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Abstract 15 

Around 1.3 billion tonnes of food waste are produced in the world, which are mainly disposed in 16 

landfills and incinerators, and are a significant source of greenhouse gas (GHG) emissions. While 17 

feeding animals with food waste may decrease such emissions, potential "rebound effect" remain 18 

unexplored. We used an integrated environmental-economic modelling framework to assess the 19 

impacts of upcycling food waste in China’s monogastric livestock production in a global context. 20 

We found that upcycling 54-100% of food waste as feed increased monogastric livestock production 21 

(25-37%) and average wage across the Chinese economy (0.18-0.22%), with negative indirect 22 

effects such as increased total agricultural land use (0.5-0.6%) and economy-wide emissions of 23 

acidification (3-6%) and eutrophication (0.5-0.8%) pollutants in China. Synergy effects from less 24 

food waste in landfills and incinerators, along with the contraction in non-food production, 25 

decreased Chinese economy-wide GHG emissions (0.5-0.9%). While feeding food waste strategies 26 

enhanced food availability (6-12 kcal capita-1 day-1) and affordability (0.38-0.49%) in China, it 27 

slightly reduced food availability (0.5-1.0 kcal capita-1 day-1) and increased affordability (0.18-28 

0.22%) in its trading partners. Our results highlight the asymmetric impacts of feeding China’s 29 

monogastric livestock with food waste on food security and environment sustainability, urging 30 

complementary measures and policies to mitigate negative spillovers when promoting more circular 31 

food systems.  32 

 33 
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Main  37 

The surge in demand for animal-sourced food (ASF) such as meat, milk, and eggs is driven by 38 

population growth, prosperity, and urbanisation 1,2. The global demand for ASF is projected to 39 

double by 2050; the increase will occur, particularly in developing countries 3. Livestock production 40 

expansion has driven global demand for animal feed as well as land used for feed crops, intensifying 41 

the food-feed competition and causing serious environmental concerns. Currently, 70% of global 42 

agricultural land is used for producing animal feed 4, and global livestock production account for 43 

13-18% of the total anthropogenic greenhouse gas (GHG) emissions 5, 40% of the ammonia (NH3) 44 

and nitrous oxide (N2O) emissions 6, and around 24% of nitrogen (N) and 55% of phosphorus (P) 45 

losses to water bodies 7.  46 

Globally, approximately 1.3 billion tons of food (roughly one-third of the total amount of food 47 

produced for human consumption) are lost or wasted each year, a considerable portion of which is 48 

disposed in landfills or incinerators, further exacerbating GHG emissions and climate change 8. 49 

Upcycling food waste to substitute human-edible feed crops in animal diets may decrease GHG 50 

emissions associated with landfill and incineration and is crucial for building circular food systems 51 

9. Further, low-opportunity-cost feed (LCF), i.e., food waste and food processing by-products, 52 

typically compete less for land and natural resources than cereals and oilseeds, which are the main 53 

compounds of concentrated feed for monogastric livestock 9-11. Feeding animals with food waste 54 

offers a pathway to mitigate land-related pressures 10, alleviate the food-feed competition 9, and 55 

reduce emissions from improper food waste disposal 11. Increased utilisation of food waste as feed 56 

may also contribute to achieving Sustainable Development Goals (SDGs), including SDG 2 (zero 57 

hunger), SDG 6 (clean water and sanitation), SDG 12 (responsible consumption and production), 58 

SDG 13 (climate action), and SDG 15 (life on land) 12.  59 

Building more circular food systems through increased utilisation of food waste as feed may also 60 

result in indirect effects and spillovers, which have not yet been investigated. First,  feeding animals 61 

with food waste may lower feed costs and boost farm profits, which may drive livestock production 62 

expansion and lead to increased emissions—a phenomenon known as the "rebound effect" or 63 

“Jevons paradox” 13. Second, increased utilisation of food waste as feed will not only impact 64 
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consumers and producers of livestock but also have knock-on effects on other commodities in the 65 

broader economy. For instance, heightened demand for feed due to expanded monogastric livestock 66 

production may drive up crop production, leading to increased demand for land, fertilisers, and 67 

associated emissions. In addition, less food waste in landfills and incinerators may contribute to 68 

lower GHG emissions. Reducing cropland areas and GHG emissions are seen as the two key 69 

environmental benefits of feeding animals with food waste 9-11. However, the possible rebound 70 

effect of expanded livestock production and its knock-on effects on other commodities could alter 71 

the expected outcome in terms of reducing agricultural land use and emissions. In essence, while 72 

previous studies  9-11 acknowledge the environmental benefits of increasing food waste utilisation 73 

as feed, their employment of linear optimisation models may overestimate the environmental 74 

benefits by disregarding market-mediated responses via the price system (i.e., holding costs and 75 

prices constant). Third, the food price may change, which could influence the availability and access 76 

dimensions of food security 14.  For example, the increased food production will enhance food 77 

availability, leading to lower food prices, but the expanded livestock production will stimulate 78 

labour demand, thus raising the economy-wide average wage. Food affordability is determined by 79 

fluctuations in the prices of a food consumption basket relative to changes in consumer income 15. 80 

However, solely focusing on food price fluctuations without considering income changes resulting 81 

from increased food waste utilisation as feed may lead to biased conclusions on changes in food 82 

affordability.  83 

Applied general equilibrium (AGE) models based on microeconomic theory are useful tools for 84 

analysing the economy-wide effects (i.e., production, consumption, and trade) of a transition to a 85 

circular economy 16,17. AGE models can depict sectoral interactions, international trade, and 86 

consumer responses to changing prices and incomes, making them valuable tools for assessing the 87 

consequences of the transition towards more circular food systems. However, this requires that 88 

monetary AGE models do fully account for biophysical (quantity-based) and nutritional (protein 89 

and energy-based) livestock feeding constraints, which are crucial for analysing the environmental 90 

and economic impacts of feeding animals with food waste. Although previous studies 18-21 have 91 

endeavoured to integrate biophysical and nutritional livestock feeding constraints into AGE models, 92 
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none have yet explored the potential impacts of upcycling discarded food waste as animal feed. 93 

Moreover, AGE models such as GTAP-E 22, GTAP-AEZ 23, GTAP-BIO 24, and MAGNET 25 94 

primarily focus on GHG emissions and overlook other pollutants. It is crucial to encompass not only 95 

GHG emissions but also pollutants leading to acidification (i.e., NH3 emissions to air) and 96 

eutrophication (i.e., N and P losses to water bodies) from livestock production within the AGE 97 

framework, given that livestock contributes more to these pollutants than to GHG 26-29. Yet, no 98 

studies have done that so far.  99 

In this study, we analysed the possible environmental and economic consequences of upcycling 100 

food waste in China’s monogastric livestock production in a global context. China is the world’s 101 

largest animal producer, and accounted for 46%, 34%, and 13% of the global pork, egg, and poultry 102 

meat production in 2018, respectively 30, making it a focal point of our study. We address three main 103 

research questions, emphasising indirect effects and spillovers not directly covered in previous 104 

studies. First, how will an increased utilisation of food waste as feed influence livestock production, 105 

food supply, and other sectors in China? Second, how will these influence GHG emissions and the 106 

pollutants emissions leading to acidification and eutrophication? Third, how will an increased 107 

utilisation of food waste as feed influence food availability and food affordability, which are crucial 108 

indicators of food security, if we account for changes in food prices and wages that provide the main 109 

source of consumer income? The novelty of this study lies in the improvement of an integrated 110 

environmental-economic framework by bridging monetary AGE models with biophysical (quantity-111 

based) and nutritional (protein and energy-based) constraints. This improved framework may 112 

capture the rebound effect of expanded livestock production, its knock-on effects on other 113 

commodities, and the changes in food prices and consumer income when promoting circular food 114 

systems through increased utilisation of food waste as feed. Furthermore, integrating emissions of 115 

GHG and pollutants that lead to acidification and eutrophication into the AGE framework 116 

simultaneously allows us to discern the trade-offs and synergies associated with each type of 117 

emission.  118 

We examined two scenarios with changed animal diets and compared these scenarios to a baseline 119 

(S0) scenario for the year 2014 without changing animal diets. Scenario S1 investigated the 120 
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environmental and economic impacts of allowing partial use of food waste as feed (54% of food 121 

waste and 100% of food processing by-product waste) for monogastric livestock. Scenario S2 122 

analysed the environmental and economic impacts of allowing full use of food waste as feed, taking 123 

into account economies of scale. In S1, cross-provincial transportation of food waste with high 124 

moisture content was not allowed, which limits the maximum utilisation rate of food waste to 54% 125 

in China, according to Fang, et al. 10, whereas it was allowed in S2. Economies of scale in food 126 

waste recycling were considered in S2; a 1% increase in recycled waste resulted in only a 0.078% 127 

rise in recycling costs, as reported by Cialani and Mortazavi 31. The inclusion of two food waste-128 

related sectors (see Fig. 1 and Methods) in the enhanced framework makes it capable of exploring 129 

the potential reuse of discarded food waste as animal feed. These sectors include the food waste 130 

recycling service sector for recycling food waste as animal feed and the food waste collection service 131 

sector for collecting food waste for landfill or incineration. The consumer price of food includes 132 

both the market price of food and the cost of collecting food waste by the municipality. In terms of 133 

recycling food waste as feed, monogastric livestock production bears the associated cost. When 134 

substituting primary feed (i.e., crops and compound feed) in animal diets with food waste, we 135 

maintain the protein and energy supply per unit of animal output in all scenarios to prevent 136 

imbalances between nutritional (protein and energy) supply and livestock requirements. The 137 

scenarios mentioned above are further described in Table 1.  138 

Results 139 

Impacts on livestock production, food supply, and other sectors.  140 

China produced about 103 Tg of monogastric livestock products (pork: 57 Tg; poultry: 18 Tg; egg: 141 

29 Tg) in 2014. The food recycling service sector recycled only 39% of food waste and 51% of by-142 

product waste as feed (see Table 1). Expanding this sector to accomplish the goal of upcycling 54-143 

100% of food waste as feed provided 18-28% more feed protein and 22-69% more feed energy for 144 

monogastric livestock production compared to current feed sources. This led to a 3.4-4.1% reduction 145 

in feed costs for per animal output, boosting profits for monogastric livestock producers and driving 146 

a 25-37% expansion in production (Fig. 2a). This shift also signals a transition for China from a net 147 

importer of monogastric livestock (with 1.1% of output imported in our baseline scenario S0) to an 148 



7 
 

exporting nation of monogastric livestock (with 24-35% of output exported) (Fig. 3e). Increased 149 

shares of food waste use (9-14% in dry matter, 4-6% in protein, and 8-12% in energy; see 150 

Supplementary Fig. 1) within total feed use led to an equivalent decrease in demand for primary 151 

feed (i.e., crops and compound feed) for per unit of monogastric livestock production.  152 

To quantify the contribution of human–edible feedstuffs to the animal-based food supply, we 153 

defined the eFCR (edible Feed Conversion Ratio) 32 as the quantity of human–edible feedstuffs 154 

included in the total feed to produce one unit of live weight gain of livestock production. Increased 155 

utilisation of food waste as feed alters FCR (feed conversion ratio, a ratio between the fresh matter 156 

of feed inputs and the live weight gain of livestock production) and eFCR. Despite a moderate 157 

increase in FCR (0.16-0.56 kg·kg-1) for monogastric livestock, the decreased eFCR (0.14-0.23 158 

kg·kg-1) demonstrates reduced utilisation of human-edible feed crops for per unit of monogastric 159 

livestock production (Fig. 2b). However, the total demand of human-edible feed crops in 160 

monogastric livestock production increased by 9.5-9.9% (see Supplementary Fig. 2) due to 161 

expanded monogastric livestock production, intensifying demand for cropland by 0.4-0.6% (Fig. 162 

2c). Negligible changes (less than 0.001 kg·kg-1) were observed in FCR and eFCR in ruminant 163 

livestock production due to minute changes in the production and feed use of ruminant livestock.  164 

Feeding food waste strategies increased demand for feed crops and compound feed, driven by 165 

expanded monogastric livestock production, leading to a 0.18-0.22% rise in the average wage across 166 

the Chinese economy (see Supplementary Fig. 3), given that the crop and livestock sectors comprise 167 

19% of the total labor supply. Consequently, labour became relatively more expensive compared to 168 

other factor inputs such as capital, cropland, and pasture land (see Supplementary Fig. 3). 169 

Consequently, producers will  substitute labour with these relatively cheaper factor inputs. Ruminant 170 

livestock production remained nearly static, with the rise in labor costs offset by a corresponding 171 

increase in pasture land usage, driving a 0.5-0.7% increase in demand for pasture land (Fig. 2c). 172 

Crop producers will prioritise reducing the production of relatively labour-intensive crops; for 173 

example, roots & tubers are expected to decrease by 7-90% and sugar crops by 17-27% (Fig. 2c,d). 174 

The cropland saved from the reduced production of relatively labour-intensive crops will be 175 

reallocated to increase the production of crops that require relative more cropland or capital, such 176 
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as cereal grains (1-3%), vegetables & fruits (2-3%), and other non-food crops (34-105%) (Fig. 2c,d). 177 

The larger percentage changes in other non-food crop production, compared to cereal grains and 178 

vegetables & fruits, can be attributed to initially low share acreage in total cropland occupation, 179 

accounting for less than 0.5%  (see Supplementary Fig. 4). Notably, the production of oilseeds & 180 

pulses decreased by 8% when partial use of food waste as feed was allowed but increased by 71% 181 

when full use was allowed (Fig. 2c,d). This phenomenon arises because oilseeds & pulses are not 182 

only relatively cropland-intensive but also labour-intensive crops compared with other crops so the 183 

changes in their production depend on the interplay between labour and cropland costs under 184 

different scenarios.  185 

Changes in crop production will alter their self-sufficiency ratios (SSRs, a ratio between domestic 186 

production and domestic utilisation). We found that the SSRs of roots & tubers and sugar crops 187 

decreased by 8-90% and 17-27%, respectively (Fig. 3e). The SSR of oilseeds & pulses increased by 188 

26% when full use of food waste as feed was allowed, but decreased by 4% when allowing a partial 189 

use of food waste as feed (Fig. 3e). When full use of food waste as feed was allowed, the imports 190 

of cereal grains and other non-food crops decreased by 1.5 and 1.2 times of the initial levels, which 191 

led to complete self-sufficiency for these crops (see Supplementary Fig. 5).  192 

Despite the 1-4% decrease in total crop production (Fig. 3a), the total fertiliser demand increased 193 

by 2-6% (Fig. 3c,d) because of changes in fertiliser demand by the crop type pattern (see 194 

Supplementary Fig. 4). Since fertiliser sectors are relatively energy-intensive, fertiliser producers 195 

could obtain profits by substituting labour with comparatively cheaper energy (mainly coal). This 196 

shift resulted in a 38-40% increase in nitrogen fertiliser production and a 24-64% increase in 197 

phosphorus fertiliser production. Consequently, China shifts from a net importer of nitrogen (with 198 

3% of output imported in S0) and phosphorus (with 2% of output imported in S0) fertilisers to an 199 

exporting nation of nitrogen (with 27-31% of output exported) and phosphorus (with 20-52% of 200 

output exported) fertilisers (Fig. 3f). The significant changes in fertiliser production can be 201 

attributed to its initially low share of value-added in gross domestic product (GDP), accounting for 202 

less than 0.5% (see Supplementary Fig. 6). From the whole-economy perspective, upcycling food 203 

waste in monogastric livestock production as feed prompts a shift of workers from non-agricultural 204 
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sectors to agricultural-related sectors, leading to an expansion in agricultural production and a 205 

contraction in non-agricultural production except for fertiliser sectors (Fig. A6).  206 

Impacts on emissions.  207 

Changes in production structure will lead to alterations in emissions of GHG (measured by CO2-208 

eq), acidification (measured by NH3-eq), and eutrophication pollutants (measured by N-eq). Our 209 

findings revealed trade-offs between reductions in GHG emissions and an increase in emissions of 210 

acidification and eutrophication pollutants in China. Upcycling 54-100% of food waste as feed 211 

increased economy-wide emissions of acidification (3-6%) and eutrophication (0.5-0.8%) pollutants 212 

(Fig. 4b,c) in China, primarily due to the expansion of monogastric livestock production with 213 

relatively high emission intensities of these pollutants. The economy-wide GHG emissions 214 

decreased by 0.5-0.9% in China (Fig. 4a), despite the rise in GHG emissions from expanded 215 

livestock and fertiliser production, indicating synergy effects from less food waste in landfills and 216 

incinerators, alongside  the contraction in non-food production.  217 

Increased utilisation of food waste as feed will reduce China's reliance on imports of livestock 218 

products and fertilisers, resulting in its transition from a net importer to an exporting nation of these 219 

commodities (Fig. 3e,f). Consequently, China's main food and feed trading partners (MTP, 220 

including Brazil, the United States, and Canada) will experience environmental benefits, including 221 

reduced emissions of GHG (1.2-1.5%), acidification (9-14%), and eutrophication pollutants (3-4%). 222 

These environmental benefits for MTP stem from saving their domestic production of livestock and 223 

fertiliser because China transitions from a net importer of these commodities to an exporting nation 224 

of these commodities.  225 

Impacts on food security and household welfare.  226 

Subsequently, changes in production and prices may also influence not only food supply but also 227 

household welfare. We evaluated the availability and access dimensions of food security using food 228 

availability (daily per capita dietary calorie availability) and food access (per capita affordability 229 

and the average price of the current diet) as indicators. The composition of the current diet was 230 

outlined in Supplementary Fig. 7. Since prices offer only partial insight into food affordability, we 231 
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used changes in the average price of a food consumption basket (current diet) in relation to the 232 

economy-wide average wage that provides the main source of consumer income (see Supplementary 233 

Fig. 8), as a proxy for food affordability. 234 

Our findings indicated that upcycling 54-100% of food waste as feed slightly increased food 235 

availability (0.19-0.37%) and food affordability (0.38-0.49%) in China, which was related to lower 236 

food prices (0.20-0.27%) and higher average wage across the Chinese economy (0.18-0.22%) (Fig. 237 

5a,b; Fig. A9). The increased food availability (0.19-0.37%, 6-12 kcal capita-1 day-1) in China could 238 

sustain an additional 2.6-5.2 million people (Table A6). Concomitantly, there was a marginal 239 

decrease in food availability (0.02-0.03%, 0.5-1.0 kcal capita-1 day-1) in MTP (Table A6). Overall, 240 

this initiative could potentially feed 2.5-5.0 million more people in China and MTP together. The 241 

increased food affordability in China aligned with a drop in the average price of the current diet 242 

(0.20-0.27%) and an increased average wage (0.18-0.22%) (Fig. A9). While food affordability rose 243 

for MTP (0.19-0.21%), the increase was smaller than for China (0.38-0.49%) (see Supplementary 244 

Fig. 9). Further, household welfare (a measure of economic well-being in million $) increased by 245 

0.19-0.38% in China but decreased by 0.01-0.03% in MTP (see Supplementary Fig. 9). More 246 

detailed results on changes in prices by sectors are provided in Supplementary Fig. 10. 247 

Discussion 248 

This study uses an integrated environmental-economic framework to evaluate the possible 249 

environmental and economic consequences of upcycling food waste in China’s monogastric 250 

livestock production in a global context. The novelty of this study lies in incorporating biophysical 251 

(quantity-based) and nutritional (protein and energy-based) constraints into monetary AGE models, 252 

thereby addressing a key limitation of current AGE models 19,21. Feeding monogastric livestock with 253 

food waste will induce price changes and have knock-on effects on other commodities in the broader 254 

economy, potentially impacting changes in wage, land rent, and rental price of capital. Our approach 255 

complements previous linear optimisation studies  9-11, which overlooked market-mediated 256 

responses via the price system by considering both direct and indirect (price-induced) effects of 257 

increased utilisation of food waste as feed. Our results, thus, enhance the understanding of synergies 258 

and trade-offs between economic impacts and multiple environmental stresses associated with the 259 
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increased utilisation of food waste as animal feed while respecting biophysical and nutritional 260 

constraints on livestock production.  261 

Feeding monogastric livestock with food waste contributes significantly to the transition from linear 262 

to more circular food systems and alleviates food-feed competition. We found that upcycling 54-263 

100% of food waste in monogastric livestock production significantly increased the shares of food 264 

waste use (9-14% in dry matter, 4-6% in protein, and 8-12% in energy) within total feed use for per 265 

unit of monogastric livestock production in China, which is crucial for the transition towards circular 266 

food systems. Despite a moderate increase in FCR (0.16-0.56 kg·kg-1) for monogastric livestock, 267 

the decreased eFCR (0.14-0.23 kg·kg-1) indicates reduced utilisation of human-edible feed crops for 268 

per unit of monogastric livestock production. These findings of changes in FCR and eFCR align 269 

with findings from Fang, et al. 10 and Gatto, et al. 19.  270 

Feeding waste strategies can also address China's dependence on imported feed. While the 95% 271 

SSR redlines were maintained for main staple crops (wheat, rice, and maize), China became 272 

increasingly reliant on the imports of soybean, with 66% of the global soy trade purchased by China 273 

in 2017 to meet 90% of domestic demand 33. This reliance on external sources presents food security 274 

risks 34, which are becoming an increasingly pressing global concern. We found that allowing the 275 

full utilisation of food waste as feed reduced cereal grain imports to 1.5 times their initial levels, 276 

achieving complete self-sufficiency, while oilseeds & pulses imports decreased by 26%, consistent 277 

with expectations outlined by Fang, et al. 10. The decrease in imports of oilseeds & pulses can also 278 

reduce the environmental pressure associated with deforestation in Brazil, as 59% of Brazil’s 279 

soybean exports associated with deforestation are attributed to China 35. Feeding food waste 280 

strategies additionally reduced the economy-wide GHG emissions decreased by 0.5-0.9% in China 281 

due to less food waste in landfills and incinerators as well as the contraction in non-food production. 282 

This supports China's commitment to achieving carbon neutrality by 2060 36.  283 

While our study confirms the benefits of feeding food waste strategies observed in other studies, we 284 

also uncover some indirect and spillover effects associated with increased food waste utilisation as 285 

feed, aspects overlooked in prior linear optimisation studies 9-11,37. In contrast to previous linear 286 

optimisation studies that assume livestock production remains unchanged as long as feed protein 287 
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and energy are maintained, our modelling framework enables us to capture the indirect "rebound 288 

effect" of expanded livestock production induced by lower feed costs. The rebound effect of 289 

increased livestock production and its knock-on effects on other commodities cannot be overlooked, 290 

as these potential trade-offs and negative spillovers may alter the expected outcome in terms of 291 

reducing agricultural land use and emissions when transitioning to more circular food systems.  292 

The first possible economic spillover effect is a 25-37% expansion of monogastric livestock 293 

production in China. This surge is attributed to the provision of 18-28% more feed protein and 22-294 

69% more feed energy for monogastric livestock production through upcycling 54-100% of food 295 

waste as feed. Consequently, reduced feed costs and amplified profits for livestock producers 296 

incentivise livestock expansion. The expanded livestock production has been confirmed by Tong, 297 

et al. 38, who argue that allowing full use of food waste as feed could increase pork production by 298 

14-29% even when holding costs and prices constant. This shift also signifies China's transition 299 

from a net importer of monogastric livestock (with 1.1% of output imported in our baseline scenario 300 

S0) to an exporting nation of monogastric livestock (with 24-35% of output exported). It is in line 301 

with the target of the " 95% SSR target for pork" proposed in 2020  39 to restore the domestic supply 302 

capacity under the outbreak of African swine fever 40,41. The expansion of monogastric livestock 303 

production, coupled with increased demand for feed crops and compound feed, drove up labour 304 

demand, generating a second positive spillover in the average wage across the Chinese economy 305 

(0.18-0.22%). Consequently, there was a shift toward substituting labour with other relatively 306 

cheaper factor inputs, such as capital, cropland, and pasture land, to choose the cheapest 307 

combination of inputs. This generates a third negative spillover effect of expanded monogastric 308 

livestock production: heightened agricultural land (cropland and pasture land) demand. In spite of 309 

reduced reliance on human-edible feed crops for per unit of monogastric livestock production, our 310 

model results indicate that the total demand for human-edible feed crops in livestock production 311 

will increase by 9.5-9.9%, intensifying demand for cropland by 0.4-0.6%. Meanwhile, the rise in 312 

labor costs also stimulate the use of pasture land for ruminant livestock production, driving a 0.5-313 

0.7% increase in demand for pasture land. Crop producers will prioritise reducing the production of 314 

relatively labour-intensive crops (i.e., roots & tubers: 7-90%; sugar crops: 17-27%) and increasing 315 
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the production of relatively cropland-intensive or capital-intensive crops (cereal grains: 1-3%; 316 

vegetables & fruits: 2-3%; other non-food crops: 34-105%). The production of oilseeds & pulses 317 

exhibits intriguing dynamics: its production decreased by 8% when partial use of food waste as feed 318 

was allowed but increased by 71% when full use was allowed. This phenomenon arises because 319 

oilseeds & pulses are not only relatively cropland-intensive but also labour-intensive crops. When 320 

partial use of food waste as feed is allowed, the increased cost of labour outweighs the decreased 321 

cost of cropland, resulting in reduced production. Conversely, when full use of food waste as feed 322 

is allowed, the futher reduced cost of cropland outweighs the increased cost of labour, leading to 323 

increased production. Labour, however, can also be substituted by comparatively cheaper energy 324 

(mainly coal) for fertiliser production, attributed to the energy-intensive nature of fertiliser sectors. 325 

This shift led to a 38-40% increase in nitrogen fertiliser production and a 24-64% increase in 326 

phosphorus fertiliser production. This also generates another negative environmental spillover effect 327 

by increasing GHG emissions related to fertiliser production.  Our results are confirmed by Gatto, 328 

et al. 19 who have assessed the impact of subsidising the upcycling of agricultural residues and by-329 

products as feed, revealing increases in agricultural wage, livestock production, and agricultural 330 

land use.  331 

Economic spillovers into monogastric livestock sector also unexpectedly reverses the expected 332 

outcome in terms of reducing emissions. Our results indicated that feeding food waste strategies 333 

increased economy-wide emissions of pollutants associated with acidification (3-6%) and 334 

eutrophication (0.5-0.8%) in China, primarily driven by the expansion of monogastric livestock 335 

production. In spite of increased GHG emissions from expanded livestock and fertiliser production, 336 

China's economy-wide GHG emissions declined by 0.5-0.9% due to less food waste in landfills and 337 

incinerators as well as the contraction in non-food production. The positive contribution to lower 338 

GHG emissions through interactions with non-agricultural sectors also illustrates the relevance of 339 

using an general equilibrium model rather than an agricultural partial equilibrium model. The GHG-340 

related environmental benefits of the increased food waste as animal feed are acknowledged by prior 341 

linear optimisation studies 9-11,37; however, in our economy-wide perspective, the primary reduction 342 

in GHG emissions stems from less food waste in landfills and incinerators. Due to differing scenario 343 
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setups and objectives, the results of the linear optimisation studies, as argued by Gatto, et al. 19, are 344 

largely incomparable to those in our economy-wide models. Linear optimisation studies often 345 

explore extreme scenarios by holding costs and prices constant, contrast sharply with our economy-346 

wide models, which accounts for market-mediated responses via the price system and rational 347 

economic behavior of agents to closely mirror real-world conditions. This disparity presents 348 

challenges in replicating such scenarios within our economy-wide models, as the monetary 349 

constraints and rational economic behaviors modeled in our analysis diverge from the extreme 350 

scenarios exclusively detectable in linear optimisation models. Yet, these two modelling approaches 351 

could complement each other and support researchers and decision-makers by offering diverse 352 

perspectives on the same issue. Prior linear optimization studies could benefit from insights into the 353 

potential rebound effects uncovered by our economy-wide models, which potentially diminish the 354 

anticipated environmental benefits of feeding food waste strategies. Conversely, economy-wide 355 

models could gain valuable insights into envisioning a sustainable future by examining scenarios 356 

that disregard market-mediated responses via the price system.  357 

Social spillover effects on food availability and affordability varies across China and its main food 358 

and feed trading partners. Some studies 42,43 evaluated food affordability primarily by considering 359 

changes in prices without accounting for income fluctuations, which may alter conclusions on 360 

changing food affordability. Since prices offer only partial insight into food affordability, we use 361 

changes in the average price of a food consumption basket (current diet) in relation to the average 362 

wage as a proxy for food affordability. We found increased food affordability in China (0.38-0.49%) 363 

aligned with a drop in the average price of the current diet (0.20-0.27%) and an increased average 364 

wage (0.18-0.22%), with a smaller increase in food affordability observed for MTP (0.19-0.21%) 365 

compared to China. Increased food availability in China could sustain 2.6-5.2 million more people, 366 

while a slight decrease in availability among trading partners risks hunger for 0.1-0.2 million people. 367 

Nonetheless, global food availability is improved, as China's increase exceeds the decline in its 368 

trading partners. This suggests that increased feeding of food waste to pigs in China has impacts 369 

that extend beyond borders, a type of telecoupled impact. 44,45 370 
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Our findings unveiled the asymmetric impacts of feeding China’s monogastric livestock with food 371 

waste on food security and environment sustainability. The concurrent reduction in GHG emissions, 372 

coupled with the enhancements in food availability and affordability, underscores the rationale for 373 

policymakers to promote the adoption of feeding food waste strategies. This aligns with China's 374 

recent emphasis on carbon neutrality and food security as leading priorities 46,47. Despite these 375 

benefits of increased utilisation of food waste as feed, policymakers should remain vigilant 376 

regarding indirect effects and spillovers, particularly the unintended increases in agricultural land 377 

use and emissions of acidification and eutrophication pollutants, and be prepared to implement 378 

complementary measures and policies to mitigate these negative effects. Therefore, our findings 379 

hold following policy implications.  380 

First, on the one hand, implementing economy-wide taxes on emissions of acidification and 381 

eutrophication pollutants alongside feeding food waste strategies could help mitigate the rebound 382 

effect of expanded monogastric livestock production, thus alleviating pressures on agricultural land 383 

use and reducing these emissions. This approach aligns with the recommendation of Gatto, et al. 20, 384 

who proposed using economy-wide GHG taxes to address the rebound effect of non-food sectors 385 

with increased GHG emissions during the global EAT-Lancet diet transition. The Chinese 386 

government has enacted several environmental policies aimed at reducing emissions of pollutants 387 

linked to acidification and eutrophication from agriculture and improving water quality. These 388 

policies include (i) Improvement of manure recycling 48, and (ii) Prevention and Treatment of Water 389 

Pollution (“Ten-Point Water Plan”) 49. On the other hand, adopting nitrogen mitigation measures 390 

for livestock manure could also alleviate the rebound effect of expanded production of monogastric 391 

livestock, given that poorly managed livestock manure is identified as the primary source of 392 

pollutants associated with acidification and eutrophication in China 50.  The estimated rate of manure 393 

nitrogen recycling to the field in China, accounting for 32% of total nitrogen excretion 50, 394 

significantly lags behind figures reported in the United States (75% ) 51 and European Union (EU) 395 

countries (80%) 52. Covering slurry stores and implementing low-NH3 emission manure applications 396 

have been embraced by over 90% of farmers in the Netherlands and Denmark 53. However, surveys 397 

conducted in China indicate that less than 20% of pig farms have adopted these measures. Policy 398 
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instruments such as tax incentives and financial grants could accelerate the adoption of these 399 

technologies in China to mitigate the unintended increases in emissions of acidification and 400 

eutrophication pollutants. Despite the decrease in Chinese economy-wide GHG emissions, it is 401 

worth noting that the GHG environmental benefits do not originate from feed crop production but 402 

rather from the less food waste in landfills and incinerators. Therefore, China could achieve greater 403 

GHG environmental benefits through intensive crop production 54 and the adoption of improved 404 

fertilizer production technologies 55. These measures are also consistent with the implementation of 405 

the "zero fertilizer growth" policy 56 in 2015 to reduce fertiliser use.  406 

Second, we dodge the question of the policy instruments used to achieve the goal of increased 407 

utilisation of food waste as feed by exogenously raising the cost of recycling food waste as feed and 408 

lowering the cost of collecting food waste for landfill and incineration. This exogenous shift is 409 

similar to key publications on feeding food waste strategies 9-11,37. We assume that the “food waste 410 

recycling service” sector exogenously expands its production to achieve the goal of increased 411 

utilisation of food waste as feed, leading to an equivalent decrease in the production of the “food 412 

waste collection service” sector. This implies that the capital and labour markets for food waste are 413 

not included in our analysis. This seems acceptable as the shares of value-added related to food 414 

waste in China’s total GDP amount to less than 0.5% (see Supplementary Fig. 6). Achieving close 415 

to the full use of food waste as feed seems possible in China because the food waste treatment 416 

industry (i.e., food waste collection service and food waste recycling service) is well developed and 417 

expanding recently 57. The current reinforced policies on municipal solid waste separation and 418 

collection 58 in China guarantee a stable feed supply for monogastric livestock production. 419 

Additionally, the geographic proximity of industrial livestock farms to municipal food waste 420 

collection plants further facilitates the success of upcyling food waste as feed for monogastric 421 

livestock production 57. However, allowing full use of food waste as feed necessitates various 422 

investments and policies to support the construction of municipal food waste collection plants to 423 

efficiently collet, sanitize, and package food waste for sale to livestock producers as feed 10. In 424 

addition, to gain acceptance and adoption among livestock producers, food waste protein production 425 

must demonstrate its economic competitiveness against conventional feed proteins such as cereals 426 
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and oilseeds. Our results demonstrated that upcycling 54-100% of food waste as feed increased feed 427 

protein supply by 18-28% and feed energy supply by 22-69% for monogastric livestock production, 428 

leading to a 3.4-4.1% reduction in feed costs for per animal output.  429 

Third, our study assumes that individuals employed in non-agricultural sectors can shift to 430 

agricultural-related sectors under a constant total labor supply within the economy, following the 431 

default settings of standard GTAP 59 and USAGE 60 models. However, constraints on labour 432 

mobility, especially in the short term, may exist. On one hand, policies should facilitate the transition 433 

of workers towards agricultural sectors by lowering barriers to agricultural jobs through specialized 434 

training and educational programs, which could provide workers with enhanced opportunities to 435 

consider alternative employment paths. On the other hand, the current agricultural and non-436 

agricultural production in China 61 implies that such shifts may require individuals employed in non-437 

agricultural sectors to relocate from major non-agricultural production regions (i.e., southern China) 438 

to regions specialising in agricultural production (i.e., northern China). These relocations could 439 

incur tangible costs, which are likely to impact disadvantaged individuals and communities 440 

disproportionately.  441 

Despite the integrated and holistic approach, this study has some limitations that necessitate some 442 

follow-up. First, our study assumes free international trade, full mobility of factor endowments 443 

(capital, labour, and land) across sectors, and constant income elasticities for all consumption goods. 444 

Neglecting trade barriers in our analysis may overestimate the extent of international trade of feed 445 

and food. Barriers to the movement of factor endowments across sectors could be included, for 446 

example, by introducing separate labour and capital markets for agricultural and non-agricultural 447 

sectors or allowing for land shifts within agroecological zones with similar soil, landform, and 448 

climatic features, as included in the MAGNET 25 and GTAP-AEZ 23 models. Second, expanding 449 

our modelling framework to include additional feed types like maize silage, alfalfa hay, and 450 

roughage-like by-products would improve the assessment of nutritional balances, particularly in the 451 

context of ruminant livestock production. While the estimated FCRs for the monogastric livestock 452 

sector closely align with reference estimates observed in literature 10,11,37, our estimates for ruminant 453 

livestock are somewhat lower compared to the literature. However, as these feeds are primarily used 454 
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for ruminant livestock, which is not our main focus, this falls outside the scope of our study. Third, 455 

our analysis concentrates on scenarios outlining technically and physically possible options and 456 

does not endeavor to depict policy instruments for achieving the goal of increased utilisation of food 457 

waste as feed, aligning with key literature on feeding food waste strategies 9-11,37. Crucial questions 458 

remain how to design and implement policies that can achieve the goal of increased utilisation of 459 

food waste as feed, which falls outside the scope of this study but should be a pivotal direction for 460 

future research. Fourth, in line with SDG 12.3 ("halving food waste") 12, high priority should be 461 

placed on reducing food waste. With less food waste available for animal feed, the impacts of 462 

increased utilisation of food waste as feed may diminish. However, we consider our estimates of the 463 

impacts of increased utilisation of food waste as feed as conservative, as we did not factor in cross-464 

provincial transportation of food waste with high moisture content (except in scenario S2). Last but 465 

not least, we stress that the model simplifies the real world and draws conclusions from a static 466 

model with aggregated goods under current economic conditions. The outbreak of African swine 467 

fever in China is not considered in our model, which may overestimate the capacity to feed more 468 

food waste to pigs and expand the pig sector. This gives a direction for further study on developing 469 

a dynamic AGE model to include such events. Despite its limitations in short-term policy analysis, 470 

the static model, without considering technological and resource changes over time, allows us to 471 

minimise assumptions and uncertainties about future economic conditions while also isolating the 472 

impact of feeding China’s monogastric livestock with food waste.  473 

This study serves as a step towards bridging monetary AGE models with biophysical (quantity-474 

based) and nutritional (protein and energy-based) constraints and explores the possible 475 

environmental and economic consequences of upcycling food waste in China’s monogastric 476 

livestock production. While feeding food waste strategies offers benefits, such as reducing GHG 477 

emissions and improving food availability and affordability, policymakers should implement 478 

complementary measures and policies from an economy-wide perspective to address unintended 479 

increases in agricultural land use and emissions of acidification and eutrophication pollutants when 480 

promoting more circular food systems. Our analysis holds significant policy implications not only 481 

for China, a key global market for food and feed, but also serves as a blueprint for other populous 482 
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emerging economies striving to achieve a better balance between food security and environmental 483 

sustainability with limited agricultural land and growing food demand, thereby resulting in a notable 484 

global impact.  485 

Methods 486 

The integrated environmental-economic model and database. The integrated environmental-487 
economic model based on an AGE framework has been widely used to identify the optimal solution 488 
towards greater sustainability and enable efficient allocation of resources in the economy under 489 
social welfare maximisation 62-66. For this study, we developed a global comparative static AGE 490 
model, a modified version of an integrated environmental-economic model, 67-69 and improved the 491 
representation of food-related (crop and livestock) sectors and associated non-food (compound feed, 492 
food processing by-products, nitrogen and phosphorous fertiliser, food waste treatment, and non-493 
food) sectors. Our model is solved using the general algebraic modelling system (GAMS) software 494 
package 70.  495 

Modelling circularity in livestock production requires a detailed representation of biophysical flows 496 
to consider nutritional balances and livestock feeding constraints of increasing the utilisation of food 497 
waste as feed in monogastric livestock production. Following Gatto, et al. 19, we converted dollar-498 
based quantities to physical quantities (Tg) to allow the tracing of biophysical flows through the 499 
global economy. Global Trade Analysis Project (GTAP) version 10 database 59 was used to calibrate 500 
our AGE model and provide dollar-based quantities. Data on physical quantities (see Table A1) for 501 
crop and livestock production was obtained from FAO 30, FAO 71, and Miao and Zhang 72. Feed 502 
production was extracted from “Feed” in the FAO food balance sheet. For illustrative purposes, our 503 
model distinguished two regions: China and its main food and feed trading partners (MTP, including 504 
Brazil, the United States, and Canada). These partners accounted for more than 75% of China's total 505 
trade volume related to food and feed in 2014. Our reference year is 2014, which represents the 506 
latest available year for data for the GTAP database. Our model aggregated livestock sectors in 507 
GTAP into two sectors, i.e., monogastric livestock (including pigs, broilers, and laying hens) and 508 
ruminant livestock (including dairy cattle, other cattle, and sheep & goats). Furthermore, the 509 
inclusion of animal-specific feed in line with the dietary constraints of each livestock type in our 510 
model allows us to calculate the nutritional balance (crude protein and gross energy), feed 511 
conversion ratios (FCR, a ratio between the fresh matter of feed inputs and the live weight gain of 512 
livestock production), and edible feed conversion ratio (eFCR, the quantity of human–edible 513 
feedstuffs included in the total feed to produce one unit of live weight gain of livestock production) 514 
32 for each livestock sector. First, we obtained the physical quantities (Tg) of livestock sectors and 515 
defined the feed supply in terms of physical quantities, energy, and protein required to produce this 516 
output of livestock. Then, the composition of total feed supplied to each livestock sector is specified, 517 
indicating the physical quantities, energy, and protein of feed products. The protein and energy 518 
supply for per kg animal feed remains preserved in all scenarios to avoid cases where livestock 519 
productivity is greatly affected when primary feed (i.e., crops and compound feed) is substituted 520 
with food waste. As we do not fully represent livestock diets by omitting hay, crop residues, and 521 
roughage-like by-products, FCRs for livestock, especially ruminant livestock, are slightly different 522 
from FCRs in the literature. Further model details, nutritional balance, and detailed composition of 523 
animals’ diets are available in the Supplementary Information (SI).  524 

Food waste and food processing by-products available in China in 2014 were included in our study. 525 
Food waste was considered a local resource within China, while food processing by-products could 526 
be traded between China and MTP. Food waste refers to discarded food products during distribution 527 
and consumption. We only considered plant-sourced food waste because animal-sourced food waste 528 
may pose potential risks of pathogen transfer, including foot-and-mouth and classical swine fever 529 
73. Food waste was quantified separately for each type of food product using data on food 530 
consumption and China-specific food loss and waste fractions 74 following the FAO methodology 531 
75. Four types of food waste were distinguished, including cereal grains waste, vegetables & fruits 532 
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waste, roots & tubers waste, and oilseeds & pulses waste. Food processing by-products refer to by-533 
products produced during the food processing stage, including cereal bran, alcoholic pulp (including 534 
distiller’s grains from maize ethanol production, brewer’s grains from barley beer production, and 535 
distiller’s grains from liquor production), and oil cakes (including soybean cake and other oil cakes). 536 
Food processing by-products were estimated from the consumption of food products and specific 537 
technical conversion factors 76. The total amounts of food waste and food processing by-products 538 
and their current use as animal feed in S0 for China are presented in Supplementary Table 2.  539 

Our model incorporated a detailed module of food waste treatment by introducing two food waste-540 
related sectors, i.e., food waste collection service and food waste recycling service. The 541 
representation of the economy in China in an AGE framework with the module of food waste 542 
treatment is shown in Figure 1. The food waste recycling service sector produces food waste 543 
recycling services to recycle food waste as feed for monogastric livestock production. The food 544 
waste collection service sector produces food waste collection services to collect food waste for 545 
landfill and incineration. Waste collection, treatment and disposal activities were included in the 546 
‘Waste and water (wtr)’ sector in the GTAP database. In our study, food waste generation was added 547 
as a margin commodity, similar to how GTAP treated transport costs following Peterson 77. This 548 
means that the consumer price of food includes both the market price of food and the cost of 549 
collecting food waste from the municipality. In this way, the new food commodity can be seen as a 550 
composite bundle of the original food commodity and the food waste collection service required to 551 
collect food waste associated with the consumption of that food commodity. Consumers allocate 552 
income to the consumption of goods and food waste collection services, deriving utility only from 553 
the consumption of goods. In this way, decreased expenditure on food waste collection services 554 
does not alter consumers’ utility function. In terms of recycling food waste as feed, monogastric 555 
livestock production bears the associated cost. By multiplying the quantity of food waste with the 556 
price of food waste treatment, we can calculate the value of food waste generation. Since the value 557 
of food waste generation needs to be taken from the ‘wtr’ demand of consumers and monogastric 558 
livestock producers, we further checked whether or not the value of food waste generation is more 559 
than 80% of the initial demand of “wtr”. If it is higher than 80% of the ‘wtr’ demand, the value of 560 
food waste generation is scaled down. Physical quantities and prices of food waste recycling service 561 
and food waste collection service in China were presented in Supplementary Tables 3-4.  562 

We included three main environmental impacts of food systems, i.e., global warming potential 563 
(GWP, caused by GHG emissions, including carbon dioxide(CO2), methane (CH4), and nitrous 564 
oxide (N2O) emissions; converted to CO2 equivalents), acidification potential (AP, caused by 565 
pollutants leading to acidification, including ammonia (NH3), nitrogen oxides (NOx), and sulphur 566 
dioxide (SO2) emissions; converted to NH3 equivalents), and eutrophication potential (EP, caused 567 
by pollutants leading to eutrophication, including N and P losses; converted to N equivalents). The 568 
conversion factors for GWP, AP, and EP were derived from Goedkoop, et al. 78. Data on CO2, CH4, 569 
and N2O emissions were obtained from the Climate Analysis Indicators Tool (CAIT) 79. We derived 570 
NH3, NOx, and SO2 emissions from Liu, et al. 80, Huang, et al. 81, and Dahiya, et al. 82, respectively. 571 
We considered NOx emissions from energy use only, as agriculture’s contribution to NOx emissions 572 
is generally small (≤2%). We used the global eutrophication database of food and non-food 573 

provided by Hamilton, et al. 7 to obtain data on N and P emissions to water bodies. We first obtained 574 
the total GHG emissions and pollutants leading to acidification and eutrophication for the food and 575 
non-food sectors in the base year. Then, we allocated the total emissions to specific sectors 576 
according to the shares of emissions per sector in total emissions to unify the emission data from 577 
different years. Emissions per sector were calculated based on the emission database mentioned 578 
above and additional literature provided in SI by multiplying the physical quantity of an activity 579 
undertaken (in tons) and the corresponding emissions coefficient (tons of CO2, NH3, or N 580 
equivalents per unit of activity undertaken). The sector-level emissions of GHG (Tg CO2 581 
equivalents), acidification pollutants (Tg NH3 equivalents), and eutrophication pollutants (Tg N 582 
equivalents) are presented in see Supplementary Tables 12-14, respectively. Furthermore, since food 583 
processing by-products are joint products with potential economic value to producers, we attributed 584 
the environmental impacts between the main (e.g., cereal flour) and joint products (e.g., cereal bran) 585 
according to their relative economic values (see Supplementary Table 5).  586 
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Definition of scenarios. We examined two scenarios with changed animal diets and compared these 587 
scenarios to a baseline (S0) scenario in 2014 without changing animal diets. Scenario S1 588 
investigated the environmental and economic impacts of allowing partial use of food waste as feed 589 
(54% of food waste and 100% of food processing by-product waste allowed to be used as feed for 590 
monogastric livestock). Scenario S2 analysed the environmental and economic impacts of allowing 591 
full use of food waste as feed, taking into account economies of scale. In S1, cross-provincial 592 
transportation of food waste was not allowed, which limits the maximum utilisation rate of food 593 
waste with high moisture content to 54% in China, according to Fang, et al. 10, whereas it was 594 
allowed in S2. Economies of scale in food waste recycling were considered in S2, where a 1% 595 
increase in recycled waste resulted in only a 0.078% rise in recycling costs, indicating that increasing 596 
the amount of recycled waste might not necessarily incur additional costs, as reported by Cialani 597 
and Mortazavi 31. This is because, initially, recycling entails high fixed costs, yet as production 598 
scales up, marginal costs decrease and stabilise. When substituting primary feed (i.e., human-edible 599 
feed crops and compound feed) with food waste, we maintain the protein and energy supply per unit 600 
of animal output in all scenarios to prevent imbalances between nutritional (protein and energy) 601 
supply and livestock requirements. The scenarios mentioned above are further described in Table 1.  602 

Data availability 603 

The data and parameters that support the economic model in this study are available from the GTAP 604 
version 10 database (https://www.gtap.agecon.purdue.edu/databases/v10/), which was used under 605 
license for the current study. Data are available with permission from the GTAP Centre. The other 606 
data that support splitting food-related (crop and livestock) sectors and associated non-food 607 
(compound feed, food processing by-products, nitrogen and phosphorous fertiliser, food waste 608 
treatment, and non-food) sectors from the original database GTAP 10 are publicly available at 609 
FAOSTAT (http://www.fao.org/faostat/en/#data) and the UN Comtrade Database 610 
(https://comtrade.un.org/data). The authors declare that all other data supporting the findings of this 611 
study are available within the article and its Supplementary Information files, or are available from 612 
the corresponding author upon reasonable request.  613 

Code availability 614 

The authors declare that the GAMS codes for producing the results of this study are available from 615 
the corresponding author upon reasonable request. 616 

https://www.gtap.agecon.purdue.edu/databases/v10/
http://www.fao.org/faostat/en/#data
https://comtrade.un.org/data
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 827 
Fig. 1 | Representation of the economy in China in an AGE framework with the module of food waste treatment. The generated food waste is sent either to the 828 
‘food waste recycling service’ sector or the ‘food waste collection service’ sector. The food waste recycling service sector produces food waste recycling services to 829 
recycle food waste as feed for monogastric livestock production. The food waste collection service sector produces food waste collection services to collect food waste 830 
for landfill and incineration. The consumer price of food includes both the market price of food and the cost of collecting food waste by the municipality. In terms of 831 
recycling food waste as feed, monogastric livestock production bears the associated cost. Detailed information is presented in Methods and Supplementary Information.  832 
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 833 

Fig. 2 | Impacts of upcycling food waste in monogastric livestock as feed on domestic livestock 834 
and crop production in China.  (a) Percentage changes (%) in monogastric livestock production 835 
in scenarios with respect to S0.  (b) Absolute changes (kg kg-1) in feed conversion ratio (FCR) and 836 
edible feed conversion ratio (eFCR) for monogastric livestock in scenarios with respect to S0. (c) 837 
Percentage shares (%) for cropland and pasture land occupation with respect to S0. (d) Absolute 838 
changes (Tg) in crop production in scenarios with respect to S0. Definitions of scenarios (S1- 839 
‘Allowing partial use of food waste as feed’; S2- ‘Allowing full use of food waste as feed with 840 
economies of scale’) are described in Table 1.  841 
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 842 

Fig. 3 | Impacts of upcycling food waste in monogastric livestock as feed on domestic 843 
production, consumption, and trade of food and non-food in China. a–d, absolute changes (Tg) 844 
in China’s (a) crop consumption, production, and net exports, (b) livestock consumption, production, 845 
and net exports, (c) nitrogen fertiliser consumption, production, and net exports, and (d) 846 
phosphorous fertiliser consumption, production, and net exports in scenarios with respect to S0 in 847 
China. d–e, percentage changes (%) in self-sufficiency ratios (SSRs) of (d) food and (e) non-food. 848 
Definitions of scenarios (S1- ‘Allowing partial use of food waste as feed’; S2- ‘Allowing full use 849 
of food waste as feed with economies of scale’) are described in Table 1.  850 
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 851 

Fig. 4 | Impacts of upcycling food waste in monogastric livestock as feed on emissions in China (CN) and China’s main food and feed trading partners (MTP). 852 
Absolute changes in (a) emissions of greenhouse gases (Tg CO2-eq), (b) acidification pollutants (Tg NH3-eq), and (c) eutrophication pollutants (Tg N-eq) in scenarios 853 
with respect to S0. Here, MTP includes Brazil, the United States, and Canada. Definitions of scenarios (S1- ‘Allowing partial use of food waste as feed’; S2- ‘Allowing 854 
full use of food waste as feed with economies of scale’) are described in Table 1.  855 
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 856 

Fig. 5 | Impacts of upcycling food waste in monogastric livestock as feed on domestic 857 
sustainability in China. Percentage changes (%)  of food security-related (i.e., daily per capita 858 
calorie availability, per capita affordability, and average price of the current diet) and environment 859 
sustainability-related (emissions of greenhouse gases, acidification pollutants, and eutrophication 860 
pollutants) indicators in (a, c) scenario S1 and (b, d) scenario S2 with respect to S0. Definitions of 861 
scenarios (S1- ‘Allowing partial use of food waste as feed’; S2- ‘Allowing full use of food waste as 862 
feed with economies of scale’) are described in Table 1. 863 
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Table 1 | Summary of key assumptions used in the quantification of feed use in scenarios S0, S1, 864 
and S2 in China. 865 

Scenarios a 
Food waste as animal feed 

in its total supply b 
Detailed explanation c 

S0: Baseline 
Food waste: 39% 

By-products: 51% 
 

S1: Allowing partial use of 

food waste as feed 

Food waste: 54% 

By-products: 100% 

Increasing the supply of food 

waste recycling service and 

decreasing the supply of food 

waste collection service to 

achieve 54% of food waste and 

100% by-product waste being 

recycled as feed for monogastric 

livestock production. 

S2: Allowing full use of 

food waste as feed with 

economies of scale 

Food waste: 100% 

By-products: 100% 

Increasing the supply of food 

waste recycling service and 

decreasing the supply of food 

waste collection service to 

achieve 100% of food waste and 

100% by-product waste being 

recycled as feed for monogastric 

livestock production.  

a When substituting primary feed (i.e., crops and compound feed)  in animal diets with food waste, 866 
we maintain the protein and energy supply per unit of animal output in all scenarios to prevent 867 
imbalances between nutritional (protein and energy) supply and livestock requirements.  868 

b In S1, cross-provincial transportation of food waste with high moisture content was not allowed, 869 
which limits the maximum utilisation rate of food waste to 54% in China, according to Fang, et al. 870 
10, whereas it was allowed in S2.  871 

c We increase the supply of food waste recycling service by exogenously raising the cost of recycling 872 
food waste as feed (54 dollar ton-1) and decrease the supply of food waste recycling service by 873 
exogenously lowering the cost of collecting food waste for landfill and incineration (82 dollar ton-874 
1). Detailed information regarding the cost calculation is provided in Supplementary Table A4. 875 
Economies of scale in food waste recycling were considered in S2, where a 1% increase in recycled 876 
waste resulted in only a 0.078% rise in recycling costs, indicating that increasing the amount of 877 
recycled waste might not necessarily incur additional costs, as reported by Cialani and Mortazavi 31. 878 
This is because, initially, recycling entails high fixed costs, yet as production scales up, marginal 879 
costs decrease and stabilise. 880 


