

contribute more to these pollutants than to GHGs (Aiking et al., 2006a; Galloway, 2001; Leip et al., 506 

2015; Xue & Landis, 2010), yet no studies have explored this aspect within the AGE framework so 507 

far. This 'spillover effect' in our study shows that China experienced a decrease of 2%, 21%, and 38% 508 

in environmental quality indicators related to GWP, AP, and EP, while MTP experienced an increase 509 

of 10%, 34%, and 43%, respectively. It indicates that the production of goods with high emission 510 

intensities of eutrophication pollutants was swapped more from MTP to China than those with high 511 

emission intensities of GHGs and acidification pollutants.  512 

Second, our results show that shifting towards a more soy-based diet could reduce GHG emissions 513 

due to the higher human-edible energy and protein conversion efficiencies of plant-based foods 514 

compared to animal products (Eshel et al., 2018; Yu et al., 2023; M. Zhang et al., 2022). Additionally, 515 

it has been estimated that a dietary shift towards more plant-based food in China increases total 516 

human-edible energy (3-20 times) and protein (1-5 times) deliveries while reducing carbon and 517 

nitrogen footprints (Long et al., 2021). A key novel insight of our study is that the reductions in 518 

GHG emissions were partially attenuated by increased production in other sectors, such as SBF 519 

(26%) and other food (25%). Agricultural inputs, including capital, labour, land, and primary feed 520 

(mainly cereals and compound feed), freed up from reduced pig production, were reallocated within 521 

the Chinese food system. Relocation of resources across the food system enables more production 522 

with the same inputs (increased efficiency), but may attenuate the expected outcome in terms of 523 
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emission reductions and does not guarantee a decline in total resource use. Specifically, our study 524 

showed that the dietary shift from pork to SBF decreased economy-wide emissions of GHGs by 1% 525 

and acidification pollutants by 3% but increased emissions of eutrophication pollutants by 2% in 526 

China. This is because the interlinkages between production sectors were captured in our integrated 527 

environmental-economic framework, and, as a result, we identified the increased production of SBF 528 

and other food with relatively high emission intensities of eutrophication pollutants through resource 529 

reallocation. Hamilton et al. (2018) confirmed this by showing that processed food sectors, such as 530 

SBF and other food, are major contributors to eutrophication, accounting for 19% and 10.3% of 531 

global marine and freshwater eutrophication impacts, respectively. Furthermore, changes in China's 532 

crop production structure led to a 0.5% rise in nitrogen fertiliser production and a 5% increase in 533 

phosphorus fertiliser production domestically. Recently, Mason-D'Croz et al. (2022) assessed the 534 

economy-wide impact of adopting plant-based beef substitutes, demonstrating reduced economy-535 

wide GHG emissions and increased fertiliser use in the USA. Our analysis goes further by using a 536 

global model, rather than a national one, to consider the cross-border impacts on trading partners 537 

through international trade. For instance, our model showed a 21% increase in soybean production 538 

in MTP, driven by its comparative advantage in soybean production over China. Additionally, our 539 

comprehensive assessment of emissions of GHGs, acidification, and eutrophication pollutants 540 

enables us to discern trade-offs and synergies associated with each type of emission.  541 

Third, we provide possible solutions to prevent the pollution-swapping effect associated with the 542 

dietary shift scenario. Our analysis illustrated that both combining a dietary shift with cleaner cereals 543 

production technology and implementing a unilateral environmental policy (i.e., implementing 544 

economy-wide taxes on emissions) decreased emissions of all pollutants in China. However, 545 

implementing unilateral environmental policies in China could cause the so-called ‘carbon leakage’ 546 

(Kuik & Gerlagh, 2003). On the one hand, it decreased emissions in China by reducing domestic 547 

production of goods with high emission intensities of GHGs (e.g., nitrogen fertiliser), acidification 548 

pollutants (e.g., cereal, pig, poultry, and other animals), and eutrophication pollutants (e.g., other 549 

animals). On the other hand, it also increased emissions of GHGs in MTP with minor impacts on 550 

emissions of acidification and eutrophication pollutants.  551 
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4.2 Policy implications 552 

Our study provides insights into minimising the trade-offs and exploiting the synergies in the food-553 

land-water-climate nexus. This is crucial for achieving sustainable food production and 554 

consumption not only in China but also in other developing countries similar to China facing similar 555 

challenges in food production in the context of globalisation and international trade. Therefore, our 556 

findings hold the following policy implications.  557 

First, our findings show that developed countries typically gain environmental benefits at the 558 

expense of developing countries, which bear the environmental burdens through international trade. 559 

This is partly because higher environmental concerns among consumers and stringent regulations 560 

in developed countries tend to shift emission-intensive production to developing countries 561 

(Wiedmann et al., 2015; Xu et al., 2020). The 'spillover effects' caused by differences in 562 

environmental concerns of consumers cannot be ignored as such effects could hinder the 563 

environmental quality of countries with lower environmental concerns. Our analysis shows that 564 

when countries have equal environmental concerns, the gaps in environmental quality, particularly 565 

concerning EP, diminished between China and MTP. Therefore, it is essential to bridge the gap 566 

between consumers in countries with different environmental concerns.  567 

Second, our economy-wide analysis shows that the environmental benefits of the dietary shift from 568 

pork to SBF were smaller than previous narrower studies have estimated (Eshel et al., 2018; Long 569 

et al., 2021; Yu et al., 2023; M. Zhang et al., 2022). This is because resources freed up from pig 570 

production were repurposed for other economic activities, such as intensifying soybeans used as 571 

inputs for soy-based food production. This underscores the risks of policies focusing on a single 572 

sector and the need for comprehensive policies to address potential spillover effects on food systems 573 

and the broader economy. China has a long history of soy-based protein food, with traditional SBF 574 

(tofu, soy milk, tempeh, and soybean oil) dating back thousands of years. While novel SBF (soy-575 

based meat) differ in flavour, both derive from soybeans, creating a strong foundation for market 576 

growth (Academy of Global Food Economics and Policy, 2024). However, shifting dietary habits in 577 

China is challenging to achieve in the short run (Bai et al., 2018), since pork consumption is a 578 

culture-related issue. There is a need to promote environmental concerns among consumers and 579 
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provide information about the environmental benefits of SBF for sustainable food consumption and 580 

production. Advertising campaigns and providing consumers with carbon labels linked to the life 581 

cycle of food can enhance environmental concerns among consumers (Aiking et al., 2006b; 582 

Camilleri, Larrick, Hossain, & Patino-Echeverri, 2019). Additionally, providing food labels that 583 

inform consumers about the health benefits of products they purchase, in addition to their 584 

environmental advantages, can also motivate the dietary shift (Markiewicz, 2010). Technological 585 

improvements in taste, texture, and variety (Bonny, Gardner, Pethick, & Hocquette, 2017; Megido 586 

et al., 2016; Verbeke, Sans, & Van Loo, 2015), along with price mechanisms such as meat tax or 587 

lower prices for meat substitutes (Latka et al., 2021) could encourage the dietary shift. Promoting 588 

dietary guidelines, carbon taxes, and environmentally friendly behaviours can also help reduce meat 589 

consumption and GHG emissions (Bonnet, Bouamra-Mechemache, Réquillart, & Treich, 2020; C. 590 

G. Fischer & Garnett, 2016).  591 

Third, we demonstrate that adopting cleaner cereals production technology in China can mitigate 592 

emissions of all pollutants but demands capital reallocation from other sectors. Climate change 593 

agreements could incorporate technology transfer and support initiatives to encourage the 594 

widespread adoption of cleaner production technologies (S. Frank et al., 2018). Additionally, policy 595 

instruments such as agricultural subsidies could expedite the adoption of cleaner production 596 

technologies (Springmann & Freund, 2022).  597 

Fourth, our study indicate that the unilateral environmental policy (i.e., implementing economy-598 

wide taxes on emissions) in China can lead to ‘carbon leakage’ by outsourcing the production of 599 

emission-intensive goods to MTP. The global effects of this leakage depend on emission intensities 600 

across regions. Avetisyan, Hertel, and Sampson (2014) contend that reducing emissions of GHGs 601 

through consumption diversion to local goods is only achievable in regions with relatively low 602 

emission intensities. Policymakers should carefully consider the consequences of implementing 603 

unilateral environmental policy as it might inadvertently redirect economic activities in ways that 604 

exacerbate environmental pressures elsewhere. Restricting imports of emission-intensive goods 605 

alongside domestic emission restriction policy could avoid emission leakages to other countries 606 

(Shammin & Bullard, 2009). In addition, a globally coordinated mitigation policy could also buffer 607 
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the emission leakages caused by the unilateral environmental policy (Stefan Frank et al., 2021). 608 

Thus, achieving sustainable food production and consumption requires joint efforts from consumers 609 

and producers as well as coordinated environmental policy across countries in the world.  610 

4.3 Limitations of the study 611 

Our model, like all AGE models, simplifies reality and operates at a high level of aggregation, which 612 

may limit its ability to represent an economy out of equilibrium and primarily view behaviour 613 

through an economic lens. Further, the linear relationship between emissions and environmental 614 

quality indicators in our model is a simplified representation of real world. Also, our study assumes 615 

free international trade, full mobility of factor endowments (capital, labour, and land) across sectors, 616 

and constant income elasticities for all consumption goods. Neglecting trade barriers may 617 

overestimate the extent of international trade of feed and food. Barriers to the movement of factor 618 

endowments across sectors could be included, for example, by introducing separate labour and 619 

capital markets for agricultural and non-agricultural sectors or allowing for land shifts within 620 

agroecological zones with similar soil, landform, and climatic features, as demonstrated by the 621 

MAGNET (Woltjer et al., 2014) and GTAP-AEZ (Lee, 2005) models. Last but not least, our static 622 

model, which does not consider technological and resource changes over time, limits its 623 

applicability to short-term policy analysis. A dynamic AGE model (Babatunde, Begum, & Said, 624 

2017) may help to better understand the food systems in the context of climate change. Despite these 625 

limitations, AGE models are among the best tools currently available for assessing the economy-626 

wide effects of policy changes and shock events in society. While AGE models may not capture the 627 

internal technology flow or operational processes within specific sectors, they facilitate bridging the 628 

micro- and macroscopic agents to understand the trade-offs between environmental and economic 629 

objectives within the food-land-water-climate nexus by fully considering the teleconnections of 630 

different sectors and regions. Thus, our study offers valuable insights into the complex policy effects 631 

across the whole economy.  632 

5. Conclusions 633 

In our study, we discussed how differences in environmental concerns of consumers could cause 634 

'spillover effects' of emissions, namely, from trading partners with higher environmental concerns 635 
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to China. We further explored options for more sustainable food systems with minimal spillover 636 

effects by simulating a partial dietary shift from pork to soy-based food, cleaner cereal production 637 

technology, and unilateral emission restrictions.  638 

Differences in environmental concerns of consumers greatly influenced production patterns and 639 

emissions. The environmental quality increased more in trading partners with high environmental 640 

concerns than China because the production of ‘dirty’ products was transferred to China through 641 

international trade. This ‘spillover effect’ was noted for emissions of all pollutants.  642 

A partial dietary shift from pork to soy-based food in China decreased emissions of GHGs and 643 

acidification pollutants but increased emissions of eutrophication pollutants because of the increased 644 

production of SBF and other (crop-based processed) food in China. Adoption of cleaner cereals 645 

production technology in China decreased emissions of all pollutants but required capital 646 

reallocation from other sectors. Combining a dietary shift with cleaner cereals production 647 

technology decreased emissions of all pollutants further and also decreased the pollution swapping 648 

from MTP to China. Implementation of unilateral emission restrictions in China caused ‘carbon 649 

leakage’ to MTP, as nitrogen fertiliser and livestock production were transferred from China to MTP. 650 

Evidently, achieving sustainable food production and consumption requires joint efforts from 651 

consumers and producers as well as coordinated environmental policy across countries in the world.  652 
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