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Highlights

	•
	10% of phosphorus in Stockholm waste was recycled to agriculture in 2013.

	•
	Targeting phosphorus recycling in wastewater met most of the budget for Stockholm.

	•
	Setting city goals in different perspectives alters preferred management actions.

	•
	Managing phosphorus flows may need to consider both upstream and downstream measures.




Abstract
Today, concerns prevail about the unsustainable use of phosphorus and worldwide eutrophication, thus requiring efficient management of phosphorus flows. With increasing population and associated urban growth, urban management of phosphorus flows in the perspectives of recycling, eutrophication and total budget becomes increasingly important. This study mapped phosphorus flows for a reference year (2013) and a future year (2030) using different scenarios for the city of Stockholm, Sweden. The results indicated that the Swedish goal of recycling phosphorus from wastewater would cover the majority of the total phosphorus budget for Stockholm. However, in 2013, only 10% of phosphorus was recycled for agricultural use, around half of which was from sewage sludge and the other half from food waste. Almost 50% of total phosphorus was sent to landfill/mining waste capping with sewage sludge, for economic reasons and lack of market. Among the scenarios of upstream and downstream urban management options studied in combination with population growth, recovery of phosphorus from sewage sludge had the greatest potential to increase the fraction recycled to agriculture. However, only upstream measures, e.g. changed diet, were able to reduce the total phosphorus budget. Urban management of phosphorus flows based on the different perspectives of recycling, eutrophication or total budget was shown to potentially result in different preferred management actions and both upstream and downstream measures need to be considered. Moreover, management needs to pay attention to small but environmentally sensitive flows, particularly when setting city goals on phosphorus recycling by percentage in a large budget.
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1. Introduction
Effective management of phosphorus flows in urban areas is one of the challenges in sustainable urban development (Kaye et al., 2006). Phosphorus management normally covers two important aspects. One of these is to increase phosphorus recycling and recovery from urban waste streams for agricultural use (Tangsubkul et al., 2005, Yuan et al., 2011b and Metson et al., 2012b), in order to tackle the global phosphorus scarcity and secure a sustainable supply of phosphorus for food production (Chowdhury et al., 2014 and Scholz et al., 2014). The other aspect is to decrease phosphorus loadings to the aquatic environment from urban systems, as human-induced nutrient fluxes have been identified as a major source of eutrophication in cites worldwide (Nyenje et al., 2010 and Wu et al., 2012). With the continuing growth in urban population and potential changes in lifestyles, an increasing amount of phosphorus is being imported upstream from the urban system, but largely accumulated downstream in urban sinks (Schmid Neset et al., 2008). The increased phosphorus budget may exert a strain on cities, increasing the challenge in urban phosphorus management in terms of increasing resource demand, pressure on treatment and recycling, and risk of eutrophication. With cities accommodating a major part of the world's population, this calls for improved strategies and methods for phosphorus management in the future.
However, the strategies used for phosphorus management in different cities may differ in focus(es), depending on e.g. biogeographical situation, infrastructure and land use, governance and actors, and future priorities and plans (Metson et al., 2015). Therefore, it is important to understand phosphorus flows in different urban systems within a local context in order to handle future urban eutrophication and the global phosphorus crisis. Previous studies of phosphorus flows in cities in China, Thailand and Vietnam indicate that agriculture and livestock play important roles (Færge et al., 2001, Montangero et al., 2007, Li et al., 2010 and Yuan et al., 2011a, b). As an example of a contrast to these developing countries, an early study for the city of Stockholm, Sweden, using a material flow analysis-based model called ComBox, found that phosphorus imports to that city were mainly driven by the business sector and households (Burström et al., 1997). However, phosphorus flow analysis by ComBox is simplified and suitable only for general environmental information purposes according to Burström (Burström, 1999). Thus, deeper studies are required.
Another recent study in Sweden, focusing on Gothenburg, pointed out the potential role of solid waste streams in achieving Swedish nutrient management goals, and evaluated the impacts of alterative phosphorus pathways on collection and treatment stages in phosphorus recycling (Kalmykova et al., 2012). Interestingly, those authors proposed that targeting wastewater streams may not be sufficient to meet national goals on phosphorus recycling, and suggested that solid waste be considered in nutrient management. Furthermore, they proposed urine separation as a valid compromise from the current situation for higher phosphorus recycling.
Yet another study in Linköping, Sweden, focused on the food production and consumption chain based on historical data for the period 1870–2000 (Schmid Neset et al., 2008) and found a trend of increasing phosphorus input to the city due to dietary changes. Dietary intake of phosphorus in Malmö, Sweden, is estimated to be 1182 mg/day for women and 1505 mg/day for men (Welch et al., 2009), which is higher than the recommended value for humans as given by Yates et al. (1998). Moreover, food waste and high-phosphorus products are major contributors to the total flows of phosphorus in Swedish cities (Burström et al., 1997). Thus, changes in diet and/or food handling may be ways to decrease urban phosphorus flows. However, with the concerns about increasing phosphorus input as a pressure, previous studies have paid little attention to reducing the total input through e.g. altering human behaviour or environmental control and the implications for current phosphorus management.
We argue that in order to systematically understand the consequences of different flow alternatives, potential changes in both downstream (collection and treatment) and upstream (source input and consumption) should be considered. This has not been the case in previous studies, at least not from a Swedish perspective. The aim in the present study was thus to investigate different phosphorus flow scenarios for Stockholm, Sweden. It is the city with the largest population in Sweden and is located on Sweden's south-central east coast, where freshwater may discharge into the Baltic Sea. Owing to increasing concerns about eutrophication of coastal waters and the Baltic Sea, considering potential phosphorus delivery to the aquatic environment when setting city goals is potentially important, in addition to phosphorus recycling and total budget.
Specific objectives of this study were thus to (1) identify the main sources, flows and sinks for Stockholm at present and thereby also the amounts of recoverable phosphorus in solid waste; and (2) investigate different phosphorus flow scenarios for Stockholm in the future, in relation to the effects on recycling, eutrophication and the total budget. The scenarios studied, covering both the upstream (source input and consumption) and downstream (collection and treatment) components of the flows in the city, included reducing food waste, changing to a vegetarian diet, phosphorus restriction in detergents, urine diversion, separate food waste collection in households, installation of kitchen waste disposal units and phosphorus recovery from sewage sludge and solid waste incineration ash.
2. Study site
The study area in this work was the municipality/city of Stockholm, which occupies 18 800 ha and has 881 235 inhabitants (Stockholm Statistics, 2014) and is one of the municipalities constituting the urban area of Stockholm. Fig. 1 shows the administrative boundaries of the municipality (henceforth referred to as “Stockholm”) and the location of related waste treatment plants and recycling facilities. The waste streams of Stockholm are similar to those in other Swedish cities, with municipal sewage systems and predominantly incineration of solid wastes.
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