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Abstract  

Urban food systems are linear and wasteful. Strategies towards more circular food systems 

need to be adopted; however, what these strategies may be and what effects they may have on 

other urban systems is not well documented. With this study, we offer a systemic representation 

of the Brussels Capital Region food system through mapping its phosphorus and energy flows, and 

we evaluate the effect that three theoretical scenarios will have on these flows, and on the 

circularity level of the system. The results show that the Brussels food system is strongly linear 

and that no more than 2% of the incoming P can currently be reused within the city. Food waste 

valorization and sewage sludge utilization can increase the amount of P available for reuse without 

negatively affecting the net amount of electricity recovered. The amount of P available in the urban 

effluents can theoretically cover the demand for mineral P in the agricultural systems of the two 

neighboring Brabant provinces. The regulatory framework for the reuse of urban effluents is, 

however, hostile and it is still to be determined whether there is a demand for re-introducing these 

P flows in the agri-food system that feeds Brussels.  
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1. Introduction  

Cities have an important role to play in the transition towards a Circular Economy (CE) for 

food. Food consumption is among the top three drivers of urban environmental footprints 

(Goldstein et al., 2017) and urban consumption is projected to mount up to 80% of all food 

produced by 2050 (EMF, 2019). This concentration of consumption in cities suggests the parallel 

concentration of human excreta and, partially, food waste in them. Subsequently, cities can 

influence decisions on what and how the agri-food system produces and at the same time drive 

efforts to avoid, reuse and ultimately phase out waste in the system.  

Food cannot grow without supplying it with nutrients, like nitrogen (N), phosphorus (P), and 

potassium (K). At the same time, the overuse of mineral NPK fertilizers and the disposal of 

untreated, nutrient-rich urban effluents in aquatic bodies causes the eutrophication of terrestrial 

and aquatic ecosystems and affects the quality of the agricultural soil (Smil, 2000). While N is 

available everywhere around us, mineral P fertilizers are made from phosphate rock, which is a 

finite resource (Cordell et al., 2009). This double status of phosphorus, as a pollutant and a scarce 

resource, makes phosphorus management a prominent strategy in the context of the circular bio-

economy, and so circular food systems (Nesme and Withers, 2016; Withers et al., 2018).  

In order to better manage phosphorus we first need to understand how it flows through coupled 

human-environmental systems, where it comes from, where it leaks worst, and where the biggest 

potentials for reuse lie. Indeed, lots of research has been dedicated in the past decade to map P 

flows in cities, regions and countries. Up to this point, detailed P budgets are available for cities 

in Sweden (Kalmykova et al., 2012; Schmid Neset et al., 2008; Wu et al., 2016), China (Li et al., 

2010; Lin et al., 2016; Ma et al., 2014; Qiao et al., 2011) and Canada (Metson and Bennett, 2015; 

Treadwell et al., 2018). Phosphorus follows similar paths in these cities: it enters through imported 

food and it either exits with sewage sludge and solid organic waste or  accumulates in urban sinks, 

such as soils and landfills. (Chowdhury et al., 2014; Kalmykova et al., 2012). In some cases, 

smaller quantities of treated sewage sludge or composted organic waste are recycled in urban 

agriculture, e.g. (Metson and Bennett, 2015), or in agriculture outside the system boundaries, e.g. 

(Ma et al., 2014; Wu et al., 2016). The anthropogenic phosphorus cycle, is thus, closely connected 

to the food cycle, making P an adequate ‘trace element’ to represent flows related to the food 

system, e.g. food products, food waste and human excrements.  

Besides food, phosphorus management involves and influences the water, energy and waste 

management sub-systems in a city. Researchers have addressed the nutrient, and thus phosphorus, 

management from such a nexus perspective, by studying nitrogen or phosphorus along with other 

resources, such as water (Esculier et al., 2018), energy (Hamilton et al., 2015) or both (Liang et 

al., 2019; Villarroel Walker et al., 2014; Villarroel Walker and Beck, 2012). These studies are, 

however, on a regional (Villarroel Walker and Beck, 2012) or national (Hamilton et al., 2015) 

scale. So far, few studies have taken a multi-resource perspective when studying nutrients at the 

urban scale (Liang et al., 2019; Ma et al., 2014; Villarroel Walker et al., 2014) and they show 
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trade-offs between different nutrient management scenarios, depending on various objectives and 

priorities (Villarroel Walker et al., 2014).  

Brussels, the capital of Belgium, is currently considering alternatives for treating its inhabitants’ 

kitchen waste that is collected separately in the dedicated orange bag since 2017, on a voluntary 

basis. The small amounts of kitchen waste collected are currently sent to an Anaerobic Digestion 

(AD) plant 130 km West of the capital, while Brussels’ authorities are investigating solutions for 

the management of its organic waste (De Muynck et al., 2019). The regional government has been 

favoring the installation of an AD plant within the city (Bortolotti et al., 2018b). An important 

motivation behind prioritizing AD seems to be a policy focus on green energy, in a national effort 

to reach the EU 2020 targets. Nonetheless, Waste-to-Energy (WtE) strategies are further down the 

food material hierarchy pyramid than prevention and reuse solutions (WRAP, 2016), and can 

potentially be at odds with other programs, such as the city’s Good Food strategy (Ronsmans, 

2015) or the regional program for a Circular Economy (Anon, 2016).  

Given the scarcity of multi-resource flows analyses at the urban scale and the importance of the 

interaction between phosphorus and energy from a CE perspective, as the Brussels case 

exemplifies, the research objectives of this study are:  

(i) to identify and quantify the phosphorus flows in Brussels that are potentially available 

for recovery and reuse and assess the current P circularity of the food system, and  

(ii) to evaluate circular solutions towards better resource management in the food system 

from a multi-resource perspective, accounting for phosphorus and energy 

simultaneously. 

2. Materials & Methods  

2.1 Case Study : Brussels Capital Region (BCR) 

Brussels Capital Region (BCR) is one of the three regions that constitute Belgium, along with 

Flanders in the north and Wallonia in the south. It has a population of 1’163’486 (2014) and a 

surface area of 161 km2 (IBSA, 2015). Despite its administrative ‘regional’ status, BCR is not a 

city-region as meant in planning (Rodríguez-Pose, 2008): it does not encompass the whole 

metropolitan area of Brussels, nor does it include the peri-urban and rural hinterlands of the city. 

It has the status of a region for political reasons, but its character is urban, with a population density 

of >7’000 cap/km2 (IBSA, 2015). Finally, BCR is not to be confused with the City of Brussels, 

which is one of the 19 municipalities that together form BCR (Figure 1). In the rest of the paper 

we use the terms city, Brussels and BCR interchangeably to refer to BCR.  

The city’s economy is predominantly based on the service sector. Agricultural production is 

marginal, with 1’850 ha, ~1% of total area, cultivated in 2014 mainly with cereals, potatoes, and 

sugar beets (StatBel, 2014). In economic terms, the contribution of the primary sector to the city’s 

economy is negligible (IBSA, 2015). Although many industries have their headquarters in 

Brussels, hardly any actual manufacturing activities take place within the city’s boundaries. The 
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secondary sector in the city mainly consists of small-scale food processing, i.e. bakeries and pastry 

shops (RDC-Environment, 2014).   

Food waste is collected together with mixed waste and is incinerated. Since 2017, the 

inhabitants of Brussels have also had the option of sorting their food waste, which is then collected 

separately and sent to an anaerobic digestion plant in Ypres, West Flanders. Green waste is 

collected separately and composted, either in a facility in the south of Brussels (Bruxelles-

Compost) or in composting plants in the surrounding areas. Finally, wastewater is treated in two 

wastewater treatment plants (WWTP): the South WWTP, established in 2000 and currently under 

modernization and the North WWTP, in operation since 2007. Brussels has a combined sewer 

network that serves both the transport of domestic wastewater to the two treatment plants and the 

runoff drainage. The Northern plant currently receives app. ¾ of the domestic wastewater 

generated in BCR; the Southern plant treats the rest, together with some industrial effluents (IBGE, 

2012; SBGE, 2017).  

 

Figure 1 Left: map of Belgium (light grey), including the metropolitan area of Brussels (dark grey) and BCR (black). Right: 

map of BCR, with the locations of the wastewater treatment plants (WWTPs), the incinerator and the composting facility. 

The administrative regional boundary is indicated in red, the boundary of the City of Brussels in solid black and the rest 

of the communes in dashed grey lines. [Sources : left: (Athanassiadis et al., 2016), base map right: BruGIS; icons: Factory 

by Fahmihorizon from the Noun Project; Outfall by Luis Prado from the Noun Project] 

2.2 Methodology  

2.2.1 System definition 

The system under study is the food system within the administrative boundary of the Brussels 

Capital Region (Figure 2); it corresponds roughly to the activity “to nourish” in the city (Baccini 

and Brunner, 2012). The reference year is 2014, the most recent year for which all data were 

available. For variables that vary from year to year, like the amounts of wastewater treated or the 

process energy inputs in the incinerator, we used 5-year averages to ensure that the model is as 

representative of the current situation as possible.  
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Within the food system, we can distinguish 4 subsystems: production, trade and consumption, 

wastewater management, and municipal solid waste (MSW) management. The ‘production’ sub-

system refers primarily to the process Urban Soils, including private and communal gardens, 

agricultural lands and public green spaces, like parks and forests. We consider the process 

‘Decentralized Composting’ to be part of the ‘production’ sub-system too, since it operates 

separately from the centralized MSW management system and is closely connected to the urban 

soil. The food processing industry, mostly bakeries and chocolatiers that sell largely outside of 

BCR, was excluded due to lack of data, which leads to an underestimation of both inputs and 

outputs. Table 1 list the goods considered in this study and their definitions, as well as the main 

flows within each good category.  

In our study we adopt the multi-layer Substance Flow Analysis framework described in 

(Hamilton et al., 2015) to quantify the phosphorus and energy flows in Brussels’ food system. For 

energy, we distinguish between gross energy (GEf) that represents the chemical energy content of 

the material flow f, and PEp that represents the in- or outflows of energy (electricity, fuel, heat) to 

or from process p. To estimate the GE of the flows we use the calorific content for the different 

food items, and the lower heating value (LHV) or net calorific content for all other flows. We do 

not account for transport, due to data gaps; however, in section 4.1 we discuss qualitatively some 

effects of accounting for transport to the energy flows.   

 

Figure 2 System diagram : the food and phosphorus system in Brussels Capital Region. Flows are colored according to 

the ‘good’ category they belong to (see Table 1 and Table 2 for key). 
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2.2.2 Quantification of flows  

o Trade and consumption  

We estimate the total input of food into the system as the sum of the food consumed in Brussels 

and the food waste generated during consumption and trade (Eq.1). Data on the daily per capita 

consumption of different food items come from the latest national Food Consumption 

Survey(Ridder et al., 2016) and their corresponding phosphorus and energy contents from the 

Belgian database internubel (Nubel, 2018) or Dutch database NEVO (RIVM, 2016). Based on 

information on the place of consumption from the Food Consumption Survey (Ost, 2015), we can 

differentiate between the food consumed at home, at restaurants and cafés (HoReCa), and at school 

and work canteens (services). We assume that visitors have the same daily food intake as the 

inhabitants, and that they consume all their meals in a HoReCa establishment. In order to quantify 

the food consumed by incoming commuters, we assume that they have their lunch, corresponding 

to 1/3 of the daily intake, at a work canteen. We use the net number of incoming commuters, to 

account for the food consumed outside Brussels by the outgoing commuters. Details on the 

calculation are given in SI (Data In Brief paper).  

Non-food products include detergents and cosmetics and pet food. For the former, we use the 

value for the specific P detergent consumption in Belgium by (Ott and Rechberger, 2012). 

Phosphorus in pet food is calculated using official statistics for the number of cats and dogs in 

Brussels (Statbel, 2018) and literature values for their daily P intakes (Wu et al., 2016).  

Food waste generation from households, HoReCa, services, and trade is estimated based on 

(Zeller et al., 2019) and their P and energy content from literature values (Table 1 and Table S1). 

The total imports of food (F1) and non-food products (F2) into trade are approximated as the sum 

of sold products (F3 – F7) and waste of the food trade sector (F8) from (Zeller et al., 2019).  

This probably underestimates the values of the import flows and gives an idealized impression 

of ‘Trade’ as a tight process. Including trade data, however, would require the combination of 

national data on international trade with the interregional Input-Output (IO) tables, the translation 

of IO data in physical quantities and their disaggregation to food product or food group level, and 

the adoption of assumptions for the shares of food that are re-exported and used for processing. 

Given the additional uncertainties and complexity that these data treatment steps would introduce 

to the model, we opted for using the mass balance to calculate the import flows.  

Further details on the calculation, assumptions and data sources can be found in Table 1 and 

the SI.  

𝐹𝑜𝑜𝑑 𝑆𝑜𝑙𝑑 = 𝐹𝑜𝑜𝑑 𝐶𝑜𝑛𝑠𝑢𝑚𝑒𝑑 +  𝐹𝑜𝑜𝑑 𝑊𝑎𝑠𝑡𝑒 

  = 𝐹𝐶𝑖𝑛ℎ + 𝐹𝐶𝑣𝑖𝑠 + 𝐹𝐶𝑐𝑜𝑚,𝑛𝑒𝑡 + (𝐹𝑊ℎℎ + 𝐹𝑊𝐻𝑜𝑅 + 𝐹𝑊𝑠𝑒𝑟𝑣)   (Eq.1) 

FCi : food consumed by inhabitants (inh), visitors (vis), or net number of commuters (com,net) 

FWj : food waste generated by households (hh), HoReCa (HoR), or services (serv) 

We assume that 98% of the P intake by humans and 100% of the P intake by pets ends up in 

their excrements; in addition, we adopt the assumption by Theobald and colleagues (2016) in their 
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analysis of the P flows in Berlin-Bradenburg, that 60% of the pet excrements end up directly in 

the soil (F53), whereas the rest 40% is disposed of in the household waste 

o Production  

Food production activities in Brussels include both urban agriculture (UA) and conventional 

crop production. UA represents private and communal gardening and small-scale professional 

horticultural activities, actual production data for which are scarce and uncertain, e.g. (Boutsen et 

al., 2018). According to a recent comprehensive study of Brussels’ urban metabolism, a maximum 

1% of the vegetable consumption in Brussels could be covered by soil-based horticulture within 

the city, whereas half of the exploitable lands were used for horticulture in 2010 (EcoRes sprl et 

al., 2015, p. 95). We thus estimate the amounts of food produced in UA and consumed directly by 

inhabitants (F10, ‘Own produce’) to represent 0.5% of the total plant-based products consumed.  

Conventional agricultural production data are taken from official statistics (StatBel, 2014). We use 

the average mineral-P application rate of the Walloon region (REEW, 2018) and official manure 

export statistics of Flanders (VLM, 2014) to estimate synthetic fertilizer and manure inputs (F28). 

Details on the calculations are given in the SI.  

Given the study’s focus on nutrient circularity and the tight connection between UA and 

decentralized compost (household and neighborhood scale) we classify the latter within the 

‘production’ sub-system. Around 420 tonnes of household food waste were composted in private 

and communal composting sites in 2015 (F16), representing 0.4% of the total food waste 

production (Bortolotti et al., 2018a).  

o Wastewater Management 

Primary data on the amounts of wastewater treated in the two WWTPs (F20, F34, F35) and 

their characteristics come from the annual reports of Brussels Society for Water Management 

(SBGE, n.d.), datasets from Brussels’ environmental agency (IBGE, 2018a), and the webpage of 

Aquiris, the company that operates the North WWTP. Information and data on the sludge treatment 

process (F36, F37) were taken from (Chauzy et al., 2010) and assumed to represent the situation 

in both WWTPs. For the estimation of the process energy (F38, F39) we combined literature values 

with those provided online by the operator (AQUIRIS, n.d.). The anaerobic digestion of sewage 

sludge and the energy recovery from biogas were modelled following (Cano et al., 2015). Details 

on the modelling process, the variables used and their sources, as well as the underlying 

assumptions can be found in the SI.  

o Municipal Solid Waste Management 

Data on the amounts of food and green waste to the different treatment options (F21 – 24, F46 

– 48) come from a recent study by Zeller et al. (2019). Incineration is the main treatment option 

for MSW in Brussels. Amounts of incineration by-products (F31, F813) were calculated with 

information from the annual reports of Bruxelles-Proprété, the agency managing the incinerator 

(ABP, n.d.); the same reports, combined with the energy balance of Brussels (IBGE, 2015), were 

used to estimate the energy flows (F40, F41, F56, F809). When primary data were missing, the 

most recent life cycle inventory (LCI) data available were used (Haupt et al., 2018).  



7 

 

Household green waste collected separately by ABP is composted in the only large-scale 

composting plant in Brussels (process ‘Centralized Compost’ – CCO). Compost from CCO is 

mainly used for landscaping across the city (Robinet, 2019), thus we assume that all of the P 

content is returned to Urban Soils. 

o Mass Balance Inconsistencies 

Different data sources of variable quality were used for the calculation of the different flows: 

primary data were available in certain cases, while in others we had to rely either on data referring 

to the whole country (e.g. food consumption), or another region in the country (e.g. characteristics 

of compost in Flanders), modeled data from other studies on Brussels (e.g. organic waste streams), 

design values for some processes (e.g. sludge generation and energy consumption in the North 

WWTP) or general values from textbooks and peer-reviewed literature (P and energy content for 

most of the flows). The main data sources used are listed in Table 1 and Table 2 and a 

comprehensive list can be found in the SI.  

Given the great variability of data origins and quality, we chose to follow the method of 

Hamilton et al. (2015), and get an idea of uncertainties by calculating the mass balance 

inconsistencies for each process and keeping them visible in the model. This approach works in 

this case, since we did not reconcile the data in the model and the input and outputs flows in the 

different processes were either (i) estimated independently (e.g. Consumption, Wastewater 

Collection) or (ii) modelled using transfer coefficients and assumptions from actual facility-level 

data (e.g. WWT, incineration), or general literature (e.g. energy flows in WWT and AD). The only 

exception to this procedure is the system input flows F1 (Food products) and F2 (non-food 

products), which are simply the sum of the output flows from the process ‘Trade’. We include 

‘Trade’ as a process separate from consumption in the system, in order to account for the food 

waste generated by it; however, it is mostly a ‘proxy process’ and its input flows should be 

interpreted with care.  

Table 1 Types of goods (materials) included in the system, color key for Fig.1 and main data sources for the estimations of 

their phosphorus (P) and gross energy (GE) content (hh : households, prof : professional, ser : services, AD : anaerobic 

digestion, WWT : wastewater treatment) 

Good Color Description Flows 
Main source of P & GE 

content for good 

Food 

products 

Red Food products imported and 

sold within BCR and crop 

production 

F1 : Food products (Le Noë et al., 2017; 

Nubel, 2018; RIVM, 2016) F3 : Sold food to hh  

F4 : Sold food to HoReCa  

F5 : Sold food to services  

F10 : Own produce  

F57 : Exported Crops 

Non-food 

products 

Light 

blue 

Detergents, cosmetics, 

fertilizers and pet food 

imported and sold within 

BCR 

F2 : Non-food products (Ott and Rechberger, 2012; 

VLM, 2014; Wu et al., 
2016) 

F6 : Pet food 

F7 : Detergents & cosmetics 

F28: Fertilizers 

Organic 

waste (OW) 

Brow

n 

OFMSW, mixed FW and 

GW, pet excrements to soil 
F16 : OW to dec.compost (Fisgativa et al., 2016) 

F53 : Pet excrements to soil 
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Table 1 (cont’d)  

Good Color Description Flows 
Main source of P & GE 

content for good 

Food waste 

(FW) 

Dark 

red 

Inedible parts of food 

products and wasted food 

(gone bad & meals leftovers) 

from households, HoReCa 

and canteens (services) 

F14 : Food waste from consumption (Fisgativa et al., 2016; 

Jensen et al., 2016) F8   : Food waste from trade 

F21 : Food waste to incineration 

F22 : Food waste to AD 

F23 : Food waste export to compost 

Green waste 

(GW) 

Green Garden waste from 

households and green waste 

from parks and public spaces 

F15 : Household green waste (Boldrin and Christensen, 

2010) F24 : Green waste to compost 

F26 : Professional green waste 

F46 : Green waste to incineration 

F47 : Green waste to AD 

F48 : Green waste export to compost  

Compost Lime 

green 

Compost from all scales 

(household, neighborhood, 

big scale) and all kinds of 

feed (OW, GW, digestate) 

F25 : Compost to gardens & parks (Möller et al., 2018; Vlaco, 
n.d.) F27: Compost to private gardens  

F32 : Compost (from exp.) 

F54 : Compost from digestate & GW  

Wastewater 

(ww) 

Dark 

blue 

Municipal and industrial 

wastewater flows and treated 

water discharged in the 

Senne 

F11 : Municipal wastewater to sewers  (IBGE, 2018a; SBGE, n.d.) 

 F12 : Industrial wastewater to WWT  

F20 : Wastewater from BCR to WWT  

F34 : ww from Flanders to WWT  

F35 : Treated water to Senne 

F50 : ww from compost (exp.) 

F51  : ww from centralized compost 

Sewage 

sludge (SS) 

Orang

e 

Raw sewage sludge (from 

WWT and septic tanks) and 

products from sewage sludge 

treatment (e.g. technosands) 

F52 : Septic sludge  (Chauzy et al., 2010; 
IBGE, 2018a; SBGE, n.d.) 

 
F36 : Treated sludge from S.WWTP  

F37 : Treated sludge from N.WWTP  

Incineration 

by-products 

Yello

w 

Ash (bottom & fly) and rest 

(metals, slug, salts) 
F31 : Bottom and fly ash (ABP, n.d.; Haupt et al., 

2018) F813: Other incineration by-products 

Emissions 

(gas & 

liquid) 

Black P gas or aqueous emissions 

not accounted for in other 

flows 

F29 : Leaching & runoff  P & GE content assumed 
~0  

F2115 : Gaseous emissions WAO 

Table 2 Process energy flows included in the model, color key for Fig.1 and main data sources for their estimations 

Process Energy Color Description Flows Main sources 

Electricity Violet 
Electricity process 

inputs and outputs 

F18 : Food preparation energy  (IBGE, 2017a, 2015) 

F38 : Energy input WWT  (Aquiris, n.d.) 

F39 : Energy output WWT  (Cano et al., 2015) 

F40 : Electricity output (incineration) modelled 

F41 : Electricity input (incineration) (IBGE, 2019) 

F42 : Electricity for centralized compost (Haupt et al., 2018) 

F45 : Energy for centralized compost (e) (Haupt et al., 2018) 

F43 : Energy input AD (Haupt et al., 2018) 

F44 : Electricity output AD modelled 

Heat Pink 

Heat process inputs 

and outputs (incl. 

energy losses) 

F17 : Respiratory heat balance 

F2106: Energy loss from biogas (WWT) Modeled based on 

(Cano et al., 2015) & 

(Haupt et al., 2018) 
F56  : Heat output (incineration) 

F809  :Energy loss from incinerator 

F55  : Heat output AD 

 F1205:  Energy loss from digester 
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2.2.3 Scenarios  

In order to illustrate the potential for phosphorus reuse and reveal trade-offs between 

phosphorus availability and energy use, we compare 4 scenarios for the year 2030. The scenarios 

illustrate theoretical best cases for P management and were chosen taking into account (i) 

commonly mentioned strategies for circular food systems and (ii) the current plans and discussions 

on waste management in Brussels (Bortolotti et al., 2018b; IBGE, 2018b). For example, food waste 

valorization is currently investigated by the city authorities as an alternative to collecting them 

together with residual waste and incineration (Bortolotti et al., 2018b).  

The baseline scenario (Base, Table 3) is simply a projection of the current situation into the 

future, accounting for population and visitors growth. We also apply a 20% reduction in the 

generation rate of avoidable food waste for all scenarios, since this is the target of the city’s new 

5-year plan on waste (IBGE, 2018b). We do not account for diet changes in our scenarios, as we 

do not expect diets to change substantially by 2030, given that Brussels is an already dense and 

culturally diverse city with a high per capita GDP (IBSA, 2015), which are known to be factors 

that are influential on the diet. What is more, dietary changes would probably influence P inputs 

in food production upstream the city, but not the amounts of P consumed and wasted within it 

(Metson et al., 2016); these upstream effects, although relevant, are outside the scope of the current 

study. 

For the Food Waste Valorization scenario (FWV) we assume a complete diversion of food 

waste from the incinerator to anaerobic digestion and composting (90% and 10% respectively). In 

the Sewage Sludge Utilization scenario (SSU) all sewage sludge from the two WWTPs is 

anaerobically digested and stabilized with lime, making it potentially reusable to agriculture. Lime 

conditioning is the final treatment step for the sludge from the treatment plants of Liège and 

Namur, after which it is reused in agriculture (AIDE, 2018; INASEP, 2018). Finally, CO is the 

combination scenario that accommodates both measures.  Table 3 summarizes the assumptions for 

all four scenarios and presents more details on the variables and rationale behind them are given 

in the SI.  

It is worth noting that the scenarios’ purpose is neither to represent solutions that can be 

realistically implemented until 2030, nor to mirror precisely the current plans and wishes of the 

stakeholders’ involved. They are simply a methodological device with the purpose of generating 

potential upper limits for phosphorus reuse rate or savings. These limits can be used as benchmarks 

against which progress towards a more circular food system can be measured. 

 Table 3 Scenarios: target year 2030, est. population in BCR : 1’356’000 inh. (FWV : Food Waste Valorization, SSU : 

Sewage Sludge Utilization, CO : Combination, AG : agriculture, NL : the Netherlands) 

 Base FWV SSU CO Destination 

Food waste reduction (avoidable FW) 20% 20% 20% 20% NA 

Share of food waste collected sent to incineration 100% 0% 100% 0% NA 

Share of FW collected digested anaerobically 0% 90% 0% 90% AG Wallonia 

Share of FW sent to compost 0% 10% 0% 10% Brussels 

Share of sludge reused in AG (both plants) 0% 0% 100% 100% AG Wallonia 

Share of sludge exported or to landfill 100% 100% 0% 0% Landfill / DE 
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2.2.4 Circularity Indicators 

One of the objectives of this work is to assess the circularity of the current food system in BCR 

and compare it with scenarios that are expected to increase this circularity. There is still neither a 

widely accepted definition on what circularity is (Kirchherr et al., 2017) nor consensus on how to 

measure it (EASAC, 2016; Moraga et al., 2019; Pauliuk, 2018), especially when the focus is on 

food or the bio-economy in general. For the purposes of our study, we chose to compare three 

different P-based indicators (Table 4), depending on whether the phosphorus is potentially reused 

or reusable: (i) within the administrative boundary of the city (‘City Circularity’), (ii) in agriculture 

both within the city and outside the system boundary, corresponding to the concept of closed-loop 

recycling (‘Food Circularity’), and (iii) anywhere, corresponding to the concept of open-loop 

recycling (‘Weak Circularity’). In the third case, we account for all nutrients that are neither 

emitted in the environment nor landfilled. The three different circularity indicators are defined as:  

 City Circularity :   𝐶𝐶 =  
𝑃 𝑟𝑒𝑢𝑠𝑒𝑑 𝑤𝑖𝑡ℎ𝑖𝑛 𝑡ℎ𝑒 𝑐𝑖𝑡𝑦 𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑦

𝑡𝑜𝑡𝑎𝑙 𝑃 𝑖𝑛𝑝𝑢𝑡
  (Eq.2) 

 Food Circularity :  𝐹𝐶 =  
𝑃 𝑟𝑒𝑢𝑠𝑒𝑑 𝑜𝑟 𝑟𝑒𝑢𝑠𝑎𝑏𝑙𝑒 𝑖𝑛 𝑎𝑔𝑟𝑖𝑐𝑢𝑙𝑡𝑢𝑟𝑒

𝑡𝑜𝑡𝑎𝑙 𝑃 𝑖𝑛𝑝𝑢𝑡
  (Eq.3) 

 Weak Circularity :  𝑊𝐶 =  
𝑃 𝑟𝑒𝑢𝑠𝑒𝑑 

𝑡𝑜𝑡𝑎𝑙 𝑃 𝑖𝑛𝑝𝑢𝑡
     (Eq.4) 

Table 4 Flows accounted for in the nominator of the three different circularity indicators used in this study. For the flow 

numbers refer to Figure 2, Table 1 and the SI.  

Flow  City Food Weak 

F25 Brussels Compost X - X 

F27 Decentralised compost X X X 

F2119 Treated sludge from N. WWTP to AG - X X 

F2218 Treated sludge from S. WWTP to AG - X X 

F54 Digestate from AD of org. waste - X X 

F31 Incineration ashes - - X 

 Technosands and exported SS - - - 

These three simple metrics capture the extent of P-reuse in two different geographical scales 

(city and hinterland) and under three management scopes (city self-sufficiency, food system 

perspective and open-loop recycling). However, they are focused on reuse only: any upstream 

interventions, like the adoption of more efficient and less wasteful farming techniques, will have 

to happen outside the city’s, and thus this study’s, boundary. The sole focus on recycling has been 

justly criticized as too narrow-scoped to be used alone as a CE metric, e.g. (Parchomenko et al., 

2019; Pauliuk, 2018), and we recognize that further research including the agricultural hinterlands 

in the system boundary will improve the metrics proposed here. 

3. Results 

3.1 Phosphorus flows in 2014  

The phosphorus flows in BCR have a linear pattern (Figure 3). Almost 700 tonnes of P entered 

Brussels with the imported food products in 2014 (69% of the total input), and the rest came from 
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detergents (99 tP/yr), pet food (96 tP/yr), wastewater imports from Flanders (106 tP/a), industrial 

wastewater (15 tP/a) and fertilizers (16 tP/a). Most of the P inputs end up in the city’s sewage 

system and are finally either released in the environment with the treated effluent (139 tP/yr) or 

captured in the sewage sludge. Sludge from the South WWTP is exported for incineration 

(107 tP/yr), whereas that from the North WWTP is processed into technosands and then used as 

cover material in landfills (455 tP/yr).  

Phosphorus in the solid organic waste streams (food and green waste) represents around 17% 

of the total input. Almost all food waste (147 tP/yr) and around 40% of the green waste (11 tP/yr) 

are collected in the white bags and incinerated together with residual waste (Figure 3c and d). 

Another 12 tP/yr from green waste are sent to the composting facility of the city and around 8 tP/yr 

are exported through food and green waste to Flanders, to be treated anaerobically or composted. 

160 tP/yr, or ~90% of all the P in the organic waste collected ends up in the incineration ashes and 

from there to the road construction industry in the Netherlands.  

3.2 Phosphorus and energy flows under different scenarios 

The baseline scenario is simply an extrapolation of the situation in 2014. As such, more than 

three quarters of the incoming phosphorus enter the city with food (Figure 4a) and is either 

discharged through treated wastewater in the environment (12%), used in landfills through sewage 

sludge (67%), or turned into incineration ashes (15%). Imported food dominates the energy flows, 

too (Figure 4c): 5’300 TJ/yr enter the city through imported food, most of which are taken up by 

human metabolism. 1’200 TJ/yr of process energy (PE) are used for the storage and preparation of 

food at the household level. The energy content of the organic waste entering the MSW 

management system is around 1’000 TJ/yr for the baseline scenario. This energy is recovered as 

electricity (100 TJe/yr) and heat (309 TJ/yr) in the incinerator.  

In the FWV scenario, all food waste is assumed to be valorized through anaerobic digestion and 

further use of the digestate in agriculture. Through the composted digestate, 114 tP/yr can be 

potentially reintroduced into food production, from 6 tP/yr for the baseline (Figure 5a). Besides, 

the energetic valorization of the biogas produced during fermentation results in 116 TJe/yr of gross 

generated electricity, an increase of +16%, compared to the baseline (100 TJe/yr). If we account 

for the net electricity output, however, the MSWM contributes almost three times more electricity, 

compared to the baseline (114 TJe/yr versus 38 TJe/yr, Figure 5b), thanks to the lower energy input 

requirements of an AD plant, compared to the incinerator. Due to the diversion of the organic 

waste from the incinerator, the amount of heat generated is drastically smaller for FWV.  

The SSU scenario has the most drastic effect on the amount of P potentially reintroduced into 

agriculture (Figure 5a). When all the sewage sludge is conditioned and used in agriculture, instead 

of turned into technosands and landfilled, 674 tP/yr or almost 60% of the phosphorus input can be 

circulated back into the food system. This scenario has no effect on the energy flows, since the 

MSWM system is the same as for the baseline. The combined effects of FWV and SSU are 

illustrated with the combined scenario, CO. In that scenario, more than 800 tP/a can be circulated, 

while generating 116 TJe/yr (Figure 4b, 5b).  
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Figure 3 Phosphorus flows in BCR for 2014 in tonnes P/year (a), distribution of total amounts of solid outputs (b) [in 

tonnes/year], and distribution of food (c), and green waste (d) according to treatment type [in tonnes/year]. Deviations from 

the numbers in the text are due to rounding. (MBI : Mass Balance Inconsistency, WW : Wastewater, WWC : Wastewater 

Collection, US : Urban Soils, SW : Solid Waste, DCO : Decentralized Compost, CCO : Centralized Compost, ECO : 

Exported Compost, FW : Food Waste, GW : Green Waste).   
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Figure 4 Sankey diagrams for the phosphorus (first row, in tonnes / year) and energy (second row, in TJ / year) flows in 

BCR for the baseline (left), and the combination (right) scenarios. Only values are for process energy and the total input 

energy are shown in the energy diagrams for better readability. Negative values indicate imports of process energy. WWC 

: wastewater collection, WWT : wastewater treatment, MSWC : municipal solid waste collection, INC : incineration, AG : 

agriculture, AD : anaerobic digestion, compostD: decentralised, compostC: centralised, compostE : exported 

 

 

Figure 5 (a) Amounts of phosphorus outputs per destination and net P gained (Preusable – Plost, in tP/yr) and (b) amounts of 

phosphorus (in tP/yr) potentially available for reuse and of net energy (in TJ/yr) recovered from the municipal waste 

management system (incineration or anaerobic digestion) for the different scenarios. ss: sewage sludge, dig: digestate, gw: 

green waste.   
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3.3 Levels of phosphorus circularity per scenario 

The degree of circularity of the system varies depending on the scenario and type of circularity 

(Figure 6). When all the potential alternative uses of the P-rich effluents are taken into account, a 

score of 14% ‘weak circularity’ is achieved for the baseline scenario. In this case, the reuse 

corresponds to the phosphorus amounts ending up in the road construction industry through the 

incineration ashes. On the other hand, the degree of phosphorus ‘city circularity’ that Brussels can 

achieve is persistently low, with a maximum of 2% of the P inputs reused within the city’s 

boundaries for the FWV scenario. ‘Food circularity’ ranges from 0 for the baseline scenario to 

more than 70% for the theoretical case when all sewage sludge is used in agriculture and all food 

waste is diverted from the incinerator to an anaerobic digestion unit.  

 

Figure 6 Phosphorus circularity indicators for each scenario: City Circularity (CC), Food Circularity (FC) and Weak 

Circularity (WC). For an explanation on the indicators and the acronyms of the scenarios, see text.  

4. Discussion  

Since the phosphorus ‘city circularity’ stays negligible across the scenarios, P-containing 

products will probably need to be transported for reuse outside of the city. For this reason, most of 

this section is dedicated to discussing parameters that can affect whether and where these 

potentially reusable P flows will be reused, even outside our system boundary. We address two 

aspects: (i) the characteristics of the outflows as alternative products to synthetic fertilizer, and (ii) 

necessary conditions for their reuse outside the city boundary. We further put our results into 

context and we close an evaluation of our methodology and model.  
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4.1 Characteristics of output flows regarding their agricultural reuse  

The P-containing outputs vary according to scenario (Figure 5a). For the baseline, two are the 

main outputs: 520 tP/yr of technosands, used as covering material to landfills, and incineration 

ashes exported to the Dutch road construction sector (154 tP/yr). For FWV and SSU, two 

additional products occur: composted digestate (114 tP/yr for the FWV scenario) and treated 

sewage sludge (674 tP/yr for the SSU and CO scenarios), both of which are reusable in agriculture. 

Green waste compost is produced within the region in all scenarios, though in much smaller 

quantities than the other products: 12 tP/yr for the baseline, and SSU scenarios and 17 tP/yr for 

FWV and CO. The last three (treated sewage sludge, composted digestate and green waste 

compost) are the products that we consider reusable in agriculture and that we take into account to 

calculate the ‘food circularity’ of the system, based on their P-content. 

Several parameters will affect whether these streams will indeed be reused or not; their demand 

and the legal framework governing their management are two crucial ones that are covered in the 

following section of this paper. Table 5 summarizes some properties of these products that we 

expect to affect the desirability and profitability of each scenario: (i) the P concentration of the 

flow; (ii) the plant availability of P in each product; (iii) their market price; and (iv) the net energy 

output of the treatment processes that generate each of the products. 

Treated sludge (digested and dried) is by far the product with the highest P concentration. The 

concentration depends on the performance of the drying: in our case we assumed a total solids 

(TS) content of 90% in dry sludge, according to the current performance of the filter press in the 

N.WWTP (Chauzy et al., 2010). Even with a more moderate assumption of 35% solid content, the 

sludge remains the most concentrated stream. What is more, plants can take up P easier from 

digestate than from compost (Table 5) and digestate is currently sold at a higher price than 

compost. Sewage sludge digestate is therefore the most valuable of the P effluents from Brussels.  

Table 5 Characteristics of compost and digestate (gw: green waste, dig. : digestate, ss : sewage sludge). For the estimation 

of the fuel needed for transport we assume transport with lorries at 2 MJ/tkm.  

 Compost gw Compost dig. Digestate ss Source 

Concentration [kgP/tn] 1.2 2.0 21.4 This study 

Plant availability [%] 50% 50% 90% (1), (2) 

Price [€/tn] 8 8 16 (3), (4) 

Fuel for 50 km transport [L/kgP] 2.3 1.4 0.1 this study and (5) 

Fuel for 50 km transport [kWh / kgP] 22.5 13.9 1.0  

Electricity generation from process 

[kWhnet / kgP] 
-14 462 274 

This study 

(1) (Hamilton et al., 2017), (2) (Haupt et al., 2018) (3) (Bruxelles-Compost, 2014), (4) (Vlaco, 2016), (5) (EEA, 2016) 

The major disadvantage of sewage sludge as a secondary P source is its potentially high 

concentration of heavy metals and pharmaceuticals. Heavy metals in urban wastewater can be due 

to atmospheric deposition, street runoff, but mainly the presence of industrial effluents in the sewer 

system (Angelidis and Gibbs, 1989; Sperling, 2007). Since hardly any industries operate within 

BCR and only the South WWTP receives some industrial wastewater1, it is unlikely that heavy 

                                                 
1 30% of its total according to (IBGE, 2017b), corresponding to 7.5% of the total water treated in the region.  
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metal concentrations in the sludge will surpass the legal thresholds for agricultural use adopted by 

the region in 1993 (Bruxelles-Capitale, 1993), which is still valid until this day. According to 

recent measurements (Brion, 2019) the heavy metal concentrations of the mineralized sludge 

(technosands) are close to the threshold values for lead and nickel and well above thresholds for 

zinc and copper. The fresh, dried sludge from the South plant performs better, with all metals being 

well below the legal thresholds. Since the mineralization process in the North WWTP reduces the 

mass of the sludge drastically by oxidizing all organic matter, we can expect that the concentrations 

of fresh, dried sludge from the North WWTP would be lower and probably closer to the ones from 

the South WWTP (Brion, 2019, personal communication). At the moment, there is not much 

information on the concentrations of micro-pollutants, like pharmaceuticals and hormones.  

4.2 Use of urban effluents in and around BCR  

BCR has ~1’850 ha of arable land that produce mostly winter wheat, sugar beets and potatoes, 

destined for the processing industry outside the city. Next to the conventional agricultural activity, 

some of the vegetables, mushrooms, and fruits that Brussels inhabitants eat are cultivated in 

community and private gardens and in a few professional horticulture urban farms. The region 

supports these initiatives through its ‘Good Food’ strategy (Ronsmans, 2015) and the number of 

gardens and micro-farms has been rising in the past four years. rThe role of vegetables grown 

within the city, however, remains marginal in covering the demand: local professional farms cover 

hardly 0.1% of the current demand (Boutsen et al., 2018). In our model we adopted the assumption 

that a maximum 1% of the demand for fruits and vegetable can be provided from within the region 

(EcoRes sprl et al., 2015, p. 95). Still, the role of locally produced food remains negligible in the 

P cycle: around 0.5 tP/a come from locally grown fruits and vegetables, a tiny fraction of the 

770 tP/a imported through food.  

The inability of the agricultural production within BCR to absorb the P in the city’s waste 

streams means that the P-rich urban effluents will need to be exported and valorized in the 

neighboring provinces, or even further away in Belgium and abroad. Exports will become easier 

after the new European Fertilizers Directive, which accounts for organic fertilizers, will come into 

force in 2022 (EC, 2018). At the same time, the Flemish and Walloon regions generate their own 

P-rich flows, that will probably be given priority over imported ones. The livestock sector in 

Flanders especially, is a big manure producer and exporter, with strict regulations in the region 

regarding the nutrient application rates to the soil (Kristel Vandenbroek, 2017). Consequently, a 

detailed evaluation of the nutrient flows and needs in the agri-food system around Brussels is 

indispensable in order to locate possible sites for the reuse of secondary P.  

The focus of this paper is phosphorus, and so much of the discussionrefers to the fertilization 

value of treated organic waste. Compost and digestate are, however, products different from 

mineral fertilizer and manure: although they release nutrients in the soil, their primary purpose is 

often soil conditioning. So, even if we can say that the >650 tP/yr available in the system’s outputs 

can theoretically cover the whole P-demand for the two Brabant regions (assuming 100% 

substitution) or around 10% of the whole demand for Belgium, future analyses must be more 
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nuanced. It is, for example, expected that small organic urban and peri-urban farms will show a 

higher interest in using compost produced in the city than big conventional farms. What is more, 

products from a city’s organic waste management system can be valorized for reasons other than 

food production, e.g. landscaping and ornamental horticulture. Such uses are excluded from the 

discussion in this study, since the focus is on the food system and ‘closed-loop’ recycling of urban 

organic waste; nonetheless, these alternative uses can be substantial components of a more 

sustainable phosphorus management in urban areas.  

4.3 Phosphorus versus energy 

An underlying hypothesis behind this study has been that, if Brussels makes more phosphorus 

available for reuse through the implementation of Circular Economy inspired strategies, energy 

expenditure will rise, due to additional treatment steps in the municipal solid waste and urban 

water management systems. In Figure 5b we can see that the total net energy output in each 

scenario is indeed either lower or the same as for the baseline. The main reason for this reduction 

is losing part of the heat generated in the incinerator by diverting the waste to an anaerobic digester 

(FWV). The heat from the incinerator is currently used on site for heating the different facilities 

and is partially converted to electricity (IBGE, 2018c). However, in the case where we only 

account for electricity and not heat, the FWV scenario by far outperforms all others. This indicates 

that implementing a common food waste valorization strategy (digestion of food waste) increases 

both the amount of potentially reusable P available, and the amount of net electricity recovered. 

On the other hand, the SSU scenario has an important effect on the amounts of P potentially 

available for reuse, but none at all on the net energy recovered, compared with the baseline (Figure 

5b). This is because anaerobic digestion with energy recovery from biogas is already part of the 

baseline scenario. Besides, all energy generated in the WWTPs is consumed on-site.  

As a consequence, we see a synergetic effect between P recoverable and net electricity 

recovered, albeit a weak one. Further, it is worth putting the numbers into perspective, especially 

if the results are used to inform policy: the total net electricity production for the scenarios ranges 

from 38 – 114 TJe/yr or 10 – 32 GWhe/yr. Even the high ends of these ranges represent a tiny 

fraction of both the total energy consumption within BCR and the residential energy consumption, 

which in 2016 were more than 20’000 GWh/yr and 7’600 GWh/yr respectively (IBGE, 2018c). 

Most of the residential energy consumption comes from natural gas and only 17% 

(1’313 GWhe/yr) from electricity. This means that even for the ideal scenario where all food waste 

in BCR would be collected separately and valorized through anaerobic digestion, the electricity 

generated would cover a theoretical 3% of the total electricity demand of the households in 

Brussels, or 0.2% of the total energy demand in the region. For comparison, the national target for 

Belgium is to achieve 13% of the gross final energy consumption coming from renewables by 

2020; the share of BCR in achieving this target was set to 0.073 Mtep (~850 GWh).  
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4.4 Methodological considerations  

In order to study the food system of Brussels Capital Region, we used the Region’s 

administrative boundary as the system boundary. The focus has thus been on downstream solutions 

that are under the direct control of the Region’s authorities, i.e. wastewater and solid organic waste 

management. The agricultural hinterland that produces the food consumed in Brussels was not 

included in the system. This means that we have not accounted for inputs from mineral fertilizers 

and manure, which are typically the largest phosphorus flows in a food system. In addition, 

strategies like food waste avoidance, which would result in large phosphorus savings upstream 

and thus larger savings in total, have not been included in the scenario analysis. This calls for a 

careful interpretation of our scenario results, and for future research to address this shortcoming 

by including food production in the system boundary. 

As is usually the case for MFA studies, data are coming from different sources of varying 

quality. A range of methods was used to estimate the flows, from actual statistics and facility-

specific data (e.g. mixed household waste, wastewater quantities and characteristics) to modelling 

based on generic literature data (e.g. sludge treatment). Despite this, the Mass Balance 

Inconsistencies typically represent a small fraction of total input in a process. An exception is the 

MBI for Urban Soils (Figure 3). The process “Urban Soils” was modeled quite rough, so it is 

possible that most of the P accounted for in the MBI will either accumulate in the soil, or contribute 

to the growth of plants other than the agricultural crops. A more detailed accounting of the fate of 

P in the urban soil will allow to better understand the capacity of the soil to take up more P and 

under what conditions.  

Lack of readily available data was also the reason why the food industry is not included in the 

system. In fact, Zeller and colleagues (2019) estimate that up to 25’000 tons of organic waste were 

generated in Brussels in 2014. Assuming average P and energy contents of 0.15% (Coppens et al., 

2016) and 13 MJ/kg (Bernstad and la Cour Jansen, 2011), industrial food waste could have 

contributed an extra 40 tP/yr and 340 TJ/yr to the MSWM sub-system. This is more than 20% of 

the phosphorus we account for currently, and indicates that food industry is potentially an 

important part of the system. However, import data for BCR are tricky to collect and interpret, as 

illustrated in detail in (EcoRes sprl et al., 2015), so that the estimation of the inputs would introduce 

additional uncertainties. For this reason, we left food processing out of the system.  

Finally, the scenarios are ideal best cases, a methodological device meant to provide 

information on maximum theoretical amounts of P potentially reusable. These values can be used, 

for example, as targets or benchmarks against which progress towards better P-management and a 

more circular food system can be measured. Realistic and implementable scenarios for the organic 

waste system in Brussels have been generated within the Opération Phosphore project and can be 

found in (Bortolotti et al., 2019, 2018b; De Muynck et al., 2019).  
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5. Conclusions and outlook  

In this paper we analyzed the phosphorus and energy flows in the food system of Brussels 

Capital Region and assessed the impacts of 3 alternative, theoretical scenarios on these flows: food 

waste valorization, sewage sludge utilization and a combination of the two. Brussels has a nutrient 

metabolism typical of a city: almost all P that enters through imported food ends up in the sewage 

sludge and from there to landfill. Diverting these amounts of phosphorus from the landfill to 

agriculture has the potential to greatly increase the circularity of the city’s food system. The impact 

of the alternative scenarios on the energy flows is not as clean-cut as for P. Yet, energy recovery 

from organic waste can only marginally contribute to covering the city’s energy demand. 

Our study contributes to the literature on urban phosphorus flows and urban food systems, by 

providing a case study for the city of Brussels, linking food to phosphorus and energy flows in a 

multi-resource approach and exemplifying ways to create and measure food system circularity in 

an urban context. Our results indicate that the options for closing loops in the food system of 

Brussels are limited within the city-region’s boundary. The P-rich urban effluents have to re-enter 

the food system somewhere outside the borders and this means that the connection of the city with 

its local hinterland needs to be strong, in a mutual beneficial relationship. Studying this connection 

on different scales (local-national-global) can offer a more concrete and substantial view on how 

circular urban food systems can be designed and implemented.  

The information on the amounts of resources flowing in-, out-, and within the city, is an 

indispensable first step to design policy interventions. Such interventions will also depend, 

however, on the views and aspirations of different stakeholders, the legal framework, the 

prioritizing of different goals etc. This holds even more true for Brussels and Belgium, where 

governance is fragmented and the regulatory landscape complex. Understanding these factors can 

thus offer a whole different level of insight into the system and the need for integrating such 

knowledge into urban metabolism research is widely recognized.  
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