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Model-based multi-year P flow analyses and strategies for sustainable food chain management in Changzhou city at China's Taihu Basin
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Cities, as a geographical unit with the greatest intensity of human socio-economic activities, have become the core nodes that disrupt the natural cycle of phosphorous (P) and regulate P flow toward sustainable development. However, P flows and its balance in many Chinese cities are largely unknown. This study employed the substance flow analysis (SFA) method to construct a P flow model for the food chain in Changzhou, a representative lakeside city in the Taihu Basin. From 2000 to 2021, the total P input and stock in Changzhou city's food chain system declined from 5,698.55 tP and 5,219.55 tP to 2,391.26 tP and 1,760.46 tP, respectively. Conversely, the total P loss surged from 478.99 tP to 630.79 tP, suggesting an open and unrestricted P flow. The P use efficiency (PUE) in animal production increased from 30.11% in 2000 to 37.65% in 2021, while that in crop production and the overall food chain increased from 51.41 and 65.74% in 2000 to 71.94% and 80.16% in 2021. Scenario analysis revealed that reducing food P uptake could lower total food chain P inputs and dependence on external P. Fertilizer recommendations could boost the PUE of crop production from 71.94% to 81.34%. Besides, urine diversion and waste incineration scenarios significantly decreased P accumulation in the food chain. Improving sewage treatment technology could further cut P discharge. An adaptive food chain P flow management framework was proposed. Leveraging the self-management and replicability of cities, this framework can be easily implemented in other regions and has the potential to be scaled up nationally, aiming to mitigate P loss and enhance P utilization efficiency.
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1 Introduction

Phosphorus (P) is an essential and irreplaceable nutrient for plant and animal growth, and a critical resource for fertilizer production (Bizimana et al., 2024). Human activities, including mining and industrial processing, have escalated P fertilizer application to meet global food demands driven by population growth (Tian et al., 2021). However, these practices have disrupted natural P cycles (Rabby et al., 2024), leading to elevated organic P accumulation in terrestrial and aquatic systems. For instance, P losses from food production and consumption have triggered eutrophication and algal blooms in wetland ecosystems (Dong et al., 2023). Approximately 40% of plant- and animal-derived P is consumed by humans, with the remainder lost to soil or water. Given the low P use efficiency (PUE), global phosphate rock reserves, which serve as the primary natural source of phosphorus for fertilizers, are projected to deplete within 50 to 200 years (Yuan et al., 2011a). The evolving nature of P sourcing profoundly impacts food chain dynamics. Thus, understanding P losses within food chains is crucial for optimizing PUE, ensuring sustainable agriculture, and safeguarding water environmental security (Ma et al., 2013).

Being an important resource and an environmental polluter, the dynamics of P flow in the food chain holds considerable implications in water and food securities in lake and river basins worldwide (Vingerhoets et al., 2023). Understanding upstream P flows in plant and animal production, household consumption, and food processing, and downstream P flows in wastewater treatment plants and landfills is crucial (Færge et al., 2001). Lately, sophisticated approaches such as the Substance Flow Analysis (SFA) have been very useful to indicate household organic waste and soil runoff/erosion/leaching as the major causes of P loss in the food chain (Papangelou et al., 2020). P flows in China's food chain using the SFA method reveals that the PUE in food production is relatively low. Production of 1 kg of food in China requires about 13 kg of P with annual P input about 7.8 × 106 t (Ma et al., 2010). Rapidly changing urban household consumptions in China have become further critical in P flows within the food chain as the P accumulation has increased 5 times since the 1990s (Li et al., 2012). Empirical studies on P flows in food chains of different Chinese cities such as Beijing and Tianjin (Qiao et al., 2011; Ma et al., 2014), counties such as Wuwei (Bi et al., 2013), and Shucheng (Yuan et al., 2011b) show that the behaviors of P flows pattern varies. However, the P flow in cities' food chain is thought to be more and more linear (Guo et al., 2023), implying the need for P flow analysis in cities' food chain to address local P management (Lin et al., 2016). Unlike the static assessment of P loss carried out at a single time point food chain in the past, the future study on P flow must be temporal or policy-driven changes in the food chain (Liu et al., 2023). Without establishing the understanding of the impacts of different future scenarios on the characteristics of P flows and their use efficiencies, such as future urban populations, fertilizer control and improvements in waste management and treatment technologies, no P loss pathways in cities' food chain can be identified (Wu et al., 2016). Further, although strategies such as regulating diet and improving waste treatment facilities were proposed for P flow in the food chain in the past, the concept of sustainable P flow was not included in the framework. Given the rate of China's urban development in unprecedented spatial scales, and its operability and reproducibility of nutrient management, the assessment of P flow in food chains is thought to be feasible.

China's urban development is characterized by population growth, rising living standards, and a transformation in the food consumption structure (Dong et al., 2023). This situation not only presents greater challenges to economic development but also offers an opportunity to establish a robust and sustainable phosphorus (P) management framework. Because of these changes, the pollution sources in urban water environment are shifting from a point to diffuse pollution sources, and these pollution sources are becoming more complex in P governance involving the stage of socio-economic development, economic structure, and consumption structure of the population (Wu et al., 2012). However, the important processes associated with P flow in the food chain during the current rapid urbanization process may take several years before their impacts become apparent (Liu et al., 2023). The knowledge gaps regarding the long-term fate and magnitude of P flows at the China's urban scale must be unraveled (Chowdhury et al., 2014).

In this study, we conducted an in-depth investigation into the evolution of P flow characteristics and the strategies for its sustainable management within the city-level food chain. We chose the city of Changzhou in the Taihu Basin (China), as a representative case study. Changzhou city is endowed with a rich network of lakes, wetlands, and rivers. However, during its rapid urbanization process, it faces a formidable water governance challenge mainly due to anthropogenic P discharges (Zhang et al., 2022). We set three main research objectives: i. quantify the overall P flow characteristics, P sources and use efficiency, P accumulation and loss of the food chain from 2001 to 2021; ii. assess the impacts of different scenarios on P flows in urban food chains in future, and; iii. develop a framework for sustainable management of food P at the urban scale. The results of this study can enrich the research on P flow in the city-level food chain and provide data and theoretical references for the sustainable management of urban P resources.



2 Materials and methods


2.1 Study area

Changzhou is a prefecture-level city located in the southern part of Jiangsu Province, China, between 31°09′−32°04′N and 119°08′−120°12′E. Changzhou city features a dense river network and numerous lakes, which endows the city with abundant water resources. Changdang Lake, Ge Lake, and Taihu Lake are three natural lakes that possess distinct regional characteristics and high visibility (Figure 1). Over the course of the study period, Changzhou city underwent a remarkable demographic transformation. The population of Changzhou city grew from 3.41 million in 2000 to 3.88 million in 2021. The average annual growth rate of per capita gross national product (GDP) reached an astonishing 55.23%, and currently, the per capita GDP is 25,689 US dollars. In terms of urbanization, with an average annual growth rate of 2.11%, Changzhou city's urbanization rate has now reached 77.58% [BSCZ (Bureau of Statistics of Changzhou), 2023]. With the rapid advancement of the social economy, substantial transformations have occurred in both the dietary patterns of urban residents and waste disposal mechanisms. For example, from 2000 to 2021, the consumption of plant-based diets by urban residents decreased from 250.23 kg cap−1yr−1 to 144.6 kg cap−1yr−1. Conversely, the consumption of animal-based diets increased from 25.05 kg cap−1yr−1 to 45.5 kg cap−1yr−1 [BSCZ (Bureau of Statistics of Changzhou), 2023]. Besides, a clear separation between organic waste and farmland has emerged in waste disposal. These changes have led to significant losses of organic waste within the urban food chain. Against the backdrop of strict industrial waste emission controls, the loss of organic waste in the urban food chain has emerged as the most significant non-point source of pollution, exacerbating the eutrophication of water bodies (Chen et al., 2024).
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FIGURE 1
 The location of Changzhou city.




2.2 Calculation of the P flows at city level
 
2.2.1 Description of the P flow analytical model

We used the SFA method to quantify P flows in Changzhou city's food chain from 2000 to 2021. As a systematic framework for tracking substance movement within defined systems, SFA identifies key processes including sources, sinks, flow pathways, and storage nodes (Liu et al., 2024). While standard SFA models typically encompass comprehensive food chain processes, our implementation underwent adaptive modifications to address Changzhou city's data availability constraints and local operational realities. Three principal adjustments were made to optimize the model structure: first, the food processing and household consumption stages were consolidated into a single subsystem. This aggregation aligns with mass conservation principles (Papangelou et al., 2020). It mitigates data scarcity issues and preserves the integrity of system-wide P input-output accounting. Second, enhanced resolution was applied to downstream processes through the explicit inclusion of municipal waste management infrastructure. The establishment of dedicated nodes for Wastewater treatment plants (WWTPs) and landfills enables detailed analysis of P flow redistribution and reuse potential. Third, model complexity was strategically balanced through the elimination of non-essential processes and the retention of core functional units. The constructed P flow model for Changzhou city's food chain comprehensively encompasses multiple key components. Upstream in the food chain, it includes crop production (with the soil root zone considered), animal production, and the combined stage of food processing and household consumption. Downstream, it incorporates WWTPs and landfills. In total, the model features 16 P flows and 2 P stocks, which provides a detailed and systematic representation of the P flow situation in Changzhou city's food chain (Figure 2).
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FIGURE 2
 P flow model of Changzhou city's food chain; the upstream part of the food chain includes crop production (with the soil root zone considered), animal production, and the combined stage of food processing and household consumption. Downstream of the food chain incorporates WWTPs and landfills; the black arrow represents the system/subsystem input flow, the green arrow represents the loop flow, and the red arrow represents the loss flow.




2.2.2 Calculation of the total P flows and use efficiency

Using the SFA method, the accounting equations for the P flow model in the food chain were constructed. Details of the specific equations and data sources can be found in Supplementary Tables S1, S2. We consider crop and animal production activities with productive properties, as well as the overall food chain. Based on the Figure 1, the PUE can be obtained by dividing the effective P production of the corresponding link by the total P input. Here, “effective P production” refers to the P output items that have practical value inside or outside the corresponding link, such as crop products. The calculation formula is as follows:

PUEC=(Pout,Ccrop products+Pout,Cstraw feedPin,Ctotal)×100%      (1)

PUEC represents the P use efficiency in crop production, Pout,Ccrop products and Pout,Cstraw feed represent the outputs of crop products and straw feed products during crop production, respectively, while Pin,Ctotal represents the total P input during the crop production process, including P input through fertilizer imported, animal manure recycled and straw recycled.

PUEA=(Pout,Aanimal products+Pout,Aanimal recycle manure−Pprocessing,Aanimal slaughter wastePin,Atotal)×100%      (2)

PUEA represents the P use efficiency in animal production, Pout,Aanimal products and Pout,Aanimal recycle manure represent the outputs of animal products and manure products during animal production, respectively, Pprocessing,Aanimal slaughter waste represents the slaughter waste P during the processing; while Pin, Atotal represents the total P input during the animal production, including P input through feed imported and straw feed.

PUEF=(Pout,FEffectiveP(upstream-downstream)Pin,Ftotal)×100%      (3)

PUEF represents the P use efficiency in the overall food chain, Pout,FEffective P (upstream downstream) represents relevant effective P in the upstream and downstream of the food chain, such as P from exported or directly imported food products, and plant and animal products consumed by residents. Pin,Ftotal represents the total P input into the food chain, including P input through fertilizer imported, feed imported and food imported.




2.3 Future scenarios

Based on a comprehensive consideration of key factors such as urban population, consumption structure, and management and treatment technologies affecting food chain P flows, we selected seven quantifiable scenarios for regulating urban food chain P flows (Table 1). While synergies between scenarios could theoretically maximize P recovery, our study did not evaluate combined scenarios due to methodological constraints. Each scenario assumes independent policy and technological interventions, and overlapping implementations may introduce conflicting assumptions (e.g., simultaneous dietary shifts and waste infrastructure upgrades). Additionally, data limitations on cross-sectoral interactions and stakeholder coordination preclude robust multi-scenario modeling.

TABLE 1  Scenario analysis information of food chain P flows in Changzhou.


	Scenario
	Year
	Food chain
	Focus
	Populationa
	Other changesb





	S0. References
	2021
	–
	–
	Current
	None

 
	S1. Business as Usual (BAU)
	2030
	Upstream
	Population
	Increase
	None

 
	S2. Food P recommendation
	2030
	Upstream
	Consumption structure
	Increase
	Tend to be vegetarian

 
	S3. Fertilizers recommendation
	2030
	Upstream
	Management level
	Increase
	Balanced P fertilization in crop production

 
	S4. Urine diversion
	2030
	Downstream
	Management level
	Increase
	Urine collected separately

 
	S5. Manures management
	2030
	Downstream
	Management level
	Increase
	P returned to the field from manure is increased to 100%

 
	S6. Wastes incineration
	2030
	Downstream
	Management level
	Increase
	Recovery of P from solid waste incineration ash



	S7. Sewage treatment
	2030
	Downstream
	Technical level
	Increase
	The P content after sewage treatment meets the highest standard specified by CMEP (Chinese Ministry of Environmental Protection) (2002)







aThe population data of Changzhou City in 2030 is sourced from the forecast data of Changzhou Municipal Government;

bAssumptions based on the Scenario 1–7 analysis.

Scenario 1: In the business as usual (BAU) scenario, we only consider the impact of population changes in Changzhou city on food chain P flows. According to the “Yangtze River Delta Urban Agglomeration Development Plan” released by the National Development and Reform Commission of China, the resident population of Changzhou city is projected to reach 6.5 million by 2030, an increase of 2.63 million from the 2021 population, representing a growth of 68.12%. This scenario is mainly based on the research that suggests resident consumption is the core driving force for changes in P flows in the upstream and downstream of the food chain (Ding et al., 2024).

Scenario 2: In the food P uptake recommendation scenario, we consider the impact of population growth and changes in food consumption structure in Changzhou city on food chain P flows. We consider a shift in residents' dietary habits toward a low-P diet, resulting in a decrease in food P absorption compared to 2021. Specifically, it is assumed that by 2030, the P absorption from food in Changzhou city will be just enough to maintain normal phosphate levels in the blood, with adults needing to consume 0.7g/cap/day (James and Lewis, 2023).

Scenario 3: In the fertilizer recommendation scenario, we consider the impact of population growth in Changzhou city and P fertilizer balance in crop production on food chain P flows. Specifically, we assume that the input of mineral fertilizers and manure satisfy the P requirements of crops, assuming that the manure and straw recovery rates in 2030 will be the same as in 2021. Under this scenario, crop yields remain unchanged, but the amount of chemical fertilizer applied is significantly reduced compared to 2021. Theoretically, no new P accumulation will occur in the soil in that year (Li et al., 2015).

Scenario 4: In the urine diversion scenario, we consider the impact of population growth in Changzhou city and the installation of urine separation facilities in households on changes in food chain P flows. Existing studies have shown that urine contains ~0.3 kg of P per capita per year (Jönsson et al., 2004). If urine is separated from wastewater, it would bring significant benefits to the environment and public health. This measure has already been implemented globally (Wald, 2022).

Scenario 5: In the manure management scenario, benefiting from improvements in animal husbandry facilities in Changzhou city, we assume that the manure return rate to the fields remains unchanged, and all other manure is used for agricultural land. This scenario is inspired by the research of Ma et al. (2013) on future changes in the flow of P nutrients in the food chain in China.

Scenario 6: In the Waste incineration scenario, we assume that organic waste from landfills is separately collected and incinerated, with 100% of it being collected. This scenario was inspired by Wu et al. (2016).

Scenario 7: In the sewage treatment scenario, considering the population growth in Changzhou city and advancements in wastewater treatment technology, we assume that by 2030, the P content in treated wastewater from sewage treatment plants will decrease from 1g/m3 in 2021 [BMEDI (Beijing General Municipal Engineering Design and Research Institute), 2006] to 0.5g/m3 [CMEP (Chinese Ministry of Environmental Protection), 2002].



The P flows in the food chain under different future scenarios are also calculated based on the accounting equations in Supplementary Table S1. The 2021 P flow process serves as the reference scenario (S0), with 2030 set as the target year for scenario evaluation, aligning with the timeline of Changzhou city's Ecological Civilization Construction Plan (2021–2030). This plan aims to establish a green and circular economic system, promote sustainable production and lifestyles, and enhance environmental quality. The scenarios were designed to reflect potential pathways for achieving Sustainable Development Goals (SDGs), particularly SDG 2 (Zero Hunger), SDG 6 (Clean Water and Sanitation), and SDG 12 (Responsible Consumption and Production).



2.4 Uncertainty

To effectively analyze the P flow process in the food chain of Changzhou city, sufficient, reliable, and high-quality data are essential for obtaining valid information on the nature and magnitude of all flows and stocks related to the food chain. In this study, to quantify the uncertainty of the food chain P flow results, we applied the uncertainty analysis method proposed by Hedbrant and Sörme (2001). The fundamental concept of this method is to assign corresponding data uncertainty levels to each data point based on its source (for detailed data uncertainty levels, refer to Supplementary Table S2). In accordance with the common classification criteria adopted in existing studies (Klinglmair et al., 2015; Laner et al., 2016), we ultimately categorized the collected data into the following five classes (Table 2). Specifically, data in Level 1 was from the BSCZ (Bureau of Statistics of Changzhou) (2023) e.g., arable land area and application rate of P fertilizer, are multiplied or divided by 1.02. Data in Level 2 was from relevant research literature/reports/databases in other parts of China level e.g., fraction of animal manure P pollution, and are multiplied or divided by 1.03 and so on up to data in level 5 was from informed assumption.

TABLE 2  Food chain P flow model input data sources and their uncertainty levels.


	Uncertainty levels
	Interval factor
	Data sources
	Examples





	1
	Multiplied/divided by 1.02
	Changzhou official statistics data
	Arable land area; application rate of phosphate fertilizer

 
	2
	Multiplied/divided by 1.03
	Relevant research literature/reports/databases in other parts of China
	Fraction of animal manure P pollution

 
	3
	Multiplied/divided by 1.04
	Relevant research literature/reports from other parts of the world outside China
	P content in crop; P content in human excreta

 
	4
	Multiplied/divided by 1.07
	Expert experience estimates
	Feeding days of animal



	5
	Multiplied/divided by 1.012
	Informed assumption
	Ratio of crop straw residues and harvesting







Adapted by Klinglmair et al. (2015) and Laner et al. (2016).



When combining datasets through addition or multiplication, the uncertainty is calculated using the equations proposed by Antikainen et al. (2005). Notably, multiplying datasets leads to an increase in uncertainty, whereas adding datasets results in a decrease in uncertainty. The specific calculation formula and example are as follows:

Multiplication:

Uncertainty factor=1+(fa-1)2+(fb-1)2      (4)

Where fa and fb represented the assigned uncertainty interval for the P flow 1 and flow 2, respectively.

For example, the corn yield was 15,483,000 multiplied or divided by 1.02 kg in Changzhou city in 2021, and there are 3.11 multiplied or divided by 1.04 g P kg−1product−1, then the P in corn was 15,483,000 kg × 3.11 g P kg−1 = 48,152.13 kg, and we can calculate the uncertainty factor as follows:

Uncertainty factor=1+(1.02-1)2+(1.04-1)2=1.04

so, the final uncertainty factor of the corresponding P flow is 1.04, and the final uncertainty interval of the corresponding P flow is 48152.13 multiplied or divided by 1.04 kg. That is, the lower limit of the uncertainty interval of the corresponding P flow is 48152.13 divided by 1.04, and the upper limit is 48152.13 multiplied by 1.04. Finally, the uncertainty interval of the corresponding P flow is [46300.13, 50078.22].

Addition:

Uncertainty factor=1+[ma×(fa-1)]2+[mb×(fb-1)]2ma + mb      (5)

Where ma and mb represented mass P flow 1 and flow 2, respectively.

For example, the P in corn and wheat is 48152.13 multiplied or divided by 1.04 kg and 576596.25 multiplied or divided by 1.04 kg, respectively, we can calculate the uncertainty factor as follows:

Uncertainty factor=1+[48152.13×(1.04-1)]2+[576596.25×(1.04-1)]248152.13+576596.25=1.03

So, the final uncertainty factor of the corresponding P flow is 1.03, and the final uncertainty interval of the corresponding P flow is 624748.38 multiplied or divided by 1.03 kg. That is, the lower limit of the uncertainty interval of the corresponding P flow is 624748.38 divided by 1.03, and the upper limit is 624748.38 multiplied by 1.03. Finally, the uncertainty interval of the corresponding P flow is [606551.83, 643490.83].

Based on the above calculation principles and examples, and by incorporating the P flow equations in Supplementary Table S1, the uncertainty interval range of each P flow in this study can be obtained. Besides, based on the data structure of this study and referring to the classification criteria proposed by Bi et al. (2013) and Wang et al. (2020), in this study, an uncertainty factor of each P flow within the range of (1, 1.07] indicates a high-quality quantification result, within the range of (1.07, 1.12] indicates a medium-quality quantification result, and >1.12 indicates a low-quality quantification result. For more examples of the calculation methods, please refer to the study by Mnthambala et al. (2021).




3 Results


3.1 Overall P flows characteristics

Figures 3a, b depict the P flow in the food chain of Changzhou city from 2000 to 2021. During the study period, the total P input and stock in the food chain decreased from 5,698.55 tP and 5,219.55 tP in 2000 to 2,391.26 tP and 1,760.46 tP in 2021, representing a decrease of 58 and 66.27%, respectively. This decrease can be mainly attributed to two factors. Firstly, the dietary structure changed significantly. The consumption of grain-based diets dropped from 250 kg cap−1yr−1 in 2000 to 144.60 kg cap−1yr−1 in 2021 [BSCZ (Bureau of Statistics of Changzhou), 2023], and the increase in animal-based diet consumption couldn't offset the resulting decline in food P input. Secondly, the arable land area shrank greatly, decreasing from 204,250 ha in 2000 to 132,110 ha in 2021, which directly led to a substantial reduction in the P stock in arable land. In addition, it can be observed that the P flow in locally supplied animal products within the food chain decreased from 1050.99 tP in 2000 to 218.16 tP in 2021. This decline is attributed to a substantial reduction in the scale of local animal husbandry. For instance, during the study period, the numbers of locally raised sheep and pigs decreased by 108.42 times and 3.96 times [BSCZ (Bureau of Statistics of Changzhou), 2023], respectively. Consequently, the P in consumed animal products is mainly supplemented by food imports. Furthermore, only partial P cycling in the food chain was realized between crop production and animal production through the mutual delivery of straw fodder and animal manure. In 2021, 0.67 tP in crop straw and 133.41 tP in animal manure were exchanged between them. At the same time, both the P in kitchen waste and the P loss in WWTPs increased significantly, from 6.06 tP and 45.75 tP in 2000 to 323.59 tP and 350 tP in 2021, respectively. During the study period, changes in the dietary structure led to a decrease in some P sources entering the WWTPs (such as the P directly contained in food that can be treated). However, with the increase in the population of Changzhou city, especially the improvement in the living standards of residents, the discharge of organic waste increased substantially from 6 kg cap−1yr−1 in 2000 to 64 kg cap−1yr−1 in 2021. Similarly, the total wastewater discharged from the WWTPs increased from 45.75 million m3 in 2000 to 350 million m3 in 2021 [BSCZ (Bureau of Statistics of Changzhou), 2023]. These organic wastes contain a considerable amount of P, which leads to a significant rise in the P in kitchen waste and the total P loss in WWTPs. This reduction in arable land.
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FIGURE 3
 Characteristics of P flow in the food chain of Changzhou city in 2000 and 2021. (A, B) represent the phosphorus flow process in the food chain in 2000 and 2021, respectively.




3.2 P sources and use efficiency

From the perspective of food P flow input in Changzhou City, fertilizer imports are the main source of the food chain P flow (Figures 3a, b). However, P imports through fertilizers decreased from 3,555 tP in 2000 to 1,545 tP in 2021, due to the city's growth, which greatly compressed the area of arable land. P imports through feed decreased from 1,507.42 tP in 2000 to 354.04 tP in 2021 (Figures 3a, b). The decrease in feed-related P imports may be attributed to factors such as changes in the scale of animal breeding and the adjustment of feed formulas. The food P import in Changzhou City was negative in 2001–2002 and 2008–2018. During these years, the locally produced food P in the city exceeded the local demand and was exported. In other years, such as 2000 and 2021, as high as 636.12 tP and 492.17 tP of food P were needed respectively (Figures 3a, b, 4a). Conditions such as the local dietary structure, structural adjustment of food production, control of animal breeding scale, and inter-annual fluctuation of plant and animal product yields could have influenced the food P imports in Changzhou city (Ma et al., 2013).


[image: Figure 4]
FIGURE 4
 Sources (a) and use efficiency (b) of P in the food chain of Changzhou city.


Figure 4b illustrates that during the study period, the PUEA initially experienced a short-term upward trend, which increased from 30.11% in 2000 to 45.99% in 2005, and then gradually declined to 37.65% in 2021. In contrast, the PUEC and the PUEF exhibited significant fluctuations but ultimately rose from 51.41% and 65.74% in 2000 to 71.94% and 80.16% in 2021, respectively. Furthermore, the synchronized trends in PUEC and PUEF arise from the foundational role of crop production in the broader food chain. Improvements in PUEC-driven by optimized fertilizer application (e.g., reduced overuse), advancements in soil testing, and policy interventions-directly enhance the efficiency of P utilization upstream. These gains propagate downstream, elevating the PUEF. For instance, the increase in PUEC from 28.66% in 2003 to 71.94% in 2021 coincided with PUEF rising from 39.89% to 80.16%, underscoring the cascading impact of crop production improvements. Besides, PUEF inherently integrates PUEA and PUEC, as it accounts for effective P outputs across both animal production and crop production (e.g., crop products, animal products, and recycled manure). Thus, the parallel trends reflect the interconnectedness of agricultural practices and their cumulative effect on systemic P flow.



3.3 P accumulation and losses of the food chain

Figure 5 shows the changes of P accumulation and its composition in the food chain of Changzhou city from 2000 to 2021. There was a fluctuating downward trend from 5,219.55 tP in 2000 to 1,760.46 tP in 2021, with a 2.96—fold reduction in the P accumulation (Figure 5a). The proportion of arable land P accumulation in the study period generally showed a decreasing trend due to a rapid shrinkage of the arable land [BSCZ (Bureau of Statistics of Changzhou), 2023]. Initially, from 2000 to 2003, the P accumulation proportion in arable land showed an upward trend, increasing from 29.12% (1,519.72 t yr−1) to 57.91% (3,097.28 t yr−1). However, by 2011, this proportion rapidly decreased to 9.92% (195.51 t yr−1) (Figure 5b). Subsequently, except for relatively noticeable increases in 2015, 2016, and 2017, reaching 41.67%, 23.84%, and 28.85% respectively, the arable land P accumulation proportion generally stabilized within the range of 8.52% to 17.31% (Figure 5b). This reduction in arable land P accumulation might be attributed to multiple factors, such as the increasing awareness among residents of the negative environmental impacts of excessive fertilization, local agricultural authorities have actively promoted policies to reduce fertilizer use and improve efficiency, taking initiatives to enhance soil quality (Ma et al., 2013). In contrast, the proportion of P accumulation in landfills showed an overall increasing trend during the study period, with most years exceeding 50% (Figure 5b). This is mainly because as living standards improve, the amount of P-containing waste generated by consumption continuously rises. Meanwhile, the corresponding recycling measures for P-waste are insufficient. Moreover, the high cost of recycling P-waste and the lack of a market have also contributed to the increase in P accumulation in landfills (Hou et al., 2013).
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FIGURE 5
 P accumulation (a) and its composition (b) in the food chain of Changzhou city.


Figure 6 shows the changes in P loss and its sources in the food chain of Changzhou from 2000 to 2021. The P loss in the food chain exhibited a rapid upward trend, increasing from 478.99 t in 2000 to 630.79 t in 2021 (Figure 6a). This indicates that the environmental impact of food P emissions was becoming increasingly severe in the Changzhou city. From the perspective of P loss in the food chain, P loss caused by soil leaching/erosion/runoff from cultivated land during crop production was the primary source. However, its proportion could have been continuously decreasing due to the reduction in the cultivated land area, dropping from 89.55% (428.93 tP) in 2000 to 44.72% (277.77 tP) in 2021. Wastewater discharge from sewage treatment plants was another significant source of P loss in the food chain during the study period. However, it increased rapidly with the rapid expansion of urban population from 9.55% (45.75 tP) in 2000 to 54.74% (340 tP) in 2021, with the loss by 7.43 times, surpassing the P loss from cultivated land caused by soil leaching/erosion/runoff. Therefore, further improvement of sewage treatment technology is an urgent issue that needs to be addressed, as it will otherwise become the largest source of P loss in the food chain in Changzhou in the future. Since the amount of P in animal manure is limited and is almost entirely recycled into the soil, the P loss from animal production processes accounts for a small proportion, fluctuating around 1%. However, the P loss from landfills through leachate is negligible, accounting for < 0.05% of the P loss in the food chain.
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FIGURE 6
 P loss from the food chain in Changzhou (a) and changes in its sources (b).




3.4 Uncertainty analysis

The uncertainty factors of each flow and their corresponding uncertainty ranges were determined (Table 3), providing a more intuitive representation of the reliability and accuracy of the analysis results.

TABLE 3  Uncertainty intervals for the results of P flows in the food chain of Changzhou city.


	Flow
	Name
	2000年
	2021年



	Factor
	Flow
	Min
	Max
	Factor
	Flow
	Min
	Max





	F1
	Fertilizer imported
	1.03
	3,555
	3,451.46
	3,661.65
	1.03
	1,545
	1,500.00
	1,591.35

 
	F2
	Animal manure recycled
	1.05
	453.86
	432.25
	476.55
	1.05
	133.41
	127.06
	140.08

 
	F3
	Leaching/erosion/runoff
	1.04
	428.93
	412.43
	446.09
	1.04
	277.43
	266.76
	288.53

 
	F4
	Crop harvested
	1.18
	2,060.65
	1,746.31
	2,431.57
	1.18
	1,207.30
	1,023.14
	1,424.61

 
	F5
	Straw recycled
	1.05
	0.44
	0.42
	0.46
	1.05
	0.22
	0.21
	0.23

 
	F6
	Feed imported
	1.05
	1,507.42
	1,435.64
	1,582.79
	1.05
	354.09
	337.23
	371.79

 
	F7
	Manure leaching
	1.05
	3.89
	3.70
	4.08
	1.05
	3.18
	3.03
	3.34

 
	F8
	Animal products
	1.07
	1,050.99
	982.23
	1,124.56
	1.07
	218.16
	203.89
	233.43

 
	F9
	Straw feed
	1.18
	1.31
	1.11
	1.55
	1.18
	0.67
	0.57
	0.79

 
	F10
	Crop products
	1.04
	2,058.90
	1,979.71
	2,141.26
	1.04
	1,206.41
	1,160.01
	1,254.67

 
	F11
	Wastewater
	1.10
	3,739.95
	3399.95
	4113.95
	1.10
	1,593.15
	1,448.32
	1,752.47

 
	F12
	Kitchen waste
	1.09
	6.06
	5.56
	6.61
	1.09
	323.59
	296.87
	352.71

 
	F13
	Food imported
	1.14
	636.12
	558
	725.18
	1.14
	492.17
	431.73
	561.07

 
	F14
	Leachate
	1.11
	0.43
	0.39
	0.48
	1.11
	0.18
	0.16
	0.20

 
	F15
	Sludge
	1.10
	3,694.20
	3,358.36
	4063.62
	1.10
	1,243.15
	1,130.14
	1,367.47

 
	F16
	Discharge
	1.04
	45.75
	43.99
	47.58
	1.04
	350
	336.54
	364.00

 
	Stock 1
	Stock of arable land
	1.11
	1,519.72
	1,369.12
	1,686.89
	1.11
	193.90
	174.68
	215.23



	Stock 2
	Stock of landfills
	1.10
	3,999.83
	3,636.21
	4,399.81
	1.10
	1,566.56
	1,424.15
	1,723.22






Based on the data structure of this study and referring to the classification criteria proposed by Bi et al. (2013) and Wang et al. (2020), this study defined the quality levels of quantification as follows: an uncertainty factor within the range of (1, 1.07] indicates high-quality quantification; an uncertainty factor within the range of (1.07, 1.12] indicates medium-quality quantification; and an uncertainty factor >1.12 indicates low-quality quantification.

According to this definition, the P flow quantification quality in this study was high, medium, and low for 50%, 33.33%, and 16.67% of the flows and stocks, respectively. Among these, although some flows had medium-level quantification quality, they accounted for only a small portion of the P flows in the food chain. For example, consider the flow of leachate (F14). Its value was only 0.43 tP yr−1 in 2000 and 0.18 tP yr−1 in 2021, which is relatively small compared to other P flows in the food chain.



3.5 Scenario analyses of P input, P stock, P loss and PUE

The 2030 BAU scenario (S1) indicates that due to the significant increase in urban population food demand and the corresponding solid and liquid waste productions, the total P input in the food chain may increase from 2,391.26 tP yr−1 in the 2021 reference scenario (S0) to 3,684.23 tP yr−1 in 2030. Similarly, the total P stock may increase from 1,760.46 tP yr−1 to 2,853.31 tP yr−1, and the total P loss may increase from 630.79 tP yr−1 to 830.92 tP yr−1 (Figure 7a). This trajectory, in line with general findings, conflicts with SDG targets, as unchecked urbanization exacerbates P losses to water bodies and landfills. However, local productive P losses were reduced due to the significant increase in food imports, resulting in an increase in food chain utilization efficiency from 80.16% to 87.12% (Figure 7b).
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FIGURE 7
 P inputs, stocks and losses in the food chain of Changzhou city under different scenarios (a) and changes in use efficiency (b). S0, References; S1, BAU; S2, Food P recommendation; S3, Fertilizers recommendation; S4, Urine diversion; S5, Manures management; S6, Wastes incineration; S7, Sewage treatment.


Food P uptake recommendation scenario (S2) indicates that reducing food P intake to 0.7 g cap−1day−1 can decrease the total P input in the food chain from 3,684.23 tP yr−1 to 2,135.26 tP yr−1. Similarly, the total P stock would decrease from 2,853.30 tP yr−1 in the BAU scenario (S1) to 1,304.52 tP yr−1. This represents the optimal scenario for reducing P input, achieving a 42% reduction in dependence on external P. However, the total P loss did not show a significant change (Figure 7a). Although food imports are reduced under this scenario, the PUEF decreases from 87.12% to 77.78% compared to the 2021 reference scenario (S0) (Figure 7b), and the PUEC and PUEA remains unchanged. Implementing this scenario requires public education and dietary restructuring. While economically viable with low implementation costs, social acceptance of plant-based diets may vary.

Fertilizer recommendation scenario (S3) shown that the total P input to the urban food chain decreased from 3684.23 tP yr−1 to 2,146.36 tP yr−1, when compared with the BAU scenario (S1), and the total P stock decreased from 2,853.30 tP yr−1 to 1,315.59 tP yr−1 (Figure 7a). The PUEC increased from 71.94% to 81.34% due to scientific fertilizer application (Figure 7b). This scenario reduces P input by 42% with minimal infrastructure costs, aligning with SDG 2 by enhancing agricultural efficiency. However, it requires farmer training and subsidy programs. Overall, the fertilizer recommendation scenario (S3) emerges as the most economically and environmentally viable option, directly supporting SDG 12.

The urine diversion scenario (S4) and the waste incineration scenario (S6) indicate that, owing to the separate recovery of human urine and organic solid waste in the downstream food chain, the total P stock in the food chain decreased significantly compared to the BAU scenario (S1). Specifically, it dropped from 2,853.30 tP yr−1 to 159.65 tP yr−1 and 193.90 tP yr−1 respectively (Figure 7a). Therefore, the urine diversion scenario (S4) represents the optimal scenario for reducing the P stock in the food chain. In scenario S4, the urine diversion process recovers P from urine, which helps prevent P pollution in water bodies and contributes to SDG 6. Although the infrastructure costs for urine separation (~120 dollars per person, Jönsson et al., 2004) and incineration plants [an initial investment of around 50 million dollars, CMEP (Chinese Ministry of Environmental Protection), 2002] are substantial, the urine diversion scenario (S4) provides the greatest long-term environmental benefits, albeit requiring a large upfront investment.

In the manure management scenario (S5), compared to the BAU scenario (S1), the total P loss in the food chain slightly decreased from 830.92 tP yr−1 to 827.74 tP yr−1 (Figure 7a). All the P in manure was fully recovered, resulting in a utilization efficiency of 38.55% (Figure 7b). However, there were no changes in the total P input or stock. In the sewage treatment scenario (S7), compared to the BAU scenario (S1), it represents the optimal scenario for reducing P loss in the food chain as the total P loss decreased from 830.92 tP yr−1 to 555.95 tP yr−1. This reduction aligns with SDG 6, while the total P input remained unchanged. Moreover, due to the increased P content in the sludge generated from treated wastewater, the total P stock increased from 2,853.30 tP yr−1 in the BAU scenario (S1) to 3,128.27 tP yr−1. Advanced wastewater treatment cuts P discharge by 33% but increases the sludge P stock, necessitating sludge - to - fertilizer conversion facilities. Operational costs [about 0.5 dollars/m3, BSCZ (Bureau of Statistics of Changzhou), 2023] may put a strain on municipal budgets.




4 Discussion


4.1 Comparison with other research results

Existing literature typically reports P flow results in absolute terms, such as tP or kgP. However, due to variations in socioeconomic contexts and spatial scales across studies (Guo et al., 2023), these absolute values limit cross-study comparisons. To overcome this issue, we normalized the results into per capita or percentage-based metrics and compared them with studies from diverse regions. As a result of the significant variations in the composition of P flow analysis systems, calculation methods, and data sources among different studies, there are no pre-existing comparable indicators for direct comparison. Therefore, based on a comprehensive review of the studies, we conducted standardized calculations for each indicator. The specific calculation methods are provided in the notes of Table 4.

TABLE 4  A comparison of results of this study with the results of other SFA studies.


	Study
	Case
	Main system
	Scale
	Total P import
	Total P Export
	Net stock
	Total P loss
	Recycling rate
	PUE
	Linear flow pattern?
	Key observations



	
	kgP cap−1
	kgP cap−1
	kgP cap−1
	kgP cap−1
	%
	%





	Vingerhoets et al. (2023)
	Flanders
	Agriculture production and food consumption
	Region
	9.30
	1.86
	5.6
	0.10
	37
	56
	No
	Policy-driven circular systems; high recycling via integrated waste management.

 
	Treadwell et al. (2018)
	Montreal
	Food consumption and waste disposal
	City
	1.30
	0.23
	1.06
	0.22
	3.00
	67.32
	Yes
	Heavy reliance on landfills; minimal recycling infrastructure.

 
	Kalmykova et al. (2012)
	Gothenburg
	Food consumption
	City
	0.90
	0.34
	0.56
	0.11
	5.9
	/
	Partial
	Moderate recycling of organic waste but limited sewage P recovery.

 
	Neset et al. (2008)
	Linköping
	Food production and consumption
	City
	2.10
	1.35
	0.75
	0.02
	18.39
	45.82
	No
	Early adoption of urine diversion; closed-loop agriculture practices.

 
	Firmansyah et al. (2017)
	St.Eustatius
	Agricultural and urban
	Region
	0.96
	0.09
	0.89
	0.56
	/
	93.72
	Yes
	Agriculture-driven losses; high P leaching from croplands.

 
	Yuan et al. (2011b)
	Shucheng
	Socioeconomic
	City
	12.75
	9.44
	3.31
	3.85
	18.95
	43.94
	Yes
	Urbanization-driven dependency on external P inputs; low recycling rates.

 
	Qiao et al. (2011)
	Tianjing
	Food consumption
	City
	0.53
	/
	0.46
	0.28
	19.38
	72.28
	No
	Island-specific circular economy; high recovery from organic waste.

 
	Guo et al. (2023)
	Mwanza
	Food production and consumption
	Region
	3.10
	2.48
	0.55
	1.42
	14.88
	39.32
	Yes
	Rapid urbanization with limited waste treatment; high P losses to water bodies.



	This study
	Changzhou
	Food production, consumption and waste disposal
	City
	0.62
	0.16
	0.45
	0.16
	5.61
	80.16
	Yes
	Urban expansion and dietary shifts drive open P flows; landfills dominate P accumulation (89%).






Calculate total P import and export by dividing the effective P input into the system by the total population. For the net stock, divide the total P stock in the system by the total population. To get the total P loss, divide the P lost to the water environment by the total population. Compute the recycling rate by dividing the recycled P in the system by the total P input. And calculate PUE by dividing the effective P output of the system by the total P input.




For instance, Changzhou city's total P import (0.62 kgP cap−1), export (0.16 kgP cap−1), and stock (0.45 kgP cap−1) in 2021 were markedly lower than those in Flanders (9.30, 1.86, and 5.6 kgP cap−1; Vingerhoets et al., 2023) and Swedish cities like Gothenburg (0.90, 0.34, and 0.56 kgP cap−1; Kalmykova et al., 2012). Notably, Changzhou city exhibited a linear P flow pattern (Table 4). This pattern was characterized by open nutrient cycles dominated by landfill accumulation, which accounted for 89% of the total P stock, and limited recycling, with a recycling rate of 5.61%. This contrasts with circular systems in Flanders and Linköping, where policy-driven waste management and urine diversion significantly enhanced P recovery (Vingerhoets et al., 2023; Neset et al., 2008).

Changzhou city's P loss (0.16 kgP cap−1) exceeded that of Flanders [0.10 kgP cap−1, as previously reported by Vingerhoets et al. (2023, 2025)] and Gothenburg (0.11 kgP cap−1, as reported by Kalmykova et al., 2012), reflecting its reliance on wastewater discharge (54.7% of losses) and insufficient recycling infrastructure. Comparatively, St. Eustatius and Montreal exhibited higher P losses (0.56 and 3.00 kgP cap−1) due to agricultural leaching and landfills dependency (Treadwell et al., 2018; Firmansyah et al., 2017). The linear flow pattern in Changzhou city aligns with rapid urbanization trends observed in Shucheng and Mwanza, where fragmented waste governance and dietary shifts amplify open P flows (Yuan et al., 2011b; Guo et al., 2023).

In terms of PUE, Changzhou (80.16%) lagged St. Eustatius (93.72%), largely due to low recycling rates. However, it outperformed Linköping (45.82%) and Shucheng (43.94%), where limited technological integration hindered efficiency. Key observations from Table 4 highlight systemic differences: Flanders' circular systems relied on integrated waste management, while Linköping's early adoption of urine diversion closed nutrient loops. In contrast, Changzhou city's linearity stems from urban expansion compressing arable land and inadequate recovery of organic waste—issues mirroring challenges in Tianjin and Mwanza (Qiao et al., 2011; Guo et al., 2023).

These disparities underscore the influence of geographic scale, economic development, and policy frameworks. For example, larger-scale regions may have more complex P flow systems due to diverse land uses and population densities. Economically developed areas often have better—funded waste management infrastructure, which can improve P recovery rates. Policy frameworks, such as those promoting urine diversion or waste incineration, play a crucial role in shaping P flow patterns. Such variations emphasize the need for context—specific strategies to transition from linear to circular P flows, as demonstrated by urine diversion (Scenario S4) and waste incineration (Scenario S6) in our analysis. By synthesizing these findings, it becomes evident that cities with circular P systems prioritize policy integration, technological innovation, and stakeholder collaboration—lessons critical for Changzhou city to mitigate its open flow trajectory and align with SDGs.



4.2 Options of P management for SDGs

Since the reform and opening in the 1970s, China has witnessed remarkable changes in its agricultural and urban development. As shown in Figure 8, the sustainable urban food chain P flow management framework is designed to address the complex issues arising from P flow in the food chain. China's grain yield has surged from 2,527 kg ha−1 in 1,978 to 5,802 kg ha−1 in 2021 [NBSC (National Bureau of Statistics of China), 2023], meeting the huge food demand caused by the rapid population growth. However, the fast progress of urbanization has reduced the arable land, leading to extensive use of fertilizers. This not only ensures food security in the face of increasing food P demand but also causes many environmental issues, including eutrophication resulting from the overuse of P resources. Currently, cities are the hotspots of intense P input, output, and loss, with P flow patterns growing more open and linear.
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FIGURE 8
 Sustainable management framework for food P flow at city level.


Our sustainable urban food chain P flow management framework in Figure 8 aims to reverse this trend. We first used the SFA method, as depicted in the framework, to quantify P flows and its use efficiency in the urban food chain, identifying key nodes, loss paths, and their reasons. Based on these results, we proposed adaptive strategies considering local P flow conditions. For example, in Changzhou city, our scenario analysis shows a slight P loss reduction with better P management, but there is still more room for improvement. Given that 15.31% of Changzhou residents' dietary P comes from animal foods, and the daily per capita P intake is 0.79 g cap−1 day−1 (higher than the recommended 0.7 g cap−1 day−1), a shift to plant-based diets, as an important part of our framework, can reduce animal food P demand by 20%–70% (Tangsubkul et al., 2005; Metson et al., 2012). Also, in 2021, Changzhou city's arable land P application rate was 11.69 kgP ha−1 yr−1 [BSCZ (Bureau of Statistics of Changzhou), 2023], which is lower than that of Montreal, Canada (42.99 kgP ha−1 yr−1, Treadwell et al., 2018) but higher than that of Brandenburg, Germany (3.05 kgP ha−1 yr−1, Theobald et al., 2016). Through optimization of fertilization in our framework, such as training farmers, soil - testing - based application, and partial use of organic fertilizers, we can save inputs, ensure yield, boost efficiency, and reduce soil P accumulation (Zhuang et al., 2022; Ma et al., 2014). Besides, although the implementation of the measure of returning 100% of manure to the fields is helpful for improving the utilization efficiency of animal husbandry, which is applicable in the case of this study, specific analyses are required for specific regions when promoting this method. If the amount of manure produced exceeds the local farmland demand, especially the nitrogen in the manure, it can be exported to regions with a lower livestock density after manure treatment (Vingerhoets et al., 2025). Furthermore, we advocate recycling P from organic waste before landfilling or losing it into the system, with measures like collecting residential urine, upgrading waste treatments in plants and landfills, and promoting secondary recycling facilities in the city, all of which are integral to our framework for sustainable P management.



4.3 Limitations of the analysis

We failed to comprehensively differentiate the production sectors involved in the upstream and downstream food P flows. For example, before crops or animal products reach household consumption, there are usually multiple food processing activities. However, as in other studies (Papangelou et al., 2020), no data were available from food processing plants in Changzhou city. As a result, the model was built without P food processing data, potentially overlooking the P flow in the city. Changzhou is a rapidly urbanizing city in China, and it inevitably has numerous food import and export activities. However, due to the absence of official statistics on food commodity imports and exports, this study only accounted for the local food surplus exports after meeting residents' P demand, ignoring some food imports.

Moreover, in this study, we calculated the P nutrient loss from cropland by multiplying the P input into the farmland and the total cropland area and then using the empirical P loss values from existing literature for leaching/runoff/erosion (Firmansyah et al., 2017). However, soil P loss is affected by multiple factors such as soil type, rainfall intensity, fertilizer application, land slope, vegetation type, and land use. These factors should be better accounted for in process-based models. Future research should focus on integrating different models into SFA models.




5 Conclusions

Using the SFA method, we quantified P flows within the food chain of Changzhou City, located on the shores of Taihu Lake, from 2000 to 2021. Overall, the food chain in Changzhou exhibited a predominantly linear and open P-flow pattern during this period. Specifically, the total P input and stock of the food chain decreased significantly, dropping from 5,698.55 tP and 5,219.55 tP in 2000 to 2,391.26 tP and 1,760.46 tP in 2021, respectively. However, the total P loss of the food chain increased, with sewage treatment discharge emerging as the main source of P loss. Throughout the study period, only partial P cycling occurred in the food chain, mainly through the exchange of straw feed and animal manure between crop and animal production. Fertilizer and feed imports consistently served as the primary sources of P flows. When local animal and plant production could not meet the P demand of the local population's food consumption, food imports became an alternative P-input source. The PUE in crop production and the overall food chain generally showed a fluctuating upward trend, rising from 51.41 and 65.74% in 2000 to 71.94 and 80.16% in 2021, respectively. Landfill accumulation accounted for the largest portion of P in the food chain. Compared to the 2021 reference scenario, under the BAU scenario, the total P input, total P stock, and total P loss all increased significantly. The food P uptake recommendation scenario proved to be the optimal one for reducing total P input and minimizing dependence on external P. The fertilizer recommendation scenario significantly enhanced PUE in crop production. Additionally, the urine-diversion and waste-incineration scenarios could be effective strategies for reducing P accumulation, potentially alleviating environmental pressures associated with P pollution.
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1 Multiplied/divided by 1.02 | Changzhou official statistics data Arable land area; application rate of phosphate
fertilizer
2 Multiplied/divided by 1.03 Relevant research literature/reports/databases in Fraction of animal manure P pollution
other parts of China
3 Multiplied/divided by 1.04 Relevant research literature/reports from other P content in crop; P content in human excreta

parts of the world outside China

4 Multiplied/divided by 1.07 Expert experience estimates Feeding days of animal

5 Multiplied/divided by 1.012 | Informed assumption Ratio of crop straw residues and harvesting

Adapted by Klinglmair et al. (2015) and Laner et al. (2016).
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Scenario ‘ear Food chain  Focus Population?*  Other changes

S0. References 2021 - - Current None

S1. Business as Usual (BAU) 2030 Upstream Population Increase None

S2. Food P recommendation 2030 Upstream Consumption structure | Increase Tend to be vegetarian

3. Fertilizers recommendation 2030 Upstream Management level Increase Balanced P fertilization in crop production

$4. Urine diversion 2030 | Downstream Management level Increase Urine collected separately

S5. Manures management 2030 Downstream Management level Increase P returned to the field from manure is increased to
100%

S6. Wastes incineration 2030 | Downstream Management level Increase Recovery of P from solid waste incineration ash

S7. Sewage treatment 2030 Downstream Technical level Increase The P content after sewage treatment meets the highest
standard specified by CMEP (Chinese Ministry of
Environmental Protection) (2002)

*The population data of Changzhou City in 2030 is sourced from the forecast data of Changzhou Municipal Government;

b Assumptions based on the Scenario 1-7 analysis.

Scenario 1: In the business as usual (BAU) scenario, we only consider the impact of population changes in Changzhou city on food chain P flows. According to the “Yangtze River Delta Urban
Agglomeration Development Plan” released by the National Development and Reform Commission of China, the resident population of Changzhou city is projected to reach 6.5 million by
2030, an increase of 2.63 million from the 2021 population, representing a growth of 68.12%. This scenario is mainly based on the research that suggests resident consumption is the core driving
force for changes in P flows in the upstream and downstream of the food chain (Ding et al., 2024).

Scenario 2: In the food P uptake recommendation scenario, we consider the impact of population growth and changes in food consumption structure in Changzhou city on food chain P flows.
‘We consider a shift in residents’ dietary habits toward a low-P diet, resulting in a decrease in food P absorption compared to 2021. Specifically, it is assumed that by 2030, the P absorption from
food in Changzhou city will be just enough to maintain normal phosphate levels in the blood, with adults needing to consume 0.7g/cap/day (James and Lewis, 2023).

Scenario 3: In the fertilizer recommendation scenario, we consider the impact of population growth in Changzhou city and P fertilizer balance in crop production on food chain P flows.
Specifically, we assume that the input of mineral fertilizers and manure satisfy the P requirements of crops, assuming that the manure and straw recovery rates in 2030 will be the same as in
2021. Under this scenario, crop yields remain unchanged, but the amount of chemical fertilizer applied is significantly reduced compared to 2021. Theoretically, no new P accumulation will
occur in the soil in that year (Li ¢t al., 2015).

Scenario 4: In the urine diversion scenario, we consider the impact of population growth in Changzhou city and the installation of urine separation facilities in households on changes in food
chain P flows. Existing studies have shown that urine contains ~0.3 kg of P per capita per year (Jonsson et al., 2004). If urine is separated from wastewater, it would bring significant benefits to
the environment and public health. This measure has already been implemented globally (Wald, 2022).

Scenario 5: In the manure management scenario, benefiting from improvements in animal husbandry facilities in Changzhou city, we assume that the manure return rate to the fields remains
unchanged, and all other manure is used for agricultural land. This scenario is inspired by the research of Ma et al. (2013) on future changes in the flow of P nutrients in the food chain in China.
Scenario 6: In the Waste incineration scenario, we assume that organic waste from landfills is separately collected and incinerated, with 100% of it being collected. This scenario was inspired by
Wuetal. (2016).

Scenario 7: In the sewage treatment scenario, considering the population growth in Changzhou city and advancements in wastewater treatment technology, we assume that by 2030, the P
content in treated wastewater from sewage treatment plants will decrease from 1g/m® in 2021 [BMEDI (B
[CMEP (Chinese Ministry of Environmental Protection), 2002].

g General Municipal Engineering Design and Research Institute), 2006] to 0.5g/m?
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