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1 The nitrogen cycle 

Nitrogen is the fourth most abundant element in the human body and a prerequisite of life 

(Galloway et al. 2003). It is a prime constituent of biomolecules such as amino acids, proteins, 

nucleic acids and chlorophyll. While it is overly abundant in the Earth’s atmosphere in the form 

of nitrogen gas (N2; 78%), the strong triple bond of N2 makes it unreactive and unusable for 

most living organisms. Reactive forms of nitrogen (Nr) can nonetheless be introduced by a 

number of natural and anthropogenic processes. Lightning results in the oxidation of 

atmospheric N2 to nitric oxide (NO), which is oxidized to nitrogen dioxide (NO2) and nitric acid 

(HNO3). These reactive forms enter the biosphere through wet and dry deposition.  Lightning 

results in only a limited global conversion of 4.1 Tg Nr yr-1 (Fowler et al. 2013). The 

predominant fraction  of natural Nr (98%) is formed biologically. Biological nitrogen fixation 

(BNF) is performed by specialized prokaryotic organisms called diazotrophs and involves the 

reduction of N2 into ammonium (NH4
+) by means of the nitrogenase enzyme (Martinez-Romero 

2006). This biological process results in the natural creation of 59 Tg Nr yr-1 and  

140 Tg Nr yr-1 in terrestrial and marine environments, respectively (Vitousek et al. 2013). As 

part of the nitrogen cycle, these natural nitrogen fixation processes are balanced by the 

reconversion of Nr to N2 through biological denitrification and anammox processes, which 

account for 70% and 30% of  nitrogen removal in marine environments, respectively (Fig. 1.1). 

This limits the accumulation of Nr in the biosphere (Babbin et al. 2014; Galloway et al. 2004). 

 

Figure 1.1 Major transformations in the nitrogen cycle (Bernhard 2010) 

Human activity and the increased need for energy and food production have drastically altered 

the nitrogen cycle. Fossil fuel combustion related to energy production, heating and 

transportation are currently responsible for an anthropogenic Nr creation of 25 Tg Nr yr-1 
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(Galloway 2014). The motor of anthropogenic Nr formation is however located in food 

production. In agriculture, the extensive cultivation of rice, legumes and other crops that 

promote BNF by rhizobial bacteria has resulted in an additional Nr creation of 40 Tg Nr yr-1 

(Galloway 2014). 

 

Figure 1.2 Trends in human population, fertilizer use per hectare of agricultural land and meat 

production per capita from 1908 to 2008 are shown. The percentage of the world's population estimated 

to be fed through the Haber-Bosch process and the percentage of people that could be sustained without 

nitrogen from the Haber-Bosch process are also visualized (Erisman et al. 2008). 

In order to respond to the growing food demand of the increasing global population, additional 

nitrogen sources are required. The introduction of synthetic fertilizers thereby revolutionized 

food production (Fig. 1.2). Synthetic nitrogen fertilizers were introduced through the 

development of the Haber-Bosch process. This industrial process, patented in 1908, 

catalytically combines dihydrogen gas (H2) with N2 to form ammonia (NH3) under high 

temperatures (300 – 350°C) and pressures (15 – 25 MPa). Today, an estimated 132 Tg N yr-1 is 

produced by the Haber-Bosch process (Tanabe and Nishibayashi 2013). The ammonia is 

primarily used for fertilizer production (80%), but also functions as an important resource for 

industrial products such as nylon, plastics and paints (20%) (Gu et al. 2013). Approximately 

48% of the global food production relies on Haber-Bosch nitrogen; which makes this process 

indispensable for global food security (Fig. 1.2; Erisman et al. (2008)). As the global population 

continues to increase, rising incomes result in a global expansion of the middle class and an 

increased demand for meat products, which require greater fertilizer input than other foods 
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(Nellemann et al. 2009). As a result, the demand for Haber-Bosch N is projected to increase to 

165 Tg Nr yr-1 by 2050, thereby exceeding the total natural creation rate (Galloway 2014). 

Industrial nitrogen fixation through Haber-Bosch has made nitrogen a virtually inexhaustible 

resource. The process is however, energy intensive and fossil fuel dependent. As a result, the 

production of inorganic N fertilizers through the Haber-Bosch process requires 2.5% of the 

global fossil energy supply, while 4 to 8 tons of CO2 equivalents per ton N fertilizer are 

concomitantly produced (Erisman et al. 2013). Furthermore, an imbalance of the global 

nitrogen cycle is created as anthropogenic Nr creation outpaces natural removal. This has led to 

an accumulation of Nr in the biosphere and a severe impact on the environment and human 

health. 
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2 The phosphorus cycle 

Similar to nitrogen, phosphorus is ubiquitous in all living organisms. It is a prime constituent 

of our genetic material (DNA, RNA) and a key player in energy transfer within cells through 

the molecule adenosine triphosphate (ATP) (Karl 2000). Phosphorus is also important for 

structural support in membranes as phospholipids and is found in bones and teeth as 

hydroxyapatite. 

In contrast to nitrogen, phosphorus does not have a rapid global cycle, as natural mobilization 

is slow and the low solubility of phosphate makes it limitedly accessible (Smil 2000). 

Phosphorus in its natural form occurs as phosphate rock. The predominant fraction is fixed as 

apatites, with fluorapatite (Ca5(PO4)3F) the most common phosphate mineral. Phosphate rock, 

which contains up to 17.5% P, is the main resource for industrial production. This makes 

phosphorus a finite and non-renewable resource (Ward et al. 1996). 

Phosphorus is one of three macronutrients for plants, together with nitrogen and potassium. 

This makes agriculture the main consumer of phosphorus. Approximately 90% of all mined 

phosphate is used for the production of mineral fertilizers, while it is also used in animal feed 

supplements (5%) and various industrial and household applications (5%) such as buffering 

agents, detergents and toothpastes (Cordell and Neset 2014). 

An estimated 25 Tg P yr-1 is currently mined from the geographically limited phosphate rock 

deposits of mainly Morocco, USA and China (Fig. 1.3) (Cordell et al. 2009; Cordell and Neset 

2014). This anthropogenic mobilization has more than tripled the natural phosphorus flows 

(Smil 2000). As the global demand for agricultural produce continues to grow, the demand for 

mineral high-grade phosphorus fertilizers increases. Phosphate ore is however a finite non-

renewable resource. While there is substantial uncertainty regarding the size of remaining 

phosphate rock reserves (approximately 30 – 300 years remain of the current reserves), peak 

phosphorus production is estimated to occur this century, after which the demand will outstrip 

the conventional supply (Fig. 1.4; Cordell et al. (2013)). 
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Figure 1. 3 Share of world's phosphate reserves. Total reserves are estimated at 67 billion tonnes (USGS 

2015). 

The EU is highly dependent on the import of P obtained from diminishing global P reserves 

(Fig. 1.3). However, this is currently of less concern than the decrease in quality. In addition to 

apatite, phosphate rock is polluted with heavy metals such as cadmium and uranium. More 

attention will is required for costly trace removal processes as the future phosphorus reserves 

contain higher fractions of heavy metals. This will generate hazardous wastes and increase the 

energy input for phosphorus production (Smil 2000). Therefore, while P reserves diminish, the 

price of this crucial resource rises and geopolitical concerns further threaten the supply. For 

these reasons the European Commission has placed P on the list of critical raw materials 

(Withers et al. 2015). 

 

Figure 1. 4 Evolution of global phosphate rock consumption and potential measures to maintain a 

sustainable phosphorus supply in order to safeguard the future global food demand (Cordell and White 

2013). 
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3 Environmental and health effects of nutrient emissions 

The green revolution of the past century introduced synthetic N and P fertilizers to agriculture 

and allowed us to double the global population (Sutton et al. 2013). However, the excessive 

anthropogenic input of nitrogen and phosphorus have resulted in an accumulation of nutrients 

in natural ecosystems, causing environmental concerns and threatening human health. 

Modern agriculture is a major cause of environmental pollution, as the strong anthropogenic 

perturbation of both the N and P cycles arise from fertilizer application. Agriculture is 

responsible for one third of the world’s greenhouse gas emissions, partially due to emissions of 

N2O resulting from fertilizer application (Sutton et al. 2013). Ammonia volatilization causes 

local air pollution, and excessive fertilizer application causes nutrient leaching and runoff, 

which results in the loss of nitrate (NO3
-), phosphate (PO4

3-) and organic N and P compounds 

to local water supplies, such as lakes, rivers and marine ecosystems. These pollutants trigger 

eutrophication, hypoxia, the loss of biodiversity and extensive fish mortality (Sutton et al. 

2013).  

The presence of ammonia stimulates nitrification which results in acidification of the 

waterbodies, oxygen depletion and the formation of toxic nitrite (NO2
-) and nitrate. The 

contamination of groundwater and drinking water with these chemicals can result in human 

health threats such as methemoglobinemia (blue baby syndrome) and is therefore of major 

concern in rural areas (Knobeloch et al. 2000).  

Nutrient losses also occur in other parts of the economy such as livestock production, food 

processing and households, which results in the production of nutrient-rich waste streams and 

additional emissions to the environment (Sutton et al. 2011 ). Approximately 90% of the global 

wastewater is discharged to freshwater and marine ecosystems without adequate nutrient 

removal, introducing severe implications to the environment and human health (Corcoran 

2010). 

Additionally, fossil fuel combustion processes causes the excessive release of NOx to the 

atmosphere through fossil fuel combustion processes induces the formation of particulate 

matter, photochemical smog and high levels of tropospheric ozone. This has important adverse 

effects on human health, mainly through respiratory diseases (Sutton et al. 2013). 
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Figure 1. 5 The current status of control for seven of the planetary boundaries. For both nitrogen and 

phosphorus the anthropogenic perturbation levels exceed the planetary boundaries to a high-risk level 

(Steffen et al. 2015). 

The excessive anthropogenic N and P inputs have caused drastic perturbations of the natural 

nutrient cycles. As a result, N and P emissions to the environment currently exceed the planetary 

boundaries by 242% and 210%, respectively (Fig. 1.5). This implies that on a planetary scale, 

current anthropogenic nutrient flows erode the resilience of the Earth against risks such as 

widespread eutrophication of freshwater ecosystems and large-scale ocean anoxic events 

(Rockström et al. 2009; Steffen et al. 2015). In Europe, an estimated 30 to 50% of rivers and 

lakes show eutrophication symptoms. Agriculture is thereby responsible for 50 to 80% of the 

N inputs to EU waters (EC 2012). The region of Flanders in Belgium is designated as a 100% 

Nitrate Vulnerable Zone, mainly due to its intensive livestock production. A Flemish Manure 

Decree has therefore been implemented to reduce nutrient emissions to waterbodies resulting 

from the produced nutrient excess (Lebuf et al. 2013). More sustainable nutrient management, 

including the reduction of nutrient losses, the improvement of nutrient use efficiencies and the 

implementation of adequate nutrient mitigation strategies, is pivotal to secure the environmental 

livelihood of our planet. High-resolution monitoring data regarding environmental losses of 

nutrients and inefficiencies is required to define the right mitigation strategies to be 

implemented.  
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4 Sustainable nutrient management 

The rising pressure on natural resources and increasing environmental concerns stress the need 

for a paradigm shift in resource management towards greater resource efficiency (Sutton et al. 

2013). Nutrient cycles represent a key nexus point between economic, social, and 

environmental challenges (Fig. 1.6). More sustainable nutrient management is therefore a 

prerequisite in order to decouple economic growth from the use of natural resources, ensure 

food security and mitigate the environmental impact of waste streams. This requires for a 

holistic approach with improved nutrient use efficiencies throughout the entire value chain. 

 

Figure 1. 6 The nutrient nexus: nutrient cycles represent a key nexus point between global economic, 

social and environmental challenges (Sutton et al. 2013) 

The imbalance between the high agricultural demand for fertilizers and large costs related to 

nutrient mitigation in waste management, indicates the potential benefits of local nutrient 

recycling through the implementation of nitrogen and phosphorus recovery technologies. 

Advanced wastewater treatment facilities focus on resource recovery mainly through the 

energetic valorization of organic waste compounds as biogas to improve energy autonomy and 

sustainability (Schaubroeck et al. 2015). Wastewater phosphorus and nitrogen compounds are 

considered as pollutants and nutrient management primarily focuses on nutrient removal within 

wastewater treatment plants to prevent discharge to sensitive surface waters (Larsen et al. 2007; 

Verstraete and Vlaeminck 2011). 
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The choice between nutrient removal and recovery technology as a method for waste 

management is highly dependent on the cost and energy input. In low strength waste streams, 

such as domestic wastewater, nitrogen and phosphorus are present in concentrations of 

milligrams per liter. Biological or physicochemical nutrient removal processes are here the 

preferred choice for treatment. For phosphate, conventional removal involves precipitation 

using iron or aluminum salts. Phosphorus recovery is facilitated using Enhanced Biological 

Phosphate Removal (EBPR) systems with polyphosphate accumulating organisms (PAO) 

(Yuan et al. 2012). The implementation of this recovery method currently remains limited 

compared to chemical phosphorus removal, based on higher capital costs and the high energy 

consumption needed for maintaining the complex aerobic, anoxic and anaerobic conditions 

required to stimulate the luxury phosphorus uptake. 

In the case of nitrogen, biological nitrogen removal techniques based on 

nitrification/denitrification, nitritation/denitritation or partial nitritation/anammox are the most 

energy efficient and therefore the preferred choice of treatment (Vlaeminck et al. 2012). Despite 

their excellent pollutant removal efficiencies, these treatment strategies result in the loss of 

valuable reactive nitrogen compounds, while also emitting the greenhouse and ozone depleting 

gas N2O (Desloover et al. 2012). The use of dried activated sludge (biosolids) of conventional 

wastewater treatment as an organic fertilizer nevertheless allows for the recycling of N and P, 

but can also introduce heavy metals and organic micropollutants on cropland. The 

implementation of biological nutrient recycling technologies, such as microalgae or duckweed 

production, is currently economically and technologically restricted to specific waste streams 

such as aquaculture wastewater, where the protein-rich biomass can provide immediate 

economic value as a high value product such as fish feed (Table 1.1).  

The recovery of nutrients is mainly restricted to concentrated waste streams, such as urine, 

manure or digestate, which hold reactive nitrogen and phosphorus compounds in concentrations 

of several grams of nitrogen per liter and up to a gram of phosphorus per liter (Mulder 2003). 

In this concentration range, physicochemical processes such as struvite precipitation or 

ammonia stripping are available which can make nutrient recovery technically and 

economically competitive with removal technologies (Table 1.1). However, these 

physicochemical recovery technologies are highly dependent on additional chemicals.  

Additionally, the input waste stream has a strong impact on the composition and properties of 

the recovered fertilizers. In the case of struvite production, the chemical properties of the 
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wastewater strongly influence the struvite precipitation process, as unwanted co-precipitation 

results in struvite impurities under suboptimal conditions (ex. Mg2+:Ca2+ <4.1 and pH <7.9) 

(Muster et al. 2013). Furthermore, depending on the wastewater’s origin, contamination with 

pathogens, heavy metals and organic micropollutants can reduce the struvite quality and market 

value. Also the physical properties of the end product are influenced by the wastewater. Struvite 

pellets gained from crystallization systems applied on wastewater or reject water are easier to 

separate and have a higher quality than the struvite slurry obtained from a matrix of digested 

sludge or manure (Desmidt et al. 2015). Compared to struvite precipitation, ammonia stripping 

is less susceptible to contamination. The transfer of volatile ammonia  from the wastewater to 

a gas phase and its subsequent recovery and concentration by absorption introduces 

physicochemical barriers which reduce contamination. High concentrations of organics in the 

wastewater can nevertheless result in contamination of the ammonium sulfate solution by 

volatile organic compounds (VOC) (Laureni et al. 2013). This strongly influences the value of 

the recovered products and the implementation of these technologies. Considering the high 

nutrient fluxes present in the different waste streams, the implementation of nutrient recovery 

has a large potential to reduce the dependency of inorganic fertilizers and improve nutrient use 

efficiencies. Quantitative data regarding the different nutrient flows, stocks and hot spots is 

nevertheless required in order to rationally decide the recycling measures that support the 

transition towards sustainable nutrient management. 
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Table 1.1 Overview of the most important nitrogen and phosphorus recovery technologies implemented on full scale or pilot scale  

Technology Technology 

type 

Feedstock Final 

product 

End use Main strengths Main technical drawbacks Scale of 

implementation 

Reference 

Ammonia 

stripping and 

absorption 

Physico-

chemical 

Liquid manure 

or digestates 

(NH4)2SO4 Inorganic 

fertilizer 

EC-approved 

inorganic fertilizer 

Fouling and corrosion of 

packing material 

Full scale (EC 2003; van 

Eekert et al. 

2012) 

Chemical 

precipitation 

Physico-

chemical 

Food 

wastewater, 

liquid 

digestates, 

liquid manure 

MgNH4PO4.

6H2O 

Inorganic 

fertilizer 

Solid slow-release 

fertilizer; reduced 

sludge handling; 

reduced unwanted 

precipitation/ 

maintenance 

Contamination with organic 

compounds, heavy metals and 

pathogens; stable and controlled 

production 

Full scale (Desmidt et al. 

2015) 

Calcium 

phosphates 

Raw 

material 

Market demand for P-

rich raw materials 

Co-precipitation of CaCO3 Full scale (Desmidt et al. 

2015) 

Mono-

incineration/P 

extraction 

Thermic/ 

physico-

chemical 

Activated 

sludge, solid 

manure, food 

and animal 

wastes 

P-rich ash Raw 

material 

High P recovery 

efficiency,  market 

demand for P-rich raw 

materials 

Flue gas cleaning, heavy metal 

contamination 

Full scale (Adam et al. 

2015; Desmidt 

et al. 2015) 

Ion exchange Physico-

chemical 

Low 

concentration 

wastewaters 

Slow-

release 

fertilizer/ino

rganic 

fertilizer 

fertilizer High quality inorganic 

product  

Low removal efficiencies, ion 

selectivity, column regeneration 

required, fouling, only diluted 

streams 

Full scale (van Eekert 

2012) 

Electrochemical 

system/ Stripping 

Physico-

chemical 

Liquid manure (NH4)2SO4 Inorganic 

fertilizer 

EC-approved 

inorganic fertilizer, no 

chemical dosage 

Fouling and corrosion, 

selectivity of extraction, 

upscaling of technology  

Pilot scale (Desloover 

2013; 

Desloover et al. 

2015) 
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Technology Technology 

type 

Feedstock Final 

product 

End use Main strengths Main technical drawbacks Scale of 

implementation 

Reference 

Partial 

nitrification/ 

distillation 

Biological/ 

physico-

chemical 

Urine NH4NO3 Inorganic 

fertilizer 

Conventional solid 

inorganic fertilizer 

High energy cost, explosive Pilot scale (Udert et al. 

2015; van 

Eekert et al. 

2012) 

Membrane 

filtration 

Physicochemi

cal 

Liquid manure NP 

concentrates 

fertilizer High nutrient recovery 

efficiency 

Membrane blocking and scaling; 

high energy and maintenance 

costs; contamination with 

organic compounds, heavy 

metals and pathogens 

Full scale (Sommer et al. 

2013; 

Vaneeckhaute 

2015; Velthof 

2011) 

Biosolids 

production 

Biological Wastewater Biosolids Organic 

fertilizer 

Cheap solid organic 

fertilizer 

Contamination with heavy 

metals, micropollutants and 

pathogens 

Full scale  

Duckweed 

cultivation 

Biological Liquid manure, 

aquaculture 

effluents 

Duckweed 

biomass 

Animal feed Value as feed Seasonal production, large 

surface area, expensive 

harvesting, influent dilution; 

contamination with heavy 

metals, micropollutants and 

pathogens 

Full scale (Mohedano et 

al. 2012; 

Rulkens et al. 

1998) 

Microalgae 

cultivation 

Biological Diluted streams: 

ex. aquaculture 

effluents 

Microalgal 

biomass 

Animal feed Value as feed, 

production of high-

value compounds 

Seasonal production, large 

surface area, expensive 

harvesting, influent dilution; 

contamination with heavy 

metals, micropollutants and 

pathogens 

Full scale (van Rijn 2013) 

Periphyton / bio-

floc 

Biological Aquaculture 

effluents 

Microbial 

biomass 

Animal feed Value as feed Stable and known biomass 

composition, contamination 

with, micropollutants and 

pathogens; limited to 

aquaculture 

Full scale (Martínez‐
Córdova et al. 

2014) 
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5 Objectives and outline of this research 

Currently there is a lack of a holistic approach that connects the different sections associated 

with sustainable nutrient management. The goal of this research study is to provide strategies 

towards circular nutrient management. Five research chapters were elaborated in this study, 

with the aim to investigate and connect the different aspects related to nutrient recycling. Firstly, 

a detailed quantification of nutrient flows, inefficiencies, emissions and waste streams is 

provided which functions as a decision support tool for improved nutrient management in the 

following chapters (Chapter 2). Afterwards a strategy for the biological stabilization and 

upgrading of concentrated nutrient streams is developed (Chapter 3). Additionally, two novel 

microbial processes for nutrient upgrading are explored, based on nitrate-accumulation 

(Chapter 4 and 5). To conclude, the valorization of recycled nutrients is explored as a high-

value fertilizer (Chapter 6). In Chapter 7, the obtained results are discussed in the framework 

of circular nutrient management and additional socio-economical aspects related to nutrient 

recovery are considered. A graphical overview of the different research chapters is presented in 

Fig. 1.7. 

Chapter 2: To map the potential towards increasing nutrient use efficiencies and reduce 

environmental losses, a high-resolution insight of the nitrogen and phosphorus streams is 

essential. In this introductory chapter, a substance flow analysis for N and P is presented for the 

nutrient intensive region of Flanders, in Belgium. The anthropogenic fluxes, stocks and hot 

spots are quantified throughout the economy and environment. Particular focus is placed on the 

efficiency of the food supply chain and emissions to the environment. The improvement of 

nutrient use efficiencies through nutrient recycling is discussed by assessing the potential 

towards nutrient recovery of the available waste streams 

Chapter 3: The previous chapter demonstrated that a large fraction of the nutrients present in 

wastewaters are located in domestic wastewater. The majority of these nutrients originate from 

urine. Source separated urine is therefore an ideal target stream for nutrient recovery. In this 

chapter, the stabilization of source separated urine through nitrification and subsequent 

cultivation of microalgae are explored as a strategy for biological nutrient recovery. In a first 

stage, the effect of salinity on ammonium and nitrite oxidizing organisms was assessed through 

a screening of nitrifying inocula, originating from a spectrum of wastewaters. Afterwards, the 

start-up of a urine nitrification membrane bioreactor (MBR) was investigated, with a strong 

focus on the salt adaptation process and shifts in the nitrifying population. Finally, the 
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valorization of the nitrified solution as a growth medium for the cyanobacterium Arthrospira 

platensis was evaluated. 

Chapter 4: The previous chapter demonstrated the potential of A. platensis cultivation for 

nutrient recovery. Besides A. platensis, also other microalgae can  utilize and remove the 

nitrogen and phosphorus present in wastewater and assimilate these in valuable algal biomass. 

The potential of nitrate-accumulating microalgae for nutrient recovery has nevertheless not 

been investigated so far. The aim of chapter was to explore this potential of nitrate-storing 

diatoms for nutrient recovery from saline wastewaters. A screening was performed to determine 

the nitrate storage capacity diatoms. For the diatom species with the highest nitrate 

accumulation, the kinetic growth and nutrient uptake parameters were derived. Finally, a 

simulation study was performed to compare the performance of a proposed microalgal nutrient 

recovery unit with a conventional denitrification system. 

Chapter 5: Besides nitrate-accumulating microalgae,  also nitrate-accumulating sulfide-

oxidizing bacteria (SOB) have been described within an ecological perspective. These 

organisms are characterized by large cells, which largely comprise of nitrate vacuoles and 

intracellular inclusions of elemental sulfur. While the capacity of these organisms to store both 

their electron acceptor and electron donor forms a fascinating research target, these bacteria 

currently remain uncultured. The goal of this chapter was to enrich a community of nitrate-

accumulating SOB in a marine bioreactor, using a dynamic separation in time of nitrate as the 

electron acceptor and sulfide as electron donor. The bacterial community and its metabolic 

activity were closely monitored in order to elucidate the impact of a prolonged temporal 

separation of electron donor and electron acceptor on the microbial population.  

Chapter 6: While the high nutritional value of microalgae makes them an interesting feedstock 

for food or fodder applications, the cultivation on wastewater often does not allow this 

valorization pathway. In the meanwhile, modern greenhouse practices are being reassessed to 

advance towards the implementation of innovative nutrient recycling technologies and high-

quality green fertilizers that enable the production of sustainable and nutritional fruits and 

vegetables. The aim of this chapter was to assess the valorization potential of microalgae as a 

high-value organic slow-release fertilizer for tomato cultivation. The growth of the tomato 

plants and the tomato yield were assessed, as well as the quality the tomato fruits. 
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Figure 1. 7 Overview of the different research chapters 
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Chapter 2: 

Follow the N and P road: high-resolution nutrient flow analysis 

as precursor for sustainable resource management 

Abstract 

Resource-efficient nutrient management is key to secure food production in the context of a 

growing global population, rising resource scarcity and increasing pressure on the environment. 

To map the potential towards increasing overall nutrient use efficiencies and reduce 

environmental losses, a high-resolution insight of the nitrogen (N) and phosphorus (P) nutrient 

streams is pivotal. In this study, a substance flow analysis for N and P is presented for the 

nutrient intensive region of Flanders (6,211,065 inhabitants), in Belgium. A set of 160 nutrient 

fluxes was quantified throughout 21 economic and environmental compartments, including a 

particular focus on 10 waste management processes. The emissions to the environment resulted 

in a nutrient footprint of 20 kg N cap-1 yr-1 (ca. 73% to the air and 28% to surface waters) and 

0.53 kg P cap-1 yr-1 (to surface waters), with crop and livestock production as the main 

contributors (49% of N and 36% of P). The food supply chain revealed a fertilizer-to-consumer 

efficiency of 14% for N as well as for P, with important losses embedded in waste streams such 

as excess manure. Advanced manure and waste processing facilities offer the opportunity for 

enhanced nutrient recycling to increase the nutrient use efficiencies and reduce the dependency 

of inorganic fertilizers. The methodological approach in this study offers a holistic roadmap 

toward sustainable nutrient management and can function as a decision support tool for other 

nutrient intensive regions. 

 

This chapter has been redrafted after: 

Coppens J, Meers E, Boon N, Buysse J, Vlaeminck SE. Follow the N and P road: high-

resolution nutrient flow analysis as precursor for sustainable resource management. Submitted 

to Resources, Conservation & Recycling 

Coppens J, Stas S, Dolmans E, Meers E, Vlaeminck SE, Buysse J, Overloop S (2013) Begroting 

van stikstof- en fosforstromen in Vlaanderen: studie uitgevoerd in opdracht van MIRA, 

Milieurapport Vlaanderen. Vlaamse Milieumaatschappij, Mechelen, p 141 
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1 Introduction 

Over the next 40 years global food production will need to increase by 60% to feed a rising 

world population with changing diets (Alexandratos and Bruinsma 2012). To match this 

growing demand, higher agricultural productivity is required, despite rising resource scarcity. 

Currently, almost half of the global population relies on inorganic nitrogen (N) and phosphorus 

(P) fertilizers for food production, rendering the sustainable supply of these nutrients as a 

prerequisite for global food security (Andrews and Lea 2013; Sutton et al. 2013). More efficient 

resource management, including the reduction of nutrient losses and the improvement of 

nutrient use efficiencies across the different sectors of the food supply nexus, is thus key to 

secure global food production. 

In order to map the potential towards the recovery and reuse of N and P, a high-resolution 

insight on the nutrient streams is pivotal. Substance flow analysis (SFA) allows for the 

quantification of the different nutrient flows throughout the economy and can identify nutrient 

hot spots and losses to the environment. Several large-scale N flow and P flow studies have 

been conducted, both on a global scale (Bodirsky et al. 2014; Cordell et al. 2009; Galloway et 

al. 2004) and European level (Ott and Rechberger 2012; Sutton et al. 2011 ; van Dijk et al. 

2015). These large scale studies however rely on a top-down approach, using large statistical 

databases and do not offer the resolution to support measures for sustainable nutrient 

management. On national and regional scale more detailed studies have been conducted 

(Cooper 2013; Egle et al. 2014; EPA 2011; Senthilkumar et al. 2012; Smit 2010). However, 

similar to larger scale studies the N and P flows are not quantified together, while combined N 

and P flow analysis studies focus only on specific aspects of the nutrient chain, such as 

agriculture, industry or waste management and are without a holistic overview (Antikainen et 

al. 2004; Antikainen et al. 2005; Saikku et al. 2007; Sokka et al. 2004). 

Detailed nutrient flow analyses of regions with a surplus of nutrients can nevertheless form an 

interesting tool for the transition towards sustainable nutrient management. Nutrient-rich 

regions possess a large potential towards N and P recycling in concentrated waste streams, 

while they require mitigating measures to reduce the negative effects of nutrient overloads to 

the environment. The region of Flanders in Belgium is a nutrient intensive region, due to its 

high population density, intensive industry and livestock production. This allows it to function 

as a model for other nutrient intensive regions, such as the Netherlands, Denmark, North Rhine-

Westphalia (Germany), Brittany (France) and the Po Valley (Italy) (Velthof et al. 2014).  
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The goal of this study was to map the potential for nutrient recovery and improved nutrient use 

efficiencies in Flanders. A substance flow analysis for N and P is presented, in which the 

anthropogenic fluxes, stocks and hot spots are quantified throughout the economy and 

environment in Flanders. A high-resolution bottom-up approach was applied, using mainly 

primary measuring data and trade and production statistics, to accurately describe the nutrient 

fluxes and process interactions throughout the economy. The high quality of data acquisition 

and processing resulted in a comprehensive description of the different economic and ecologic 

processes involved in N and P cycling. To our knowledge this holistic study is the first in which 

both the N and P fluxes are quantified in a single study on a regional scale level. In addition, 

the relations between the economic and environmental processes are discussed, within the 

framework of sustainable nutrient management. Nutrient losses and emissions to the 

environment of the different sectors of the economy are quantified. Particular focus is placed 

on the nutrient use efficiencies food supply chain in order to support decisions for improved 

nutrient management. Waste management and the nutrient recovery potential of waste streams 

is evaluated. This offers a holistic approach on sustainable waste and nutrient management, 

which can function as a decision support tool for other nutrient intensive regions. 
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2 Materials and methods 

2.1 SFA model description 

A substance flow analysis model was developed using the software tool STAN 2.5, which 

allows for the balancing of SFA systems (Cencic and Rechberger 2008). The model is defined 

by 7 main compartments according to Briffaerts and Wouters (2002): air, water, soil, industry, 

agriculture, waste management and consumption, trade and commerce (Fig. 2.1).  Industry is 

further subdivided in the processes transport, energy production, food industry, fodder industry 

and chemical and other industry. Agriculture is subdivided in the process compartments crop 

production and livestock production. Further focus is placed on waste management, which is 

defined by the sub processes composting, industrial digesters, incineration, landfill, communal 

wastewater treatment and manure processing. For wastewater treatment a subdivision was 

made in activated sludge treatment and sludge digestion. For manure processing the distinction 

is made between the different manure processing technologies applied in Flanders: activated 

sludge treatment, agro-digesters, manure drying and substrate production (Fig. 2.4). For the 

process compartments air, water, soil, chemical and other industry and landfill also the change 

in nutrient stocks was quantified. For the other processes it was assumed that no stock changes 

occur.  A high-resolution overview of the nutrient flow analysis can be obtained at 

http://www.labmet.ugent.be/joeri. 

2.2  Flow description and data acquisition 

The general principles related to data collection and processing are clarified below. Annex I 

contains detailed referencing on the different processes, flows, data sources, assumptions and 

calculations (Tables S1–S20). The complete data set is available at the Flemish Environment 

Agency (in Dutch) and can be obtained by e-mail (info@vmm.be) (Coppens et al. 2013). 

Data collection for the different economic and ecological processes, was performed by a 

bottom-up approach through the participation of governmental agencies and national and 

regional sector federations and through the consultation of companies, as further detailed below.  

Nutrient fluxes were obtained by multiplying the mass flows of the individual resources, 

products and waste streams with their specific nitrogen and phosphorus content. Unspecified 

nitrogen or phosphorus contents of nutrient flows were obtained through scientific papers and 

reports (Afolayan et al. 2002; Dewaelheyns and Gulinck 2008; DietGrail 2013; Egle 2014; Ott 

and Rechberger 2012; Sede Benelux 2013; Westhoek 2011). Where possible, multiple data sets 
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were used to cross-check results and obtain reliable fluxes. Nutrient flows were never calculated 

as unknown flows in the mass balances.  

2.2.1 Industry 

2.2.1.1 Food industry 

Food industry encompasses all industry related to food processing, including auctions, 

slaughterhouses and processors of carcasses. Also the food distribution sector is included, as 

well as drinking water production and distribution. Production data was obtained from the 

Federation of the Food Industry (FEVIA) and the Federal Public Service (FOD) Economy. The 

input streams of the food industry consist of plant and animal produce which originate from 

crop production (F138), livestock production (F14) or import (F26) (FEVIA 2009; FEVIA 

2011; FOD Economy 2010a; FOD Economy 2010b; FOD Economy 2013a; FOD Economy 

2013b; FOD Economy 2013c). The produced food products are destined for consumption, trade 

and commerce (F41) or are exported (F40) (FEVIA 2009; FEVIA 2011; GfK 2009). Food 

losses in the distribution sector are also allocated to food industry. Byproducts are produced 

such as raw materials for the chemical industry (F38) and fodder industry (F42) (FEVIA 2011). 

Non-marketable fodder is sent directly to livestock production (F137) (FEVIA 2011). Other 

byproducts are applied as fertilizer in crop production (F4) (VLM 2010). Solid waste streams 

were quantified using primary data of the Public Waste Agency of Flanders (F134) (OVAM). 

Data regarding organic waste streams was obtained from the Flemish Compost Organisation 

(VLACO), the Flemish biogas platform Biogas-E and the animal waste processing company 

Rendac (F82, F178, F184). Data related to industrial wastewaters (F135) and emissions to the 

environment (F46-48) was acquired from the Flemish Environment Agency (VMM 2013).  

2.2.1.2 Fodder industry 

Production data of the fodder industry was obtained from the Belgian Compound Feed Industry 

Association (BEMEFA). Fodder industry obtains raw materials such as cereals and protein 

crops from crop production (F139) (BEMEFA 2013). The food industry supplies rest- and 

byproducts such as beet pulps (F42), while the chemical and other industry provides additives 

for animal feed such as antibiotics, vitamins and preservatives (F50) (BEMEFA 2013; FEVIA 

2011). The fodder produced is either used in livestock production (F136) or is exported (F51) 

(BEMEFA 2013). The fodder industry also discharges nutrients to surface waters (F52) (VMM 

2013). Other waste streams and the emissions to air are quantified but are negligible and 

therefore not included (VMM 2013). 
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2.2.1.3 Chemical and other industry 

Chemical and other industry contains the production of mineral fertilizers, chemicals and non-

food products. Industrial processes which contain inert N and P streams (such as plastics) have 

not been taken into consideration. Production data of the chemical industry was obtained from 

the companies responsible for industrial N and P processing: BASF (bulk chemicals), 

Tessenderlo Group (fodder phosphates), Prayon (phosphoric acid) and Arcelor Mittal (metals). 

Nitrogen is chemically fixed from nitrogen gas for the production of ammonia (F80), while 

ammonia and other chemicals are imported (F174) for the production of intermediate chemical 

compounds (such as amines, caprolactam and methylene diisocyanate) (F61), non-food 

products (F69) and mineral fertilizers (F39, F3) (BASF, personal communication; Prayon, 

personal communication). Phosphate ore (F176) and phosphoric acid (F174) are imported for 

the production of fodder supplements (F50) and chemicals (Tessenderlo Group, personal 

communication; Prayon, personal communication). The metal industry imports iron ore (F179), 

that contains low concentrations of P. The production process results in P-rich steel slag (P 

stock) (Arcelor Mittal, personal communication). Nutrient flows related to paper production 

were quantified but were negligible and therefore included in the other industrial flows (F174, 

F61) (Sappi, personal communication; Cobelpa, personal communication; Stora Enso, personal 

communication). Industrial wastewater treated by municipal wastewater treatment plants (F55) 

(VMM 2013), solid waste streams (F53) (OVAM 2013) and emissions to air (F56-59) and 

water (F60) (VMM 2013) are quantified.  

2.2.1.4 Transport sector 

The transport sector contains all cargo transport by road, water and air and therefore excludes 

transportation related to households and commerce. Transport results in emissions to air of 

NH3 (F63), NOx (F64) and N2O (F65) (VMM 2013). An input stream of N2 fixation (F132) is 

included to balance this process. 

2.2.1.5 Energy production 

Energy production includes power plants (coal and natural gas) and cogeneration systems. The 

emissions of nuclear, wind and hydropower plants are assumed to be negligible. Energy 

production results in emissions to air of NH3 (F66), NOx (F67) and N2O (F68) (VMM 2013). 

An input stream of N2 fixation (F133) is included to balance this process. The N and P content 

of coal and natural gas are assumed to be negligible. 
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2.2.2 Agriculture 

2.2.2.1 Crop production 

Crop production includes both agriculture and horticulture production. Agricultural production 

data was acquired through the Flemish Land Agency (VLM), the Farmers Organisation 

Flanders and the Federal Public Service (FOD) Economy. The input flows for crop production 

originate from several sources: synthetic fertilizers from the chemical industry (F3), manure 

from livestock production (F1), waste sludges from the food industry (F4), organic fertilizers 

from manure processing (F5) and biological nitrogen fixation and atmospheric deposition (F2) 

(Lenders et al. 2012; VLM 2010; VMM 2013). The output streams are arable crops, fruits and 

vegetables destined for the food industry (F8) and fodder industry (F139), fodder for livestock 

production (F7) and energy crops for digesters (F9) (Lenders et al. 2012; VLM 2010). Also 

emissions to air (F118-121) and water (F11) are quantified (VMM 2013). 

2.2.2.2 Livestock production 

The input flows of livestock production originate from four processes: import of live animals 

(F13), animal feed from crop production (F7), the fodder industry (F136) and food industry 

(F137) (BEMEFA 2013; FEVIA 2009; FOD Economy 2013c; Lenders et al. 2012). The output 

products are animals, milk and eggs for food production (F14) and exported live animals (F16) 

(FOD Economy 2010a; FOD Economy 2010b; FOD Economy 2013a; FOD Economy 2013b; 

FOD Economy 2013c). Fluxes related to manure and its processing are based on data of VLM 

and the Flemish Coordination Centre for Manure Processing (VCM). Manure is sent to crop 

production (F1), manure processing (F17) or is exported (F15) (Lenders et al. 2012; VLM 

2010). Also emissions to air are quantified (F118-121) (VMM 2013).  

2.2.3 Consumption, trade and commerce 

Consumption, trade and commerce consists of households and services related to trade and 

commerce, such as hotels, bars, restaurants, educational institutions, hospitals, offices and other 

related services. The consumption of food products by Flemish households (F41) was 

quantified through consumer surveys (GfK (2009)). The consumption of non-food commodities 

such as detergents, fertilizers and cosmetics are based on consumption statistics in the EU-15 

(F69) (Ott and Rechberger 2012). Food and non-food products imported from outside of 

Flanders are included in the process food industry and chemical and other industry. Compost 

and processed manure (F29) used for non-commercial garden use is quantified (VLACO 2009; 

VLM 2010). The non-commercial production of crops and animal produce are not included, as 
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these represent internal fluxes with no further interaction with the rest of the economy and are 

of little significance compared to agricultural production (e.g. non-commercial production of 

eggs by households is estimated at 2% of the total production of eggs in Flanders) 

(Dewaelheyns and Gulinck 2008). The waste streams produced are divided in separately 

collected vegetable, garden and fruit (VGF) waste (F27), solid waste (F71), septic sludge (F88) 

and domestic wastewater (F72) (OVAM (2013); VLACO (2009); VLACO (2013); VMM 

(2013); Aquafin, personal communication). Also emissions to air (F76-79) from heating, off-

road emissions (gardening tools etc.) and transportation by road, water and air are included, as 

well as emissions to water (F74) (VMM 2013). 

2.2.4 Waste management 

2.2.4.1 Municipal wastewater treatment 

Municipal wastewater treatment comprises the sewer network, the water treatment and sludge 

treatment (e.g. anaerobic digestion). This process compartment does not include on-site 

industrial wastewater treatment facilities and individual wastewater treatment units of 

households, as these are incorporated in the other process compartments. Data was obtained 

from VMM and the Flemish wastewater treatment public utility Aquafin. The municipal 

wastewater treatment plants receive domestic wastewater (F72) and industrial wastewater 

(F135, F55), while also rain (F86) and ground water (F87) infiltrate the sewer network 

(Aquafin, personal communication; VMM (2013)). Septic sludge (F88) is also sent to the 

wastewater treatment plants and enters in the sludge treatment line (Aquafin, personal 

communication). The output flows are emissions to water from storm overflows (F97) and 

effluent (F93), emissions to air (F91, 92) and sludge to waste management (F98-99) (Aquafin, 

personal communication; VMM (2013)). 

2.2.4.2 Composting 

Composting is the biological treatment of organic solid waste in aerobic conditions. The input 

streams are vegetable, garden and fruit (VGF) waste of households (F27) and organic biological 

waste from the food processing industry (F82) (VLACO, personal communication; VLACO 

(2009)). The compost produced is either exported (F154) or applied in horticulture (F33) or by 

households (F161) (VLACO 2009; VLACO 2013). Also emissions to air (F31-32) by the 

composting process are quantified (VMM 2013). The treatment of manure is not included in 

the composting process, but is part of Biothermic drying of Manure processing. 
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2.2.4.3 Industrial digesters 

Industrial digesters are defined as biogas installations which use energy crops from crop 

production (F108) and wastes from the food industry (F34 and F81) but do not use manure as 

input product (VCM, personal communication; Zwart et al. (2006); Vanacker et al. (2011)). 

The digestate produced is used as fertilizer in crop production (F83) or is exported (F165) 

(VLACO, personal communiation; Vanacker et al. (2011)). Also emissions to air (F85) are 

quantified (Vanacker et al. 2011). 

2.2.4.4 Incineration 

Incineration plants incinerate the solid waste of households (F71), activated sludge of 

wastewater treatment plants (F141) and industrial solid wastes (F142, 144, 145, 147) (OVAM 

(2013); Aquafin, personal communication). This results in N-emissions to the air (F149-151) 

and P-rich incineration ashes (OVAM, personal communication; OVAM (2013); VMM 

(2013)). 

2.2.4.5 Landfill 

A fraction of the activated sludge of wastewater treatment sites (F140) and animal waste from 

the food processing industry (F143) is sent to landfill sites (OVAM, personal communication; 

OVAM (2013)). Only organic waste is taken into account. The inorganic industrial solid wastes, 

such as insulation materials and car production wastes, are not quantified as their N and P 

content is assumed to be negligible. 

2.2.4.6 Manure processing 

Manure processing is defined as the conversion of manure to organic or inorganic fertilizers for 

export or private purposes, or the removal of nutrients through denitrification (VMM 2013). In 

this study, manure processing is subdivided in the four main technologies applied: activated 

sludge treatment (thin fraction pig manure, digestate and cow manure), (bio-)thermic drying 

(thick fraction pig manure, digestate and poultry manure), mushroom substrate production 

(poultry and horse manure) and agro-digesters. Fluxes related to manure and its processing are 

based on data of VLM and the Flemish Coordination Centre for Manure Processing (VCM). 

Activated sludge treatment 

The manure activated sludge treatment plants receive liquid fractions of pig (96%) and cow 

(4%) manure (F100) and agro-digestate (F101) . The activated sludge and treated effluent is 
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spread out on agricultural land (F103). The activated sludge is also digested (F158), dried (F159 

) or exported (F102). 

Agro-digesters 

Agro-digesters receive manure (F110) and activated sludge from manure treatments (F158) and 

are mixed with energy crops (F109) and waste from the food industry (F107)(VLM (2010); 

Vanacker et al. (2011); VCM, personal communication). The solid fraction of digestate is 

exported (F111) or dried (F160), while the liquid fraction is treated in activated sludge treatment 

plants (F101) )(VLM (2010); Vanacker et al. (2011); VCM, personal communication). Mixed, 

liquid and thick digestate are also spread out on agricultural land (F112). 

Manure drying 

The process manure drying contains the treatment technologies biothermic drying (74% of N, 

77% of P manure processed), thermic drying (6% of N, 7% of P) and lime addition (20% of N, 

18% of P). The manure streams treated are poultry manure (60%) and the thick fractions of pig 

(35%) and cow (5%) manure (F115-116). Also activated sludge (F159) and the solid fraction 

of agro-digestate (F160) are treated. The dried manure products are afterwards used by 

households (F162), in horticulture (F123), for mushroom substrate production (F127) or are 

exported (F117). 

Substrate production 

In the process substrate production organic substrate is produced for the cultivation of 

mushrooms. This mushroom substrate is produced by the biothermic drying of horse manure, 

poultry manure, chopped straw and gypsum. Substrate producers receive manure from livestock 

production (F126) and other manure treatment facilities. The products are afterwards returned 

to crop production or are exported (F128). 

2.2.5 Air 

The reactive nitrogen species NOx, NH3 and N2O are emitted to air by different environmental 

and economic processes as described above, as well as through import from outside of Flanders 

(F169-170) (VMM 2013). A part of these emissions are deposited through atmospheric 

deposition of NH3 and NOx to arable (F2)  and non-arable land (F180) or are exported outside 

Flanders through the atmosphere (VMM 2013). Nitrogen also leaves the process air through 

chemical nitrogen fixation by Haber-Bosch, nitrogen fixation through combustion processes 

from transportation and energy production and biological nitrogen fixation  as described above 

(VMM 2013). A change in the infinite stock of inert N2 is implemented within the process air 
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to allow balancing of the input and output streams and the conversion of inert to reactive 

nitrogen species. 

2.2.6 Water 

The compartment Water contains all surface waters. The input streams are the treated and 

untreated wastewaters from the other compartments (F46, 52, 60, 74, 93, 97), as well as nutrient 

leaching from agricultural soil (F11). The output streams are emissions to air through 

nitrification-denitrification (F171, 172) and infiltration of ground water in the sewer network 

(F87). The nutrient difference between input and output fluxes is accumulated in a stock change, 

as the export of nutrients is not quantified. The stock of nutrients already present in the surface 

waters is not quantified. 

2.2.7 Soil 

The compartment soil contains both soil and groundwater. The main input stream of the 

compartment soil is the atmospheric deposition of reactive N-species (F180). Atmospheric 

deposition on agricultural soil is quantified in the compartment crop production and is therefore 

not taken into account in the department soil. Biological N-fixation on non-agricultural soil is 

not quantified. The compartment soil also includes the nutrients on agricultural soil which are 

not taken up by crops (F6). 

2.3 Data processing 

Uncertainties of the different types of collected data were defined according to the data 

uncertainty interval method of Cooper and Carliell-Marquet (2013). This specifies a confidence 

interval (in ±%) for each separate flow according to the source of information and level of 

assumptions (Table 2.1). The collected data were statistically processed in STAN 2.5 using 

error propagation and data reconciliation to detect contradictions and errors in the data set, 

compute unknown variables and close the process mass balances. The nutrient flows are 

expressed on a per capita basis in kg N cap-1 yr-1 and kg P cap-1 yr-1 to allow comparison with 

other regions and processes. In 2009 Flanders had a population of 6,211,065 inhabitants. 
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Table 2. 1 Uncertainty intervals defined according to Cooper and Carliell-Marquet (2013) 

Uncertainty 

level 

Source of information Example 

10% Official national and regional statistics of 

Flanders 

Area of land, fertilizer inputs, 

nutrient emissions 

20% Official statistics with additional calculation 

of N and P content 

Animal produce, crops, waste 

streams 

33% Values from literature, significantly scaled up 

results or other assumptions 

Household consumption of non-

food products 
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3 Results 

3.1 General nutrient budget of Flanders 

The N and P budget of Flanders shows a total import of 130 kg N cap-1 yr-1and 19 kg P cap-1 

yr-1. Raw materials for the chemical and other industry (67%),  food industry (19%) and fodder 

industry (12%) are the predominant import flows (Fig. 2.1). The total export is 201 kg N cap-1 

yr-1 and 17 kg P cap-1 yr-1 and consists mainly of chemicals (82% of N and 60% of P) and food 

products (12% of N and 18% of P). This makes Flanders a net exporter of N (71 kg N cap-1 yr-

1) and importer of P (2 kg P cap-1 yr-1). Reactive N accumulates in the soil (1.7 kg N cap-1 yr-1) 

and water bodies (5.1 kg N cap-1 yr-1), while phosphorus accumulates mainly in incineration 

ashes (2.0 kg P cap-1 yr-1) and water bodies (0.53 kg P cap-1 yr-1) .  

3.2 Industry 

The strong import and export of nutrients demonstrates the role of Flanders as a logistic hub 

within Europe, where N- and P-rich products are concurrently processed by industry. The 

presence of strong activity in the chemical industry in Flanders is supported by intensive Haber-

Bosch N fixation (90 kg N cap-1 yr-1) and the import of large amounts of phosphate ore (7.4 kg 

P cap-1 yr-1), phosphoric acid (5.9 kg P cap-1 yr-1) and ammonia (90 kg N cap-1 yr-1) for the 

production of fodder additives, chemicals and fertilizers. Although the chemical industry thus 

plays a major role in the nutrient balance, 92% of N and 96% of P products are exported. The 

interaction with the rest of the economy is therefore limited and mainly takes place through the 

use of inorganic fertilizers (9.6 kg N cap-1 yr-1 and 0.22 kg P cap-1 yr-1) and non-food products 

(1.3 kg N cap-1 yr-1 and 0.24 kg P cap-1 yr-1). 

The food industry, which encompasses all industry related to food processing, including fruit 

and vegetable auctions and slaughterhouses, relies for its input for 52% of N and 56% of P on 

import. Animal produce are responsible for the main nutrient flows (86% of N and 80% of P), 

while the remainder originates from crops. From the food produced 55% of N and 50% of P is 

destined for export.
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Figure 2. 1 The nitrogen (blue) and phosphorus (black) balance in Flanders with reconciled data in kg 

N and P cap-1 yr-1 
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3.3 Agriculture 

Agricultural activity in Flanders is dominated by intensive livestock production (Fig. 2.2). 

Agriculture produces 23 kg N cap-1 yr-1 and 3.8 kg P cap-1 yr-1 of crops and the main fraction 

of this (87% of N and 84% of P) is used as fodder or destined for fodder production 

Nevertheless, Flemish livestock production still relies for 37% of its N and P demands on 

imported fodder. Livestock production eventually provides 19 kg N cap-1 yr-1 and 2.2  kg P cap-

1 yr-1 of animal products such as meat, milk and eggs, while also 21 kg N cap-1 yr-1 and 4.7 kg 

P cap-1 yr-1 is embedded in animal manure.  

 

Figure 2. 3 The nitrogen (blue) and phosphorus (black) balance in agriculture with reconciled data in 

kg N and P cap-1 yr-1 

Crop production on the other hand has a fertilizer demand of 32 kg N cap-1 yr-1 and 4.1 kg P 

cap-1 yr-1. However, as the entire agricultural area of Flanders is designated as a nitrate 

vulnerable zone to protect the ground and surface waters from eutrophication, a legal restriction 

for animal manure application of 170 kg N ha-1 yr-1, or 17 kg N cap-1 yr-1, is imposed. 

Consequently, 81% and 76% of the total amount of manure N and P produced, is applied as 

fertilizer for crop production, while the remaining excess of manure is destined for export or 

processing. Animal manure therefore encompasses 55% and 87% of the fertilizer N and P 
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demand, while inorganic fertilizers account for 32% and 6%, respectively. The remaining 

nutrient demand originates from byproducts from the food industry, biological N2-fixation, 

atmospheric N deposition and P  uptake from the soil. Because of excess P fertilization in the 

past, the application of P fertilizers is limited, which results in a stock decrease in the soil of 

0.19 kg P cap-1 yr-1 due to plant uptake. 

3.4 Consumption, trade and commerce 

The compartment consumption, trade and commerce has a nutrient budget of 9.6 kg N cap-1 yr-

1
  and 1.0 kg P cap-1 yr-1. Food commodities represent the largest nutrient flux with 74% of N 

and  66% of P, while non-food products, such as detergents and cosmetics, account for 15% of 

N and 26% of P. The largest output flow is domestic wastewater (4.5 kg N cap-1 yr-1
  and 0.71 

kg P cap-1 yr-1). The main fraction of this (73%) is directed through the sewer network to 

municipal wastewater treatment plants. Only a negligible part is treated in individual treatment 

systems and consequently 27% of the domestic wastewater is discharged directly to the water 

bodies after septic tank treatment. Besides domestic wastewater, also septic sludge (1% of N 

and 4% of P), vegetable, garden and fruit (VGF) waste (5% of N and 11% of P) and solid waste 

(21% of N and 17% of P) are separately collected. Atmospheric emissions of reactive N account 

for 28% of the outgoing N and are mainly attributed to heating and transportation. 

 

Figure 2. 4 The nitrogen (blue) and phosphorus (black) balance of Consumption, trade and commerce 

with reconciled data in kg N and P cap-1 yr-1 

3.5 Waste management 

3.5.1 Communal wastewater treatment 

Communal wastewater treatment plants receive a total N and P load of 4.0 kg N cap-1 yr-1 and 

0.58 kg P cap-1 yr-1 (Fig 2.4B). Domestic wastewater is responsible for 84% of the incoming N 

and 96% of the P flux, while industrial wastewater accounts for 4% of the N and P load. 
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Nevertheless, these wastewaters only contribute for 33% of the incoming water flow. Through 

leaks and openings in the sewer network equivalent flows of rain water (1% of N) and ground 

water (11% of N) enter the wastewater treatment, thereby greatly diluting the incoming 

wastewater and resulting in process inefficiencies.  

Sewage treatment obtains a 79% N removal efficiency. Of the N removed, 80% is converted to 

gaseous compounds through denitrification, while the remainder is assimilated in activated 

sludge. A P removal efficiency of 85% is obtained. Assimilation in activated sludge accounts 

for 65% of the P-removal. Chemical precipitation via the dosage of iron and aluminum salts 

contributes for 26% of removal, while enhanced biological phosphorus removal (EBPR), using 

phosphate accumulating organisms (PAO) accounts for 8%. Many wastewater treatment 

facilities also encompass anaerobic sludge digesters, which digest septic sludge and 36% of the 

activated sludge produced. As national legislation does not permit the direct application of 

communal activated sludge on arable land, waste sludge is later destined for co-incineration 

(61%), mono-incineration (28%) or landfill cover (11%). 

3.5.2 Composting and digesters 

The VGF waste of households has a nutrient flux of 0.50 kg N cap-1 yr-1 and 0.10 kg P cap-1 

yr-1 which is converted to fertilizer compost. Of the compost, 71% is destined for household 

use, while 23% is used as fertilizer in agriculture and the remainder is exported (Fig. 2.4D). 

Industrial digesters take in 0.23 kg N cap-1 yr-1 and 0.05 kg P cap-1 yr-1 for the production of 

bio-energy and digestate. Organic waste of the food industry is the largest input source (61% 

of N and P), energy crops from agriculture contribute for 22% and also 17% of organic waste 

is imported. Of the digestate produced, 63% is applied as a fertilizer in agriculture, while the 

remainder is exported.    

3.5.3 Incineration and landfill 

The predominant part of the remaining domestic and industrial solid waste (4.7 kg N cap-1 yr-1 

and 1.9 kg P cap-1 yr-1) is (co-)incinerated (Fig. 2.4C).  Unknown fractions of the incineration 

ashes are afterwards applied as landfill cover, in road construction and the cement industry. 

Only a small quantity of the solid wastes (0.076 kg N cap-1 yr-1 and 0.039 kg P cap-1 yr-1), 

namely animal wastes of the food processing industry and activated sludge, are disposed on 

landfill sites. The  nutrients concentrated in landfill leachate, which is treated in wastewater 

treatment facilities, is therefore negligible. 
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Figure 2. 5 The nitrogen (blue) and phosphorus (black) balance of Waste management with reconciled data in kg N 

and P cap-1 yr-1. A: Manure processing, B: Municipal wastewater treatment plants, C: Incineration and Landfill, D: 

Composting and Industrial digesters
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3.5.4 Manure processing 

Due to the legal restrictions related to animal manure application, there is a surplus of manure 

available in Flanders which cannot be applied on agricultural land and thus must be exported 

or processed. The manure processing installations receive 4.0 kg N cap-1 yr-1 and 1.1 kg P cap-

1 yr-1 of excess manure, or 16% and 20% of the total manure N and P produced in Flanders. 

This mainly originates from pig (48% of N, 26% of P) and poultry (45% of N, 65% of P) farms. 

The thin fraction of pig manure after physical separation is predominantly treated through 

denitrification in activated sludge units (41% of N, 5% of P). For poultry manure and the thick 

fraction of pig manure (bio-)thermic drying is applied (45% of N and 75% of P). Mushroom 

substrate producers convert 11% of N and P to mushroom growing substrate, while agro-

digesters converted 3% and 9% of manure N and P to digestate products for agriculture and 

export, thereby co-digesting organic waste from the food industry and energy crops (Fig. 2.4A). 
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4 Discussion 

4.1 Model comparison  

A bottom-up approach was applied in this study to quantify the nitrogen and phosphorus 

balance of the region of Flanders. This resulted in a comprehensive description of the different 

economic and ecologic processes, which is demonstrated by the 21 process compartments and 

160 individual nutrient flows that are used to describe the system. The model therefore provides 

a higher resolution than previous regional and national N and P flow models, such as the 

European P balance (5 processes, 96 flows), the European N balance (12 processes, 63 flows), 

the UK P balance (13 processes, 25 flows) or the Austrian P balance (9 processes, 64 flows) 

(Cooper and Carliell-Marquet 2013; Sutton et al. 2011 ; van Dijk et al. 2015). This study is also 

the first in which both the nitrogen and phosphorus fluxes are quantified in a single study on a 

regional scale level. 

4.2 Nutrient emissions to the environment 

Flanders is a nutrient rich region, due to its high population density (474 cap km-2 vs. 118 cap 

km-2 in the EU) and intensive industry and agriculture (Sutton et al. 2011 ). This is reflected by 

a strong anthropogenic N-fixation activity through Haber-Bosch (87 vs. 24 kg N cap-1 yr-1 in 

the EU) and combustion processes (8.7 vs. 7.7 kg N cap-1 yr-1 in the EU) (Sutton et al. 2011 ). 

The biological N-fixation in agriculture is limited (0.92 vs. 2.7 kg N cap-1 yr-1 in the EU), 

resulting in a high regional anthropogenic:biological N-fixation balance.  

When considering the sum of the different types of anthropogenic emissions of reactive N and 

P to the environment through the production and consumption of products, energy and services, 

a total of 20 kg N cap-1 yr-1 and 0.53 kg P cap-1 yr-1 is emitted (Fig. 2.5C). This is lower than 

the EU average (33 kg N cap-1 yr-1 and 0.55 kg P cap-1 yr-1) and the US (39 kg N cap-1 yr-1) and 

comparable to the Netherlands (23 kg N cap-1 yr-1 and 0.42 kg P cap-1 yr-1) (Galloway 2014; 

Sutton et al. 2011 ). This sum of quantitative emissions, however, only gives an indication of 

the environmental impact of the Flemish economy and remains to be made qualitative through 

the implementation of life cycle analysis (LCA) and indicator tools. 

Nevertheless, the region’s total nutrient emissionsremain low in the EU context. This is 

explained by the advanced sewage and waste management, which reduces the impact of food 

consumption. Nevertheless 27% of domestic wastewater is discharged directly after septic tank 

treatment. This makes domestic wastewater and important point source of nutrient pollution for 
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local water bodies, as it contributes significantly to the discharge of P to the water bodies (34% 

of total P emissions; Fig. 2.5B). 

 

Figure 2. 6 A: Emissions to Air. B: Emissions to Water, C: The N and P footprint, which is defined as 

the sum of all anthropogenic reactive N and P emissions to the environment 

Atmospheric emissions are responsible for 73% of the Nr emissions, with a total of 8.2 kg NOx-
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related to fossil fuel combustion, such as transportation and heating, and the resulting NOx 

emissions, form an important part of the N footprint. The large contribution of households and 

commerce to Nr emissions (18%) compared to neighboring countries is explained by the low 

energy-performance in buildings and the higher percentage of diesel cars as a result of a lower 

tax on diesel (Bruers 2013). The position of Flanders as a logistic hub in the center of Europe 

is also supported by the large impact of commercial transport on atmospheric Nr emissions 

(18%). 

The importance of food production in the nutrient cycle is supported by the large contribution 

of agriculture to both environmental N and P emissions (49% of N and 36% of P). This is 

mainly attributed to ammonia volatilization, erosion and the leaching of nitrate and phosphate 

fertilizers from agricultural soils. Also the large fraction of animal manure applied on arable 

land (55% of fertilizer N demand vs. 27% in EU) underwrites the high nutrient losses to the 

environment (Bouwman et al. 2002). A further implementation of measures for low-emission 

fertilizer application is therefore required, with consideration of the available nutrients in arable 

soils, crop residues and animal manure (Cordell et al. 2009). 

The direct contribution of livestock production to the Nr emissions is relatively large: 18% of 

N in Flanders vs. 10% in the EU (Sutton et al. 2011 ).. Further investments to reduce emissions 

from manure from animal housing, manure storage and handling, are therefore required to lower 

the environmental impact of the intensive Flemish livestock industry. 

4.3 Efficiency of the food supply chain 

The predominant nutrient fluxes are found within the food supply chain, that connects 

agriculture with the food industry and consumption, trade and commerce. Nutrient use 

efficiencies were determined for every individual sector of the food supply chain. When 

considering the nutrient balance per sector, the nutrient use efficiencies were calculated as the 

conversion of raw materials to marketable products (Table 2.2).  On the food production side, 

the main nutrient losses are located in livestock production, where the main fraction of nutrients 

is embedded in manure (49% of fodder-N and 67% of fodder-P) and a nutrient use efficiency 

of 43% N and 31% P is obtained. Also food processing is characterized by low conversion 

efficiencies, which is largely attributed to the processing of animal produce. When the 

individual nutrient use efficiencies of crop production, livestock production, fodder industry 

and food industry are combined,, the food supply nexus results in an overall fertilizer-to-food 

efficiency of 22% N and 15% P for animal products and 53% N and 48% P for vegetable 
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products, which is similar to the calculated nutrient use efficiencies of previous European 

studies (Cooper and Carliell-Marquet 2013; Egle et al. 2014; Ott and Rechberger 2012). 

For the calculation of the nutrient use efficiency of the actual food supply chain in Flanders, the 

real agricultural output of animal produce (86% and 80% of total gricultural produce N and P) 

and crops (14% and 20% of total agricultural produce N and P) is considered. Also the recycling 

of non-marketable products, such as animal manure, food industry byproducts and fodder 

byproducts are considered. This results in an overall fertilizer-to-food production efficiency of 

27% N and 24% P. 

On the consumer side, about 54% of N and 61% of P in purchased food products is consumed, 

while the remainder ends up in recycled VGF waste and non-recycled solid waste. This leads 

to a final fertilizer-to-consumer efficiency of 14% N and 14% P. This means that from 100 units 

of fertilizer nutrients applied on cropland only 14 reach the consumer. (Fig. 2.6).  

Table 2. 2 Nutrient efficiencies of the different compartments of the food supply chain 

Compartment 

N 

efficiency 

(%) 

P 

efficiency 

(%) 

Crop production 84 95 

Livestock production 43 31 

Food industry 63 50 

Fodder industry 97 100 

Consumption 54 61 

Meat production 22 15 

Vegetable production 53 48 

Food production  

(incl. recycling) 
27 24 

Food consumption  

(incl. recycling) 
14 14 

 

When considering both developing and developed regions on a global scale, fertilizer-to-

consumer efficiencies of 11-22% N and 12-21% P are achieved (Bodirsky et al. 2014; Cordell 

et al. 2009; Galloway et al. 2003; Matassa et al. 2015a; Sutton et al. 2013). Although the 

intensive European crop and livestock production is more nutrient efficient compared to 

developing regions, higher nutrient losses occur due to wastage in food distribution and 
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consumption. Furthermore, the animal protein intake in Europe is double compared to the 

global human diet (Sutton et al. 2013; Westhoek 2011). The fertilizer-to-consumer efficiency 

emphasizes the necessity and significant potential to make improvements throughout the enitre 

food supply chain by reducing wastage during the production, distribution, processing and 

consumption of food commodities and indicates the need to lower personal animal protein 

consumption and invest in alternative protein sources. 

 

Figure 2. 7 The nitrogen (blue) and phosphorus (orange) conversion efficiency of the food supply 

chain in Flanders 

4.4 Nutrient recovery potential in waste management 

Although advanced wastewater treatment and waste management facilities reduce the 

environmental impact of nutrient consumption, current technologies focus mainly on nutrient 

removal to prevent discharge to sensitive surface waters. Consequently, only a small fraction 

of the nutrients in waste streams (17% of N and 12% of P) is currently recycled. This highlights 

a large potential to increase nutrient use efficiencies and concomitantly evolve towards a more 

sustainable waste management approach. Additionally, it allows to reduce the dependency on 

inorganic fertilizers and generate revenues for waste processing facilities (Verstraete et al. 

2009). This is particularly relevant for P, due to its finite nature and the lack of primary P 

resources on the European continent. 

Domestic wastewater contains 39% of all N and 16% of all P present in the waste streams in 

Flanders. However, recovery is currently only technologically and economically feasible for 

concentrated waste streams. Waste streams such as excess manure from manure processing 

plants, food processing waste and activated sludge, hold reactive nitrogen and phosphorus 

compounds in concentrations of several grams of nitrogen and phosphorus per liter and are 
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therefore the most attractive for nutrient recycling. A total of 6.4 kg N cap-1 yr-1 and 2.9 kg P 

cap-1 yr-1 is embedded in such waste streams (Fig. 2.7). These waste streams can be recycled 

through the direct application on arable land as a fertilizer. This could increase nutrient use 

efficiencies and reduce the energy requirements for fertilizer production. However, this does 

not take into account the environmental costs of inefficient manure application, nor the current 

legal restrictions in Flanders which do not allow this recycling pathway. 

 

Figure 2. 8 Overview of the waste streams with the highest potential for nutrient recovery 

Considering the surplus of nutrients present in Flanders, the recovery of waste nutrients by 

reformulating them to valuable marketable products is a more suitable alternative. These 

products can then be exported, replace the current use of synthetic fertilizers or function as raw 

materials for the chemical industry and likewise generate additional revenues. 

The pelletizing of excess solid manure, for instance, allows for the production of an organic N 

and P fertilizer which is easily exported. Furthermore, anaerobic (co-) digestion of activated 

sludge or manure results in the release of ammonium and soluble P. The liquid digestate allows 

for the physicochemical recovery of nutrients through ammonium stripping and struvite 

precipitation, while the solid fraction can be converted to an organic fertilizer product. 

In this manner, physicochemical nutrient recovery would allow to replace the inorganic N 

fertilizer demand by 67%. Nevertheless, the level of implementation of these technologies in 

Flanders is currently still limited. The recovery of a more conventional fertilizer from 
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concentrated liquid streams such as digestate or liquid manure is also technologically feasible. 

The combination of partial biological nitrification, reverse osmosis and vapor compression 

distillation has already been demonstrated for nutrient recovery from urine and allows for the 

production of a dry ammonium nitrate product (Udert and Wachter 2012). Nevertheless, the 

economic feasibility of this recovery strategy still has to be demonstrated. 

Additionally, dried activated sludge and solid waste streams from the food industry, such as 

meat and bone meal waste, are characterized by a high P-content (3-4%). When mono-

incinerated, the P-rich ashes obtained (8-11% P) enable P-recovery as calcium phosphate, 

which allows for the integration in industrial P-processing as a conventional raw material 

similar to P-ore (Egle 2014). The use of mono-incineration in Flanders is currently limited to a 

minor fraction of the municipal activated sludge (28%). 

In comparison to conventional recovery options that produce an inorganic fertilizer, single cell 

protein (SCP) production offers an appealing alternative through the conversion of inorganic 

nutrients into biomass that is nutritionally interesting as fodder or food constituent. 

Microorganisms such as microalgae, yeasts and bacteria are characterized by high protein 

contents, rapid growth and maximal nutrient uptake efficiencies compared to higher plants. This 

makes them an attractive alternative for conventional protein sources, as they increase recycling 

efficiencies and decrease the arable land use and fresh water needs in the food production chain 

(Matassa et al. 2015b). The production of food- and fodder-grade biomass is however legally 

restricted to (waste) streams without fecal contamination, which limits their potential 

application.  
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5 Conclusion 

High-resolution insight on the nutrient streams is pivotal in order to map the potential towards 

the recovery and reuse of N and P . Regions with a surplus of nutrients form an interesting 

focus, as they  possess a large potential towards N and P recycling in concentrated waste 

streams, while they require mitigating measures to reduce the negative effects of nutrient 

overloads to the environment. The region of Flanders in Belgium is a nutrient-rich region, due 

to its high population density, intensive industry and livestock production. Its position as a 

logistic hub in the center of Europe is supported by the strong import and export of nutrients 

and the important contribution of transportation to the N footprint. The predominant nutrient 

fluxes are nevertheless found within the food supply chain. The importance of livestock 

production in food production results in a low overall nutrient use efficiency and significant 

nutrient losses to the environment and waste streams. Advanced manure and waste processing 

facilities could nonetheless offer the opportunity for enhanced nutrient recycling to increase the 

nutrient use efficiencies and reduce the dependency of inorganic fertilizers. 
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Chapter 3: 

Nitrification and microalgae cultivation for two-stage biological 

nutrient recovery from source separated urine 

Abstract 

Source separated urine is an ideal target for nutrient recovery, as it contains the majority of 

nutrients present in urban wastewaters. In this study, the stabilization of source separated urine 

through nitrification and subsequent microalgae cultivation were explored as strategy for 

biological nutrient recovery. A screening was performed of a spectrum of microbial inocula to 

assess their potential for urine nitrification. A commercial nitrifying inoculum showed the 

highest halotolerance and was subsequently opposed to municipal activated sludge for the 

comparative start-up of two urine nitrification membrane bioreactors. Complete nitrification of 

undiluted urine was obtained in both systems. High volumetric loading rates of above 450 mg 

N L-1d-1 were achieved at a conductivity of 74 mS cm-1. The halotolerant commercial inoculum 

shortened the nitrification start-up time by 54% and resulted in more stable reactor performance. 

Partial adaptation to the high salinity occurred in both nitrification reactors. The nitrite 

oxidizing community showed faster adaptation and in both systems Nitrobacter spp. became 

the dominant nitrite oxidizers. The high salinity at which nitrification was performed suggests 

that this biological stabilization strategy can be expanded to other saline waste streams, such as 

industrial wastewaters from the fertilizer industry and mineral concentrates produced during 

manure or digestate treatment. Finally, the valorization of nitrified real urine as growth medium 

for Arthrospira platensis was evaluated. The use of nitrified urine resulted in superior growth 

rates compared to untreated urine, while also a high protein content of 62% was obtained. This 

demonstrates the suitability of nitrified urine as a microalgal growth medium. Overall, it is 

shown that urine stabilization through nitrification and subsequent nutrient recovery through 

microalgae cultivation is a promising approach for biological nutrient recovery.  

This chapter has been redrafted after: 

Coppens, J., Lindeboom, R., Muys, M., Coessens, W., Alloul, A., Meerbergen, K., Lievens, B., 

Clauwaert, P., Boon, N., Vlaeminck, S.E. Nitrification and microalgae cultivation for two-stage 

biological nutrient recovery from source separated urine. Journal of Bioresource Technology. 

Accepted with minor revisions 
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1 Introduction 

In the light of a growing global population, rising resource scarcity and environmental 

awareness, the transition towards a sustainable food production system has become increasingly 

important (Sutton et al. 2013). The implementation of advanced nutrient recycling technologies 

is thereby pivotal to reduce nutrient losses and improve nutrient use efficiencies (Matassa et al. 

2015). At present, advanced wastewater treatment facilities focus on resource recovery mainly 

through the energetic valorization of organic waste compounds as biogas to improve energy 

autonomy and sustainability (Schaubroeck et al. 2015). The implementation of recovery 

technologies for nitrogen (N) and phosphorus (P) can nonetheless generate profits similar to 

carbon recovery by decreasing the dependency of inorganic fertilizers and creating additional 

revenues for waste processing facilities (Verstraete and Vlaeminck 2011).  

The importance of domestic wastewater in the nutrient cycle is demonstrated in Chapter 2, as 

it contains 39% of all N and 16% of all P present in the waste streams in Flanders. However, 

nutrient recovery can only be economically feasible for concentrated waste streams (Maurer et 

al. 2003). In this context, source separated urine is an ideal target stream as it contains the 

majority of nutrients present domestic wastewater. Urine contributes for 70% of the nitrogen 

(N), 40% of the phosphorus (P), and 60% of the potassium (K) load in domestic wastewater, 

while it only accounts for 1% of the volume (Zeeman et al. 2008). Source separated urine 

therefore allows for the efficient recovery of nutrients, while it offers additional benefits to 

existing centralized wastewater treatment plants due to the decrease of nutrient loads 

(Wilsenach and Van Loosdrecht 2004). 

However, source separated urine is highly unstable, as microbial activity during transportation 

and storage hydrolyzes the urea present to ammonia, inducing a rise in pH. In this manner 

nitrogen can volatilize as free ammonia, causing nitrogen losses and environmental and health 

concerns (Siegrist et al. 2013). The high pH also induces the uncontrolled precipitation of salts 

such as struvite and calcium phosphate, which result the loss of phosphorus and can obstruct 

pipelines and other equipment (Udert et al. 2006; Udert et al. 2015). The stabilization of urine 

prior to storage is therefore a prerequisite to ensure appropriate processing.  

Biological urine stabilization through nitrification shows to be a promising approach, as it 

allows to produce a chemically stable solution in which all nutrients are preserved (Bischel et 

al. 2015; Feng et al. 2008; Maurer et al. 2006; Udert et al. 2015; Udert and Wachter 2012). The 

nitrified urine can subsequently be valorized as a fertilizer solution or further processed for 
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inorganic fertilizer production and water recovery (Udert et al. 2015; Udert and Wachter 2012). 

Alternatively, the nutrient solution can be applied as a feedstock for the production of high 

value bioproducts through the cultivation of cyanobacteria or microalgae (Feng et al. 2008). As 

described in Chapter 2, the upgrading of inorganic nutrients to microalgal protein, instead of 

inorganic fertilizers, allows to improve the nutrient use efficiency of the food supply chain. 

The urine nitrification process nevertheless comes with several challenges. Urine is 

characterized by high nitrogen concentrations and an elevated salinity, which adversely affect 

the nitrification process. The high salinity limits the activity of unadapted ammonia oxidizing 

bacteria (AOB), archaea (AOA) and nitrite oxidizing bacteria (NOB), which results in the 

accumulation of ammonium and/or nitrite (Bassin et al. 2012). This further inhibits the 

nitrification process, as both ammonia oxidation and nitrite oxidation are susceptible to free 

ammonia (FA) and nitrous acid (FNA) inhibition. As a result, the continuous operation of 

nitrification reactors on undiluted urine is highly sensitive to instabilities (Feng et al. 2007; 

Udert et al. 2015). A suitable nitrifying inoculum and adaptation strategy are therefore 

indispensable to achieve adequate reactor performance. 

In this study, the stabilization of source separated urine through nitrification and subsequent 

cultivation of microalgae are explored as a strategy for biological nutrient valorization. In a first 

stage, the effect of salinity on ammonium and nitrite oxidizing organisms was assessed through 

a screening of nitrifying inocula, originating from a spectrum of wastewaters with different 

nitrogen and salinity levels. Afterwards, the most performant inoculum from the screening was 

compared with activated sludge of a sewage treatment plant for the start-up of a urine 

nitrification membrane bioreactor (MBR). The nitrifying communities were closely monitored 

through batch activity tests and molecular analyses, in order to elucidate the salt adaptation 

process and shifts in the microbial population. Finally, the valorization of the nitrified solution 

as a growth medium for the cyanobacterium Arthrospira platensis was evaluated. 
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2 Materials and methods 

2.1 Screening of nitrifying inocula 

Twelve nitrifying inocula were selected for the screening of maximum nitrification rates in 

order to select an optimal inoculum for the urine nitrification reactor. Nitrifying inocula were 

collected from a wide spectrum of wastewater treatment installations, characterized by different 

salinities and nitrogen loading rates (Table 3.1). The nitrifying inocula were stored for 

maximum seven days in the dark at 4°C until experiments were started. Electrical conductivity 

(EC), as an indication for ionic strength and osmotic pressure, was measured in the supernatant 

of the collected samples. Reactivation of the nitrifying inocula was performed prior to the 

nitrification activity tests.  The nitrifying inocula were reactivated in 2L Erlenmeyer flasks in a 

medium with a final concentration of 50 mg NH4
+-N L-1, 50 mg NO2

--N L-1,  8.3 g KH2PO4 L
-

1, 14.5 g K2HPO4 L
-1 and 2.2 g NaHCO3 L

-1. The pH was corrected to 7 with HCl (1M) or 

NaOH (1M). Erlenmeyers were incubated in the dark at 20 °C and continuously shaken at 120 

rpm using an orbital shaker (New Brunswick, The Netherlands) until the substrates were 

depleted. Dissolved oxygen (DO), pH and ammonium and nitrite concentrations were 

monitored daily. Afterwards, the biomass was washed two times with a phosphate buffer 

solution on the original EC of the nitrifying inocula. Next the biomass was washed with a buffer 

solution at the desired EC for the activity test. The biomass was separated through 

centrifugation for 10 minutes at 3000 rpm (Beckman Coulter, USA). Buffer solutions contained 

4.15 g KH2PO4 L
-1, 7.25 g K2HPO4 L

-1 and 1.1 g NaHCO3 L
-1. The pH was corrected to 7 by 

addition of HCl (1M) or NaOH (1M). The buffer solution was adjusted to the desired EC with 

sodium chloride (NaCl). Batch ammonia oxidation (nitritation) and nitrite oxidation 

(nitratation) activity tests were conducted separately and in quadruplicate. The activity tests 

were initiated by adding 5 mL of substrate stock solution of NH4Cl or NaNO2 to obtain a final 

concentration of 50 mg NH4
+-N L-1 and 50 mg NO2

--L-1, respectively. Erlenmeyer flasks were 

incubated in the dark at 20°C and shaken continuously at 120 rpm using an orbital shaker (New 

Brunswick, The Netherlands). Similar to the nitrification activity test, the urease activity of the 

biomass was determined in a batch activity test through the addition of 50 mg urea-N L-1 whilst 

inhibiting ammonia oxidation with 1000 mg allylthiourea (ATU) L-1. Samples were filtered 

(0.45 µm), stored at 4°C and analysed within two days. Dissolved oxygen (DO) and pH levels 

were monitored during sampling.
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Table 3. 1 Overview of the process conditions of the selected nitrifying inocula at the time of collection 

Inoculum 
Process 

configuration 
Wastewater type 

EC 

(mS 

cm-1) 

Influent N 

conc. 

(mg N L-1) 

vNLR 6 

(mg N L-1 

d-1) 

sNLR 7 

(mg N g-1 

VSS d-1) 

pH 
Temp. 

(°C) 
Source 

Aquaculture MBBR2 
Pikeperch 

aquaculture 
1 0.1 7.2 36 8.5 22 

Inagro (Rumbeke, 

Belgium) 

Aquarium 1 MBBR Piranha tank 1 < 1 N.A.5 N.A. 7.0 25 
SeaLife 

(Blankberge, 

Belgium) 

Sewage treatment 

B stage from AB 

process, activated 

sludge 

Domestic 

wastewater 
2 17 125 37 7.6 14 

Sewage treatment 

plant Dokhaven 

(Nieuwveer, The 

Netherlands) 

Landfill 1 Circuit reactor Landfill leachate 9 300-400 N.A. N.A. 7.0-8.0 25-30 
Hooge Maey 

(Antwerp, Belgium) 

Landfill 2 SBR3 Landfill leachate 7-11 320-440 69 17 7.5-8.0 20-30 
Imog (Moen, 

Belgium) 

Commercial 

nitrifying 

inoculum 

Fed-batch Synthetic medium 23 N.A. 180 370 7.0 22-24 
Avecom 

(Wondelgem, 

Belgium) 

Manure 1 SBR 
Pig manure, liquid 

fraction 
19 4500 162 41 7.7 26-27 

Danis (Izegem, 

Belgium) 

Manure 2 SBR 
Pig manure, liquid 

fraction 
25 4500 N.A. N.A. 7.0-8.0 22-25 

Decoster 

(Kortemark, 

Belgium) 

OLAND1 RBC4 Synthetic 

wastewater 
37 1000 250 133 7.8 26 

Ghent University 

(Ghent, Belgium) 

Aquarium 2 MBBR  Octopus tank 46 < 1 N.A. N.A. 8.2 15 
SeaLife 

(Blankberge, 

Belgium) 

Chemical industry Carrousel 
Chemical 

wastewater 
70 15 N.A.2 6 7.2-7.5 23-28 

DOW (Terneuzen, 

The Netherlands) 

1 OLAND: Oxygen-Limited Autotrophic Nitrification/Denitrification; 2 MBBR: Moving Bed Biofilm Reactor; 3 SBR: Sequencing Batch Reactor; 4 RBC: Rotating 

Biological Contactor; 5 N.A.: Not available; 6 vNLR: Nitrogen loading rate; 
7 sNLR: sludge-specific nitrogen loading rate 
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2.2 Nitrification reactor set-up and operation 

Two submerged membrane bioreactors (MBR) with a working volume of 8L were used for the 

continuous nitrification experiments. An MBR configuration was chosen in order to exclude 

issues related to settling and like so have identical operating conditions in both reactors, whilst 

ensuring adequate effluent quality for the subsequent microalgae cultivation. The flat sheet 

polyvinylidene fluoride (PVDF) membranes (Kubota, Japan) had a pore size of 0.4 µm and a 

surface of 0.08 m². Reactor aeration and mixing was achieved using an air pump (KNF, 

Germany). Dissolved oxygen (DO) levels were maintained above 6 mg L-1. Process operation 

was identical for the two reactors. A pH controller (Prominent GmbH, Germany) controlled the 

pH between 6.9 and 7.1 through the addition of 0.1M NaOH and HCl. Each reactor was 

inoculated with a different nitrifying inoculum, at a biomass concentration that corresponds to 

an ammonia oxidation rate of 125 mg N L-1 d-1. The reactors were initially fed with synthetic 

hydrolyzed urine (Table 3.2) supplemented with trace elements (Kuai and Verstraete 1998). 

Table 3. 2 Composition of the synthetic hydrolyzed urine, adapted from Udert (2002) 

Component 
Concentration (g L-1) 

Na2SO4.10H2O  5.21 

NaH2PO4.H2O  2.42 

NaCl  3.60 

KCl  4.20 

C2H3O2NH4  9.60 

NH4Cl  9.22 

NaOH  6.89 

NH4HCO3  21.40 

 

At the start, a solution of 10% synthetic hydrolyzed urine was obtained through dilution with 

demineralized water. The nitrogen loading rate of the reactors was increased by decreasing the 

influent dilution. Once the reactors were operated with undiluted urine, the loading rate was 

corrected by adjusting the influent flow rate. Ammonium and nitrite concentrations were 

measured twice per day to ensure no accumulation occurred. The reactors were run in semi-

continuous feeding mode. No biomass was wasted from the reactors, except for analysis of total 
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suspended solids (TSS) and volatile suspend solids (VSS). After the start-up period with 

synthetic urine, one reactor was fed with non-hydrolyzed real urine. Real urine was collected 

from healthy male volunteers which were not taking antibiotics or other medication. After 

collection, the fresh urine from different individuals was pooled and frozen in batches sized to 

feed the reactor for two days. 

2.3 Cultivation of Arthrospira platensis 

2.3.1 Influence of salinity, nitrogen source and concentration on the growth of A. 

platensis 

An axenic culture of A. platensis was provided by SCK-CEN (Belgium). Batch cultivation tests 

were performed to assess the influence of salinity, the nitrogen source and concentration on the 

growth of Arthrospira platensis. The influence of the nitrogen source was determined through 

the use of ammonium, nitrate or urea as the respective sole nitrogen sources in modified Zarrouk 

medium (Zarrouk 1966).  For nitrate, concentrations of 410, 1000, 2000 and 5300 mg N L-1 

were tested, as this describes the nitrate concentration range between standard Zarrouk medium 

and undiluted nitrified urine. The experiments with ammonium and urea as the sole nitrogen 

source were conducted at a lower concentration range to reduce the risk of free ammonia 

toxicity. Therefore the concentrations of 100, 410, 1000 and 2000 mg N L-1 were evaluated. 

For every nitrogen species and concentration the growth of A. platensis was analyzed at 20, 30, 

45 and 60 mS cm-1, as amended through NaCl addition. 

Growth tests were conducted under axenic conditions in 96 well plates with a working volume 

of 300 µL. Tests were performed in quintuplicate. Plates were incubated at 28°C and 

continuously shaken at 700 rpm using an orbital microplate shaker (Thermo Scientific, USA). 

Continuous illumination was provided at the surface of the 96 well plates by means of Grolux 

T5 24W fluorescent growth lamps (Osram Sylvania, USA) at a light intensity of 200 µmol 

photons m-2 s-1. Biomass growth was followed up by measuring the optical density (OD) at 680 

nm (Tecan Infinity 200 PRO NanoQuant; Tecan, Switzerland). Each well was inoculated with 

10 µL of the A. platensis culture in order to obtain an initial OD of 0.1. 

2.3.2 Influence of the urine matrix on the growth of A. platensis 

Non-hydrolyzed, hydrolyzed and nitrified real urine were used to investigate the influence of 

the urine matrix on the growth of A. platensis. For each medium both synthetic and real urine 

were tested. Synthetic non-hydrolyzed urine was prepared according to Brooks and Keevil 

(1997). For each urine type, growth of A. platensis was determined on undiluted urine and urine 
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diluted to a final concentration of 3 g N L-1, 2 g N L-1, 1 g N L-1, 0.5 g N L-1 and 0.1 g N L-1. 

Additionally, the synthetic and real hydrolyzed urine were stripped from ammonia by adjusting 

the pH to 12 through the addition of 10 M NaOH and aerating the urine solution until all 

ammonia was removed. Afterwards, a dilution series of 100%, 50%, 33%, 20% and 10% was 

prepared. The pH was adjusted to 8.2 with 5M HCl and the solutions were spiked to a final 

ammonium and phosphate concentration of 100 mg  N L-1 and 50 mg P L-1, respectively. All 

solutions were filter sterilized (0.22 µm) prior to the growth experiments. Growth tests were 

conducted under axenic conditions in 96 well plates as described above. 

2.3.3 Cultivation of A. platensis on nitrified urine 

Growth experiments were performed in 0.8 L batch tests. A. platensis  in exponential growth 

was inoculated at an OD680 of 0.1 in a 20% solution of completely nitrified urine and standard 

Zarrouk medium. Cultures were aerated with 0.22 µm filter sterilized 0.7 Lair Lmedium
−1 and 

continuously shaken at 120 rpm using an orbital shaker (New Brunswick, USA). The cultivation 

temperature was 28°C and the pH was maintained between 8.2–8.5 throughout the experiment 

using 1M HCl. Continuous illumination was provided from the top at a light intensity of 160 

μmol photons m−2 s−1 near the surface of the medium. Tests were performed during 10 days and 

nitrate, nitrite, ammonium, and phosphate concentrations in the medium were measured daily. 

Growth was monitored daily by measuring TSS and OD680. All batch tests were performed 

axenically and in quadruplicate. Bacterial contamination of the cultures was checked 

throughout the experiments using phase contrast microscopy (Axioskop 2, Carl Zeiss AG, 

Germany). 

2.4 Analytical techniques 

DO and pH levels were measured with an HQ40d DO meter (Hach Lange, Germany) and a 

Dulcotest pH-electrode PHEP 112 SE (Prominent GmbH, Germany), respectively. Nitrate and 

phosphate were analyzed using anion chromatography (Metrohm 930 Compact IC, 

Switzerland). EC was measured with a C833 Multi-channel analyzer (Consort, Belgium), 

equipped with a Pt1000probe (Metrohm, Switzerland). Ammonium (Berthelot reaction) and 

nitrite (Montgomery reaction) were determined according to Bucur et al. (2006) and 

Montgomery and Dymock (1961), respectively. TSS, VSS,  total Kjeldahl nitrogen (TKN), and 

total phosphorus (TP; molybdene–vanadate method) were determined according to standard 

methods (Greenberg et al. 1992). Chemical Oxygen Demand (COD) was determined with 
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Nanocolor COD kits (Machery-Nagel, USA). The levels of chlorophyll and carotenoids of A. 

platensis biomass were determined according to Lichtenthaler (1987). 

2.5 Molecular analysis 

Real-Time PCR was applied to analyze the nitrifying communities in the MBRs. Total DNA 

was extracted according to Vilchez-Vargas et al. (2013). A SYBR Green assay (Power SyBr 

Green, Life Technologies, USA) was used to quantify the 16S rRNA of Nitrospira spp. and 

Nitrobacter spp. and the functional amoA gene for AOB and AOA (Table S1 in S.I.). Plasmid 

DNAs carrying AOB, AOA functional amoA gene and Nitrobacter and Nitrospira 16SrRNA 

gene, respectively, were used as standards for qPCR. 

2.6 Statistical analysis 

For the nitrifying inoculum screening, a Shapiro-Wilk test was used to test normality, after 

which the statistical significance (p<0.05) between activities at original and normal salinity was 

tested using ANCOVA analysis. A one-way ANOVA test was performed and combined with 

an all pairwise multiple comparison Bonferroni test (p<0.05) to evaluate the growth of A. 

platensis under the different growth conditions (Prism 5.0, Graphpad Software, USA). A non-

parametric Wilcoxon signed-rank test was used if the hypothesis of normality was rejected. A 

non-parametric non-paired Mann-Whitney test was performed to compare the composition of 

A. platensis biomass grown on nitrified urine and standard Zarrouk medium. 
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3 Results and discussion 

3.1 Screening of nitrifying inocula 

A halotolerant nitrifying inoculum is indispensable in order to facilitate a rapid start-up of urine 

nitrifying bioreactors (Cui et al. 2014; Feng et al. 2008). A screening was therefore performed 

of a range of nitrifying inocula, characterized by different nitrogen loading rates and salinities, 

to assess their potential for urine nitrification. The resilience of nitrification to salt stress was 

analyzed for inocula from wastewater treatment units treating salt and fresh water aquaculture 

effluents, landfill leachate, pig manure and domestic and industrial wastewater (Table 3.1). 

Nitrification activities at the inoculum’s original salinity were in line with the specific nitrogen 

loading rates of the corresponding reactors, although the standardized test conditions (pH 7, 

20°C and synthetic medium) diverged from the original reactor conditions (Table 3.1, Fig. 3.1). 

The commercial nitrifying inoculum showed the highest specific ammonia oxidation rate (143 

mg N g-1 VSS d-1; Fig. 3.1A) and nitrite oxidation rate (555 mg N g-1 VSS d-1; Fig. 3.1B). The 

relatively higher nitrite oxidation activity is explained by the presence of both ammonium and 

nitrite in the breeding reactor’s influent (Avecom, personal communication). The municipal 

activated sludge of the AB process for domestic wastewater treatment had an ammonia 

oxidation rate of 59 mg N g-1 VSS d-1 and a nitrite oxidation rate of  86 mg N g-1 VSS d-1. The 

high specific oxidation rates of the commercial inoculum are explained by the synthetic 

autotrophic influent, which allows for a high specific enrichment of nitrifiers in the microbial 

community (Courtens et al. 2014; Grommen et al. 2002). Domestic wastewater, landfill leachate 

and manure treatment units are characterized by both high nitrogen and organic loading rates. 

This stimulates the growth of heterotrophs and hence decreases the share of the nitrifying 

populations in the total microbial community (Wagner and Loy 2002; Whang et al. 2009; Ye 

et al. 2011). As a result, the specific nitrification rates of the different inocula remain difficult 

to compare. Also, the low nitrification activity obtained from the aquaculture and aquarium 

biofilters are attributed to the low nitrogen concentrations and nitrogen loading rates which 

characterize these systems (Bagchi et al. 2014).  
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Figure 3. 1 Overview of specific ammonium (a) and nitrite (b) oxidation rates, along with relative 

inhibition 

A direct correlation between the relative nitrification inhibition and osmotic shock is observed 

when comparing the nitrification activity of the different nitrifying inocula at their original EC 

and at an EC of 45 mS cm-1 (20 g NaCl L-1; Fig. 3.1). The inocula originating from fresh water 

sources were severely inhibited at an EC of 45 mS cm-1 as they had to cope with a thirteen-fold 

increase in EC and associated change in osmotic pressure. The activated sludge of the municipal 

wastewater treatment plant was subjected to a salt shock of 40 mS cm-1, which resulted in a 

decrease of the ammonia and nitrite oxidation by 98% and 97%, respectively (Fig. 3.1A-B). On 

the other hand, for the commercial nitrifying inoculum a salt shock of 24 mS cm-1 resulted in 
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decreases of ammonia oxidation and nitrite oxidation with 33% and 23%, respectively  

(Fig. 1a-b). This high salt-stress resilience of the inoculum, compared to previous findings, 

indicates that the inoculum is halotolerant (Dincer & Kargi , 1999; Moussa et al., 2006; Hunik 

et al., 1992 and Hunik et al. ,1993). 

Furthermore, for the majority of inocula tested, a higher inhibition of ammonia oxidation 

activity was obtained compared to nitrite oxidation. This indicates a higher sensitivity of the 

ammonia oxidizing organisms towards short-term salt stress. This confirms previous findings 

in which the ammonia oxidation activity of non-adapted nitrifying sludge was more affected to 

salt stress than nitrite oxidation (Bassin et al. 2012; Hunik et al. 1992; Hunik et al. 1993; Moussa 

et al. 2006; Sudarno et al. 2011). 

3.2 Urine nitrification reactor 

3.2.1 Nitrification reactor performance 

The adaptation of the nitrifying community towards the high salinity and nitrogen loading rates 

which characterize an undiluted urine nitrification system was further assessed in a continuous 

reactor configuration. One reactor was inoculated with activated sludge from a sewage 

treatment plant, which showed to have low salt-stress resilience. The performance of this 

system was compared with an identical reactor inoculated with the salt-stress resilient 

commercial nitrifying inoculum. Synthetic hydrolyzed urine was used to investigate the 

treatment of stored source separated urine.  

The MBR inoculated with activated sludge from the sewage treatment plant was started at an 

initial EC of 5 mS cm-1 and a volumetric loading rate of 70 mg N L-1 d-1. A loading rate of 300 

mg N L-1 d-1 was obtained after 6 days of operation by increasing the influent concentration 

from 10% to 40% urine (Fig. 3.2B). The long HRT and increasing urine concentration resulted 

in a gradual rise in salinity of on average 1.1 mS cm-1 d-1. When the EC in the reactor reached 

15 mS cm-1 on day 7, severe foaming and ammonium and nitrite accumulation indicated 

inhibition of the nitrifying biomass due to salt stress. This salt inhibition was confirmed in 

parallel batch activity tests (Fig. 3.3). Decreased nitrogen loading rates were maintained in the 

reactor in order to prevent ammonium and nitrite accumulation until the target volumetric 

loading rate of 450 mg N L-1 d-1 was reached on day 43 and the reactor was fed with undiluted 

urine. This volumetric loading rate was attained until day 58, when the EC in the reactor 

gradually increased to 63 mS cm-1. 
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Figure 3. 2 Operation and performance characteristics of the MBR inoculated with the commercial 

nitrifying inoculum (left) and the conventional municipal activated sludge (right). (A) Reactor effluent 

characteristics. (B) Volumetric nitrogen loading rates (C) Specific nitrogen loading rates and sludge 

content. (D) Abundance of nitrifying community groups N-species as determined by qPCR 
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Ammonium accumulation (between day 58 and 84) indicated inhibition of ammonia oxidizers, 

while no nitrite accumulation occurred in the reactor. Unstable reactor performance was 

attained until the system returned to the target loading rate of 450 mg N L-1 d-1 on day 94. The 

reactor was finally operated at a volumetric loading rate of 466±24 mg N L-1 d-1, which 

corresponds to a specific loading rate of 72±4 mg N g-1 VSS d-1, for a period of twice the 

hydraulic retention time (HRT = 11 days) to demonstrate stable reactor performance. During 

this steady-state operation, 96±4% of the influent-N was converted to nitrate, while low 

concentrations of ammonium (4.2±2.0 mg N L-1) and nitrite (0.9±0.3 mg N L-1) were detected 

in the effluent. When considering that an estimated 2% of influent-N is assimilated in biomass 

during nitrification, nitrogen losses were not significant and complete nitrification of the 

undiluted urine at an EC of 74±0.5 mS cm-1 was obtained. 

The reactor inoculated with the commercial nitrifying inoculum was started at its original EC 

of 20 mS cm-1. The volumetric loading rate was increased from 60 mg N L-1 d-1 at day 1 to 450 

mg N L-1 d-1 at day 12 by gradually increasing the influent concentration from 10% to 100% 

synthetic hydrolyzed urine. Similar to the other MBR, this resulted in a salinity increase of  

1.1 mS cm-1 d-1. A stable volumetric and specific loading rate of 478±34 mg N L-1 d-1 and  

60±5 mg N g-1 VSS d-1 was achieved from day 43 on and was maintained for a period of twice 

the HRT. Also in this MBR, a high nitrification efficiency was obtained, as 96±3% of the 

influent-N was converted to nitrate and negligible concentrations of ammonium (2.1±0.9 mg N 

L-1) and nitrite (0.5±0.5 mg N L-1) were detected. Furthermore, a COD removal efficiency of 

96% was achieved. The utilization of the salt-adapted commercial nitrifying inoculum thus 

shortened the start-up time of the urine nitrification system with about a factor 2, compared to 

the municipal activated sludge. Following a technical malfunctioning of the pH controller, the 

loading rate of the reactor was afterwards lowered and stabilized at 250 mg N L-1 d-1 to maintain 

stable reactor performance. 

In order to assess the influence of real urine on the reactor performance, the reactor with the 

fastest start-up, i.e. the one inoculated with the commercial nitrifying inoculum, was afterwards 

fed with fresh, undiluted real urine. Prior to switching to the real non-hydrolyzed influent, the 

urease activity of the biomass in the reactor was determined in a batch activity test. This 

revealed a ureolytic activity of 202±23 mg urea-N g-1 VSS d-1, which was 7 times higher than 

the target specific nitrogen loading rate of the reactor and indicates urea hydrolysis would not 

limit the nitrification process. While the synthetic hydrolyzed urine had an ammonia 

concentration of 8 g N L-1 and a COD:N ratio of 1, the real urine had an organic nitrogen 
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concentration of 6.3 g N L-1 and COD:N ratio of 1.25.  The reactor was operated in a stable 

manner at a volumetric and specific loading rate of 225±33 mg N L-1 d-1 and 39±4 mg N g-1 

VSS d-1 for a period of 51 days (2.4 times the HRT), with a nitrification efficiency above 95% 

and a 94% COD removal efficiency. The use of non-hydrolyzed real urine therefore had no 

effect on the reactor performance.  

The performance of the urine nitrification reactors in this study demonstrate a rapid start-up and 

stable reactor operation at high salinities and nitrogen loading rates. While previous urine 

nitrification studies sometimes achieved similar loading rates, those studies were performed 

using diluted urine solutions (10-30%; Chen (2009); Feng et al. (2008); Sun et al. (2012)) or 

with stored urine with low N concentrations (< 2.4 g N L-1; Udert et al. (2015); Udert and 

Wachter (2012)). This indicates that those systems were operated at lower salinities compared 

to our study. Our study therefore demonstrates that complete nitrification of undiluted source-

separated urine can be achieved. 

3.2.2 Influence of salt adaption on nitrification activity 

The adaptation of the nitrifying sludge towards the increasing salinity in the reactors was 

monitored with parallel batch activity tests. For each time point, the conductivity with the 

highest activity was indicated as the optimal conductivity and the activity at other conductivities 

was depicted relative to this. The municipal activated sludge was adapted to an EC of 5 mS cm-

1 in the sewage treatment plant and showed low salt-stress resilience (Figure 3.1). The increase 

in salinity in the urine nitrification MBR initially caused a decrease of the specific ammonia 

and nitrite oxidation activity of the biomass by 41% and 58% (day 21), respectively, compared 

to the inoculum (Fig 3.3). Afterwards, the nitrifying community gradually adapted to the 

elevated salinity. At the end of the reactor operation (day 124), the optimal conductivity for 

aerobic ammonia oxidation shifted to 15 mS cm-1, while maximal nitrite oxidation occurred at 

30 mS cm-1. At the reactor conductivity (75 mS cm-1) ammonia oxidation performed at 41% of 

the maximal activity, while nitrite oxidation exhibited a relative activity of 58%. This indicates 

that only partial adaptation to the elevated salinity took place. The stable reactor performance 

at 75 mS cm-1 is therefore attributed to the increase in specific activity of the biomass through 

an enrichment of the nitrifiers in the microbial community (Figure 3.2D, right panel). 

The commercial nitrifying inoculum initially had an optimal EC of 23 mS cm-1. After 145 days 

the optimum for ammonia and nitrite oxidation had shifted to 30 mS cm-1. At an EC of 75 mS 

cm-1, the batch tests demonstrated a relative activity of 57% and 76% for ammonia and nitrite 
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oxidation, respectively. Furthermore, at 5 mS cm-1, ammonia and nitrite oxidation preserved a 

relative activity of 87% and 86%, respectively. The good performance over the broad range of 

salinities shows that the nitrifying community is more robust towards salinity change, which is 

an indication of halotolerance.  

 

Figure 3. 3 Relative activity curves for ammonium (top) and nitrite (bottom) oxidation of the MBR 

biomass inoculated with the commercial nitrifying inoculum (left) and the municipal activated sludge 

(right). Each curve represents a series of batch activity tests at different salinities performed at a certain 

time point parallel to reactor operation. The EC and salinity between brackets in the legend indicate the 

corresponding values at that moment of reactor operation. 

The monitoring of the nitrification activity in both reactors demonstrated a clear shift of the 

optimal salinity for nitrification. Salt inhibition nevertheless still occurred, as the nitrifying 

communities only partially adapted to the elevated salinity. Furthermore, the nitrite oxidizing 
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community in both reactors showed to have adapted better to the salinity increase than the 

ammonia oxidizing community. This confirms the outcome from the preliminary inoculum 

screening and is in agreement with previous findings (Bassin et al. 2012; Moussa et al. 2006; 

Sudarno et al. 2011). 

When comparing the nitrification performance of both reactor systems, the commercial 

nitrifying inoculum shortened the start-up time by half and its nitrifying community adapted 

better to the high salinity and showed superior performance over the broad range of salinities. 

This confirms the importance of an appropriate nitrifying inoculum to enhance the reactor 

performance when treating saline wastewaters. The elevated costs attributed to the utilization 

of the commercial inoculum could be compensated by the economic benefits offered by a 

shorter start-up time and stable reactor operation during salt shocks (Kuhn et al. 2010). 

3.2.3 Evolution of the nitrifying community members 

Next to the physiological salt adaptation process of the nitrifying community, also the dynamics 

of its main contributor groups were monitored. The municipal activated sludge inoculum 

contained 109 copies g-1 VSS of AOB, while AOA copies were below the detection limit (Fig. 

3.2D). For NOB, Nitrospira spp. (1010 copies g-1 VSS) dominated over Nitrobacter spp. (109 

copies g-1 VSS) in the inoculum. At the end of the reactor operation, a clear enrichment of AOB 

in the total community was obtained (1011 copies g-1 VSS) compared to the inoculum. 

Interestingly, a shift in the NOB community was observed, as the community was now 

dominated by Nitrobacter spp. (1010 copies g-1 VSS) and the abundance of Nitrospira spp. (109 

copies g-1 VSS) decreased. This could be explained by the somewhat elevated nitrite (max. 10 

mg N L-1) and oxygen concentrations, which allowed this r-strategist NOB to outcompete 

Nitrospira spp. (Schramm et al. 2000). 

For the commercial nitrifying inoculum, the high specific ammonia and nitrite oxidation rates 

were supported by a high abundance of nitrifiers in the microbial community. The ammonia 

oxidizing community was dominated by AOB (1011 copies g-1 VSS). However, in contrast to 

the municipal activated sludge, also a high abundance of AOA (109 copies g-1 VSS) was present. 

The nitrite oxidizing community was dominated by Nitrobacter spp. (1012 copies g-1 VSS) but 

also a high abundance of Nitrospira spp. (1011 copies g-1 VSS) was observed. At the end of the 

operation phase with synthetic urine, the ammonia oxidizing community remained unchanged, 

as AOB and AOA were present in the same order of magnitude as in the inoculum. When the 

reactor was operated on real non-hydrolyzed urine, the abundance of AOA (107 copies g-1 VSS) 
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in the ammonia oxidizing community decreased with two log units. For NOB, the ratio of 

Nitrobacter spp. (1011 copies g-1 VSS) to Nitrospira spp. (109 copies g-1 VSS) was unaffected, 

making Nitrobacter spp. the dominant NOB in both nitrification systems.  

While the nitrification activity tests showed a shift of the optimal salinity, the microbial 

adaptation strategy which enables this remains complex. Several end-member species of the 

Nitrosomonas, Nitrospira, and Nitrobacter-genera are classified as halotolerant or moderately 

halophilic (Koops and Pommerening-Röser 2001). More in-depth knowledge up to species and 

gene expression level are therefore required to acquire further insights in whether population 

shifts and/or salt acclimation is the driving factor towards salt adaptation. 

3.3 Nutrient recovery through A. platensis cultivation 

Source separated urine contains key components for plant cultivation such as the macronutrients 

N, P and K and micronutrients Fe, B, Cu and Zn (Larsen et al. 2013). Through nitrification, a 

chemically stable solution was obtained with a residual COD concentration of 340 mg L-1 and 

a nitrate and phosphate concentration of 5300 mg N L-1 and 340 mg P L-1, respectively. This 

allows further processing in the form of reverse osmosis or distillation to produce a concentrated 

inorganic fertilizer and concomitantly enable water recovery (Udert and Wachter 2012). 

However, the nitrified urine solution can also function as a balanced growth medium for the 

cultivation of cyanobacteria or microalgae (Feng et al. 2008). A. platensis is favored in 

biotechnology for biomass production as it is characterized by a high nutritional value, high 

growth rates and easy biomass collection and processing (Rodrigues et al. 2010). Furthermore, 

it’s large cell size (100-500 µm) allows for easier biomass collection compared to other 

microalgae, while its tolerance towards high salinities allows it to be cultivated in open 

production systems without the risk of contamination by invasive fresh water species (Gershwin 

and Belay 2007). A. platensis can therefore function as a model organism to evaluate the use of 

nitrified urine as a growth medium. The high salinity and nutrient concentrations which 

characterize undiluted urine can however constrain the growth. In order to accurately assess the 

optimal growth conditions for microalgae cultivation on urine, the influence of salinity, nitrogen 

source and nitrogen concentration on the growth of A. platensis were first evaluated, after which 

the influence of the urine matrix was further examined. 

3.3.1 Influence of salinity, nitrogen source and concentration on growth of A. platensis 

A. platensis showed good tolerance towards high salinities in the synthetic growing medium  

(Figure 4C). Up to a conductivity of 45 mS cm-1 (21 g NaCl L-1) there was no significant effect 
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on microalgal growth compared to the standard growth medium (20 mS cm-1; 10 g NaCl L-1).  

At 60 mS cm-1 (27 g NaCl L-1), salt stress resulted into a prolonged lag phase but still 

comparable growth rates were obtained. A. platensis was also able to grow on nitrate, 

ammonium and urea as the sole nitrogen source (Fig 3.4A). Nitrate is the conventional nitrogen 

source for A. platensis cultivation and resulted in the best growth under the tested conditions. 

Compared to ammonium and urea, no lag phase and higher cell concentrations were obtained, 

thereby confirming previous findings (Costa et al. 2001). 

When evaluating the effect of the nitrate concentration on microalgal growth, there was no 

significant effect on growth up to 1000 mg N L-1 (Fig. 3.4B). Microalgal growth was severely 

inhibited at higher concentrations, thereby confirming previous findings which showed 

inhibition of A. platensis at nitrate concentrations higher than 1400 mg N L-1 (Filali et al. 1997). 

A. platensis was able to withstand high ammonia concentrations. There was no significant 

difference in growth between 100 and 410 mg N L-1 and growth was moderately inhibited at 

1000 mg N L-1. Growth on urea was characterized by a prolonged lag phase and by lower 

maximal cell densities. No significant effect of the nitrogen concentration was thereby 

observed. These preliminary growth tests indicate that the high salinity inherent to source 

separated urine would not inhibit the growth of A. platensis. Furthermore, the superior growth 

observed with nitrate as the nitrogen source suggests that pretreatment of urine through 

nitrification is a suitable process to promote microalgal growth. 
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Figure 3. 4 Influence of the nitrogen source (A), nitrogen concentration (B) and salinity (C) on the 

growth of A. platensis. 
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3.3.2 Influence of the urine matrix on microalgal growth 

In order to further evaluate the optimal use of urine as a growth medium, the influence of the 

urine matrix on A. platensis growth was examined. When A. platensis was inoculated in real 

non-hydrolyzed urine only limited growth occurred at the highest dilution (2%; Fig. 3.5A). This 

is in agreement with Chang et al. (2013), which observed optimal growth of A. platensis at 120-

fold diluted urine. In the case of real hydrolyzed urine, no growth was observed, despite the 

addition of trace elements (Fig. 3.5B). In order to evaluate the influence of the urine matrix, the 

hydrolyzed urine was stripped to exclude ammonia toxicity and subsequently spiked with 

ammonium. Only at 50% and 33% dilution significant growth of A. platensis occurred in the 

stripped real urine. This is possible explained by the dark color of the undiluted stored urine 

that limits light penetration (Fig. 3.5C). Compared to the untreated urine solutions, nitrified real 

urine yielded the best growth and highest cell densities (Fig. 3.5D). The best result was achieved 

for a 20% nitrified urine solution (1 g N L-1), as no significant difference in growth was 

observed between the nitrified urine and the standard Zarrouk medium, although a lower final 

cell density was obtained. The optimal growth on nitrified urine compared to untreated urine 

demonstrates the additional growth benefits obtained through the nitrification pretreatment. The 

high nitrate concentrations of undiluted nitrified urine completely inhibited A. platensis growth, 

which confirms previous results. However, nitrate inhibition would be prevented when A. 

platensis is cultivated in a (semi-) continuous reactor operation, therefore potentially allowing 

biomass production on undiluted nitrified urine. 
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Figure 3. 5 Growth of A. platensis on different dilutions of male non-hydrolyzed (A), hydrolyzed (B), 

stripped (C) and nitrified urine (D) 

3.3.3 Nutrient uptake and biomass composition of A. platensis cultivated on nitrified 

urine 

The cultivation of A. platensis on nitrified urine as a pathway for nutrient recovery was further 

examined by analyzing the nutrient uptake and biomass composition in an additional batch 

cultivation experiment. When comparing the cultivation of A. platensis on 20% nitrified urine 

and standard Zarrouk medium, similar growth rates can be observed despite a 33% higher 

biomass productivity for the standard medium (Fig. 3.6). The biomass composition of A. 

platensis was compared for the two treatments in the stationary phase at the end of the 

experiment. No significant difference in the nitrogen, phosphorus, protein and carotenoid 

content was observed (Table 3.3). Considering the specific total nitrogen-to-protein conversion 

factor of 6.25 for A. platensis, a 62% protein content was obtained for the urine-grown biomass.  



  Chapter 3 

67 

 

Although the protein content of microalgal biomass is highly influenced by different factors 

such as time of harvesting and C:N ratio of the growth medium, the high protein content and 

growth rate obtained in this study confirm the excellent properties of real nitrified urine as a 

growth medium for A. platensis (Choi et al. 2003; Markou 2012). The biomass produced can 

subsequently be valorized as a high-value fertilizer or can function as a protein supplement in 

fodder (Crab et al. 2007; Mulbry et al. 2007). 

 

Figure 3. 6 Growth and nutrient uptake of A. platensis cultivated in Zarrouk medium (open symbols) 

and in 20% nitrified urine (filled symbols) 

Table 3. 3 Biomass composition per dry weight of A. platensis cultivated on nitrified urine and standard 

Zarrouk medium1 

Composition Zarrouk medium 20% nitrified urine 

N (%) 10.7±0.4 10.0±0.2 

P (%) 8.5±0.4 9.1±0.4 

Protein (%) 66.8±2.4 62.4±1.1 

Total chlorophyll (%) 1.78±0.10a 1.35±0.1b 

Total carotenoids (%) 0.31±0.04 0.26±0.03 

Ash (%) 6.87±0.17a 7.21±0.14b 

1 
Mean values and standard deviations are displayed (n =4). Sampling was performed at t=10 days and 

t=9 days for Zarrouk medium and nitrified urine, respectively. A Mann-Whitney test was performed to 

assess differences between treatments. Parameters not sharing superscripts are significantly different 

from each other (p=0.05).
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3.3.4 Practical considerations for the implementation of urine nitrification and 

subsequent microalgae cultivation 

While heavy metal concentrations are generally low in source separated urine, the presence of 

pathogens through open air cultivation requires microbial quality assurance of the A. platensis 

biomass. In the case of bacteria, standard plate counts, flow cytometry and plating for total 

coliforms can be applied, while contamination with phages can be analyzed through plaque 

assays or enzyme-linked immunosorbent assay (ELISA) (Banwart 2012). 

Furthermore, while only male urine was used in this study, the use of female urine can introduce 

hormones such as estrogens, which can potentially affect the performance of both nitrification 

and microalgae cultivation. Although little is known about the influence of hormones on these 

biological systems, previous studies indicate that the concentrations present in urine have little 

effect on the nitrification process and microalgae cultivation (Tuantet et al. 2014a; Tuantet et 

al. 2014b; Udert et al. 2015). The presence of unwanted micropollutants, such as 

pharmaceuticals or hormones, in the collected urine nevertheless requires additional processing 

of the nitrified urine prior to A. platensis production through the implementation of a chemical 

oxidation or an activated carbon unit (Udert et al. 2015). In the case of ozonation, full-scale 

experiments in a nutrient removal plant showed that this required an estimated 12 kWh kg-1 O3 

and consequently results in an increase of the total energy requirements of the biological 

nutrient removal system of 12% (Hollender et al. 2009).  

The practical implementation of urine treatment systems comes with additional issues. 

Although the high nutrient concentrations present in urine make it an ideal target stream for 

nutrient recovery, the collection and treatment of undiluted source-separated urine requires a 

different approach compared to conventional municipal wastewater treatment plants. In 

prosperous regions such as Flanders, the introduction of water-less urinals and no-mix toilets 

in high-rise buildings of cities, airports etc. allow for the collection of large volumes of source-

separated urine, which can then be treated on-site. The implementation source-separated urine 

treatment is, however, easier to introduce in regions where basic sanitation  and water and 

sewage infrastructure is absent. Urine collection and treatment equipment in for instance urban 

slums, can thereby ensure safe sanitation and provide clean water and fertilizers. This has 

already been successfully demonstrated in peri-urban and rural areas of the metropolitan area 

of Durban, South Africa (Udert et al. 2015). 
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4 Conclusions 

This study demonstrated complete nitrification of undiluted urine at high salinities and high 

nitrogen loading rates. A salt adapted nitrifying inoculum was shown to enhance the reactor 

performance and reduce the reactor start-up time. The nitrite oxidizing community showed 

faster adaptation and in both systems Nitrobacter spp. became the dominant nitrite oxidizers. 

The high salinity at which nitrification was performed suggests that this biological stabilization 

strategy can be expanded to other saline waste streams. The high growth rate and protein content 

obtained through A. platensis cultivation on nitrified urine demonstrates the excellent properties 

of nitrified urine as a growth medium for microalgae cultivation. This shows that biological 

urine stabilization through nitrification and subsequent nutrient recovery through A. platensis 

cultivation is an interesting approach for nutrient recovery from source-separated urine. 

 

Acknowledgments 

J.C. was supported by a PhD grant from the Institute for the Promotion of Innovation by Science 

and Technology in Flanders (IWT-Vlaanderen, SB-101187). S.E.V. was supported as a 

postdoctoral fellow from the Research Foundation Flanders (FWO-Vlaanderen). This study was 

also supported by the European Space Agency (ESA) and  the Belgian Science Policy 

(BELSPO) in the framework of the MELiSSA project. The authors thank Robin Declerck for 

assistance in reactor construction, Natalie Leys and the Belgian Nuclear Research Centre for 

providing the culture of A. platensis and Chiara Ilgrande for inspiring scientific discussions.



 

 

 

 

 



71 

 

Chapter 4: 

Kinetic exploration of nitrate-accumulating microalgae for 

nutrient recovery 

 

Abstract 

Within sustainable resource management, the recovery of nitrogen and phosphorus nutrients 

from waste streams is becoming increasingly important. Although the use of microalgae has 

been described extensively in environmental biotechnology, the potential of nitrate-

accumulating microalgae for nutrient recovery has not been investigated yet. The ability of 

these marine micro-organisms to concentrate environmental nitrate within their biomass is 

remarkable. The aim of this study was to investigate the application potential of nitrate-

accumulating diatoms for nutrient recovery from marine wastewaters. The intracellular nitrate 

storage capacity was quantified for six marine diatom strains in synthetic wastewater. Amphora 

coffeaeformis and Phaeodactylum tricornutum stored the highest amount of nitrate with 

respectively 3.15 and 2.10 g N L-1 of cell volume, which accounted for respectively 17.3 and 

4.6% of the total nitrogen content. The growth and nitrate and phosphate uptake of both diatoms 

were further analyzed and based on these features P. tricornutum showed the highest potential 

for nutrient recovery. A mathematical model was developed which included intracellular nitrate 

storage and the kinetic parameters were derived for P. tricornutum. Furthermore, a simulation 

study was performed to compare the performance of a proposed microalgal nutrient recovery 

unit with a conventional denitrification system for marine wastewater treatment. Overall, this 

study demonstrates the potential application of P. tricornutum for saline wastewater treatment 

with concurrent nitrogen and phosphorus recycling. 

This chapter has been redrafted after: 

Coppens J, Decostere B, Van Hulle S, Nopens I, Vlaeminck SE, De Gelder L, Boon N (2014) 

Kinetic exploration of nitrate-accumulating microalgae for nutrient recovery. Appl Microbiol 

Biotechnol 98(19):8377-8387 
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1 Introduction 

The use of microalgae has been described extensively within environmental biotechnology. 

Microalgae efficiently utilize and remove the nitrogen and phosphorus present in wastewater 

and assimilate these in valuable algal biomass (Cai et al. 2013; Craggs et al. 1997). Also the 

mitigation of flue gas can be included within the algal treatment process due to the ability to fix 

CO2 (Van den Hende et al. 2012). Depending on the supplied wastewater, the nutrient-rich algal 

biomass can subsequently be valorized as a natural food source in aquaculture or as a feedstock 

for biorefineries (Hemaiswarya et al. 2011; Wijffels and Barbosa 2010).  

In Chapter 3 the cultivation of A. platensis on nitrified urine showed to be a promising  tool for 

biological nutrient recovery. The potential of nitrate-accumulating microalgae for nutrient 

recovery has not been investigated so far. These specific types of eukaryotic diatoms have been 

described in both the pelagic and benthic zones of marine ecosystems (Kamp et al. 2011). 

Nitrate-accumulating microalgae have the capacity to store nitrate in transitory cytoplasmic 

pools in concentrations up to several grams of nitrogen per liter of (Bode et al. 1997; Dortch et 

al. 1984; Kamp et al. 2011; Lomas and Glibert 2000; Needoba and Harrison 2004). The 

intracellular nitrate is then used as a source for assimilatory nitrate reduction, enabling the 

diatoms to overcome fluctuating nitrogen concentrations in the surrounding water and hence 

support growth when environmental nitrogen is depleted.  

The ability of these specific micro-organisms to concentrate environmental nitrate within their 

biomass is remarkable and holds potential for biological nitrogen recovery in saline 

wastewaters, such as present in intensive recirculating aquaculture systems (van Rijn 2013). 

The aim of this study is to explore this potential of nitrate-storing diatoms for nutrient recovery 

from marine wastewater. A screening was performed to determine the nitrate storage capacity 

of six diatom species in synthetic wastewater. For the diatoms with the highest nitrate 

accumulation, the growth and nutrient uptake rates were further analyzed. Based on these 

features the kinetic growth and nutrient uptake parameters were derived for the best performing 

diatom species using a mathematical model. Finally, a simulation study was performed to 

compare the performance of a proposed microalgal nutrient recovery unit with a conventional 

denitrification system for the treatment of aquaculture wastewater.  
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2 Materials and methods 

2.1 Strains and cultivation 

The benthic diatom strains Amphora coffeaeformis (CCMP 127) and Nitzschia punctata 

(CCMP 561) and the pelagic strains Skeletonema dohrnii (CCMP 782), Thalassiosira 

nordenskioeldii (CCMP 995) and Thalassiosira weissflogii (CCMP 1336) were obtained from 

the Provasoli-Guillard National Center for Marine Algae and Microbiota (NCMA). The pelagic 

strain Phaeodactylum tricornutum (CCAP 1055/1) was obtained from the Flanders Institute for 

Biotechnology (VIB). In all experiments the diatoms were cultured axenically in sterile 

synthetic wastewater, modified from artificial seawater (ESAW) medium (Berges et al. 2001). 

Nitrate and phosphate concentrations were respectively 100 mg NO3
- -N L-1 and 44 mg PO4

3--

P L-1, i.e. a mass and molar N:P ratio of respectively 2.3 and 5, to prevent phosphorus limitation 

in the medium. Cultures were aerated at 0.7 Lair L
-1 medium with 0.22 µm filter sterilized 2% CO2. 

The cultivation temperature was 20°C, the pH was maintained at 8.0 – 8.2 and continuous 

illumination was provided from the top by means of cool white lamps (Osram, Dulux L) at a 

light intensity of 110 µmol photons m-² s-1. Bacterial contamination of the cultures was checked 

throughout the experiments using phase contrast microscopy. 

2.2 Quantification of intracellular nitrate 

Diatoms were cultured in 0.8 L batch tests in synthetic wastewater. Tests were performed in 

quadruplicate and growth was monitored by optical density (OD) measurement at 450 nm and 

670 nm. Intracellular nitrate storage was quantified under exponential and stationary growth 

phase. The cell disruption method was modified from Dortch et al. (1982). 50 mL of algal 

suspension was filtered on a 0.45 µm Whatman glass fiber filter. Cells were washed three times 

with 50 mL of 3% NaCl to remove extracellular nitrate. Filters were frozen at -80°C for 15 

minutes, after which cells were broken by adding three times 10 mL of hot (80°C) distilled 

water to extract intracellular nitrate. Nitrate, nitrite, ammonium and phosphate were determined 

after filtration as detailed below. Determination of the cell density was carried out using light 

microscopy with a cell counting chamber (KOVA® Glasstic, USA) at 100x magnification 

(Zeiss Axisoskop 2, Germany). The width and length of cells (n = 100) was determined at 1000x 

magnification using the image processing software tool ImageJ (Schneider et al. 2012). The 

cell volume was estimated by assuming a biconical cell shape for P. tricornutum and a 

cylindrical shape for the other five species (Kamp et al. 2011). 
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2.3 Kinetic experiments 

Growth experiments were performed for A. coffeaeformis and P. tricornutum in 0.8 L batch 

tests. Cells in exponential growth were inoculated in synthetic wastewater at a cell density of 3 

103 cells mL-1. Tests were performed during 10 days and nitrate, nitrite, ammonium and 

phosphate concentrations in the medium were measured daily. Growth was monitored daily by 

cell count (KOVA® Glasstic, USA) and cell concentrations were correlated to biomass 

concentrations by determining the dry weight (DW) content at different stages of the growth 

curve in parallel tests. Additional batch tests were performed for P. tricornutum, collected at 

the late stationary phase (t = 14 d) after spiking with nitrate to reach the maximal cell density. 

Nutrient depleted cells at an initial cell density of 4 107 cells mL-1 were spiked with nitrate and 

phosphate to a final concentration of 100 mg L-1 N and 44 mg L-1 P. The cell density and nitrate, 

nitrite, ammonium and phosphate in the medium were monitored during 3.5 days. All batch 

tests were performed in quadruplicate. 

2.4 Analytical techniques 

Nitrate, nitrite and phosphate were analyzed after sample filtration using anion chromatography 

(Metrohm 761 Compact IC, Switzerland). Ammonium (Nessler method), total Kjeldahl 

nitrogen and total phosphorus (Molybdene-Vanadate method) were determined according to 

standard methods (Greenberg et al. 1992). The total carbon and nitrogen contents of the biomass 

were determined using an elemental analyzer (ANCA-GSL PDZ Europa, UK). 

2.5 Model development and parameter estimation 

To describe the microalgal growth and nutrient uptake, a kinetic model was developed using 

the modelling and simulation platform WEST® (Vanhooren et al. 2003). The model was 

constructed based on the experimental observations and the algal kinetics model developed by 

Decostere et al. (2013). The latter describes inorganic carbon uptake, oxygen production and 

algal growth and decay and was extended in this study with nitrate and phosphate uptake and 

intracellular nitrate storage. Growth on nitrate and phosphate were expressed by a Monod 

equation (Aslan and Kapdan 2006; Baldia et al. 1991). Growth on intracellular stored nitrate 

when the ambient nitrate becomes limiting was included and defined by the same kinetics as 

direct nitrate assimilation. This growth on intracellular stored nitrate will only occur when the 

concentration of intracellular stored nitrate becomes small compared to the ambient nitrate 

concentration, as indicated by the term (
𝑋𝑆𝑇𝑁

𝑆𝑁𝑂3
−+ 𝑋𝑆𝑇𝑁

). As other nitrogen species such as 

ammonium and nitrite were not detected, only kinetics for nitrate were considered.  
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Growth limitation due to the self-shading effect was described by an empirical function, based 

on the observed growth rate which was determined by cell count (Eq. 1). The microalgal 

biomass concentration is represented by 𝑋𝐴𝐿𝐺 (g DW L-1). The biomass inhibition constant 𝐾𝑖_𝑋 

(g DW L-1) and the inhibition exponent 𝑛𝑋 were set to 1 and 10 respectively in order to describe 

the observed reduction in growth rate at higher biomass concentrations. 

𝑓(𝑋) =  
𝐾𝑖_𝑥

𝐾𝑖_𝑥+(𝑋𝐴𝐿𝐺)𝑛𝑥
  (Eq. 1) 

The nitrate storage kinetics were expressed as a function of the algal biomass concentration, the 

ambient nitrate concentration 𝑆𝑁𝑂3
− (mg NO3

--N L-1) and the nitrate storage constant  

kSTO
 (L g-1 DW d-1) (Eq.2). A nitrate accumulation limitation factor was also included and was 

based on the P-uptake model by Henze et al. (2000). This limitation factor is a function of the 

maximum nitrate uptake capacity Kcap (mg NO3
-- N g-1 DW), the microalgal biomass 

concentration and the effective concentration of nitrate stored in the algal pools 𝑋𝑆𝑇𝑁 (mg NO3
- 

-N L-1) (Table 4.1).  

𝜌𝑆𝑇𝑂
𝑁𝑂3 =  𝑘𝑆𝑇𝑂   𝑆𝑁𝑂3

−    𝑋𝐴𝐿𝐺    
𝐾𝑐𝑎𝑝

𝐾𝑐𝑎𝑝+ 
𝑋𝑆𝑇𝑁  

𝑋𝐴𝐿𝐺

    (Eq. 2) 

The half saturation coefficient for nitrate and the nitrate storage rate were fitted to the 

experimental data by using the Simplex algorithm (Nelder and Mead 1965), while the maximum 

specific growth rate µmax (1.05 d-1) and the half saturation coefficient for phosphate KPO4 (8.3 

10-3 mg P L-1) were obtained from literature (Fawley 1984; Tyrrell 1999). An overview of the 

modeled processes and the reaction rates developed in this research is given in the Gujer matrix 

of the model presented in Table 4.1. Microalgae decay, gas-liquid transfer of O2 and CO2 and 

inorganic carbon equilibrium were also incorporated in the model, but are not given in Table 

4.1 as these processes were taken over from Decostere et al. (2013). 

The goodness-of-fit between experimental and simulated values was quantified by calculating 

the Theil’s inequality coefficient (TIC), in which 𝑦𝑖 represents simulated data and 𝑦𝑚,𝑖 

represents measured data points (Eq. 3). A TIC value lower than 0.3 hereby indicates a good 

agreement between model predictions and measured data (Audenaert et al. 2010; Zhou 1993). 

    (Eq. 3) 
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Process Xalg 

(g DW.L-

1) 

𝑆𝐻𝐶𝑂3
−  

(mg 
HCO3

-

.L-1) 

𝑆𝐶𝑂2
 

(mg 

CO2.L
-1) 

𝑆𝐶𝑂3
2−  

(mg 

CO3
2-

.L-1) 

𝑆𝑂2
 

(mg 

O2.L
-1) 

𝑆𝑁𝑂3
− 

(mg 
NO3 –

N L-1 

𝑆𝑃𝑂4
3−  

(mg PO4–P 
L-1) 

𝑋𝑆𝑇𝑁 

(mg NO3–N L-1) 

Process rate 

1. Growth on 

HCO3
- and 

nutrients 
1 -1/Y1   Y3 

- 1/ 

Y4 

- 1/Y5  
µ𝑚𝑎𝑥 (

𝑆𝐻𝐶𝑂3
−

𝐾𝐻𝐶𝑂3
−+ 𝑆𝐻𝐶𝑂3

−
) (

𝐾𝐶𝑂2

𝐾𝐶02+𝑆𝐶𝑂2

) (
𝑆𝑁

𝐾𝑠,𝑁+ 𝑆𝑁
) (

𝑆𝑃

𝐾𝑠,𝑃+ 𝑆𝑃
) (

𝐾𝑖_𝑥

𝐾𝑖_𝑥+(𝑋𝐴𝐿𝐺)𝑛𝑥
)  𝑋𝐴𝐿𝐺

_ 

2. Growth on 

CO2 and 

nutrients 1  -1/Y2  Y3 

-1/Y4 -1/Y5  
µ𝑚𝑎𝑥 (

𝑆𝐶𝑂2

𝐾𝐶𝑂2
+ 𝑆𝐶𝑂2

) (
𝑆𝑁

𝐾𝑠,𝑁 +  𝑆𝑁

) (
𝑆𝑃

𝐾𝑠,𝑃 +  𝑆𝑃

) (
𝐾𝑖_𝑥

𝐾𝑖_𝑥 + (𝑋𝐴𝐿𝐺)𝑛𝑥
) 𝑋𝐴𝐿𝐺  

 

3. Microalgal 

growth on 

stored NO3 – N, 

PO4 and HCO3
- 

1 -1/Y2   Y3  -1/Y5 -1/Y4 
µ𝑚𝑎𝑥 (

𝑆𝐻𝐶𝑂3
−

𝐾𝐻𝐶𝑂3
− +  𝑆𝐻𝐶𝑂3

−
) (

𝐾𝐶𝑂2

𝐾𝐶02
+ 𝑆𝐶𝑂2

) (
𝑋𝑆𝑇𝑁

𝐾𝑠, 𝑁 +  𝑋𝑆𝑇𝑁

) (
𝐾𝑖_𝑥

𝐾𝑖_𝑥 + (𝑋𝐴𝐿𝐺)𝑛𝑥
) 

(
𝑆𝑃

𝐾𝑠,𝑃 + 𝑆𝑃

) (
𝑋𝑆𝑇𝑁

𝑆𝑁 + 𝑋𝑆𝑇𝑁

)  𝑋𝐴𝐿𝐺  

 

4. Microalgal 

growth on 

stored NO3 – N, 

PO4 and CO2  

1  -1/Y1  Y3  -1/Y5 -1/Y4 
µ𝑚𝑎𝑥 (

𝑆𝐶𝑂2

𝐾𝐶𝑂2
+  𝑆𝐶𝑂2

) (
𝑋𝑆𝑇𝑁

𝐾𝑠, 𝑁 + 𝑋𝑆𝑇𝑁

) (
𝐾𝑖_𝑥

𝐾𝑖_𝑥 + (𝑋𝐴𝐿𝐺)𝑛𝑥
) (

𝑆𝑃

𝐾𝑠,𝑃 + 𝑆𝑃

) 

(
𝑋𝑆𝑇𝑁

𝑆𝑁 +  𝑋𝑆𝑇𝑁

) 𝑋𝐴𝐿𝐺  

 

5. Storage of 

NO3 – N  

     -1  1 

  𝑘𝑆𝑇𝑂  𝑆𝑁  (
𝐾𝑐𝑎𝑝

𝐾𝑐𝑎𝑝+ 
𝑋𝑆𝑇𝑁   

𝑋𝐴𝐿𝐺

)  𝑋𝐴𝐿𝐺    

Table 4. 1 Gujer matrix for the kinetic growth model. The dark grey shaded parts refer to the processes from the model developed by Decostere et al. (2013). 

The blue shaded parts refer to the processes that were derived from literature. The remaining white parts refer to new model developments related to this paper 
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Furthermore a local sensitivity analysis was performed. The relative sensitivity function (RSF) 

was adopted to evaluate the sensitivity of the model output (concentration of nitrate, phosphate 

and algal biomass) to a change of the model parameters. The RSF was calculated out of the 

sensitivity function (SF) by the finite forward difference method with a relative perturbation 

factor of 0.1% (De Pauw and Vanrolleghem 2006). Model parameters are defined as not (RSF 

< 0.25), moderately (0.25 < RSF < 1), very (1 < RSF < 2) or extremely (RSF > 2) influential 

(Jiang et al. 2005). 
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3 Results 

3.1 Intracellular nitrate storage capacity of the diatom species 

A stepwise screening was performed to analyze which diatom species has the highest potential 

for nutrient recovery. First, the intracellular nitrate storage capacity was determined for six 

marine diatom species during both exponential and stationary growth and was normalized to 

their cell volume. A large variation in nitrate storage was observed between the different species 

(Fig. 4.1). A. coffeaeformis and P. tricornutum stored the highest amount of nitrate with 

respectively 3.15 g NO3
--N L-1 of cell volume and 2.10 g NO3

--N L-1 of cell volume. The 

capacity to accumulate nitrate was not correlated to the cell size or the habitat type (benthic or 

pelagic) of the studied diatoms. Furthermore, no significant difference (p<0.05)  in the 

intracellular nitrate concentration between the exponential growth phase and the stationary 

growth phase was observed. Although phosphate was never limiting in the medium, 

intracellular phosphate storage was not detected for any of the diatoms. Moreover, nitrite and 

ammonium were not observed to be stored intracellularly. 

 

Figure 4. 1 Intracellular nitrate storage capacity of the six diatoms during exponential growth 

Based on their nitrate storage capacity A. coffeaeformis and P. tricornutum were selected and 

their potential for nutrient recovery was further examined by analyzing growth and nutrient 

uptake of the two species. Inocula from both diatoms in their exponential growth phase were 

incubated and the evolution of the cell density and nitrate and phosphate concentrations was 

analyzed. Although both microalgae showed a similar growth curve, the nitrate uptake rate was 
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higher for P. tricornutum (Fig. 4.2). Moreover, the total nitrogen content in exponential growth 

of P. tricornutum (8.1%) was found to be higher compared to A. coffeaeformis (3.0%) (Table 

4.2). The intracellular nitrate pool of P. tricornutum only accounted for 4.6% of the total 

nitrogen content, while it accounts for 17.3% of total nitrogen for A. coffeaeformis. The initial 

decrease in phosphate concentration in both experiments is the result of precipitation rather than 

assimilation, which was visually noticeable and also shown by a small discrepancy in the 

phosphorus mass balance of 2.6 mg P L-1 (P. tricornutum) and 6.6 mg P L-1 (A. coffeaeformis) 

(Fig. 4.2 and Table 4.2). 

 

Figure 4. 2 Evolution of the cell dry weight and nitrate and phosphate concentration in the medium for 

Amphora coffeaeformis (left) and Phaeodactylum tricornutum (right) 

To enable validation of the kinetic model additional batch experiments were performed for P. 

tricornutum in which nitrogen depleted cells in the late stationary phase at maximal cell density 

(1.55 g dry weight L-1) were spiked with nitrate and phosphate to a final concentration of 100 

mg L-1 N and 44 mg L-1 P (Fig. 4.3, right). Nitrate was removed completely from the medium 

after 3 days, resulting in an increase of the total nitrogen content of the biomass by 34.2% 

(Table 4.2). Also 36% of the phosphate was removed from the medium, which increased the 

phosphorus content in the biomass by 6.4%. However, a difference of 12 mg P L-1 between the 

phosphate removed from the medium and the increase in phosphorus in the biomass indicated 

that also physicochemical precipitation occurred. 
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Table 4. 2 Biomass composition of A. coffeaeformis and P. tricornutum in exponential growth and 

stationary growth 

 Exponential growth experiment Stationary growth experiment 

 A. coffeaeformis 

(t = 2 d) 

P. tricornutum 

(t = 2 d) 

P. tricornutum 

(t = 0 d) 

P. tricornutum 

(t = 3 d) 

C (%) 18.98 ± 1.55 44.44 ± 0.78 47.07 ± 1.29 62.13 ± 2.08 

N (%) 3.03 ± 0.27 8.09 ± 0.92 7.25 ± 0.10 11.01 ± 1.49 

organic N (%) 2.51 ±0.61 7.72 ± 0.72 7.20 ±0.36 10.64 ± 1.54 

NO3
--N (%) 0.52 ± 0.07 0.37 ± 0.07 0.05 ± 0.02 0.36 ± 0.02 

NH4
+-N (%) ND1 ND ND 0.012 ± 0.003 

P (%) 0.80 ± 0.15 1.65 ± 0.21 1.60 ± 0.28 1.71 ± 0.33 

NO3
--N/TN 

(%) 

17.29 4.56 0.70 3.22 

C:N:P (mol) 61:8:1 70:11:1 86:10:1 94:14:1 

C:N (mol) 7.6 6.4 8.6 6.7 

C:N (g) 6.3 5.5 6.5 5.6 

ND1: not detected    

3.2 Kinetic parameter estimation for P. tricornutum 

A mathematical model was developed for P. tricornutum to determine the kinetic parameters 

using the results of the exponential growth experiment. Model validation was conducted using 

the stationary growth test. The half-saturation coefficient for nitrate KNO3 was estimated at 0.02 

mg N L-1 and the nitrate storage rate kSTO at 29 L g-1 DW d-1 with an negligible error (Table 

4.3). Due to identifiability issues, the values for µmax (1.05 d-1) and the half saturation coefficient 

for phosphate (8.3 10-3 mg P L-1) were chosen from literature and not estimated. Using these 

assigned values the kinetic model was able to describe the algal metabolism accurately for the 

exponential growth experiment (Fig. 4.3), as confirmed by the low TIC-values for nitrate (TIC 

= 0.02), phosphate (TIC = 0.06) and algal biomass (TIC = 0.04).  

The model validation using the stationary growth experiment showed a larger deviation, as the 

simulated environmental nitrate concentration at the end of the experiment reached 13 mg L-1 

N, instead of the experimental 0 mg L-1 N. This can be explained by an increase of the dry 

weight concentration in the system and the increase of the organic nitrogen content, which was 

unaccounted for in the model. 
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Table 4. 3 Assigned and estimated kinetic parameter values for P. tricornutum 

 

Figure 4. 3 Model simulation and experimental data of Phaeodactylum tricornutum for the exponential 

growth (left) and stationary growth experiment (right) 

In addition, a local sensitivity analysis of the kinetic model was executed in order to get an 

insight in the influence of the parameters on the model simulations (Fig. 4.4 and 4.5). The 

exponential growth experiment was used for this local sensitivity analysis and the same 

experimental conditions and (calibrated) parameter values were applied. From this local 

sensitivity analysis it became clear that mainly the relative sensitivity functions related to µmax 

were influential (RSF > 1, Fig. 4.4). Other kinetic parameters were not influential during the 

exponential growth. This stresses the need for a meticulous selection of this chosen parameter 

to be able to obtain an accurate prediction of the algal metabolism. Results showed that the 

Parameter Description Assigned value Unit 

max Max. specific growth rate (1) 1.05 d-1 

Y4 Growth yield on N (2) 14.4  g DW g-1 N 

Y5 Growth yield on P (2) 66 g DW g-1 P 

KNO3
− Half saturation coefficient for NO3

- (3) 2.0 10-2  mg N L-1 

KPO4
3−  Half saturation coefficient for PO4

3- (1) 8.3 10-3 mg P L-1 

Ki_x Biomass inhibition constant (4) 1  g DW L-1
 

nx Biomass inhibition exponent (4) 10 - 

Kcap Nitrate uptake capacity (2) 4 mg N g-1 DW 

kSTO Storage constant (3) 29  L g-1 DW d-1 

(1) assigned value from literature (Fawley 1984; Tyrrell 1999) 
(2) calculated from experimental biomass composition 
(3) parameter estimation 
(4) empirically determined based on biomass concentration 
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nitrate concentration was only influenced by the nitrate storage rate at the end of the 

experiments (t=10d) when nitrate was mostly depleted (Fig. 4.5). Furthermore, the sensitivity 

function for the half saturation coefficients for nitrate and phosphate almost equaled to zero 

during the experiment, which is explained by the high initial nitrate and phosphate 

concentrations in the synthetic wastewater. 

 

Figure 4. 4 Sensitivity function for the exponential growth experiment of μmax toward the nitrate, 

phosphate, and biomass concentrations for t =1d, t=5d and t =10d (a) and values of the different 

relative sensitivity functions at t = 10 days towards the nitrate concentration (b) 

3.3 Model-based comparison of the nutrient recovery system with a 

conventional denitrification system 

The potential for nutrient recovery of P. tricornutum was further assessed by simulating a 

microalgal nutrient recovery system using the calibrated kinetic model. The performance of the 

proposed nutrient recovery unit, which requires marine conditions, was compared to a 

conventional submerged moving bed biofilm reactor for seawater denitrification (Labelle et al. 

2005). The algal biomass concentration in the system was controlled at 1 g L-1, while both 

influent characteristics and reactor volume were derived from Labelle et al. (2005). 
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Table 4. 4 Comparison of the simulated microalgal nutrient recovery unit with a conventional seawater 

denitrification system 

Parameter Labelle et al. (2005) This study 

Influent NO3
- (mg N L-1) 53 

Influent PO4
3- (mg P L-1) 20 

Reactor volume (L) 110 

N loading rate (g N L-1 d-1) 1.3 0.04 

HRT (h) 1 36 

N removal efficiency (%) 88 92 

P removal efficiency (%) NA 55 

 

The conventional denitrification system achieved a nitrate removal efficiency of 88% at a 

hydraulic retention time (HRT) of 1 h (Table 4.4). The simulated microalgal nutrient recovery 

system resulted in a nitrate removal efficiency of 92% at a HRT of 36 h. Also a 55% phosphate 

removal efficiency was obtained. The increase of the HRT lowered the possible volumetric 

loading rate of the reactor from 1.3 g N L-1 d-1 to 0.04 g N L-1 d-1 compared to Labelle et al. 

(2005) (Fig. 4.5). A maximal algal biomass production of 109 g DW d-1 was obtained at a HRT 

of 24 h, which results in a nitrate and phosphate removal efficiency of respectively 67% and 

37% (Fig. 4.5). 

 

Figure 4. 5 Simulation of the nitrate removal, phosphate removal and algal biomass production in 

function of the hydraulic retention time in the reactor 
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4 Discussion 

A screening was performed to determine the nitrate storage capacity of six marine diatoms in 

synthetic wastewater. The applied nutrient concentrations are representative for the wastewater 

in marine recirculating aquaculture systems (RAS) (Hamlin et al. 2008; Menasveta et al. 2001; 

Suzuki et al. 2003).  The capacity to accumulate nitrate varied strongly between the diatom 

species, but was in line with values for microalgal nitrate accumulation in literature (De La 

Rocha et al. 2010; Dortch et al. 1984; Kamp et al. 2011; Lomas and Glibert 2000; Needoba and 

Harrison 2004). However, previous research was performed under ecologically relevant 

conditions, with nitrate concentrations varying from 1 mg N L-1 (Lomas and Glibert 2000) to 

13 mg N L-1 (Kamp et al. 2011), while the applied nitrate concentration of 100 mg N L-1 in this 

study is representative for aquaculture wastewaters (van Rijn 2013). This did not result in a 

larger intracellular nitrate pool (Fig.4.1). No nitrate accumulation was observed for T. 

nordenskioldii. As also a low growth rate was observed for this diatom, the lack of nitrate 

storage resulted from the suboptimal cultivation temperature for this diatom, which blooms in 

cold water habitats (2 – 15 °C) (Hoppenrath et al. 2007). A. coffeaeformis and P. tricornutum 

stored the highest amount of nitrate. The evolution of the biomass composition (Table 4.2) also 

indicates that nitrate is stored as long as environmental nitrate is not depleted. However, the 

difference in biomass composition between the two species showed that not only the capacity 

to store nitrate can vary between species, but also that its contribution towards the total nitrogen 

content is flexible. A range of 0.1 to 4% of inorganic N of the total N is typically described in 

literature (Dortch et al. 1984), yet inorganic nitrogen can account for up to 20% of the total 

cellular nitrogen (Bode et al. 1997). This is confirmed in this study by the high ratio of 

intracellular nitrate to total nitrogen of 17.3% for A. coffeaeformis (Table 4.2). 

Based on the growth and biomass composition, P. tricornutum proved to be the most suitable 

for nutrient recycling. This diatom is studied extensively in biotechnology, as it functions as a 

model organism in genomic and transcriptomic research (Fabris et al. 2012). However, most 

research concerning the cultivation of P. tricornutum focusses on nitrate and/or phosphate 

depleted conditions. In such conditions P. tricornutum is known to accumulate lipids to 

concentrations of up to 19% of the dry weight, making it a valuable resource for biofuel 

production (Chen et al. 2011; Valenzuela et al. 2013). In contrast, this study demonstrated the 

application potential of P. tricornutum in conditions with elevated nitrate and phosphate 

concentrations. In these conditions P. tricornutum reached a total nitrogen content of 8.1 to 

11.0% of the dry weight (Table 4.2). According to the specific total nitrogen-to-protein 
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conversion factors for P. tricornutum this corresponds to a protein content of 39.7 to 59.3% of 

the dry weight, which is higher than the measured 35% protein content in exponential growth 

described by Lourenco et al. (2004). The protein content is similar to that of A. platensis 

cultivated in Chapter 3  (62%), demonstrating the potential of P. tricornutum for applications 

as single cell protein (Cai et al. 2013; Habib et al. 2008).  

To determine the kinetic parameters of P. tricornutum, a mathematical model was built based 

on Decostere et al. (2013). Most microalgal kinetic models describe the photosynthetic activity 

as a function of a single factor such as light intensity, inorganic carbon or temperature (Ogbanna 

et al., 1995; Yeh et al., 2010). Only a few models take into account the combination of different 

environmental conditions (Bernard and Remond 2012; Bougaran et al. 2010; Filali et al. 2011). 

The model applied in this work includes the inorganic carbon equilibrium and uptake of 

inorganic carbon, nitrate and phosphate. For the first time intracellular nitrate accumulation was 

included to describe the algal metabolism. The parameters related to growth on nitrate and 

nitrate storage were calibrated using the experimental data and the low TIC values showed that 

a good model agreement was obtained. The derived half saturation coefficient for nitrate (0.02 

mg N L-1) is in the range of the values for diatoms obtained by Collos et al. (2005) (0.028 – 

0.14 mg N L-1) and is lower than the values of denitrification systems (0.2 – 0.5 mg N L-1; 

(Henze et al. 1986). This shows that the algal system is superior for mitigation at low nitrogen 

concentrations. 

To further assess the potential of P. tricornutum for nutrient recovery and wastewater treatment, 

a microalgal nutrient recovery unit was simulated for the treatment of aquaculture wastewater 

and its performance was compared to a conventional denitrification system (Labelle et al. 

2005). The simulation study showed that P. tricornutum can obtain the same nitrate removal 

efficiency as the denitrification reactor by increasing the HRT of the system from 1 h to 36 h, 

thereby reducing the loading rate of the system. The microalgal system on the other hand also 

results in simultaneous phosphate recovery. This valuable nutrient stays untreated in the 

denitrification reactor, which necessitates further treatment with iron or aluminum salts to 

remove it from the effluent before discharge. Also the dosage of an additional carbon source 

under the form of methanol is not required in the microalgal system. From a wastewater 

treatment perspective the algal unit is however unable to compete with the denitrification 

system due to the large reactor volume required. This restricts the system in the proposed 

configuration to treatment sites where the surface area is not constrained. Here the algal system 

is competitive with conventional periphyton beds, applied in intensive aquaculture, which 
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achieve 23% protein recovery with a hydraulic retention time of several days (Crab et al. 2007). 

This nevertheless does not consider current limitations of microalgae cultivation related to 

biomass harvesting, as the poor settling properties of microalgae require energy-intensive 

harvesting techniques such as centrifugation. In the case of wastewater treatment, the use of a 

microalgal-bacterial (MaB) consortium can resolve this through bioflocculation (Van den 

Hende et al. 2011). 

While the kinetic model accurately described the growth of P. tricornutum on nitrate and 

phosphate in batch conditions, additional research is required to further assess the feasibility of 

P.tricornutum for nutrient recovery. Future work should therefore include the observed 

flexibility of the biomass composition in the model, in order to maximize protein production 

and define the optimal biomass harvest time. In addition, the influence of real wastewater on 

microalgal growth should be examined in a continuous reactor set-up. Of all parameters 

influencing microalgae cultivation, climate conditions, however, have the largest impact on 

bioproduction (Cornet et al. 1995; Pruvost et al. 2015; Van Den Hende et al. 2014). The kinetic 

model should therefore be expanded to a realistic continuous reactor configuration such as a 

raceway pond, which also considers actual cultivation conditions, such as a natural variating 

light regimes, night/day conditions and outdoor temperature variations in order to assess the 

possible biomass productivity on large scale cultivation.  

Although nitrate accumulation is limited to saline wastewater, a large spectrum of wastewaters 

remain available which are potentially be suitable for diatom cultivation, such as nitrified urine, 

industrial wastewaters from the fertilizer or canning industry, landfill leachate or recirculating 

aquaculture systems. The algal biomass can subsequently be valorized as feed in aquaculture 

or can be commercially applied as a slow-release fertilizer  (see Chapter 6). As an organic slow-

release fertilizer, nitrate-accumulating microalgae potentially offer additional advantages, as 

the combination of organic nitrogen and nitrate improves crop growth and plant yield (Coppens 

et al. 2015).  
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5 Conclusions 

From a sustainable resource management perspective, the transition from a nutrient removal to 

a nutrient recycling approach is inevitable. This case study demonstrates the potential use of 

nitrate-accumulating diatoms for saline wastewater treatment and the production of renewable 

resources under the form of microalgal biomass. A large variation in the intracellular nitrate 

storage capacity between the different marine diatoms was observed. P. tricornutum 

demonstrated the largest potential for nutrient recovery, as it showed a high intracellular nitrate 

storage capacity of 2.1 g N L-1
cell volume and good growth characteristics. The developed kinetic 

model described intracellular nitrate storage for the first time, while it allowed to accurately 

describe P. tricornutum growth. Future research is nonetheless required to further assess the 

feasibility of P. tricornutum for nutrient recovery. Expansion of the model with the observed 

flexibility of the biomass composition and a continuous reactor set-up using real wastewater 

and a natural light regime are indispensable to illuminate the potential of these nitrate-

accumulating microalgae for nutrient recovery. 
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Chapter 5: 
 

 

Temporal separation of electron donor and acceptor as a selection tool 

for reactor enrichment of sulfide-oxidizing nitrate-reducing bacteria 

 

Abstract 
 

 

Nitrate-accumulating sulfide-oxidizing bacteria of the Beggiatoaceae family have been 

extensively described within an ecological perspective. The capacity of these bacteria to store 

both electron acceptor (nitrate) and electron donor (sulfur) intracellularly is remarkable and 

holds potential for nitrogen recovery. These bacteria currently remain uncultured, which makes 

assessing their nitrogen recovery potential challenging. The goal of this study was to enrich a 

community of sulfide-oxidizing bacteria capable of overcoming a separation of their electron 

acceptor and  electron donor. A bioreactor set-up was developed, based on the recurrent 

separation in time of nitrate as the electron acceptor and sulfide as electron donor. A dynamic 

community with high diversity and evenness was obtained, which was correlated to the cyclic 

amendments of the electron acceptor and donor during short (1–3 weeks) separations of nitrate 

and sulfide. Only during a prolonged separation (4 weeks) of the electron acceptor and donor a 

stable bacterial community was achieved. Community analysis using illumina sequencing 

demonstrated that besides sulfide-oxidizing bacteria, also a high abundance of OTUs correlated 

to heterotrophic denitrification and anammox was obtained. Most importantly, for the first time 

nitrate-accumulating sulfide-oxidizing bacteria of the family of Beggiatoaceae were cultivated 

in a reactor environment. This opens perspectives for future research to further determine the 

biotechnological potential of nitrate-accumulating bacteria for nitrogen recovery. 

 
 
 
 
 
 
 
 

This chapter has been redrafted after: 
 
Coppens, J., Roume, H., Vlaeminck, S.E., De Gelder, L., Boon, N. Temporal separation of 

electron donor and acceptor as a selection tool for reactor enrichment of sulfide-oxidizing 

nitrate-reducing bacteria. Submitted to Microbial Biotechnology
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1    Introduction 
 
The rising pressure on natural resources and increasing environmental concerns, stress the need 

for a paradigm shift in resource management towards higher resource efficiencies (Sutton et al., 

2013). The implementation of innovative technologies for nitrogen (N) and phosphorus (P) 

recovery in advanced wastewater treatment plants is in this context pivotal in order to reduce 

nutrient losses and improve nutrient use efficiencies. For concentrated waste streams, 

physicochemical processes are available which make nutrient recovery technically and 

economically feasible (Maurer et al. 2006). For low-strength waste streams, however, biological 

or physicochemical nutrient removal  processes remain the preferred  choice of treatment. 

Several microbial processes have been described which provide the potential to recover also 

low concentrations of nutrients through the microbial upgrading of inorganic nutrients to 

microbial storage compounds or biomass. In the case of phosphorus, polyphosphate-

accumulating organisms (PAOs) have already been successfully introduced in advanced 

wastewater treatment, in the form of enhanced biological phosphorus removal (EBPR) systems 

(Desmidt et al., 2015). In the case of nitrate, the biotechnological potential of nitrate-

accumulating diatoms for nitrogen recovery from saline wastewaters has been demonstrated in 

Chapter 4. 

 

Within an ecological perspective, also nitrate-accumulating bacteria have been extensively 

described (Teske & Salman, 2014). These sulfide-oxidizing bacteria (SOB) belong to the 

Beggiatoaceae family and are characterized by large cells (up to 750µm), which largely 

comprise of nitrate vacuoles and intracellular inclusions of elemental sulfur, 

polyhydroxyalkanoates (PHAs) or polyphosphate. The capacity of these nitrate-accumulating 

SOB to store both electron acceptor (nitrate) and electron donor (sulfur) intracellularly is 

remarkable and provides them with the ecophysiological flexibility to colonize specific niches 

where the electron acceptor and elector donor are spatially or temporally separated. They can 

therefore be found in oxic/anoxic interfaces such as organic-rich coastal sediments, benthic 

microbial mats and hydrothermal vents (Teske & Salman, 2014). While these slow-growing 

organisms and their intracellular storage compounds form a fascinating fundamental research 

target, they currently remain uncultured. This makes studying them and potentially applying 

them challenging. However, similar to anammox bacteria, the selective enrichment of these 

uncultured organisms can possibly be achieved in a reactor  environment when the right 

ecological niche is provided to support their metabolism through a dynamic supply of the
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appropriate substrates (Kindaichi et al., 2011). This reactor enrichment is the first stage to 

evaluate whether, similar to the diatoms described in Chapter 4, these nitrate-accumulating 

bacteria hold potential for nitrogen recovery. The goal of this study is to enrich a community of 

nitrate-reducing SOB capable of overcoming a separation of their electron acceptor and electron 

donor. A bioreactor set-up was developed, based on the recurrent separation in time of nitrate 

as the electron acceptor and sulfide as electron donor. The bacterial community and its 

metabolic activity were closely monitored in order to elucidate the impact of a prolonged cyclical 

exposure to an electron donor and acceptor on the microbial community structure.
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2    Materials and methods 
 
 

2.1   Inoculum sampling 
 

Sampling occurred on the 12th of March 2013 in the Den Osse basin of Lake Grevelingen, a 

coastal marine area in the Delta region of The Netherlands, where a high abundance of 

Beggiatoa spp. was previously reported (Hagens et al., 2015). Undisturbed organic-rich 

sediment cores (6 cm in diameter) were taken with a gravity corer (Uwitec, Austria) at a water 

depth of 34 m (51.747° N, 3.890° E), 23 m (51.749 N, 3.897 E) and 17 m (51.747 N, 3.898 E). 

The grey oxic and suboxic upper 8 cm of the sediment core samples were transferred to a 

shallow Winogradsky set-up according to Teske and Nelson (2006) for the selective enrichment 

of Beggiatoa. 

 

2.2   Reactor set-up and operation 
 

A glass packed column reactor (1.3 L) was constructed and for 50% filled with Kaldness K1 

carrier material. An upflow recirculation rate of 0.15 m h-1 was maintained using a peristaltic 

pump (Watson Marlow, USA). Sulfate-poor artificial seawater (Berges et al., 2001) was 

supplemented with 0.42 g NaHCO3  L
-1, 0.13 g L-1  KH2PO4, 0.7 g L-1  K2HPO4 and trace 

elements (Kuai & Verstraete, 1998). The artificial seawater was flushed with nitrogen gas until 

anoxic and the pH was adjusted to 7.4. During the nitrate phase, the influent was supplemented 

with NaNO3 to a final concentration of 37 mg NO3
--N L-1. During the sulfide phase, the influent 

was supplemented with Na2S.9H2O to a final concentration of 30 mg S2- L-1. The influent was 

dosed intermittently (1 min 20 min-1) at a flow rate of 0.86 L d-1  using a peristaltic pump 

(Prominent, Germany). This resulted in an initial hydraulic retention time (HRT) of 36h and a 

volumetric loading rate of 25 mg N L-1 d-1 and 20 mg S-2 L-1 d-1 during the nitrate and sulfide 

phase, respectively. The nitrate and sulfide phase were separated by a washing phase. During 

this washing phase, no recirculation occurred and the reactor was fed with artificial seawater at 

an upflow velocity of 0.15 m h-1 until all nitrate and sulfide were removed from the reactor. The 

reactor was initially operated at a cycle of one week of nitrate and one week of sulfide dosage. 

Afterwards, the reactor cycles were prolonged by extending nitrate and sulfide phases to two, 

three and four weeks. Each cycle was run four times before process conditions were modified. 

The reactor was operated for 550 days in the dark and at room temperature. No biomass was 

wasted from the reactor, except for molecular analysis and analysis of total suspended solids 

(TSS) and volatile suspend solids (VSS). Prior to reactor operation, the reactor was tested for 

gas tightness during one week using resazurin to ensure anoxic conditions.
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2.3   Quantification of intracellular nitrate 
 

The cell disruption method was modified from Dortch (1982). White microbial filaments were 

washed with N2-flushed 3% NaCl to remove extracellular nitrate. Filaments were collected with 

sterile tweezers and transferred to hot (80°C) distilled water to extract intracellular nitrate. 

Nitrate, nitrite, ammonium, and phosphate were determined after filtration. Determination of 

the cell density was carried out using stereomicroscopy. The width and length of cells (n > 500) 

was determined using light microscopy at 1,000× magnification (Zeiss Axisoskop 2, Germany) 

and the image processing software tool ImageJ (Schneider et al., 2012). Cell volumes were 

estimated by assuming a cylindrical shape of the cells (Preisler et al., 2007). Total intracellular 

sedimentary nitrate was determined according to Preisler et al. (2007). 

 

2.4   High-throughput DNA sequencing 
 

Biodiversity was analyzed using high throughput sequencing. Total DNA was extracted 

according to Vilchez-Vargas et al. (2013). The V3–V4 region of the bacterial 16S rRNA gene 

was sequenced with an Illumina sequencing Miseq v3 Reagent kit (LGC Genomics, Germany) 

using 2 x 300 bp paired-end reads and primers 341F-785R as described in Stewardson et al. 

(2015). PCRs contained 5 ng of DNA extract, 15 pmol of each forward primer 341F 5’- 

NNNNNNNNTCCTACGGGNGGCWGCAG and reverse primer 785R 5’- 

NNNNNNNNTGACTACHVGGGTATCTAAKCC in 20 µL volume of MyTaq buffer, which 

contained 1.5 units of MyTaq DNA polymerase (Bioline, USA) and 2 µl of BioStabII PCR 

Enhancer (Sigma-Aldrich, USA). For each sample, the forward and reverse primers had the 

same 8-nt barcode sequence. PCRs were carried out for 30 cycles using the following 

parameters: 2 min 96°C pre-denaturation; 96 °C for 15 s, 50 °C for 30 s, and 72 °C for 60 s. 

DNA concentration of amplicons of interest was determined by gel electrophoresis. About 20 

ng amplicon DNA of each sample was pooled for up to 10 samples carrying different barcodes. 

PCRs that showed low yields were further amplified for 5 cycles. The amplicon pools were 

purified with one volume of AMPure XP beads (Beckman Coulter Genomics, USA) followed 

by an additional purification on MinElute columns (Qiagen, The Netherlands). About 100 ng 

of each purified amplicon pool DNA was used to construct Illumina libraries using the Ovation 

Rapid DR Multiplex System 1-96 (NuGEN Technologies, USA). Illumina libraries were pooled 

and size selected by gel electrophoresis. Sequencing was performed on an Illumina MiSeq 

(Illumina, USA).
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Figure 5. 1 Rarefaction curves presenting the number of resolved OTUs against the sampling depth of 

each samples during the succession of nitrate and sulfur cycles throughout reactor operation. Samples 

are coded using the sampling time (day) and the letter N (nitrate phase) or S (sulfide phase). 

 
Bioinformatics was executed with the Mothur community analysis pipeline (Schloss et al., 

 

2009). Primers were detected and removed (allowing 2 mismatches), sequences were turned 

into forward and reverse primer orientation and were combined using the make.contigs 

command in Mothur. The use of this open-source software package involved three sequential 

steps. The first step consists of the preparation and denoising of sequences and extraction of the 

V3–V4 region. Low-quality sequences were removed and the frequency of sequencing and PCR 

errors was reduced. The sequences were first trimmed using screen.seqs command (allowing no 

base name ambiguity and a minimum-maximum read length between 402 and 428 bases). 

Sequences showing a weak alignment (allowing a maximum of twelve bases in homopolymers) 

with a V3-V4 customized SILVA seed database (v119) were removed as well as overhangs at 

both end of each sequence. The sequences were pre-clustered (allowing a maximum of 4 

mismatches per sequence) and chimeric sequences were removed using UCHIME (Edgar et al., 

2011). Sequences were classified using the RDP v10 database (trainset14_032015, allowing at 

least a bootstrap value of 80%) and sequences not identified as bacteria were removed. The 

second step of the pipeline consisted of clustering sequences into operational taxonomic units 

(OTUs). OTU binding was completed using a hierarchical clustering algorithm implemented 

within Mothur and considering a cut-off of 0.03 (Table 5.1). The third step involved assignment 

of the taxonomic information to sequences and OTUs. Singletons were removed and the vegan
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package of the R software (R version 2.13.2) was used calculating the beta diversity using the 

Bray-Curtis distance (vegdist function), while alpha diversity was determined using the 

Shannon index (diversity function) and Pielou index was calculated to determine the evenness 

of the bacterial communities (specnumber function). The beta-diversity analysis was carried out 

on randomly subsampled OTUs so that each file contained the same number of sequences 

(8032). Taxonomical identification of relevant OTUs was further performed using the database 

Nucleotide collection (nr/nt) of the NCBI (http://www.ncbi.nlm.nih.gov/BLAST) using 

BLASTn optimized for megablast with default  parameters.at the  genus level. Redundant 

discriminant Analysis (RDA) was performed to examine the impact of sulfide and nitrate on the 

bacterial communities over time. 

 

2.5   Analytical techniques 
 

DO and pH levels were measured with an HQ40d DO meter (Hach Lange, Germany) and a 

Dulcotest pH-electrode PHEP 112 SE (Prominent GmbH, Germany), respectively. Nitrate, 

nitrite,  sulfate and  phosphate were analyzed  using anion  chromatography (Metrohm  930 

Compact IC, Switzerland). TSS and VSS were determined according to standard methods 

(Greenberg et al., 1992). Ammonium and sulfide were determined with Nanocolor kits 

(Machery-Nagel, USA).

http://www.ncbi.nlm.nih.gov/BLAST
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Table 5. 1 Overview of the illumina sequencing data before quality filter (raw data), after quality filter and after clustering 

 
 

Sample Inoculum 55 days 97  days 167 days 230 days 293 days 351 days 391 days 475 days 531 days 

Total number 
of reads (raw 

24094 12524 20541 12663 16380 12753 24718 18900 13747 24869 

data)           

 

Total number 

of reads after 

 

17172 
 

8032 
 

14128 
 

9221 
 

10243 
 

9157 
 

17550 
 

13767 
 

9215 
 

18004 

quality filter           

 
Number of 

OTU after 

 
1345 

 
676 

 
1129 

 
959 

 
865 

 
895 

 
1055 

 
836 

 
663 

 
951 

clustering           

Number of 

OTU after 

read sub- 

793 641 785 852 724 820 721 641 593 648 

sampling           
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3    Results and discussion 
 
 

3.1 Batch  inoculum  enrichment of  nitrate-accumulating sulfur-oxidizing 

bacteria 

The upward sulfide flux created in the Winogradsky batch set-up resulted in an enrichment of 
 

white filaments on the sediment surface. The filaments consisted of large cells with a diameter 

of 22±2 µm and contained highly refractory intracellular sulfur globules (Fig. 5.2, left). The 

intracellular nitrate concentration, expressed per unit of intracellular volume, was 1.70±0.18 g 

N L-1
cell volume. This is in agreement with previous findings, which described intracellular nitrate 

storage up to 3 g N L-1
cell volume (Teske & Salman, 2014). According to their morphology, the 

filaments could be characterized as Beggiatoa-like SOB of the Beggiatoaceae family. After 17 

days of incubation, the white filamentous sediment surface layer was transferred to the reactor 

in order to obtain an inoculum with volatile suspend solids (VSS) concentration in the reactor 

of 2.4 g L-1. 

 

 
 

 

Figure 5. 2 Large white filamentous sulfur bacteria of the reactor inoculum (left) and the reactor at t = 

545 days (right) 

 
3.2   Bioreactor performance 

 

Microbial biomass accumulated at the bottom of the reactor throughout the period of reactor 

operation, despite the presence of carrier material in the column reactor. The reactor was 

operated at a cycle of one week of nitrate and one week of sulfide dosage from day 1 to day 55. 

During the nitrate phase no external electron donor was supplied. Over the four cycles, an 

average nitrate removal rate of 20±2 mg N L-1  d-1 (79% N removal) was obtained, with a 

concurrent sulfate production of 15±3 mg S L-1  d-1  (Fig. 5.2). For autotrophic denitrification 

with sulfur as the electron donor, a stoichiometric sulfate production of 2.52 mg SO4
2--S mg-1
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N is required (Batchelor & Lawrence, 1978). This suggests that this pathway accounted for 
 

36% of nitrate removal and additional nitrogen removal pathways, such as heterotrophic 

denitrification,  co-occurred.  During  the sulfide  phases  no  external  electron  acceptor was 

supplied. A sulfide removal rate of 17±1 mg S L-1 d-1 (88% S2- removal) was achieved. Less 

than 20% of the sulfide removed was oxidized to sulfate, indicating partial sulfide oxidation to 

sulfur was the predominant biological process. 

 

From day 57 until day 167, the duration of the nitrate and sulfide phases was prolonged to two 

weeks. High nitrate removal rates of 20±2 mg N L-1 d-1 (82% N removal) were obtained during 

the first week of nitrate dosage, but removal rates decreased gradually to 10±1mg N L-1  d-1 

(38% N removal) at the end of the nitrate phase. Sulfate production rates remained constant 

during the nitrate phase at 16±2 mg S L-1  d-1, resulting in an increase of the contribution of 

autotrophic denitrification coupled to sulfur oxidation from 32% to 68%. During the sulfide 

phase, sulfide removal decreased from 19±1 mg S L-1 d-1 during the first week to 13±1 mg S L-
 

1 d-1 at the end of the sulfide phase. Low sulfate production rates of 4.0±1.0 mg S L-1 d-1 initially, 
 

to 2.0±0.4 mg S L-1 d-1 at the end indicate that only a minor fraction (16% to 7%) was oxidized 

to sulfate. 

 

From day 168 to 335 the reactor was operated with a cycle of three weeks of nitrate and sulfide 

dosage. To reduce the risk of toxicity as a result of sulfide accumulation during the sulfide 

stage, the sulfide and nitrate loading rate were reduced by 33% to 13 mg S L-1 d-1 and 17 mg N 

L-1 d-1, respectively, by increasing the HRT of the system to 48h. A nitrate removal rate of 14±1 

mg N L-1 d-1 (78% N removal) was obtained during the first week of nitrate dosage, which then 

gradually decreased to 5.9±1.8 mg N L-1 d-1 (30% N removal) at the end of the nitrate phase. 

Similar to the previous shorter reactor cycles, sulfate production remained constant at 10±1 mg 

S L-1  d-1, which lead to an increased share of autotrophic denitrification coupled to sulfur 

oxidation from 31% to 71%. During the sulfide phase, sulfide removal rates decreased from 

19±1 mg s L-1 d-1 (97% N removal) to 14±9 mg S L-1 d-1 (76% N removal). The fraction oxidized 

to sulfate thereby decreased from 13% to 7%.



  Chapter 5 

 

 

 

 
 

 

Figure 5. 3 Reactor performance over the different feeding cycles represented by the volumetric nitrate and sulfide removal rate and sulfate production rate 
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Finally, from day 337 to 550 the reactor was operated with a cycle with a nitrate and sulfide 

phase of four weeks each. Nitrate removal rates evolved from 15±2 mg N L-1  d-1  (79% N 

removal) after the first week to 3.3±0.5 mg N L-1 d-1 (17% N removal) at the end of the nitrate 

phase. Similar to the previous cycles, an initial sulfate production rate of 13±1 mg S L-1 d-1 and 

corresponding fraction of autotrophic denitrification with sulfur as electron donor of 35% was 

obtained. However, in contrast to the shorter cycles, sulfate production rates decreased to 

7.0±0.9 mg s L-1  d-1  during the final fourth week of nitrate dosage, indicating a limited 

availability of residual sulfur in the reactor. Denitrification coupled to sulfur oxidation 

contributed for 84% of nitrate removal at the end of the nitrate phase. During the sulfide phase, 

high sulfide removal rates and low sulfate oxidation rates were maintained, similar to the shorter 

cycles. This can be partially explained by partial sulfide oxidation to elemental sulfur. While 

SOB require a high supply of sulfide, they mostly only tolerate low concentrations. In order to 

be table to oxidize the continuous flux of sulfide during the sulfide phase, partial sulfide 

oxidation to sulfur instead of sulfate occurs in order to reduce sulfide toxicity (Okabe et al., 

2005). 
 

 

While intracellular nitrate storage can partially explain sulfide oxidation in the absence of an 

extracellular electron acceptor, the high sulfide removal rates suggest additional 

physicochemical processes co-occured. Chemical oxidation with Fe3+ or precipitation with Fe2+ 

can only account for 4% sulfide removal. Alternatively, the removal of hydrogen sulfide (H2S) 

through the gas phase may have contributed to sulfide removal. Considering a pKa1 value of 

6.98 at 20°C and pH 7.4, about 28% of the sulfide in solution exists as H2S(aq) (Li & Lancaster 

Jr, 2013). When the H2S escapes from the solution to the headspace, the sulfide equilibrium in 

the solution is forced further to H2S according to Le Châtelier’s principle, thereby reducing the 

available sulfide concentration in the system significantly. Furthermore, when the sulfur mass 

balance is analyzed by comparing the sulfur amount required for sulfate production during the 

nitrate phase with the sulfide removal during the sulfide phase, an excess of 30% sulfur is left 

in the system. The decreasing sulfate production rate towards the end of the nitrate phase further 

implies H2S removal through the headspace to be an important pathway for sulfide removal in 

the reactor. 

 

3.3   Diversity, evenness and dynamics of the bacterial community 
 

Illumina   sequencing   data   showed   that   the   bacterial   community   was   dominated   by 
 

Proteobacteria (45-70%) throughout the whole period of reactor operation (Fig. 5.4A).
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Figure 5. 4 Relative abundance of the different phyla (A), classes of proteobacteria (B) and orders of 

Gammaproteobacteria (C) based on the total read abundance, throughout the reactor operation 
 

 
 

Towards  the  end  of  the  reactor  operation  an  enrichment  of  Poribacteria  (up  to  11%), 

Parcubacteria (up to 15%) and unclassified phyla (6 to 15%) occurred (Fig. 5.4A). As all SOB
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are members of the Proteobacteria, the relative abundance of the different classes within this 

phylum was further examined (Fig. 5.4C). This showed that the Proteobacteria consisted mainly 

of Gammaproteobacteria (46 to 73%). Thiotrichales (0 – 14%), the order that many SOB 

including Beggiatoa are associated with, was very abundant within this class (Fig. 5.4C). Yet, 

a large fraction (41 to 81%) of the Gammaproteobacteria remained unclassified. 

 

Analysis of the rarefaction curves at the different sampling times showed a high community 

richness throughout the period of reactor operation, with the number of OTUs varying between 

780 and 1176 (Fig. 5.1). Furthermore, a high community diversity (Shannon index) and 

evenness (Pielou index) is observed with low variation over time, despite the 530 days of reactor 

enrichment and the selective stress applied (Fig. 5.5). The bacterial community dynamics were 

further analyzed using the Bray-Curtis (BC) dissimilarity indexes (0 < BC < 1) which compare 

the sampling points with the previous time point. As a low BC specifies a strong species 

similarity between sampling points, the decreasing BC index indicates a stabilization of the 

bacterial community composition over time (Fig. 5.5). The high BC index of 0.93 after 55 days 

demonstrates that the reactor community quickly evolved from the initial inoculum. When the 

reactor was operated at cycles of one, two and three weeks of alternating nitrate and sulfide 

dosage, a BC index between 0.38 and 0.48 was obtained, which suggests a dynamic community 

composition. 

 

 
 

 

Figure 5. 5 Evolution of the microbial community diversity (Shannon index), evenness (Pielou index) 

and community dynamics represented by the successional Braye-Curtis dissimilarity indexes throughout 

the different feeding cycles. 

 
Redundancy analysis  (RDA) further illustrated that the bacterial community composition 

during this period was mainly influenced by the nitrate and sulfide phases (Fig. 5.6). For the
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first two sulfide phases (55S and 167S) a similar bacterial community was observed, which was 

mainly correlated with the sulfide phase. Similarly, the bacterial community during the first two 

nitrate phases (97N and 230N) showed a similar orientation along the bivariate component axes 

and are more associated to the nitrate phase. When the reactor cycle was prolonged from three 

weeks to four weeks of alternating nitrate and sulfide dosage, a more stable microbial 

community was obtained with a BC index below 0.25. This shows that the cycle duration, rather 

than the alternation between sulfide and nitrate dosage, has the highest impact on the community 

stability. This was confirmed by the RDA, which shows a strong correlation with time, rather 

than the supplementation of nitrate and sulfide, for the final four sampling points (351N, 391S, 

457N and 531N). 

 

 

 
Figure 5. 6 Redundancy analysis (RDA) ordination summarising the variation in the bacterial 

community composition over time, together with the impact of sulfide and nitrate cycles. Samples are 

coded using the sampling time (day) and the letter N (nitrate phase) or S (sulfide phase). OTUs 

considered for this analysis represent more than 2% of relative abundance.
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At OTU level, the RDA and Pearson correlations (P) showed that only the abundance of OTU 
 

1 was correlated with the nitrate phases (P=0.73; p-value < 0.05). The abundance of OTU 2 

(P=0.91; p < 0.001), OTU 3 (P=0.71; p <0.05) OTU 5 (P= 0.86; p<0.005), on the other hand, 

was correlated with time and not influenced by nitrate and sulfide supplementation. 

Unfortunately OTU 1 (Gammaproteobacteria) and OTU 2 (Parcubacteria) could not be 

accurately identified. 

 

3.4   Phylogeny of the bacterial community 
 

To obtain better insights in the bacterial community composition in the reactor, the OTUs with 

an abundance above 2% were blasted on NCBI. This identified several SOB. While the 

inoculum showed a high abundance of Thioprofundum lithotrophicum (OTU 24; id 96%) and 

Sulfurovum lithotrophicum (OTU 26; id 99%), the community in the reactor was mainly 

enriched with Thiomicrospira frisia (OTU 12; id 100%) and Thioalkalispira sp. (OTU 5: id 

98%; OTU 6: id 96%) (Fig. 5.7). The latter SOB was isolated from a sulfur-rich anoxic marine 

sediment to which dynamic amendments of nitrate were applied (Aoyagi et al., 2015). 

Furthermore, the central location of OTU 5 on the RDA between the nitrate and sulfide vector 

shows that the abundance over time of this SOB was not influenced by the cycles (Fig. 5.6; 

nitrate: P=0.38; p>0.1 and sulfide: P=0.04; p>0.1). This illustrates the metabolic capacity of 

this SOB to overcome the dynamic availability of nitrate as its electron acceptor. 

 

Besides SOB, a high abundance of heterotrophic denitrifiers was detected, with Psychromonas 

aquimarina (OTU 7; id 99%), Thalassobius aesturii (OTU 10; id 99%) and Hyphomonas 

jannaschiana (OTU 14; id 100%) as the most important. In addition to the stoichiometric 

comparison of the nitrate removal and sulfate production rates in the reactor, the presence of 

these heterotrophic denitrifiers suggest the co-occurrence of additional nitrogen removal 

pathways. As no organic carbon was dosed to the reactor influent, the heterotrophs possibly 

relied upon the biologically fixed carbon made available by chemolithotrophic SOB, although 

additional isotope tracing assays would be required to confirm this speculation (Aoyagi et al., 

2015). 
 

 

Remarkably, also a strong enrichment of species related to Candidatus Brocadia sp. (OTU 3; 

id 96%) occurred towards the end of the reactor operation, suggesting that autotrophic nitrogen 

removal with anoxic ammonium oxidation (anammox) functioned contributing nitrogen 

removal pathway. Ammonium was never detected during the nitrate phases, but was present in
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each cycle during the initial days of sulfide supplementation. Furthermore, the microbial 

association of nitrate-accumulating SOB with anammox bacteria has been previously reported 

(Prokopenko et al., 2013).  In contrast to the other SOB detected in the reactor, nitrate- 

accumulating SOB perform dissimilatory nitrate reduction to ammonium (DNRA). This allows 

the channelling of   metabolic substrates  to  anammox  bacteria.  In  this  manner the  close 

interaction between SOB and anammox bacteria can be responsible for up to 60% of N2 

production in coastal sediments (Prokopenko et al., 2013). However, additional research is 

required to confirm the strong speculations related to the different nitrogen removal pathways 

present  in  the reactor,  by targeting the specific genes  of these different  pathways  using 

metatranscriptomics. 

 

 
 

 

Figure 5. 7 Relative distribution of the most abundant species (taxa representing more than 2% of the 

community in at least one of the samples.) which possibly contribute to sulfur and nitrogen 

transformations. Identified OTUs have an identification percentage of minimum 96% after NCBI 

blasting. The speculated abundance of anammox, heterotrotrophic denitrification and autrotrophic 

denitrification coupled to sulfur oxidiation is represented as the sum of the species abundance correlated 

to these specific nitrogen removal pathways. 

 
Community analysis detected only a limited number of sequences (12 reads) which were 

identified as Beggiatoa sp, namely OTU 1490 (id 96%) and OTU 1771 (id 96%). Phylogenetic 

and diversity studies mostly focus on the genes encoding for the 16S rRNA because of its 

consistency and high degree of conservation. However, large sulfur bacteria of the family of 

Beggiatoaceae regularly contain self-splicing introns which can extend the length of their 16S 

rRNA  genes  from  1.5  kb  originally,  to  more  than  3.5  kb  (Salman  et  al.,  2012).  The
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discrimination of these intron-containing 16S rRNA sequences during the PCR-based illumina 

analysis can possibly explain the low abundance of Beggiatoa-related sequences (Brown et al., 

2015). 
 

 

Nevertheless, conspicuous white filaments were observed in the reactor from day 494 to day 
 

550. Microscopy analysis revealed highly motile filamentous bacteria, which were 

morphologically similar to the filaments present in the reactor inoculum (Fig. 5.2, right). 

Compared to the inoculum, the cells enriched in the reactor were smaller and had a cell diameter 

of 10±2 µm. Despite the microscopic identification, the density of Beggiatoa filaments in the 

reactor was insufficient to determine their specific intracellular nitrate storage capacity. 

However, the extraction of intracellular nitrate of the total sediment in the reactor revealed an 

intracellular nitrate pool of 3 mg NO3
--N g-1 VSS (day 545), suggesting the presence of nitrate- 

accumulating bacteria. 

 

Although microscopic analysis was performed at every sampling time, Beggiatoa filaments 

were only discovered at the end of the reactor operation, when the reactor was operated in cycle 

with a nitrate and sulfide phase of four weeks. This suggests that a prolonged separation of 

electron donor and acceptor is favorable for the enrichment of nitrate-accumulating Beggiatoa. 

Future work should therefore evaluate an extended separation of the electron donor and acceptor 

to promote the reactor enrichment of nitrate-accumulating bacteria. This is required to further 

evaluate the biotechnological potential for nitrogen recovery of these giant sulfur bacteria. 

When considering the practical application of these nitrate-accumulating bacteria for nutrient 

recovery, the treatment of saline nitrate-rich wastewaters can be considered. These sulfide-

oxidizing bacteria are therefore potentially suitable for nutrient recovery from aquaculture 

wastewater, industrial wastewaters from the fertilizer or canning industry and the nitrified urine 

obtained in Chapter 3. Sulfide can be dosed by sparging the reactor vessel with biogas, which 

concomitantly allows for sulfide removal from the biogas. For the recovery of nitrogen, 

harvesting of the nitrate-rich biomass would be the most optimal solution. The high motility of 

the filamentous biomass and their phobic response towards oxygen and sulfide could thereby 

facilitate selective biomass collection. However, most nitrate-accumulating bacteria are 

autotrophic, which means that doubling times are too high to consider nitrogen recovery through 

biomass valorization. Alternatively, the capacity of nitrate-accumulating bacteria to perform 

dissimilatory nitrate reduction to ammonium (DNRA) can be used. The ammonium produced 

through DNRA can then be captured onto zeolites and used as a slow-release fertilizer.
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4    Conclusions 
 
A selective reactor enrichment was performed of a microbial community capable of overcoming 

a dynamic separation in time of nitrate as the electron acceptor and sulfide as electron donor. A 

dynamic community with high diversity and evenness was obtained, which was correlated to 

the cyclic amendments of the electron acceptor and donor during short (1–3 weeks) separations 

of nitrate and sulfide. Only during a prolonged separation (4 weeks) of the electron acceptor 

and donor a stable bacterial community was achieved. Besides SOB, also a high abundance of 

OTUs correlated to heterotrophic denitrification and anammox was obtained. Most importantly, 

for the first time nitrate-accumulating sulfide-oxidizing bacteria of the family of Beggiatoaceae 

were cultivated in a reactor environment. This opens perspectives for future research to further 

determine the biotechnological potential of nitrate-accumulating bacteria for nitrogen recovery. 
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Chapter 6: 

The valorization of microalgae as a high-value organic slow-

release fertilizer results in tomatoes with increased carotenoid 

and sugar levels 

Abstract 

The heightened awareness concerning environmental preservation, resource scarcity, food 

safety and nutrition, has engendered the need for a more sustainable and resource-efficient 

agricultural production system. In this context, microalgae offer the potential to recover 

nutrients from waste streams and subsequently valorize the microalgal biomass a sustainable 

slow-release fertilizer. The aim of this study was to assess the valorization of microalgal 

bacterial flocs treating aquaculture wastewater and marine microalgae as an organic slow-

release fertilizer for tomato cultivation. Same plant growth was observed for the microalgal 

fertilizers and the organic control treatments. Furthermore, the microalgal fertilizers improved 

the fruit quality through an increase in sugar and carotenoid content, although a lower tomato 

yield was obtained. Microalgae therefore have the potential to valorize recovered nutrients as 

slow-release fertilizers and improve the quality and market value of high-value fruits. Further 

research is nevertheless required to optimize the microalgae-based fertilizer composition.  

 

 

 

 

This chapter has been redrafted after: 

Coppens J, Grunert O, Van Den Hende S, Vanhoutte I, Boon N, Haesaert G, De Gelder L (2015) 

The use of microalgae as a high-value organic slow-release fertilizer results in tomatoes with 

increased carotenoid and sugar levels. J Appl Phycol:1-11 
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In the light of the growing global population, rising resource scarcity and environmental 

preservation, the transition towards a more sustainable food production system is becoming 

increasingly important (Sutton et al. 2013). The implementation of innovative nutrient recycling 

technologies, green fertilizers and advanced cultivation practices is needed to further increase 

agricultural outputs, improve nutrient use efficiencies and reduce nutrient losses. Modern 

greenhouse horticulture is characterized by high crop yields and a stable year-round supply of 

high quality fruits and vegetables. This high crop output is often accompanied by the intensive 

and unsustainable use of biocides, inorganic fertilizers and soilless cultivation techniques (Vox 

et al. 2010). The heightened social awareness concerning environmental preservation, food 

safety and nutrition, has engendered an increasing consumer interest in sustainable and organic 

products (Kondo et al. 2010). Conventional greenhouse practices are therefore being reassessed 

to advance towards the implementation of high quality organic fertilizers and growing media 

that enable the production of sustainable, safe and nutritional fruits and vegetables.  

The cultivation of microalgae has been studied extensively within the field of biotechnology. 

Microalgae are a rich source of carbohydrates, lipids, proteins, pigments and vitamins and are 

therefore a valuable feedstock for cosmetics, biofuels and food and feed supplements (Spolaore 

et al. 2006). Moreover, they allow for the efficient recovery of the nitrogen (N) and phosphorus 

(P) present in wastewaters by concentrating these nutrients in algal biomass (Cai et al. 2013). 

The valorization of wastewater-grown microalgae for food or feed purposes is, however, in 

general legally restricted. Although much less studied, the microalgal biomass can instead be 

employed as an organic slow-release fertilizer (Mulbry et al. 2007; Mulbry et al. 2005). As an 

organic fertilizer, microalgae have the potential to prevent nutrient losses through a gradual 

release of N, P and potassium (K), which is attuned to the plant requirements (Mulbry et al. 

2007). Besides macronutrients, phototrophic micro-organisms also contain trace elements and 

plant growth-promoting substances such as phytohormones, vitamins, carotenoids, amino acids 

and antifungal substances (Spolaore et al. 2006). The beneficial characteristics of phototrophic 

biomass as a biofertilizer, i.e. bioactive growth-promoting amendments, have already been 

demonstrated for cyanobacteria, anoxygenic phototrophic bacteria and macroalgae (Kobayashi 

and Kobayashi 1995; Kumari et al. 2011; Tripathi et al. 2008). The application of these 

biofertilizers stimulated plant growth and increased crop yields. In addition, the cultivation of 

persimmon and tomato fruits resulted in improved fruit quality, through higher sugar and 

carotenoid concentrations in the fruits (Kobayashi and Kobayashi 1995; Kumari et al. 2011). 
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This indicates that nutrient recovery through microalgae cultivation can be subsequently 

valorized as microalgae-based fertilizers to improve the quality and market value of high-value 

fruits such as tomatoes. 

The aim of this study was to assess the valorization potential of microalgae as an organic slow-

release fertilizer for tomato cultivation. Two types of microalgal biomass were evaluated: 

microalgal bacterial flocs (MaB-flocs) from a raceway pond treating aquaculture wastewater 

(Van Den Hende et al. 2014a) and a marine culture of Nannochloropsis sp. cultivated on a 

landfill site. In a first stage, the microalgal biomass composition and N and P mineralization 

rates were determined. Subsequently, a greenhouse tomato cultivation experiment was 

performed, wherein the fertilizer potential of both types of microalgal biomass was compared 

with conventional inorganic and organic horticulture fertilizer systems. The growth rate of the 

tomato plants and the tomato yield were assessed for each fertilizer treatment, as well as the 

composition of the leaves and the water, sugar and carotenoid concentrations in the tomato 

fruits. To the authors’ knowledge, this study is the first to assess the application of microalgal 

biomass as fertilizers for greenhouse tomato production. 
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Microalgal bacterial flocs (MaB-flocs) were harvested during August 2013 from an outdoor 

raceway pond (28 m²). The raceway pond was operated as a sequencing batch reactor and 

treated wastewater from a recirculating freshwater aquaculture system for the cultivation of 

pikeperch (Sander lucioperca L.; Inagro, Roeselare, Belgium) (Van Den Hende et al. 2014a). 

Upon gravitational settling, MaB-flocs were dewatered in filter bags (150-250 �m pore size; 

Lampe, Belgium) by a hydropress (4 bar; Enotecnica Pillan, Italy). MaB-flocs were dominated 

by filamentous microalgae (Ulothrix sp. and Klebsormidium sp.) (Van Den Hende et al. 2014a). 

Table 6. 1 Elemental composition of the dried 

MaB-floc and Nannochloropsis biomass 

 MaB-flocs Nannochloropsis 

Ash (%) 67.12 23.22 

N (%) 2.44 8.07 

P (%) 0.59 1.29 

K (%) 0.18 1.36 

N:P:K 14:3:1 6:1:1 

Ca (%) 20.40 0.20 

Mg (%) 0.21 0.40 

S (%) 0.24 0.05 

Na (%) 0.03 1.34 

Fe (mg kg-1) 328 143 

Cu (mg kg-1) 7.86 11.8 

Zn (mg kg-1) 143 66.7 

B (mg kg-1) 5.65 1.16 

Mn (mg kg-1) 42.5 113 

 

Nannochloropsis oculata was obtained from Proviron (Hemiksem, Belgium) and was produced 

on a 700 m² algae pilot plant, located on a landfill site (Hooge Maey, Antwerp, Belgium).The 

microalgae were cultivated in outdoor closed flat panel photobioreactors (25 m²) in modified 
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Guillard’s f/2 marine medium, with valorization of flue gas and residual heat from the landfill 

biogas cogeneration installation (Proviron, personal communication). After cultivation, the 

algae were concentrated in a microfiltration unit and subsequently centrifuged. The dewatered 

MaB-flocs and Nannochloropsis biomass were pasteurized and dried at 70°C and subsequently 

pulverized. The elemental biomass compositions are described in Table 6.1. 
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The organic growing medium (Peltracom, Gent, Belgium) used was a nutrient-poor mixture of 

sod peat (40% v/v), Irish peat (40% v/v) and coconut fibre (20% v/v). Calcium and magnesium 

carbonate (Dolokal Extra PG, Ankerpoort, The Netherlands) were added at 2.5 kg m-3 in order 

to reach an optimal pH (H2O) of 5.5. Chemical characteristics of the growing medium (pH, 

electrical conductivity (EC), ammonium, nitrate, phosphorus, potassium, calcium, magnesium, 

sulphate, sodium, chloride, iron and manganese) were measured according to Gabriels et al. 

(1998). Physical characteristics of the growing media were measured according to EN 

13041(DIN 2012).  

��� 
	�����������������
�����
���
��������������
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The N and P mineralization rates of the dried MaB-flocs and Nannochloropsis biomass were 

determined according to (Chaves et al. 2004). The organic growing medium was mixed with 

the microalgal biomass to obtain a final concentration of 555 mg biomass-N L-1. The 

microalgae-soil mixtures were transferred to PVC tubes (diameter = 4.63 cm; filling height  

= 12 cm; bulk density = 1.4 g L-1) and distilled water was added to obtain a field capacity of 

80%. The tubes were incubated at 20 °C and samples were taken after 0, 7, 14, 21, 35, 67 and 

95 days. At each sampling time, tubes were collected in quadruplicate. A soil extraction in 

distilled water was performed for the determination of pH, EC, total ammonium nitrogen 

(TAN), nitrite, nitrate, phosphate and sulfate. A Mehlich-3 extraction was performed to 

determine the concentration of plant-extractable P (Mehlich 1984). 
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Solanum lycopersicon cv. ‘Merlice’ grafted on Solanum lycopersicum cv. Maxifort were sown 

on the 29th of October 2013 and grafted the 15th of November 2013. The plants were grown on 

slabs filled with non-sterilized organic growing medium (Peltracom, Belgium). The cultivation 

experiment consisted of four fertilizer treatments: (1) a liquid inorganic fertilizer, (2) solid 

organic fertilizer, (3) MaB-floc fertilizer and (4) Nannochloropsis fertilizer (Fig. 6.1). 
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Figure 6. 1 Overview of the tomato cultivation set-up. The set-up consists of a liquid inorganic fertilizer 

control treatment, a solid organic fertilizer control treatment, a MaB-floc fertilizer treatment and 

Nannochloropsis fertilizer treatment. 

The fertilizer demand of the plants was calculated according to commercial greenhouse tomato 

practices (Sonneveld and Voogt 2009). For the inorganic fertilizer control treatment a standard 

fertilizer solution suitable for the growth of tomato plants (Sonneveld and Voogt 2009) was 

dosed with a standard drip irrigation system. The organic fertilizer control treatment consisted 

of a commercial solid fertilizer blend SF1 (66% of N demand) and SF2 (33% of N demand) 

(Frayssinet, France), which were blended in the growing medium prior to the start of the 

cultivation experiment. SF1 was characterized by a nutrient content of 4% N, 2.2% P and 5% 

K and a mineralization coefficient of 90% mineralization after three months. SF2 had a nutrient 

content of 8% N, 2.2% P and 5% K and a mineralization coefficient of 80% after three months. 

The nutrient demand of the plants for a cultivation period of three months was added to the 

growing medium prior to the start of the experiment.  

For both microalgal treatments the microalgal fertilizer was blended with the organic growing 

medium, considering an N mineralization rate of 33% after three months. The organic and 

microalgal fertilizer treatments were amended with kali vinasses (38% K2O) and patent kali 

(30% K2O, 10% MgO and 42% SO3), respectively, to obtain a comparable macronutrient ratio 

in the growing media.  
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For each fertilizer treatment, three slabs (1.0 m × 0.2 m × 0.085 m) with organic growing 

medium were used. Three plants were grown per slab, with an interspacing of 50 cm between 

plants to obtain nine plant replicates. The fertilized slabs were incubated for one week prior to 

the plant cultivation experiment to instigate microbial activity and mineralization in the growing 

medium. The 134 days old tomato plants were planted on top of the different growing media 

on the 12th of March 2014. A drip irrigation system was used for a controlled dosage of 

rainwater. The amount of irrigation water was the same for each treatment and was set to 

achieve a minimum drain in order to prevent nutrient losses through leaching, although in 

commercial growing systems generally a drain of 30% is applied. The greenhouse was equipped 

with an automated ventilation and heating system and accommodated with movable screens for 

shading (ILVO, Melle, Belgium). Temperature was maintained at 17 °C during the night and 

above 22 °C during the day. Additional artificial lighting was provided from 8 am to 9 pm at 

50 µmol PAR m-2 s-1. 

Tomato plant growth was monitored by determining the plant height and diameter three times 

per week, just below the first leaf on the bottom of the plants. Side shoots were removed 

according to commercial practice while tomato trusses were left unpruned. Pollination of the 

flowers was done by hand. Tomato leaves were harvested on regular time intervals and analyzed 

for their length, weight, elemental composition, dry matter and ash content. Soil samples were 

taken on regular time intervals and a water extraction was performed to determine the pH, EC 

and elemental composition. Tomato fruits were harvested and the fresh weight, dry matter 

content, sugars and carotenoid concentrations were determined. 

��# $�����
	�����	��
%����

Elemental soil and biomass compositions were determined using ICP-OES (Vista-MPX, 

Varian, Australia) as described by Greenberg et al. (1992). Nitrate, nitrite and phosphate were 

analyzed after sample filtration using anion chromatography (Metrohm 761 Compact IC, 

Switzerland). Ammonium (Nessler method), total Kjeldahl nitrogen (TKN), and total 

phosphorus (TP) (molybdene–vanadate method) were determined according to standard 

methods (Greenberg et al. 1992). The chlorophyll and carotenoid content of the tomato fruits 

were determined according to Lichtenthaler (1987). Sugars were extracted according to De 

Swaef et al. (2012). Glucose and fructose were determined using HPAEC-PAD (ICS 3000, 

Dionex, USA) with a 3x150mm CarboPac PA20 analytical column. 
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A non-parametric non-paired Kruskal-Wallis test was performed and combined with an all-

pairwise multiple comparison Dunn’s test to compare tomato yields and fruit quality parameters 

(Prism 5.0, Graphpad Software, USA). Homogeneity of variances was verified with Levene’s 

test. For the physicochemical characteristics of the leaves and the growing medium a one way 

ANOVA repeated measures analysis of variance was conducted to evaluate the null hypothesis 

that there is no significant difference between the treatments. Sphericity and normality of 

dependent variables were assessed using a Mauchly test and Shapiro-Wilk test, respectively. In 

the case that sphericity was not obtained corrections were performed according to Greenhouse-

Geisser. P-values were adjusted with the Bonferroni confidence interval. Pairwise differences 

between treatments were considered significant at p<0.05. 
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A batch incubation study was performed to determine the N and P mineralization rate for the 

two types of microalgal biomass. The MaB-flocs and Nannochloropsis had an initial N 

availability of 7% and 5%, respectively (Fig. 6.2A). After 21 days, 11% and 16% of the 

biomass-N was mineralized, respectively. A final plant-available N fraction of 25% and 31% 

was obtained after 95 days for the MaB-flocs and Nannochloropsis biomass, respectively. 

Similarly, the plant-extractable P and ortho-phosphate concentrations were followed-up. An 

initial plant-extractable P availability of 53% was obtained for both biomass types. Also, an 

initial ortho-phosphate availability of 11% P for MaB-flocs and 7% P for Nannochloropsis was 

measured (Fig. 6.2B). These values did not increase significantly during the incubation period. 

 

Figure 6. 2 N and P mineralization profile of dried MaB-floc and Nannochloropsis biomass. Error bars 

indicate standard deviation. 

Both algal biomass types showed a similar mineralization profile. However, the N 

mineralization rates are lower than previously described, as algal biomass grown on manure 
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effluents showed a N availability of 25-33% after 21 days and a maximal N availability of 41% 

after 63 days (Mulbry et al. 2007; Mulbry et al. 2005). The mineralization rates are nonetheless 

within the range of commercially available slow-release fertilizers which are applied in organic 

horticulture (Stadler et al. 2006). The release of N and P from organic nutrient sources is 

strongly controlled by the soil environment. Discrepancies in mineralization rates may therefore 

be explained by differences in soil richness, moisture content, temperature and pH during the 

incubations (Agehara and Warncke 2005). The lower microbial activity in our study is reflected 

in the low nitrification activity obtained during the mineralization test, as less than 2% of the 

available ammonium nitrogen was oxidized to nitrite or nitrate. 

Furthermore, plant growth and root activity support the release of nutrients from fertilizers 

through the excretion of mobilizing substances such as organic acids (Ahmed et al. 2015). The 

prediction of the plant available nutrients is therefore more accurately described by plant uptake 

than by chemical extraction. In greenhouse production systems, where irrigation and 

temperature can be controlled, fertilizer management that considers both the nutrient source 

and soil environment can further improve the effectiveness of the chosen organic fertilizer 

materials. 
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3.2.1 Tomato plant growth 

The high concentration of calcite (CaCO3) precipitates present in the MaB-flocs (Van Den 

Hende et al. 2014a) resulted in an increase in the calcium concentration and pH of the growing 

medium compared to the control treatments. The marine Nannochloropsis biomass resulted in 

elevated sodium, sulfate and chloride concentrations and an increased EC of the growing 

medium (Table 6.3). The ammonium concentration of the Nannochloropsis and the MaB-flocs 

treatment were comparable to the organic control treatment, but higher than the inorganic 

control. For both microalgal fertilizers, a higher phosphorus concentration was obtained in the 

growing medium. There was no significant difference between the growth rate of plants grown 

on the algal fertilizers and the organic fertilizer. Compared to the organic and algal fertilizers, 

the conventional inorganic growing system revealed a faster initial plant growth (Fig. 6.3), 

which is attributed to the readily available inorganic nutrients and the presence of nitrate as the 

predominant nitrogen source (Sonneveld and Voogt 2009). The faster plant growth is confirmed 

by the higher mean plant length (162.5 ± 3.8 cm), i.e. the average plant length over the duration 

of the cultivation experiment, in comparison to the organic treatment (145.6 ± 3.8 cm), MaB-
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flocs treatment (143.2 ± 17 cm) and Nannochloropsis treatment (139.2 ± 3.8 cm). Nevertheless, 

there was no significant difference in the final plant height for the inorganic fertilizer, MaB-

flocs and Nannochloropsis treatment (Fig. 6.3). Growth suppression due to ammonia toxicity 

therefore did not occur. Also, no significant difference was observed in mean stem diameter 

and the number of trusses between the different treatments. 

Table 6. 2 Characteristics of the organic growing medium for the different fertilizer treatments during 

the experiment. Mean values and standard error of means over the different treatments are displayed of 

five sampling points (day 1, 22, 36, 62 and 90). Bonferroni-corrected p-values are calculated for the 

effect of fertilisation strategy and time on the chemical characteristics of organic growing media in 

tomato plants (n =3) per treatment and per time point. Factors which do not share superscripts are 

significantly different from each other (p=0.05). 

 Inorganic 

fertilizer 

Organic 

fertilizer 
MaB-flocs Nannochloropsis 

pH 5.73±0.07 c 5.58±0.07 c 7.25±0.07 a 6.11±0.07 b 

EC  (µS cm-1) 86.3±50.8 b 504.1±50.8 a 243.3±50.8 b 657.9±50.8 a 

NO2
--N (mg L-1) 0.16±0.08 b 0.22±0.08 ab 0.56±0.08 a 0.18±0.08 b 

NO3
--N (mg L-1) 7.2±0.5 a 1.9±0.5 c 5.3±0.5 ab 3.7±0.5 bc 

NH4
+-N (mg L-1) 

2.8±1.6 b 34.4±1.6 a 36.3±1.6 a 37.0±1.6 a 

P (mg L-1) 
10.5±10.8 b 43.6±10.8 b 243.7±10.8 a 167.0±10.8 a 

K+ (mg L-1) 
25.2±37.6 c 302.8±37.6 ab 140.5±37.6 bc 465.7±37.6 a 

Ca2+ (mg L-1) 
678±1113 b 665±1928.2 b 12986±1113 a 603.7±1113 b 

Mg2+ (mg L-1) 
184.5±28.8 b 232.3±20.4 ab 197.5±16.6 b 319.8±20.4 a 

SO4
2- (mg L-1) 

202.7±114.2 b 1131.1±114.2 a 180.5±114.2 b 983.4±114.2 a 

Na+ (mg L-1) 
45.5±18.5 b 122.5±13.1 b 73.0±10.7 b 256.5±13.1 a 

Cl- (mg L-1) 
32.4±16.4 b 57.1±16.4 b 41.4±16.4 b 258.2±16.4 a 
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Figure 6. 3 Growth curve of the tomato plants for the different fertilizer treatments. Error bars indicate 

standard deviation. 

Leaf analysis showed a significantly higher nitrogen content for the algal fertilizer treatments, 

which demonstrates the good nitrogen fertilizer properties of the algal fertilizers (Table 6.3). 

Additionally, a lower ash content of the tomato plant leaves was observed for both algal 

fertilizer treatments throughout the experiment. The MaB-floc fertilizer resulted in a 

significantly lower magnesium and potassium content of the leaves (Table 6.3). This deficiency 

was visually noticeable as interveinal chlorosis and can be attributed to the relatively high 

calcium concentration in the algal biomass, which can inhibit the uptake of magnesium and 

potassium (Jakobsen 1993). A minor magnesium deficiency is nevertheless common in 

greenhouse horticulture and rarely results in yield reduction. Although the high pH of the MaB-

floc fertilizer could lower the plant availability of micronutrients, no symptoms of micronutrient 

deficiencies were observed. 

The Nannochloropsis treatment resulted in lower calcium concentrations in the tomato leaves. 

Calcium deficiency is often the result of water stress and can therefore be attributed to the 

elevated salt concentrations of the marine microalgal biomass, since absolute calcium levels 

did not differ from the controls (Table 6.2). Also, the high magnesium content can induce 

calcium deficiency, as the same plant absorption sites are shared for the uptake of calcium, 

magnesium, and potassium (Papadopoulos 1991). No significant difference in iron (Fe), copper 

(Cu) and zinc (Zn) content was observed between treatments. These results show that with 

regard to plant growth, both the MaB-flocs and marine Nannochloropsis biomass can replace 

conventional inorganic and organic fertilizers. 
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Table 6. 3 Leaf characteristics for the different fertilizer treatments during the experiment. 

Mean values and standard error of means over the different treatments are displayed of four 

sampling points (day 22, 36, 60 and 90). Bonferroni-corrected p-values are calculated for the 

effect of fertilisation strategy and time on leaf length, fresh and dry weight and chemical 

characteristics of leaves in tomato plants (n =3) per treatment and per time point. Factors which 

do not share superscripts are significantly different from each other (p=0.05). 

 
Inorganic 

fertilizer 

Organic 

fertilizer 
MaB-flocs Nannochloropsis 

Leaf length (cm) 40.7±1.1   40.6±1,1  37.8±1.1  42.2±1.1 

Leaf fresh weight (g) 20.7±1.2  19.8±1.2  19.3±1.2  23.5±1.2  

Leaf dry weight (%) 18.2±0.6 a 19.0±0.6 a 20.8±0.6 a 16.3±0.6 b 

Ash (% DM) 17.78±0.38 b  16.11±0.38 b 13.56±0.38 a 12.64±0.38 a 

N (% DM) 2.83±0.11 c 3.84±0.11 b 4.7±0.11 ab 5.05±0.11 a 

P (% DM) 0.42±0.26 b 0.72±0.26 a 0.79±0.26 a 0.71±0.26 a 

K (% DM) 46.00±3.96  30.95±3.96  21.46±3.96  37.50±3.96  

Ca (% DM) 27.21±1.09 a 21.56±1.09 bc 25.96±1.09 ab 12.54±1.09 a 

Mg (% DM) 6.2±0.2 b 7.2±0.2 a 5.2±0.2 b 7.1±0.2 a 

Zn (% DM) 0.040±0.004  0.039±0.004 0.039±0.004  0.034±0.004  

Mn (% DM) 0.15±0.16 a 0.12±0.16 ab 0.11±0.16 bc 0.05±0.16 c 

Fe (% DM) 0.064±0.004  0.053±0.004 0.050±0.004  0.055±0.004  

Cu (% DM) 0.014±0.005 0.005±0.005  0.003±0.005  0.002±0.005  

B (% DM) 0.02±0.02 b 0.32±0.02 a 0.29±0.02 a 0.01±0.02 b 

 

3.2.2 Tomato fruit yield 

There was no significant difference in the number of fruits between treatments. A lower tomato 

yield was nevertheless obtained for the algal treatments compared to the inorganic and organic 

systems (Fig. 6.4). Also a higher incidence of blossom-end rot was observed for both the 

organic and algal fertilizers. The fresh weight of the red tomatoes was significantly higher for 

the conventional inorganic fertilizer treatment, but no difference was observed between the 

organic and algal treatments (Fig. 6.5A). 

A lower marketable yield and fruit size in tomatoes has been commonly observed under salt 

stress conditions (Magán et al. 2008). The lower yields in this study can therefore be attributed 

to the osmotic pressure caused by an increased salinity of the organic and algal fertilizers, which 

limits the water flux to the developing fruits. Also differences in nitrogen availability can 
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impose stress, as plants grown on ammonium tend to grow smaller fruits and are more affected 

by blossom-end-rot than plants grown on nitrate. The adverse effects of an increased supply of 

ammonium as a nitrogen source are also associated with a lower calcium and magnesium uptake 

(Borgognone et al. 2013), which was observed in the elemental leaf composition for the 

Nannochloropsis and MaB-floc fertilizers (Table 6.3). 

 

Figure 6. 4 Tomato yield per plant for each fertilizer treatment subdivided in the weight of green, red 

and blossom-end rot-affected tomatoes per plant. Error bars indicate standard deviation. 

3.2.3 Tomato quality 

Tomato fruits grown on Nannochloropsis and MaB-flocs had a 34% and 20% higher dry weight 

content, respectively, compared to the inorganic fertilizer treatment; whereas no difference 

between the inorganic and organic fertilizer treatment was observed (Fig. 6.5B). Furthermore, 

both algal fertilizers resulted in significantly higher sugar concentrations in the fruits (Fig. 

6.5C). The Nannochloropsis-grown tomato fruits had a glucose concentration that was 18% 

higher than the organic and 33% higher than the inorganic fertilizer treatment. The MaB-floc 

fertilizer resulted in a 23% higher glucose concentration compared to the inorganic fertilizer. 

For the Nannochloropsis-grown tomatoes, a 21% higher fructose concentration was observed 

compared to those grown on inorganic fertilizers. The higher sugar concentrations observed 

confirm the importance of reduced nitrogen forms such as ammonium or organic nitrogen to 

improve the tomato fruit taste (Heeb et al. 2005). 
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Figure 6. 5 Fresh weight (A), dry weight (B), sugar (C) and carotenoid (D) content of red tomato 

fruits for the different fertilizer treatments. Error bars indicate standard deviation. Significant 

differences amongst fertilizer strategies are indicated with a different letter. 

The most remarkable improvement in fruit quality was observed for the carotenoid content (Fig. 

6.5D). Tomatoes grown on MaB-flocs contained 70% more carotenoids than in the inorganic 

fertilizer treatment and 44% more than in the organic fertilizer treatment. The effect of the 

Nannochloropsis fertilizer was less profound, but still a 36% higher carotenoid content was 

obtained compared to the inorganic fertilizer treatment. These observations confirm the 

stimulating effect of phototrophic biomass on the sugar and carotenoid content of fruits 

(Kobayashi and Kobayashi 1995; Kumari et al. 2011). Moreover, it is in line with other 

findings, in which the inclusion of MaB-flocs as an aquaculture fodder supplement resulted in 

an increased red pigmentation of white Pacific shrimps (Van Den Hende et al. 2014b). 
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Globally, tomato is one of the most produced vegetables, ranking second after potato (Kumari 

et al. 2011). This illustrates the economic and nutritional importance of this crop. The increased 

sugar and carotenoid concentrations obtained with the algal fertilizers indicate the potential of 

microalgae-based fertilizers to increase the quality and economic value of tomato fruits. 

Carotenoids play an important role in many plants during photosynthesis, the protection against 

photooxidative stress and attraction of insects. The amendment of microalgal biomass can 

therefore also have beneficial effects for other high-value plants. Comparable to tomatoes, 

microalgal fertilizers can improve the value of peppers (Capsicum annuum), while they can 
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also be implemented in flower cultivation, as carotenoids induce the typical yellow and orange 

color in for instance roses (Lachman et al. 2001).  

Nevertheless, the difference in fruit yield compared to the conventional horticulture fertilizers 

indicates that a more optimal fertilizer mixture is required to combine high quality fruits with 

satisfactory yields. The importance of nitrate to stimulate plant growth and fruit yield suggests 

that conventional fertilizers should be employed as the main source of macronutrients, while 

the addition of microalgal biomass could improve the market value of the products. Although 

further research is required to assess the optimal amount of microalgae to be amended to the 

fertilizers, previous findings related to the application of phototrophic organisms as 

biofertilizers suggest that the microalgal biomass can already have beneficial effects on crop 

output at a 10% concentration (Kumari et al. 2011; Tripathi et al. 2008). Microalgae-based 

fertilizers can therefore partake in the transition of conventional greenhouse practices towards 

an Integrated Plant Nutrition System (IPNS). This integrated cultivation concept combines and 

optimizes the use of inorganic, organic and biofertilizers to sustain desired crop productivity 

with a minimal impact on the environment (Chen 2006). The beneficial effects obtained in this 

study demonstrate the potential of microalgal fertilizers to give an added value within this 

sustainability framework. Also in organic horticulture, conventional organic fertilizers can be 

amended with microalgal biomass in order to improve fruit quality, while preserving the 

sustainable organic cultivation practices.  
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The use of advanced nutrient recycling technologies and green fertilizers is pivotal in the 

transition towards a more sustainable and resource-efficient food production system. This study 

demonstrates that microalgal biomass can be valorized as an organic slow-release fertilizer for 

tomato cultivation. The microalgal fertilizers thereby improve the quality of the fruits produced 

through an increase in the sugar and carotenoid content of fruits. Further research is required to 

assess the optimal fertilizer mixture which allows to combine high quality fruits with 

satisfactory yields. 
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Chapter 7: 

General discussion 
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1 General discussion 

The goal of this doctoral study was to provide a roadmap towards circular nutrient management 

using a biological approach. Five research chapters were elaborated in this study, which aimed 

to investigate and connect different aspects related to biological nutrient recycling: nutrient 

quantification, recovery and valorization.  

In Chapter 2, a substance flow analysis for N and P identified and quantified the anthropogenic 

nutrient fluxes, stocks and hot spots throughout the economy and environment in Flanders. This 

resulted in a comprehensive description of the different economic and ecologic processes 

involved in N and P cycling and showed that the predominant nutrient fluxes were located 

within the food supply chain. Intensive livestock production was shown to result in low overall 

nutrient use efficiencies and significant nutrient losses to the environment and waste streams. 

This study identified and quantified the valorization potential present in manure, organic waste 

from the food industry, sewage treatment sludge and ashes from incineration. Nevertheless, 

additional local data mapping of large waste processing facilities is required to facilitate 

decision-making regarding on-site nutrient recovery. 

Nutrient recovery was the subject of the studies discussed in Chapters 3, 4 and 5. Domestic 

wastewater accounts for 30% of the N and 16% of the P fluxes in waste streams in Flanders. 

The majority of the nutrients originates from urine, which makes it an interesting target stream 

for nutrient recovery. In Chapter 3 it was demonstrated that nitrification of source-separated 

urine is a promising strategy to ensure biological and chemical stabilization of this nutrient-rich 

stream. This allows for further processing to enable nutrient and/or water recovery. The high 

salinity at which nitrification was performed in this study further suggests that this biological 

stabilization strategy can be expanded to other saline waste streams, such as industrial 

wastewaters from the fertilizer industry and mineral concentrates produced during manure and 

digestate treatment. The implementation of urine source separation is currently limited due to 

the expensive infrastructural changes that this requires. In the light of increasing urbanization, 

source separation can be feasible for waste collection in large living areas, when sufficiently 

large fluxes are available to make nutrient recovery economically feasible. Although not studied 

in this doctoral work, also partial nitrification is an interesting pathway, as this allows for the 

development of innovative inorganic fertilizer products such as ammonium nitrate, which is 

highly desired by farmers. Furthermore, the work in Chapter 3 demonstrated that the nitrified 

urine solution can function as a growth medium for the cyanobacterium A. platensis. This 
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biological recovery strategy upgrades the value of the N and P nutrients by concentrating them 

in a valuable microbial product which can be valorized as a fertilizer, feed or food constituent. 

The data shown in Chapter 4 further demonstrated that nitrate-accumulating diatoms can be 

applied for saline wastewater treatment with concurrent nitrogen and phosphorus recycling. 

Further research using a non-axenic cultivation in real wastewaters is required to highlight the 

potential of these nitrate-accumulating microalgae for nutrient recovery. The process of nitrate-

accumulation for nitrogen recovery was further evaluated in Chapter 5 using sulfide-oxidizing 

bacteria. This demonstrated that a non-axenic reactor cultivation of these organisms is possible. 

Further enrichments of these organisms would be required to assess whether their 

implementation in wastewater treatment is feasible.  

Finally, in Chapter 6 the valorization of recovered microalgal biomass was evaluated as an 

organic slow-release fertilizer. This showed that microalgal fertilizers improved the fruit quality 

of tomatoes and can potentially be used as a high value fertilizer. Additional research is required 

to optimize the microalgae-based fertilizer composition. 

The research described Chapters 2 to 6 of this doctoral study mainly discussed the technical 

features related to nutrient recovery. In this general discussion, additional aspects associated 

with nutrient recycling are further discussed. The nutrient recovery strategies assessed in the 

previous chapters are evaluated and compared with other recovery strategies for their economic 

and energetic feasibility, and environmental impact. In addition to nutrient valorization as a 

fertilizer, this discussion provides a speculation on nutrient valorization as microbial feed and 

food. The legislative bottlenecks and issues related to public acceptance are thereby considered. 

Finally, the possible implications of the results obtained in this study are discussed in the light 

of biological life support. 
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2 Economics, legislation and user acceptance of recovered fertilizers 

The demand for organic and inorganic N, P, and K fertilizers is growing annually by 1.3 %, 2.0 

%, and 3.7 %, respectively (FAO 2012). Fertilizer prices rise with the global demand for 

fertilizers, which makes the use of recovered fertilizers more attractive from an economic 

standpoint. Additionally, the global fertilizer market is highly volatile. The local production of 

recovered fertilizers can establish an independency from import and fluctuations in the global 

fertilizer market supply. In this thesis an organic fertilizer was produced in the form of 

microalgae. In addition, partial nitrification of urine can produce a valuable inorganic 

ammonium nitrate fertilizer. In the next section a comparison will be made between these two 

fertilizers and current state-of-the-art recovery technologies, both in terms of energy use and 

economic cost 

2.1 Economic evaluation of recovered fertilizers 

For physicochemical recovery, the production of ammonium sulfate (stripping/scrubbing) and 

struvite (precipitation) was evaluated, as these technologies are fully developed and have 

already been implemented at full scale (Table 1.1). Ammonium nitrate remains the preferred 

inorganic fertilizer of farmers in the EU. For this reason also the recovery of ammonium nitrate 

through partial nitrification and consecutive distillation was assessed, as this technology has 

already been demonstrated during pilot scale testing (Udert et al. 2015; Udert and Wachter 

2012). The recovered inorganic fertilizers are also compared to the use of microalgal biomass 

as a recovered organic fertilizer (Chapter 6). Annex II contains detailed referencing on the 

different data sources, calculations and assumptions related to the production costs of the 

different recovered fertilizers (Tables S5-9). 

In the case of nitrogen, only the recovery of ammonium sulfate by stripping is currently 

energetically and economically competitive, when compared to the production of conventional 

ammonium nitrate fertilizers (45 MJ and € 0.90 kg-1 N) and nitrogen removal through 

nitrification/denitrification (64.4 MJ kg-1 N) (Amer et al. 2011; Maurer et al. 2003; van Eekert 

et al. 2012). For the recovery of ammonium nitrate, the concentration stage using vapor compact 

distillation, which is required to obtain a marketable product, is too energy intensive to be 

implemented as a sustainable and economically competitive alternative for conventional 

inorganic fertilizer production and biological nitrogen removal. 
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Table 7. 1 Overview of the energy and economic cost of different recovered inorganic fertilizers and a 

microalgal fertilizer. Annex II contains detailed energetic and economic calculations for the different 

recovery technologies 

Recovery technology Energy 

(MJ kg-1 N) 

CAPEX 

(€ kg-1 N) 

OPEX  

(€ kg-1 N) 

Total cost 

(€ kg-1 N) 

Ammonia stripping 88 0.51 1.09 1.60 

NH4NO3 production 235 2.18 5.59 7.77 

Struvite production 283 MJ kg-1 P € 3.94 kg-1 P € 3.80  kg-1 P € 7.74  kg-1 P 

Microalgal fertilizer  2335 267 717 984 

 

In the case of phosphorus, struvite recovery is not competitive with traditional superphosphate 

fertilizers (18 MJ and € 3.40 kg-1 P) and P-removal in wastewater treatment through Al-dosage 

(101.6 MJ kg-1 P) (Amer et al. 2011; Gellings and Parmenter 2004; Maurer et al. 2003). 

Although struvite is currently unable to compete with conventional P-fertilizers in open-field 

crop production systems, its characteristics as a controlled- and slow-release (CSR) inorganic 

fertilizer make it an attractive alternative for high-value ornamental and horticultural 

applications.  

When considering the production of microalgal fertilizers, the economic evaluation of an 

outdoor raceway pond for microalgae cultivation specifies a microalgal production cost of € 26 

kg-1 biomass. Considering the biomass composition and a 33% N mineralization of the 

microalgal biomass (Chapter 6), a fertilizer cost of € 984 kg-1 fertilizer-N is obtained (Table 

7.1, Table S1 and S11 in Annex II). This limits the application to horticulture systems, where 

they provide an added value by improving the quality and market value of high-value products.  

The productivity of micralgae cultivation is strongly influenced by climate conditions. While 

the economic assessment in this study considers biomass production in the Netherlands, better 

climate conditions such as found in the south of Spain, can improve productivity from 21000 

kg 37000 kg DW/ha, thereby reducing the production cost by 43% (Norsker et al. 2011). 

Similarly, production costs can be reduced when microalgae are produced on-site in unused 

greenhouse space of the horticultural producers. The availability of artificial lighting and 

heating would thereby improve productivity and potentially reduce the costs for wastewater 

treatment. 
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In order to further elucidate the economic potential of microalgal fertilizers, a scenario analysis 

was performed for greenhouse tomato cultivation. 

2.2 Scenario analysis of microalgal fertilizers for greenhouse horticulture 

applications 

The economic feasibility of microalgae-based fertilizers for horticultural applications was 

assessed was assessed through different fertilizer scenarios. Microalgae were thereby combined 

with conventional inorganic and organic horticulture fertilizers for greenhouse tomato 

cultivation. Annex II contains detailed referencing on the different data sources, calculations 

and assumptions related to the costs of microalgae production (Tables S11), costs of greenhouse 

tomato cultivation (Table S1) and the different fertilizer scenarios (Table S2). 

Commercial inorganic NPK fertilizers have a market value of € 7.9 kg-1 N, while organic slow-

release fertilizers SF1 and SF2 have a market value of € 10.5 kg-1 N and € 7.3 kg-1 N, 

respectively (Table 7.2). This indicates that microalgal biomass is not economically competitive 

with commercial horticulture fertilizers when applied as the main nitrogen fertilizer source. 

Table 7. 2 Price overview of different inorganic and organic fertilizers applied in greenhouse 

horticulture and the cost for microalgae production 

Fertilizer Price (€/kg) Reference 

Inorganic NPK fertilizer 

(14% N, 7% P, 15% K) 

1.1 Peltracom (personal 

communication) 

K2SO4 (43% K) 0.65 Peltracom (personal 

communication) 

Organic slow-release 

fertilizer SF1  

(4% N, 2.2% P, 5% K) 

0.42 Peltracom (personal 

communication) 

Organic slow-release 

fertilizer SF2  

(8% N, 2.2% P, 5% K) 

0.58 Peltracom (personal 

communication) 

Kali vinasse (32% K) 0.88 Peltracom (personal 

communication) 

Microalgae  

(8% N, 1.3% P, 0.2% K) 

26 This study 

 



  General discussion 

133 

 

A cost assessment of greenhouse tomato cultivation shows that tomato production using 

inorganic and organic fertilizers comes at a total production cost of € 0.73 kg-1 fruit and € 1.10 

kg-1 fruit, respectively (Fig. 7.1). Labor contributes 38% and is the predominant cost factor, 

while fertilizers only account for 3% to the total production cost. The low economic impact of 

the use of fertilizers therefore allows more expensive fertilizers to be incorporated if an 

economic added value can be delivered through superior fruit quality. 

On average, the economic value of auctioned organically grown tomatoes is 33% higher than 

those obtained through conventional inorganic cultivation (Auction Hoogstraten SCRL (2015); 

Provincial center for crop cultivation, Kruishoutem, personal communication). In the case 

where a comparable price would be obtained for tomatoes grown on inorganic and microalgae-

based fertilizers, microalgae could be blended in for up to 17% of the nitrogen demand of the 

plants while remaining economically competitive (Fig. 7.1). The amendment of 10% of the 

nitrogen demand of the plant as a microalgal fertilizer to a conventional inorganic fertilizer 

system could potentially combine the improved plant growth of nitrate-based inorganic 

fertilizers with the beneficial effects on fruit quality of microalgae. This system would result in 

a 34% increase of the production cost. Although is still to be tested in practice, the higher 

production cost may be balanced by the added market value due to improved taste and 

pigmentation which could allow to charge a premium price similar to organic produce. 

It is important to highlight that this economic evaluation does not take into account the 

additional savings which can be obtained within the greenhouse cultivation system through on-

site microalgae production. The production of microalgae allows for the recovery of excess 

nutrients present in the greenhouse effluents, thereby reducing discharge to the environment 

and enabling the reclamation of water for further use. Additionally, the utilization of unused 

greenhouse space for indoor microalgae cultivation would stimulate microalgal growth through 

the availability of artificial lighting and heating. This would improve production yields and 

hence reduce the total production costs. The recycling of greenhouse wastewaters would thus 

not only reduce the dependency of inorganic fertilizers, but also generate revenues from unused 

greenhouse space and wastewater treatment facilities.  
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Figure 7. 1 Cost of different fertilizer mixtures of microalgae and inorganic and organic fertilizers and 

the respective production cost of the tomato fruits. The dotted line indicates the average auction price 

of organically grown tomatoes in 2013-2014 (€ 1.16 kg-1; PCG, personal communication) 

Microalgae-based fertilizers also offer advantages within a larger sustainability framework. In 

contrast to nutrient-rich waste streams such as manure, microalgal biomass can function as a 

stable, predictable, transportable and concentrated fertilizer product. This allows it to be 

introduced in modern greenhouse horticulture. Furthermore, the additional plant growth-

promoting characteristics of the microalgal biomass demonstrate that nutrient recovery through 

microalgae cultivation give an added value compared to the direct application of waste streams 

on cropland (Mulbry et al. 2007). The production of microalgal biomass from waste streams 

could therefore transform waste nutrients into high-value fertilizers with commercial relevance 

in greenhouse horticulture systems. 

2.3 Regulations for novel recovered organic and inorganic fertilizers  

The market introduction of recovered organic fertilizers such as microalgae and inorganic 

fertilizers such as ammonium sulfate and struvite is subjected to legislation on national and EU 

level. The recognition of fertilizers in Europe is determined by the EU Fertilizer Regulation 

2003/2003, which contains a list of approved fertilizers (EC 2003). While ammonium sulfate 

fulfils the fertilizer quality requirements and is designated as an EC-approved inorganic 

fertilizer, struvite is not included in the list of approved fertilizers. 

According to the European Organic Regulations (EC 834/2007, 889/2008 and 1235/2008) the 

application of algal, fungal and bacterial biomass products is allowed in organic horticulture, 
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regardless of the means of production. Other organic fertilizers face different definitions across 

the EU. This implies that fertilizers have to be registered as fertilizer products in individual EU 

Member States. In Belgium, an individual exemption must be approved by the Belgian Federal 

Public Service Public Health, which considers the product description, composition, and 

application, together with the production legislation of the neighboring countries (Belgisch 

Staatsblad 2013). 

Current fertilizer legislation constrains the market placement of innovative recovered fertilizers 

in the EU. However, the EU Fertilizer Regulation 2003/2003 (EC 2003) is currently under 

discussion and an updated version is expected to be implemented by 2017 (Vincent Delvaux, 

DG Grow, personal communication). The future EU regulation will include inorganic, organic, 

organo-mineral and bio-based fertilizers, as well as plant-growth stimulating additives. 

Fertilizer products are thereby forced to comply with European quality and safety criteria of the 

EU Fertilizer Regulation. This will facilitate market placing and remove the current EU trade 

barriers for innovative organic fertilizers such as microalgae and recovered inorganic fertilizers. 

In this context, the European Consortium of Organic-Based Fertilizer Industry (ECOFI) has 

proposed European quality and safety criteria for organic fertilizers, organic soil improvers and 

organo-mineral fertilizers (ECOFI 2014). Both types of microalgal biomass tested in Chapter 6 

meet the ECOFI quality criteria related to organic carbon and nutrient content. The presence of 

heavy metals, pathogens and organic contaminants is yet to be determined.  

An improved coherence, harmonization and interpretation of the legal framework is still 

required to facilitate economic valorization of products which recycle nutrients from waste 

streams. Currently, nutrients recovered from waste streams remain subject to End of Waste 

(EoW) criteria of the Waste Framework Directive (EC 98/2008; EC (2008b)). Individual EU 

member states are responsible for the national End of Waste criteria, thereby limiting 

international trade of recovered products. Recovered inorganic products also remain constricted 

by the European chemical regulations (REACH; (EC 2006)), which do not allow these products 

to be introduced to the market as inorganic fertilizers. Furthermore, in the case of nutrients 

recovered from agricultural waste streams such as manure, also the Nitrates Directive (EEC 

676/91; EEC (1991b)) and Animal By-Products Directive EC 1069/2009; EC (2009b) and EC 

142/2011; EC (2011)) have to be considered, as these restrict the market placement of the 

recovered fertilizer products. The introduction of uniform product standards for recovered 
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products and legislative mechanisms that encourage nutrient recycling are essential to improve 

agricultural nutrient recycling. 

2.4 User acceptance of recovered fertilizers 

For any technology or product, the end-user decides upon its fate by adopting or rejecting it. 

Because of its early stage of development, little knowledge is available regarding the market 

acceptance of microalgal fertilizers. High production costs and legislative acceptance in organic 

horticulture is most likely to reduce the application of microgalgal fertilizers to niche markets 

of organic horticulture where it can be used as a biofertilizer or plant-growth stimulating 

additive for the production of premium quality products. 

In the case of recovered inorganic fertilizers, a recent farmers survey in eight European 

countries assessed the market potential of recovered fertilizers (Tur Cardona et al. 2015). The 

study showed that less than 10% of Belgian and European farmers were familiar with struvite, 

while ammonium sulfate was known by about 65% and 35% of Belgian and European farmers, 

respectively. Also the willingness to pay was evaluated for these fertilizers. In the case of 

struvite, farmers were willing to pay 43% of the market price of a conventional diammonium 

phosphate fertilizer. For ammonium sulfate, farmers were only willing to pay 7% of the price 

of traditional calcium ammonium nitrate. This demonstrates that farmers value the nutrients 

recovered fertilizers lower than conventional inorganic fertilizers. Farmers are only willing to 

use recovered fertilizers if they show similar characteristics to the traditional fertilizers. In order 

to be competitive, recovered fertilizers would therefore have to be cheaper and characterized 

by a granular form, readily available nutrients, guaranteed nutrient content and hygienic 

conditions (Tur Cardona et al. 2015). 

Considering the high economic cost of fertilizer recovery, regulatory restrictions and the low 

willingness to pay for the recovered fertilizers, one can conclude that the fertilizer market is not 

ready for the currently available recovered products. Additional efforts are therefore required 

to facilitate the market placement of novel recovered organic and inorganic fertilizers. This 

includes the integration of recycling strategies into farm supply distribution systems, improve 

understanding by farmers through education and training and support fertilizer compatibility 

with existing fertilizer equipment and practices. The different stakeholders of the agro-food 

chain such as policy makers, waste management facilities, fertilizer producers and farmers 

should therefore be included in nutrient management order to obtain a successful integration of 

sustainable recovered fertilizers that meet the market demands (EU Horizon 2020 2015). 
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3 Enhanced nutrient recycling through fodder and food production 

The production of recovered organic and inorganic fertilizers is the most straightforward 

pathway towards nutrient recovery. However, the low nutrient use efficiency and high nutrient 

emissions associated with crop and animal production emphasize the need for a paradigm shift 

in the food supply chain towards higher nutrient use efficiencies (Chapter 2). Lowering personal 

animal protein consumption and investing in alternative protein sources is thereby essential. 

Microorganisms such as microalgae, yeasts and bacteria are characterized by high protein 

contents, rapid growth and maximal nutrient uptake efficiencies compared to higher plants. This 

makes them an appealing alternative for conventional protein sources, as they increase 

recycling efficiencies and potentially decrease the arable land use and fresh water needs in the 

food production chain. 

Nutrient recovery through microbial biomass production and the subsequent valorization as 

food or fodder constituent is however restricted to waste streams without fecal contamination 

due to safety and regulatory considerations (see 3.4.3). This can nonetheless be resolved 

through the inclusion of physicochemical nutrient recovery technologies, such as ammonia 

stripping and struvite precipitation, which function as a source of low-grade inorganic fertilizers 

and form a physical barrier from the waste streams (Matassa et al. 2015). This approach, which 

allows for the upgrading of recovered inorganic nutrients, is still to be explored in practice. In 

the following section the energetic, economic, environmental and regulatory aspects of 

enhanced nutrient recycling through fodder and food production are assessed. Annex II contains 

detailed referencing on the different data sources and calculations for the different scenarios. 

3.1 Energetic and economic assessment of enhanced nutrient recycling 

The possibility of SCP production was assessed by evaluating four different microbial 

production platforms, namely aerobic ordinary heterotrophic bacteria (OHO), hydrogen-

oxidizing bacteria (HOB), purple non-sulfur bacteria (PNSB) and microalgae, with recovered 

ammonium sulfate and struvite as N and P source. Indoor production was considered in addition 

to the outdoor cultivation of phototrophic PNSB and microalgae, as an alternative to 

conventional greenhouse horticulture (Table 7.3). The energy expenditure of microbial 

recycling technologies is larger, as these processes require energy-intensive reactor 

cultivations. The influence of the fertilizer source, either recycled ammonium sulfate and 

struvite, or de novo production of SCP based on conventional inorganic fertilizers, is limited 

(Table S24). From an energy perspective, the production of OHO and outdoor microalgae 
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cultivation is most attractive, as indoor cultivation demands for artificial lighting, whereas the 

production of HOB requires energy intensive electrolysis for H2 production. It should be noted 

that even in the case of the latter, the usage of sustainably produced electricity can lower the 

environmental impact of SCP, whereas the energy involved in Haber-Bosch fertilizer 

production is mainly derived from natural gas. 

Table 7. 3 Energy and economic costs of nutrient recovery using different physicochemical and 

microbial recovery technologies. Annex II contains detailed calculations regarding the different 

recovery technologies 

Recovery technology Energy 

(MJ kg-1 N) 

CAPEX 

(€ kg-1 N) 

OPEX  

(€ kg-1 N) 

Total cost 

(€ kg-1 N) 

OHO 510 0.72 4.59 6.24 

HOB 3204 1.20 24.91 26.27 

PNSB (outdoor) 707 6.39 36.38 42.77 

PNSB (indoor) 1277 38.59 23.21 61.80 

Microalgae (outdoor) 531 47.43 129.13 176.56 

Microalgae (indoor) 4498 97.02 98.70 195.72 

     

The production cost of microbial protein varies from € 6.24 kg-1 protein-N for OHO production, 

to € 196 kg-1 protein-N for indoor algae cultivation. Microbial protein sources are currently 

unable to compete with inexpensive fodder by-products such as soybean meal (€ 4.71 kg-1 N) 

(Bank 2015) when applied as a bulk fodder ingredient. However, creating an independency 

from import and fluctuations in the global market supply also has an economic value. In this 

case SCP production provides an additional benefit as it is season and climate independent and 

therefore allows for year-long production (Matassa et al. 2015). 

In addition to a high protein content, microbial biomass contains minerals, vitamins, 

carotenoids or organic storage compounds such as polyhydroxybutyrate (PHB), resulting in a 

high nutritional value (Anupama and Ravindra 2000). The use of microbial single cell protein 

can potentially replace the unsustainable use of fishmeal (€ 19.87 kg-1 N) as a high-value 

protein-supplementing source for fodder (Aas et al. 2006; Bank 2015). In the case of 

microalgae, exergy analysis (EA) and life cycle assessment (LCA) have demonstrated that 

microalgal feed could be more sustainable in resource use than conventional fish feed (Taelman 

et al. 2013). 
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Microbial SCP derived products can also be used as food supplement for human consumption. 

Meat substitutes derived from mycoproteins, as well as food supplements such as Spirulina, are 

already commercially available. The production of pork meat comes with a production cost of 

€ 42 kg-1 protein-N, considering carcass weight (4.18% N) (Afolayan et al. 2002; Coppens et 

al. 2013; Hoste 2011). This indicates the economic potential of microbial protein. 

Although this strategy has nog been investigated within the framework of sustainable nutrient 

management, the production of high-value compounds from microbial biomass can be an 

alternative for its application as feed or food constituents. The bioproduction of valuable 

metabolites such as long-chain polyunsaturated fatty acids (PUFAs) and pigments for instance, 

has resulted in the application of microalgal extracts in pharmaceuticals and cosmetics (Gong 

et al. 2011). This strategy increases the economic value of the recovered microbial biomass and 

can overcome the current socio-economic and regulatory limitations of single cell protein 

production. 

3.2 Impact of nutrient recycling on the energy demand of the food supply 

chain related to nutrient management 

The energetic and economic costs of the different recycling technologies do not take into 

account savings related to the reduced need for inorganic fertilizers and conventional waste 

management practices. The impact of the recycling of inorganic fertilizers and food- and 

fodder-grade SCP was therefore further evaluated by assessing the influence on the energy 

demand of the total food supply chain related to nutrient management. This considers the energy 

requirements for N and P fertilizer production and wastewater treatments in food industry, 

manure processing and sewage treatment plants, but does not taken into account additional cost 

which are not related to nutrient management, such as transportation, fertilizer application etc. 

The recycling of the current excess of liquid manure, agro-digestate, food industry wastewaters 

and digestate from activated sludge was included; as they technologically allow for nutrient 

recovery as ammonium sulfate or struvite. In Flanders, these waste streams have a combined 

nutrient load of 2.54 kg N cap-1 yr-1 and 0.67 kg P cap-1 yr-1 and the recycling of these nutrients 

would permit to replace 10% and 17% of the applied N and P fertilizers, respectively (Chapter 

2). 

Using this approach, the food supply chain has an overall primary energy demand of 222 MJ 

kg-1 food-N (Table S25), with livestock production the main contributor with a share of 86%. 

If the chosen excess waste streams would be applied directly on arable land as a fertilizer for 
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fodder or food production, the energy requirements of the total food supply chain would lower 

by 8% and 14%, respectively (Fig. 7.2). This does not take into account the environmental costs 

of inefficient manure application, nor the legal restrictions in Flanders which do not allow this 

recycling pathway.  

The recycling of a combination of ammonium sulfate and struvite, or ammonium nitrate and 

struvite, would allow for a more controlled fertilizer application. These two recycling strategies 

would result in an increase of the total energy requirements of 5% and 18%, respectively, when 

applied for food-grade crop production. The impact of microbial recycling technologies on the 

food supply chain is considerably larger, as these processes are more energy intensive compared 

to conventional crop production. 

 

Figure 7. 2 Impact of different nutrient recycling technologies on the energy requirements of the food 

supply chain related to nutrient management. The dashed line represents the current energy requirement 

of the food supply chain when considering fertilizer production and waste management. Annex II 

contains detailed calculations regarding the different scenarios. 

 

3.3 Environmental evaluation of conventional and microbial protein 

production 

In addition to energy, key metrics such as resource demands and emissions to the environment 

determine the overall environmental cost related to food production. In order to assess the 

environmental impact of conventional animal protein production, the nutrient, fresh water and 

arable land requirements, as well as greenhouse gas (GHG) and Nr emissions were compared 

with microbial protein production (Table 7.3). The industrial production of microbial protein in 

a controlled bioreactor configuration couples high production rates and yields with high nutrient 
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use and water recycling efficiencies, while emissions to the environment are minimized 

(Matassa et al. 2015). The low fodder conversion efficiencies related to livestock production 

result in a land usage which is a factor 1000 higher for the average animal protein intake and 

an N and P demand which is 6 and 7 times higher, respectively. As livestock production is also 

characterized by a high water usage, important savings for fresh water can be acquired. This 

provisional calculation highlights the sustainability potential of SCP, with higher energy costs 

being affordable in view of the leveraging profits related to high savings in water and land usage 

and lower greenhouse gas emissions. Detailed life cycle assessment of full-scale SCP 

implementations will determine whether indeed these expectations hold. 

Table 7. 4 Resource use for conventional animal protein and microbial single cell protein production 

 

3.4 Quality and regulatory aspects of microbial food and feed 

3.4.1 Safety and quality control of microbial food and feed constituents  

The production of microbial protein allows for the valorization of byproducts and waste streams 

and can form a sustainable alternative for conventional animal-derived protein sources on the 

 N usage 

(kg N kg-1 

protein-

N)a 

P usage 

(kg P kg-1  

protein-

N)a 

Water usage 

(m³ kg-1  

protein-N)a 

Land usage 

(m² kg-1  

protein-N)a 

GHG 

produced 

(kg CO2 kg-1  

protein-N)b 

Nr release 

(kg N kg-1  

protein-N)c 

Beef 24.4 3.39 231 20625 1250 5.69 

Pork 5.6 0.79 24 687 250 3.84 

Poultry 2.6 0.46 12 750 125 2.81 

Mixed 

protein dietd 

7.1 1.02 47 3297 339 3.75 

OHO 1.1 0.15 0.16 0.00 3.3 0.00 

Microalgae 

(outdoor) 

1.1 0.15 0.39 3.17 1.4 0.01 

HOB 1.1 0.15 0.18 0.00 78 0.04 

PNSB 

(outdoor) 

1.1 0.15 0.39 0.16 19 0.01 

a  data for meat products is obtained from Eshel et al. (2014) and Metson et al. (2012). A theoretical 90% nutrient 

use and water recycling efficiency is assumed for meat production 
b data for meat products is obtained from Eshel et al. (2014). GHG produced by SCP production is based on 

electricity consumption for SCP production, ammonia stripping and struvite production and considers the average 

CO2 production from  EU electricity production (0.35 kg CO2 kWh-1; Carma (2015)) 
c data for meat products is obtained from Pierer et al. (2014). Nr release for SCP production is calculated from 

NOx emissions from EU electricity production (0.5 g NOx kWh-1; Eurelectric (2010)) 
d average animal protein diet in Belgium: 54% pork, 33% poultry and 13% beef (FOD Economy 2014) 
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feed and food market. As for all feed and food products, the quality and safety of microbial 

protein products have to be strictly controlled. Producers of microbial protein therefore have to 

demonstrate the non-pathogenicity and the absence of toxic compounds and health hazards in 

order to comply with European, national and regional legislations (van der Spiegel et al. 2013).  

Some safety aspects, such as the presence of allergens or toxins, are intrinsic to the specific 

microbial protein source and can therefore be safeguarded through microbial species selection. 

Additional hazards are process-specific and are controlled through production conditions. This 

is for instance important for microalgae and cyanobacteria, which are mostly cultivated in open 

raceway ponds and are therefore sensitive to microbial contamination (van der Spiegel et al. 

2013). The cultivation of microbial biomass on waste streams forms an additional hazard, as 

waste streams often have a variable composition and can introduce heavy metals, toxins and 

pathogens in the production process. The different safety and quality requirements for  t for 

feed (EC 2002) and food (EC 2008a) should therefore be taken into account during product 

development. Furthermore the introduction of novel microbial feed and food constituents is 

subject to additional European and national legislation. The quality requirements in the case of 

the production of A. platensis as a food supplement in France are found in Table 7.5 

Table 7. 5 Quality requirements for A. platensis for use as food supplement in France (EC 

2008a; Koru 2012).  

Parameter Concentration 

Protein (%) 55-65 

Chlorophyll A (mg/100g) >500 

Standard Plate Count (CFU/g) <100 000 

Total Coliforms (CFU<g) <10 

Staphylococcus aureus (CFU/g) <100 

Salmonella enteriditis  Negative 

Pb/Cd/Hg (ppm) 3/1/0.1 

 

3.4.2 Legislation related to microbial feed  applications 

For feed purposes, algae, bacteria, yeasts and derived products are included in the European 

Catalogue of feed materials (EC 68/2013; (EC (2013)) and can therefore be included in animal 

feed in the EU. For instance, the cyanobacterium A. platensis (Chapter 2) and the microalga 

Nannochloropsis (Chapter 6) can be used in animal fodder and aquaculture feed. 



  General discussion 

143 

 

Microbial biomass grown directly on wastewater is excluded from feed applications (EC 

767/2009; EC (2009a)). This does not exclude the use of on-site process water, as wastewater 

must be discharged to qualify as a waste stream (EC 91/271; EEC (1991a)). In this manner, 

recovered microbial biomass can still be produced and valorized on-site as a feed constituent. 

This offers opportunities for microalgal feed produced on the aquaculture effluents in 

recirculating aquaculture systems (Van Den Hende et al. 2014). The use of microbial biomass 

produced on streams associated to the digestive tract, such as manure or urine is nevertheless 

prohibited from feed applications according to the Animal By-Products Directive (EC 2009a). 

The introduction of recovered inorganic fertilizers such as ammonium sulfate and struvite, 

which allow for a physical separation of the microbial biomass and the waste streams, can 

potentially resolve this. This requires that the recovered inorganic nutrients are themselves 

excluded from the Animal By-Products Directive and the End of Waste criteria (see 2.3). 

Regardless of the restrictions mentioned above, the quality requirements of the microbial 

biomass regarding toxins, pathogens and heavy metals have to be ensured according to the 

specific guidelines of EC 32/2002 in order to secure the safety of the feed and food supply chain 

(EC 2002). 

3.4.3 Legislation related to microbial food applications 

Foods and food ingredients consisting of or isolated from micro-organisms, fungi or algae must 

comply with the EC Novel Food Regulation regarding Novel Foods (EEC 258/97; EEC (1997)). 

This implies that the selected microbial product belongs to the list of granted microbial species.  

The cyanobacterium A. platensis, which was cultivated in Chapter 3 of this study, is enlisted in 

the Novel Food Catalogue and is commercialized as a nutritional supplement.  

Prior to being allowed as a food commodity on the EU market, an authorization application 

must be filed at the level of an individual Member State, which verifies whether the novel food 

is not nutritionally disadvantageous and whether it complies to the food quality specifications 

regarding potential hazards such as heavy metals, pesticides, pathogens or toxins according to 

EC 629/2008 (EC 2008a). In Belgium, the scientific assessment of Novel Foods is executed by 

the Superior Health Council. After national authorization and if no objections are made by the 

EC or other Member States, the product may be placed on the EU market. Authorization is 

however only granted to individual applicants, which constraints the market placement of 

microbial food constituents. This indicates the need for a centralized authorization procedure at 

EU level which facilitates a fast market placement of innovative and sustainable microbial 

foods, while safeguarding public health. 
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3.5 Public acceptance of microbial foods 

Consumer acceptance plays a key role in the market placement of recovered microbial food 

constituents. The increasing consumer awareness related to human health, animal welfare, 

livestock epidemics and environmental conservation have resulted in a rising consumer demand 

for alternative protein sources (Malav et al. 2015). This is demonstrated by the successful 

marketing of mycoprotein, such as QuornTM, as a microbial-based alternative for meat (Quist 

2013). As sales in the US and EU grew by 30% and 9%, respectively in 2014, this microbial 

product is now a commercially competitive protein alternative which is widely available in 

supermarkets and restaurants (Quorn 2015). Additionally, the market demand for microbial 

food constituents based on microalgae or cyanobacteria for usage as a food supplement and 

natural food colorant has been growing. The demand for A. platensis extracts as a food 

supplement or natural food colorant exhibits an estimated compound annual growth rate of 

14%, mainly because of its approval by the US Food and Drug Administration (FDA) for usage 

in bakery applications (Flanders' Food 2015; FMI 2015). These successful microbial food 

constituents can play a catalytic role in the market placement of innovative microbial foods. 

Research related to the consumer acceptance of recovered microbial food products, obtained 

through the implementation of nutrient recovery from waste streams is limited. However, the 

limited public acceptance of recycled potable water suggest that specific information, 

communication and marketing will be required to enhance public awareness and consumer 

acceptance (Dolnicar et al. 2011; Siró et al. 2008). The perceived health and nutritional benefits, 

absence of health risks and high sustainability associated with the microbial products are key 

communication factors to facilitate its acceptance as a valid alternative for animal-derived 

protein (Ronteltap et al. 2007; Siegrist 2008). Furthermore, the production of a finished 

marketable food product, such as a QuornTM burgers, can stimulate positive product evaluation. 

To enable this, the involvement in the product development process of other shareholders, such 

as food processing industry and retailers, is essential (Whitley 2010). 

3.6 Implications for biological life support systems 

On Earth, the implementation of nutrient recovery technologies remains limited due to 

economic and legislative constraints. However, in remote and resource-limited environments, 

such as the case during long duration human space missions, these concerns are less pressing. 

In these conditions the re-supply of food and water is restricted. The presence of a life support 

system, which enables the regeneration of oxygen, recycling of water and processing of waste 
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streams, is therefore essential with a circular nutrient recovery a nessecity. In this context the 

European Space Agency (ESA) designed a Micro-Ecological Life Support System Alternative 

(MELiSSA) (Godia et al. 2002; Mergeay et al. 1988). This nutrient recycle system consists of 

a sequence of four treatment compartments (Figure 7.3). In the first compartment solid waste 

is fermented by thermophilic anaerobic bacteria, which results in the production of volatile fatty 

acids (VFA), CO2 and ammonium. In the second compartment the VFA are transformed into 

edible biomass using the photoheterotroph Rodospirillum rubrum. Afterwards the nitrifying 

third compartment converts toxic levels of ammonia/ammonium into nitrate, which enables the 

effluent to be used as a nutrient source for the photautotrohopic compartment four. This fourth 

compartment contains a higher plant unit and a photobioreactor unit destined for A. platensis 

cultivation and provides both food and oxygen for the crew.  

 

Figure 7. 3 The four compartments of the Micro-Ecological Life Support System Alternative 

(MELiSSA; ESA (2015)) 

Although urine is collected separately during space missions, currently no separate urine 

treatment unit is implemented in the MELiSSA loop, as it is assumed that the high salinity of 

source separated urine inhibits nitrification and dilution is therefore required to assure stable 

nitrification. The source-separated urine is therefore to be fed to the first compartment or the 

third compartment. This doctoral study demonstrates that full nitrification of undiluted urine 
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can be achieved (Chapter 3). The implementation of a separate urine treatment unit would offer 

several benefits for the life support system.  

Considering that MELiSSA has been designed for space exploration, the stability of the system 

is a key aspect in order to assure long-term functionality. In this respect, the choice of a defined 

nitrifying community assures both functional and compositional stability, as well as cabine 

crew safety. Considering the high salinity which characterizes a urine nitrification system, the 

implementation of a separate urine treatment unit would in this context reduce the chance of 

invasion of the synthetic microbial community. Additionally, a separate urine nitrification unit 

would reduce the nitrogen load of the other biological compartments, thereby improving 

process stability through a more stable influent composition, reduced salinity and risk of 

ammonia toxicity.  

Furthermore, urine nitrification allows for the long-term storage of the solution. The high COD-

removal efficiency (96%) and conversion of the ammonium to nitrate results in a chemically 

and biologically stable solution which is suitable for long-term storage. The characteristics of 

the nitrified urine also make it more compatible with membrane-based water recovery systems. 

A urine nitrification unit can therefore be implemented as part of a water recycling unit. This 

would require additional processing steps such as ultrafiltration (UF), electrodialysis (ED) and 

reverse osmosis (RO) to remove contaminants and ions from the solution and ensure cabin crew 

safety. Providing the use of special ED membranes, this would allow in-situ caustic production, 

which is required for pH control of the nitrification system. 

A separate urine treatment unit also offers advantages towards optimization in the plant 

compartments. The high concentrations of both macro- and micronutrients present in urine 

makes it a balanced fertilizer solution. In this thesis, it was demonstrated that A. platensis 

cultivation on nitrified urine results in excellent growth characteristics and a high protein 

content of the biomass, with limited dilution. A separate urine treatment unit is advantageous 

for microbial protein and oxygen production. In life support systems, hydroponic systems are 

the preferred cultivation method for higher plants, as they allow a precise control of water and 

nutrient supply without the risk of microbial contamination. Although still to be demonstrated, 

the nitrified urine can be used as a balanced and stable hydroponic solution to supply nutrients 

and water to the plant compartment. Overall, the implementation of a separate urine treatment 

unit has the potential to optimize the current biological life support system concept. Further 

research is needed to evaluate the impact on the other compartments and the requirements of 

post-processing technologies to ensure cabin crew safety. 
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4 Conclusions 

The rising pressure on natural resources stress the need for a paradigm shift in resource 

management towards higher resource efficiencies. The nutrient flow analysis presented in 

Chapter 2 of this work revealed the low nutrient use efficiencies and high losses of nutrients to 

waste streams and the environment which are characteristic to current food production and 

consumption. Nevertheless, this also highlighted the large potential for improving nutrient use 

efficiencies through the recovery of nutrient-rich waste streams in waste management. Chapters 

3 and 4 demonstrated that microbial processes for the stabilization of waste streams through 

nitrification and the subsequent recovery and upgrading of nutrients through microalgae 

cultivation have the technological potential to be implemented in waste management facilities 

for nutrient recovery. The results of Chapter 6 demonstrated that the microbial product can be 

valorized as a high-value fertilizer. These technologies currently cannot compete with 

conventional fertilizer use and nutrient removal in waste management when considering the 

energetic and economic aspects related to nutrient recovery technologies. Legislative constrains 

also limit trade and market placement of the recovered fertilizer products, while the consumer 

demand and willingness to pay for the recovered fertilizer products is insufficient. Large 

improvements in nutrient use efficiencies and environmental impacts can be obtained through 

the valorization of recovered microbial biomass as feed or food constituents. Considering the 

novelty of this strategy, further research is required in order to evaluate the technological and 

socio-economic feasibility of this strategy. A regulatory framework should be developed which 

allows for the market placement of these microbial products, whilst safeguarding the quality 

and safety of the food supply chain. 
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Abstract 

Resource-efficient nutrient management is key to secure food production in the context of a 

growing global population, rising resource scarcity and increasing pressure on the environment. 

The recycling of nitrogen and phosphorus from wastewaters is seen as a necessary element of 

sustainable resource management. Currently there is a lack of a holistic approach that connects 

the different sections associated with nutrient management. The goal of this study was to 

provide strategies towards circular nutrient management using a biological approach. Five 

research chapters were elaborated in this study, with the aim to investigate and connect different 

aspects related to biological nutrient recycling: nutrient quantification, recovery and 

valorization.  

To map the potential towards increased nutrient use efficiencies and reduce environmental 

losses, a high-resolution insight of the nitrogen (N) and phosphorus (P) nutrient streams is 

pivotal. Regions with a surplus of nutrients form an interesting focus, as they  possess a large 

potential towards N and P recycling in concentrated waste streams, while they require 

mitigating measures to reduce the negative effects of nutrient overloads to the environment. In 

Chapter 2, a substance flow analysis for N and P was presented for the nutrient intensive region 

of Flanders, in Belgium. A set of 160 nutrient fluxes was quantified throughout 21 economic 

and environmental compartments, including a particular focus on 10 waste management 

processes. The emissions to the environment resulted in a nutrient footprint of 20 kg N cap-1 yr-

1 (ca. 73% to the air and 28% to surface waters) and 0.53 kg P cap-1 yr-1 (to surface waters), 

with crop and livestock production as the main contributors (49% of N and 36% of P). The food 

supply chain revealed a fertilizer-to-consumer efficiency of 14% for N as well as for P, with 

important losses embedded in waste streams such as excess manure, wastes of the food industry 

and activated sludge. Waste processing facilities nonetheless offer the opportunity for enhanced 

nutrient recycling to increase the nutrient use efficiencies and reduce the dependency of 

inorganic fertilizers. 

Domestic wastewater accounts for 30% and 16% of the N and P fluxes in waste streams in 

Flanders. The majority of the nutrients originate from urine, which makes it an interesting target 

stream for nutrient recovery. In Chapter 3 the stabilization of source-separated urine through 

nitrification and subsequent microalgae cultivation were explored as strategy for biological 

nutrient recovery. A screening was performed on a spectrum of nitrifying inocula, characterized 
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by different nitrogen loading rates and salinities, to assess their potential for urine nitrification. 

A commercial aquaculture inoculum showed the highest halotolerance and was subsequently 

opposed to municipal activated sludge for the comparative start-up of two urine nitrification 

membrane bioreactors. Complete nitrification of undiluted urine was achieved in both systems. 

The halotolerant commercial inoculum shortened the nitrification start-up time by 54% and 

resulted in more stable reactor performance. Partial adaptation to the high salinity occurred in 

both nitrification reactors. The nitrite oxidizing community showed faster adaptation and in 

both systems Nitrobacter spp. became the dominant nitrite oxidizers. The high salinity at which 

nitrification was performed suggests that this biological stabilization strategy can be expanded 

to other saline waste streams, such as industrial wastewaters from the fertilizer industry and 

mineral concentrates produced during manure and digestate treatment. Finally, the valorization 

of nitrified real urine as growth medium for Arthrospira platensis was evaluated. The high 

growth rate and protein content obtained thereby demonstrated the excellent properties of 

nitrified urine as microalgal growth medium, compared to untreated urine. 

While the use of microalgae has been described extensively in biotechnology, the potential of 

nitrate-accumulating microalgae for nutrient recovery has not yet been investigated. The ability 

of these marine micro-organisms to concentrate environmental nitrate within their biomass is 

remarkable. The aim of Chapter 4 was to investigate the application potential of nitrate-

accumulating diatoms for nutrient recovery from marine wastewaters. The intracellular nitrate 

storage capacity was quantified for six marine diatom strains in synthetic wastewater. Amphora 

coffeaeformis and Phaeodactylum tricornutum stored the highest amount of nitrate with 

respectively 3.15 and 2.10 g N L-1 of cell volume, which accounted for respectively 17.3 and 

4.6% of the total nitrogen content. The growth, nitrate and phosphate uptake of both diatoms 

were further analyzed and based on these features P. tricornutum showed the highest potential 

for nutrient recovery. A mathematical model was developed which included intracellular nitrate 

storage and the kinetic parameters were derived for P. tricornutum. A simulation study was 

performed to compare the performance of a proposed microalgal nutrient recovery unit with a 

conventional denitrification system for marine wastewater treatment. Overall, this chapter 

demonstrated the potential application of P. tricornutum for saline wastewater treatment with 

concurrent nitrogen and phosphorus recycling.   

Similar to the nitrate-accumulating microalgae, nitrate-accumulating bacteria have been 

described within an ecological perspective. The goal of the experiments in Chapter 5 was to 

enrich these nitrate-accumulating sulfide-oxidizing bacteria in a reactor environment. A 
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selective enrichment was performed of a microbial community capable of overcoming a 

dynamic separation in time of nitrate as the electron acceptor and sulfide as electron donor. A 

dynamic community with high diversity and evenness was obtained, which was correlated to 

the cyclic amendments of the electron acceptor and donor during short (1 to 3 weeks) 

separations of nitrate and sulfide. Only during a prolonged separation (4 weeks) of the electron 

acceptor and donor a stable bacterial community was achieved. Besides sulfide-oxidizing 

bacteria, a high abundance of heterotrophic denitrifiers and anammox bacteria was obtained. 

Most importantly, for the first time nitrate-accumulating sulfide-oxidizing bacteria of the family 

of Beggiatoaceae were enriched in a reactor environment. This reactor cultivation is the first 

stage in the development of nutrient recovery unit using nitrate-accumulating bacteria. 

While previous chapters quantified the nutrient streams and evaluated biotechnological 

recovery strategies through biomass production, the aim of Chapter 6 was to evaluate the 

valorization of microalgal biomass as a slow-release fertilizer. Microalgal bacterial flocs 

treating aquaculture wastewater and marine microalgae were thereby used as an organic slow-

release fertilizer for tomato cultivation. Same plant growth was observed for the microalgal 

fertilizers and the organic control treatments.The microalgal fertilizers improved the fruit 

quality through an increase in sugar and carotenoid content, although a lower tomato yield was 

obtained. The production of microalgal biomass from waste streams could therefore transform 

waste nutrients into sustainable high-value fertilizers with commercial relevance in greenhouse 

horticulture systems. 

Finally, the nutrient recovery strategies described in this study were evaluated and compared 

with other recovery strategies for their economic and energetic feasibility and environmental 

impact. In addition to nutrient valorization as a fertilizer, the production of microbial feed and 

food were evaluated. All investigated technologies for nutrient recovery are currently 

economically and energetically not competitive with conventional food production and waste 

management. In the case of microbial food production, the overall environmental balance 

microbial protein is expected to be more sustainable, shortcutting many of the inputs and 

emissions related to conventional fodder and food production. Nevertheless, additional 

legislative constrains limit the market placement of recovered microbial products.
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Samenvatting 

Door de groeiende wereldbevolking, toenemende schaarste aan grondstoffen en druk op  het 

milieu, is een efficiënte nutriëntenbeheer essentieel geworden voor  het veilig stellen van de 

globale voedselproductie. Het recycleren van stikstof (N) en fosfor (P) uit afvalwater wordt 

daarbij gezien als een noodzakelijk element van duurzaam grondstoffenbeheer. Tot op vandaag 

bestaat geen allesomvattende aanpak die rekening houdt met alle verschillende onderdelen 

omtrent nutriëntenmanagement. In dit onderzoek werden verschillende pijlers in dit veld 

onderzocht, met als doel het connecteren van verschillende aspecten gerelateerd aan het 

biologische nutrieëntenrecuperatie van nutriënten: nutriëntenkwantificatie, -recuperatie en -

valorisatie.   

Om de mogelijkheden inzake meer efficiënt nutriëntenbeheer en de huidige milieudruk in kaart 

te brengen, is een gedetailleerd inzicht van de stikstof- en fosfornutriëntenstromen van cruciaal 

belang. Regio’s met een overschot aan deze nutriënten vormen een interessant focuspunt, 

aangezien zij over een groot potentieel beschikken voor de recuperatie van  stikstof en fosfor 

uit geconcentreerde afvalwaterstromen. Bovendien zijn in dergelijke nutriëntenrijke regio’s 

maatregelen nodig zijn om het milieubelastend effect van een overmaat aan nutriënten te 

counteren. In Hoofdstuk 2 wordt een gedetailleerde stofstroomanalyse weergegeven voor zowel 

stikstof- als fosforhoudende fluxen in de nutriëntenrijke regio Vlaanderen. Een set van 160 

nutriëntenstromen werd gekwantificeerd in 21 economische en ecologische sectoren. 

Bijzondere focus werd hierbij geplaatst op afvalbeheer, waar de 10 voornaamste 

afvalverwerkingsmethoden onder de loep zijn genomen. De emissie naar het milieu gaven 

aanleiding tot een nutriënten voetafdruk van 20 kg N cap-1 yr-1 (ca. 73% emissie in de lucht en 

28% naar oppervlaktewater) en 0.53 kg P cap-1 yr-1 (oppervlaktewater), met landbouw en 

veeteelt als grootste bijdragers (49% voor N en 36% voor P). De voedselvoorziening vertoont 

een fertilizer-to-consumer efficiëntie van 14% voor zowel stikstof als fosfor, waarbij de 

belangrijkste verliezen terug te vinden zijn in overtollige mest, voedingsindustrie-afval en actief 

slibs van afvalwaterzuiveringen. Desalniettemin, kunnen afvalverwerkende voorzieningen de 

nutriëntenrecyclage aanzienlijk verhogen, om zo het efficiënt gebruik van nutriënten te 

stimuleren en de afhankelijkheid van synthetische meststoffen te reduceren. 

Huishoudelijk afvalwater geeft aanleiding tot respectievelijk 30% en 16% van de stikstof- en 

fosforstromen in de totale Vlaamse afvalstroom. Het grootste deel van deze nutriënten is te 
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vinden in urine, waardoor dit een interessante doelstroom wordt voor nutriëntenherwinning. In 

Hoofdstuk 3 wordt de stabilisatie van brongescheiden urine door de nitrificatie en 

daaropvolgende microalgenteelt verkend als strategie voor biologische nutriëntenrecuperatie. 

Een breed spectrum aan nitrificerende inocula werd geanalyseerd om hun potentiaal voor 

urinenitrificatie te bepalen. Deze inocula waren afkomstig van afvalwaterzuiveringen die 

gekarakteriseerd zijn door verschillende zoutconcentraties en stikstofbelastingen. Een 

commercieel aquacultuur inoculum vertoonde de hoogste zouttolerantie en werd daarom 

vergeleken met conventioneel actief slib van een huishoudelijke afvalwaterzuivering voor de 

opstart van twee urine-nitrificerende membraanbioreactoren. Volledige nitrificatie van 

onverdunde urine werd bekomen in beide systemen. Het halofiele commerciële innocolum 

verkortte de opstarttijd voor nitrificatie met 54% en resulteerde bovendien in een meer stabiele 

reactorprestatie. Een partiële adaptatie aan het hoge zoutgehalte gebeurde in beide nitrificerende 

reactoren. De nitrietoxiderende cultuur vertoonde telkens een snellere zoutadaptie en in beide 

systemen werd Nitrobacter spp. de dominante nitrietoxidator. De hoge saliniteit waarbij de 

nitrificatie plaatsvond, suggereert bovendien dat deze biologische stabilisatiestrategie kan 

uitgebreid worden naar ander zoute afvalstromen zoals industriële afvalstromen van de 

meststoffenindustrie of geconcentreerde minerale stromen geproduceerd tijdens mest- en 

digestaatbehandeling.  Finaal werd ook de valorisatie van de genitrificeerde urine als 

groeimedium voor Arthrospira platensis geëvalueerd. Hierbij werd een hoge groeisnelheid en 

hoog eiwitgehalte bekomen, wat de uitstekende eigenschappen van genitrificeerde urine als 

groeimedium voor microalgen demonstreert in vergelijking met onbehandelde urine.   

Terwijl het gebruik van microalgen reeds uitgebreid beschreven is binnen de biotechnologie, is 

het gebruik van nitraataccumulerende microalgen voor de herwinning van nutriënten onbekend 

terrein. Het vermogen van deze mariene micro-organismen voor het concentreren van stikstof 

in hun biomassa is uiterst merkwaardig. Het doel van Hoofdstuk 4 was dan ook om het 

potentieel van nitraataccumulerende diatomeeën te verkennen voor nutriëntenrecuperatie van 

mariene afvalstromen. De intracellulaire stikstofopslagcapaciteit werd gekwantificeerd voor 

zes mariene diatomeeën in synthetisch afvalwater. Amphora coffeaeformis and Phaeodactylum 

tricornutum vertoonden hierbij de hoogste hoeveelheden intracellulair nitraat met 

respectievelijk 3.15 en 2.10 g N L-1 cel-volume; wat overeenkomt met respectievelijk 17.3 en 

4.6% van de totale cellulaire stikstofinhoud. Zowel de groei als de stikstof- en fosforopname 

van beide diatomeeën werd verder geanalyseerd en hieruit bleek dat P. tricornutum over het 

grootste potentieel beschikt voor nutriëntenrecuperatie. Rekening houdend met de 
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intracellulaire stikstofopslag, werd een wiskundig model opgesteld en werden de kinetische 

parameters voor P. tricornutum bepaald. Hierna werd een modelmatige simulatie uitgevoerd 

om de prestatie van een microalgen-gebaseerde nutriëntenrecuperatie-eenheid te vergelijken 

met een conventioneel denitrificatie systeem voor mariene afvalwaterzuivering. Het potentieel 

van P. tricornutum voor de behandeling van marien afvalwater met gelijktijdige stikstof-en 

fosforrecyclage werd daarbij gedemonstreerd. 

Gelijkaardig aan de nitraataccumulerende microalgen zijn ook nitraataccumulerende bacteriën 

beschreven binnen een ecologisch perspectief. Het doel van de experimenten uitgevoerd in 

Hoofdstuk 5 was om deze nitraataccumulerende zwaveloxiderende bacteriën in een 

reactoromgeving aan te rijken. Hierbij lag de focus op een selectieve aanrijking van een 

microbiële cultuur die in staat is om een tijdsgebonden scheiding van nitraat als 

elektronacceptor en sulfide als elektrondonor te overwinnen. Een dynamische microbiële 

gemeenschap met een hoge diversiteit en gelijkheid werd bekomen, die gecorreleerd was aan 

de cyclische aanwezigheid van zowel de elektronen acceptor en donor tijdens de korte 

scheidingen (1 tot 3 weken). Enkel gedurende langere seperaties (4 weken) van de elektronen 

acceptor en donor werd een stabiele microbiële cultuur bekomen. Naast zwaveloxiderende 

bacteriën werd daarbij ook een hoog gehalte aan heterotrofe denitrificerende en anaerobe 

ammoniumoxiderende bacteriën bekomen. Het is voor de eerste keer dat nitraataccumulerende  

zwaveloxiderende bacteriën van de Beggiatoaceae familie werden verrijkt in een 

reactoromgeving, wat een essentiële eerste stap is in de ontwikkeling van een 

nutriëntenrecuperatie-eenheid via nitraat-accumulerende bacteriën. 

Terwijl in de vorige hoofdstukken de verschillende stromen werden gekwantificeerd en de 

biotechnologische herwinningsstrategieën door biomassa-productie werden bestudeerd, werd 

in Hoofdstuk 6 de valorisatie van een microalgenbiomassa als slow-release meststof 

geëvalueerd. Microalgen-bacteriële vlokken die gecultiveerd werden tijdens de zuivering van 

aquacultuur afvalwater en mariene microalgen gekweekt op rookgas werden hier gebruikt als 

organische slow-release meststoffen voor tomatenkweek. Gelijkaardige plantengroei werd 

waargenomen voor de microalgen  meststof en de organische controlebehandeling. Bovendien 

verhoogden de microalgengebaseerde meststof de kwaliteit van de tomatenvruchten door een 

verhoogd carotenoïde- en suikergehalte; al werd hierbij wel een lagere tomatenopbrengst 

bekomen. De productie van microalgen-bevattende biomassa van afvalwater beschikt dus over 

de mogelijkheid om deze nutriënten te gebruiken als duurzame en kwalitatieve meststoffen met 

commerciële meerwaarde in de serreteelt.  
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In een laatste hoofdstuk zijn de verschillende strategieën voor de recuperatie van 

voedingsstoffen geëvalueerd en vergeleken met andere beschikbare methodes met de focus op 

de economische, energetische en ecologische haalbaarheid. Naast de valorisatie van deze 

nutriënten als meststof, werd de productie van microbiële voeding geëvalueerd. De onderzochte 

technologieën voor de herwinning van nutriënten zijn momenteel economisch en energetisch 

niet competitief met conventionele systemen. In het geval van de microbiële eiwitproductie 

wordt de algemene ecologische balans duurzamer ingeschat dan conventionele dierenvoeder- 

en vleesproductie. Desalniettemin limiteren wettelijke beperkingen momenteel de commerciële 

valorisatie van deze gerecupereerde microbiële producten. 
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Supplementary information mass flow analysis 
This supplementary information section describes the various process compartments of the model. For each compartment the imported raw materials and the 

resources and byproducts originating from other compartments are presented (in this order). The output flows are listed in the order of exported products, 

products and byproducts to other compartments, waste streams and emissions to air, water and soil are listed. For every nutrient flow and every nutrient stock 

change the main assumptions, calculations and references are presented. The nutrient input values obtained from this are quantified in kton N and P yr-1 over the 

Flemish region. These streams are converted to kg N cap-1 yr-1 and kg P cap-1 yr-1, based on the 2009 population of 6,211,065 inhabitants in Flanders. A confidence 

interval (in ±%) according to Cooper et al. (2013) is applied for each separate flow according to the source of information and level of assumptions [1]. These 

data were entered in the STAN2.5 model, after which the model was validated. The reconciled values, i.e. the corrected values based on data uncertainty and 

the mass balance principle, were obtained in kg N cap-1 yr-1 and kg P cap-1 yr-1.  

1 Chemical and other industry 

Chemical and other industry contains the production of mineral fertilizers, chemicals and non-food products. Nitrogen is chemically fixed from nitrogen gas 

(F80) for the production of ammonia (F61). Ammonia and other chemicals are imported for the production of intermediate chemical compounds (such as amines, 

caprolactam and methylene diisocyanate) (F61), non-food products (F69) and mineral fertilizers (F39, F3). Phosphate ore (F176) is imported for the production 

of calcium phosphate (F61, F50). The metal industry imports iron ore (F176), which during the production process results in P-rich steel slag. Also industrial 

wastewater treated by municipal wastewater treatment plants (F55), solid waste streams (F53) and emissions to air (F56-59) and water (F60) are quantified. 

Nutrient flows for paper production were quantified but not included in this process as these flows were negligible.  
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Table S 1. Input flows of the process Chemical and other industry 
Input Flow n° Nitrogen Phosphorus Assumptions and calculations References 

Input value Reconciled value Input value Reconciled value 

kton N yr-1 kg N cap-1 yr-1 kg N cap-1 yr-1 kton P yr-1 kg P cap-1 yr-1 kg P cap-1 yr-1 

Imported chemicals F174 532.91 86±10% 87±8% 37.12 5.9±10% 5.9±8% Import of ammonia and 

phosphoric acid  

BASF (personal 

communication), 
Prayon (personal 

communication) 

Imported phosphate 

ore 

F176 0.00 0±NaN* 0±NaN 44.91 7.2±10% 7.1±9% For production of fodder 
phosphates. Tessenderlo Group is 

the main producer of phosphates.  

Other import is negligible. 

Tessenderlo Group 
(personal 

communication) 

Imported iron ore F179 0.00 0±NaN 0±NaN 2.40 0.39±10% 0.39±10% ArcelorMittal is the main 
importer of iron ore.  

Other import is negligible. 

ArcelorMittal 
(personal 

communication) 

Chemical N-fixation F80 532.91 86±10% 87±9% N/A* N/A N/A BASF is the main producer of 
ammonia in Flanders. The 

company fixes 50% of ammonia 

used on-site through Haber-
Bosch and import the other 50% 

BASF (personal 
communication) 

Byproducts from 

Food industry 

F38 11.38 1.8±20% 1.9±12% 1.38 0.22±20% 0.22±10% Nutrient flux

= ∑ (Amountproduct

products

∗  specific NP contentproduct) 

[2, 3] 

Total input  1077.20 174 175±5% 85.81 14 13±5%   

*: NaN: Not a number (indeterminate computing form) 

   N/A: Not applicable 
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Table S 2. Output flows of the process Chemical and other industry 
Output Flow n° Nitrogen Phosphorus Assumptions and calculations References 

Input value Reconciled value Input value Reconciled value 

kton N yr-1 kg N cap-1 yr-1 kg N cap-1 yr-1 kton P yr-1 kg P cap-1 yr-1 kg P cap-1 yr-1 

Exported chemicals 

and fertilizers 

F61 997.66 161±10% 159±9% 65.87 11±10% 11±6% Export = (total production of 

non-food products and 

fertilizers) – use in Flanders 

BASF (personal 

communication), 

Tessenderlo Group 
(personal 

communication) 

Synthetic fertilizers 

to Crop production 

F3 71.85 11±10% 9.6±10% 1.44 0.23±10% 0.22±10% See Crop production [4] 

Fodder supplements 

to Fodder industry 

F50 9.58 1.5±10% 1.5±10% 6.59 1.0±10% 0.87±12% See Fodder industry [5] 

Non-food products 

to Consumption, 

trade and commerce 

F69 8.38 1.3±33% 1.3±17% 1.62 0.26±33% 0.24±13% P content is based on 

consumption of non-food 

products in EU-15. 

N content = 5 x P content 

[6] 

Industrial solid 

waste 

F53 8.98 1.4±20% 1.4±13% 5.51 0.89±20% 0.89±11% Contains wood waste, industrial 

sludge and organic waste 

(official statistics) 

Content wood waste: 0.7 % N 

and 0.12% P) 

Content industrial sludge: 1.5% 
N and 2.5% P 

Content organic waste: 1.5% N 

and 0.12% P 

[7, 8] (OVAM, 

personal 

communication) 

Industrial 

wastewater  

F55 0.47 0.076±10% 0.076±10% 0.04 0.0064±10% 0.0064±10% Official statistics 

Part of the wastewater that is 

treated at municipal wastewater 
treatment plants 

[9] 

NH3 emissions F56 0.46 0.074±10% 0.074±10% N/A N/A N/A Official statistics [9] 

NOx emissions F57 5.99 1±10% 1±10% N/A N/A N/A Official statistics [9] 
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Output Flow n° Nitrogen Phosphorus Assumptions and calculations References 

Input value Reconciled value Input value Reconciled value 

kton N yr-1 kg N cap-1 yr-1 kg N cap-1 yr-1 kton P yr-1 kg P cap-1 yr-1 kg P cap-1 yr-1 

N2O emissions F58 2.16 0.35±10% 0.35±10% N/A N/A N/A Official statistics [9] 

N2 emissions F59 3.29 0.53±10% 0.53±10% N/A N/A N/A Emissions of on-site wastewater 

treatment. 

[9] 

Emissions to Water F60 1.08 0.17±10% 0.17±10% 0.16 0.025±10% 0.025±10% Official statistics. Discharge of 

untreated wastewater and 
effluents treated at on-site 

wastewater treatment facilities. 

[9] 

Total output  1100.92 177 175±5% 78.12 13 13±5%   

Steel slag Stock 

change 

0.00 0±NaN 0±NaN 2.4 0.4±10% 0.4±10% Annual increase in steel slag 

stock 

Content = 1% inert P 

Unknown fraction used in 

cement, construction or stored  

ArcelorMittal 

(personal 

communication)[7] 

 

2 Food industry 
 

The food industry encompasses all industry related to food processing, including auctions, slaughterhouses and processors of carcasses. Also the food distribution 

sector is included, as well as drinking water production and distribution. The input streams of the Food industry consist of plant and animal produce which 

originate from Crop production (F138), Livestock production (F14) or import (F26) [2, 3, 10-16]. The produced food products go to Consumption, trade and 

commerce (F41) or are exported (F40) [2, 3, 16, 17]. Byproducts are produced such as raw materials for the Chemical industry (F38) and Fodder industry (F42) 

[2, 3]. Non-marketable fodder is sent directly to Livestock production (F137) [2]. Other byproducts are applied as fertilizer in Crop production (F4) [18]. The 

different waste streams are further treated in Waste management (F28, F134, F135) or are exported (F178) [2, 7]. The food losses in the distribution sector are 

also allocated to Food industry. Also emissions to Air (F47, F48) and Water (F46) are quantified [9]. 
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Table S 3. Input flows of the process Food industry 
Input Flow n° Nitrogen Phosphorus Assumptions and calculations References 

Input value Reconciled value Input value Reconciled value 

kton N yr-1 kg N cap-1 yr-1 kg N cap-1 yr-1 kton P yr-1 kg P cap-1 yr-1 kg P cap-1 yr-1 

Imported raw 

materials 

F26 185.62 25±20% 24±11% 24.55 3.9±20% 3.3±11% 70% of Belgian import goes to 

Flanders. 

Import = 50% of input Flemish 

Crop production and Livestock 

production + import of fruit and 

vegetables by Flemish auctions 

Nutrient content = weighted 

average of nutrient content of 

food products consumed by 

households (See F41, 1.3% N 

and 0.15% P)  

[2, 3, 16, 17] FEVIA 

(personal 

communication) 

Animal produce F14 95.80 15±20% 18±7% 8.99 1.8±20% 2.2±7% See Livestock production [10-15, 19] 

Crops F138 17.36 2.8±10% 2.9±10% 3.11 0.50±10% 0.55±9% See Crop production [3, 4] 

Total input  298.78 43 45±6% 36.65 6.2 6.0±6%   
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Table S 4. Output flows of the process Food industry 
Output Flow n° Nitrogen Phosphorus Assumptions and calculations References 

Input value Reconciled value Input value Reconciled value 

kton N yr-1 kg N cap-1 yr-1 kg N cap-1 yr-1 kton P yr-1 kg P cap-1 yr-1 kg P cap-1 yr-1 

Exported food 

products 

F40 131.73 21±20% 23±11% 14.37 2.3±20% 2.4±13% Export = export of fruit and 

vegetables by auctions + 50% of 

Belgian export 

Nutrient content = weighted average 

of nutrient content of food products 

consumed by households (see F41, 

1.3% N and 0.15% P) 

[2, 3, 16] FEVIA 

(personal 

communication) 

Food products to 

Consumption, trade 

and commerce 

F41 33.53 5.4±20% 5.4±8% 4.01 0.65±20% 0.62±12% The consumption of food products 

by households was quantified 

through consumer surveys of the 

Flanders’ Agricultural Marketing 

Board (GFK), enlisting the 

consumption of 121 different food 

products with their specific nutrient 

content.  

Nutrient flux =

∑ (Amountproduct ∗
products

 specific NP contentproduct)  

[3, 17] 

Byproducts to 

Fodder industry 

F42 77.84 12±20% 12±9% 13.77 2.2±20% 1.6±10% See Fodder production [2] 

Byproducts to 

Chemical industry 

F38 11.38 1.8±20% 1.9±12% 1.38 0.22±20% 0.22±10% Nutrient flux

= ∑ (Amountproduct

products

∗  specific NP contentproduct) 

[2, 3] 



185 
 

Output Flow n° Nitrogen Phosphorus Assumptions and calculations References 

Input value Reconciled value Input value Reconciled value 

kton N yr-1 kg N cap-1 yr-1 kg N cap-1 yr-1 kton P yr-1 kg P cap-1 yr-1 kg P cap-1 yr-1 

Byproducts to 

Livestock 

production 

F137 4.49 0.72±20% 0.72±10% 0.90 0.14±20% 0.14±12% 95% of fodder materials goes to 

Fodder industry. 5% goes to 

Livestock production. 

Distinction made between pig, 

poultry, cattle, calf, horse and other 

fodder.  

Nutrient flux

= ∑ (Amountproduct

products

∗  specific NP contentproduct) 

[2] 

Byproducts to Crop 

production 

F4 0.96 0.16±20% 0.16±13% 0.15 0.024±20% 0.024±13% See Crop production [9, 18] 

Solid waste F134 5.99 0.96±20% 0.97±13% 3.05 0.50±20% 0.51±13% Solid waste = organic waste + 
animal waste + food industry 

sludges  

Waste flow = official statistics 

Content organic waste = estimated to 

be the average N and P content of 

food products (1.3% N and 0.15% P) 

Content animal waste = 7.7% N and 

4% P 

Content sludge = 1.5 % N and 2.5% 

P 

[3, 7, 8, 16, 20] 

Digested organic 

waste 

F184 2.44 0.35±33% 0.41±12% 0.27 0.045±33% 0.045±33% Digested organic waste = input 
industrial digesters + input agro-

digesters 

16, 22 
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Output Flow n° Nitrogen Phosphorus Assumptions and calculations References 

Input value Reconciled value Input value Reconciled value 

kton N yr-1 kg N cap-1 yr-1 kg N cap-1 yr-1 kton P yr-1 kg P cap-1 yr-1 kg P cap-1 yr-1 

Composted organic 

waste 

F82 0.02 0.0032±10% 0.0033±10% 0.00 0.000443±10% 0.000443±10% Waste flow = official statistics 

Nutrient content = 0.777% N and 

0.103% P 

VLACO 
(personal 

communication) 

[21, 22] 

Exported animal 

waste 

F178 5.27 0.85±20% 0.85±10% 2.75 0.44±20% 0.45±16% Waste flows = official statistics 

Nutrient content = 7.5% N and 4% P 

[2, 7] 

Wastewater Food 

industry 

F135 0.44 0.071±10% 0.071±10% 0.08 0.013±10% 0.013±10% Official statistics 

Part of the wastewater that is treated 

at municipal wastewater treatment 

plants. 

[9] 

N2 emissions F47 1.50 0.24±10% 0.24±10% N/A N/A N/A Emissions of on-site wastewater 

treatment 

[9] 

NOx emissions F48 0.66 0.11±10% 0.11±10% N/A N/A N/A Official statistics [9] 

Emissions to Water F46 0.34 0.055±10% 0.055±10% 0.08 0.013±10% 0.013±10% Official statistics. Discharge of 

untreated wastewater and effluents 

treated at on-site wastewater 

treatmen facilities. 

99% of the total emissions of the 

food and fodder industry originate 

from Food industry. 

[9] 

Total output  276.59 44 45±6% 40.81 6.5 6.0±6%   
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3 Fodder industry 

The Fodder industry obtains raw materials such as cereals and protein crops from Crop production (F139) [5]. The Food industry supplies rest- and byproducts 

such as beet pulps (F42), while the Chemical and other industry provides additives for animal feed such as antibiotics, vitamins and preservatives (F50) [2, 5]. 

The fodder produced is either consumed in Livestock production (F136) or is exported (F51) [5]. The Fodder industry also discharges nutrients to surface waters 

(F52) [9]. Other waste streams and the emissions to air are quantified but are negligible and therefore not included [9]. 

Table S 5. Input flows of the process Fodder industry 
Input Flow n° Nitrogen Phosphorus Assumptions and calculations References 

Input value Reconciled value Input value Reconciled value 

kton N yr-1 kg N cap-1 yr-1 kg N cap-1 yr-1 kton P yr-1 kg P cap-1 yr-1 kg P cap-1 yr-1 

Imported raw 

materials 

F49 101.79 16±10% 14±9% 18.56 2.8±10% 2.5±6% 92% of Belgian fodder input is 

processed in Flanders 

List of 75 products. For N and P 

content the distinction made 

between pig, poultry, cattle, 

calve, horse and other fodder. 

Nutrient flux

= ∑ (Amountproduct

products

∗  specific NP contentproduct) 

[5] 
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Input Flow n° Nitrogen Phosphorus Assumptions and calculations References 

Input value Reconciled value Input value Reconciled value 

kton N yr-1 kg N cap-1 yr-1 kg N cap-1 yr-1 kton P yr-1 kg P cap-1 yr-1 kg P cap-1 yr-1 

Byproducts from 

Food industry 

F42 77.84 12±20% 12±9% 13.77 2.2±20% 1.6±10% List of 86 products 

For N and P content the 

distinction is made between pig, 

poultry, cattle, calve, horse and 

other fodder. 

Nutrient flux

= ∑ (Amountproduct

products

∗  specific NP contentproduct) 

[5, 16] 

Fodder from Crop 

production 

F139 22.15 3.6±10% 3.6±10% 4.19 0.68±10% 0.69±10% 85% of cereals and protein crops 

of Crop production  

29 different crops 

Nutrient flux = amount products 

x N and P content 

[5] 

Fodder supplements 

of Chemical and 

other industry 

F50 9.58 1.5±10% 1.5±10% 6.59 1.0±10% 0.87±12% List of 146 products 

Nutrient flux

= ∑ (Amountproduct

products

∗  specific NP contentproduct) 

[5] 

Total output  211.36 33 31±4% 43.11 6.7 5.7±3%   
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Table S 6. Output flows of the process Fodder industry 
Output Flow n° Nitrogen Phosphorus Assumptions and calculations References 

Input value Reconciled value Input value Reconciled value 

kton N yr-1 kg N cap-1 yr-1 kg N cap-1 yr-1 kton P yr-1 kg P cap-1 yr-1 kg P cap-1 yr-1 

Exported fodder 

products 

F51 39.52 6.4±10% 6.7±9% 7.78 1.4±10% 1.5±8% 17.6% of produced fodder is 

exported. 

10 different output fodder types 

Nutrient flux

= ∑ (Amountproduct

products

∗  specific NP contentproduct) 

[5] 

Fodder products to 

Livestock 

production 

F136 178.63 26±10% 24±5% 33.13 5.0±10% 4.4±11% 10 different fodder types 

Nutrient flux

= ∑ (Amountproduct

products

∗  specific NP contentproduct) 

[5] 

Emissions to Water F52 0.01 0.0016±10% 0.0016±10% N/A N/A N/A Official statistics. Discharge of 

untreated wastewater and 

effluents treated in on-site 

wastewater treatmen facilities. 

1% of the emissions of food and 

fodder industry originate from 

fodder industry. P-emissions are 

negligible. 

[9] 

Total output  218.16 32 31±4% 40.91 6.4 5.7±3%   
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4 Transport sector 

The process Transport contains all cargo transport and therefore excludes transportation related to households and commerce. Transport results in emissions to 

Air of NH3 (F63), NOx (F64) and N2O (F65). An input stream of N2 fixation (F132) is included to balance this process. 

Table S 7. Input flows of the process Transport sector 
Input Flow n° Nitrogen Phosphorus Assumptions and calculations References 

Input value Reconciled value Input value Reconciled value 

kton N yr-1 kg N cap-1 yr-1 kg N cap-1 yr-1 kton P yr-1 kg P cap-1 yr-1 kg P cap-1 yr-1 

N-fixation through 

combustion 

F132   2.5±10% N/A N/A N/A Sum of NH3, NOx and N2O 

emissions  

[9] 

Total input    2.5±10% N/A N/A N/A   

 

Table S 8. Output flows of the process Transport sector 
Output Flow n° Nitrogen Phosphorus Assumptions and calculations References 

Input value Reconciled value Input value Reconciled value 

kton N yr-1 kg N cap-1 yr-1 kg N cap-1 yr-1 kton P yr-1 kg P cap-1 yr-1 kg P cap-1 yr-1 

NH3 emissions F63 0.02 0.0034±10% 0.0034±10% N/A N/A N/A Official statistics [9] 

NOx emissions F64 15.57 2.5±10% 2.5±10% N/A N/A N/A Official statistics [9] 

N2O emissions F65 0.11 0.018±10% 0.018±10% N/A N/A N/A Official statistics [9] 

Total output  15.7 2.5 2.5±10% N/A N/A N/A   
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5 Energy production 

Energy production includes power plants (coal and natural gas) and cogeneration systems. The emissions of nuclear, wind and hydropower plants are assumed 

to be negligible. Energy production results in emissions to Air of NH3 (F66), NOx (F67) and N2O (F68). An input stream of N2 fixation (F133) is included to 

balance this process. The N and P content of coal and natural gas are assumed to be negligible.  

Table S 9. Input flows of the process Energy production 
Input Flow n° Nitrogen Phosphorus Assumptions and calculations References 

Input value Reconciled value Input value Reconciled value 

kton N yr-1 kg N cap-1 yr-1 kg N cap-1 yr-1 kton P yr-1 kg P cap-1 yr-1 kg P cap-1 yr-1 

N-fixation through 

combustion F133   

1.1±10% N/A N/A N/A Sum of NH3, NOx and N2O 

emissions  

[9] 

Total input    1.1±10% N/A N/A N/A   

 

Table S 10. Output flows of the process Energy production 
Output Flow n° Nitrogen Phosphorus Assumptions and calculations References 

Input value Reconciled value Input value Reconciled value 

kton N yr-1 kg N cap-1 yr-1 kg N cap-1 yr-1 kton P yr-1 kg P cap-1 yr-1 kg P cap-1 yr-1 

NH3 emissions F66 0.00 0.00013±10% 0.00013±10% 0.00 0±NaN 0±NaN Official statistics [9] 

NOx emissions F67 6.59 1.1±10% 1.1±10% 0.00 0±NaN 0±NaN Official statistics [9] 

N2O emissions F68 0.28 0.045±10% 0.045±10% 0.00 0±NaN 0±NaN Official statistics [9]  

Total output  6.87 1.14 1.1±10% N/A N/A N/A   
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6 Crop production 

Crop production includes agriculture and horticulture. The input flows originate from several sources: synthetic fertilizers from the Chemical and other industries 

(F3), manure from Livestock production (F1), waste sludges from the Food industry (F4), organic fertilizers from Manure processing (F5) and biological nitrogen 

fixation and atmospheric deposition (F2) [4, 9, 18]. The output streams are arable crops, fruits and vegetables destined for the Food industry (F8) and Fodder 

industry (F139), fodder for Livestock production (F7) and energy crops for digesters (F9) [4, 18]. Also emissions to air (F118-1121) and water (F11) are 

quantified [9]. 

Table S 11. Input flows of the process Crop production 
Input Flow n° Nitrogen Phosphorus Assumptions and calculations References 

Input value Reconciled value Input value Reconciled value 

kton N yr-1 kg N cap-1 yr-1 kg N cap-1 yr-1 kton P yr-1 kg P cap-1 yr-1 kg P cap-1 yr-1 

Synthetic fertilizers F3 71.85 11±10% 9.6±10% 1.44 0.23±10% 0.22±10% Survey study: average use of 

synthetic fertilizers per crop type 

and surface area. 

Official fertilizer declaration by 

farmers is an underestimation of 

the actual fertilizer application 

and is therefore not used. 

[4, 18] 

Manure from 

Livestock 

production 

F1 101.79 16±10% 17±7% 20.96 3.4±10% 3.5±7% Official statistics: total livestock 

manure applied in Flanders 

[4, 18] 

Manure processing 

products 

F5 N/A N/A 0.38±8% N/A N/A 0.068±6% Sum of digestate (F112), dried 

manure (F123), manure substrate 

(F163), effluents (F103) 

[9, 18] 

Byproducts from 

Food industry 

F4 0.96 0.16±20% 0.16±20% 0.15 0.024±20% 0.024±13% Official statistics: sludges from 

sugar industry and others 

[9, 18] 
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Input Flow n° Nitrogen Phosphorus Assumptions and calculations References 

Input value Reconciled value Input value Reconciled value 

kton N yr-1 kg N cap-1 yr-1 kg N cap-1 yr-1 kton P yr-1 kg P cap-1 yr-1 kg P cap-1 yr-1 

Atmospheric 

deposition 

F2 17.30 2.9±10% 2.8±10% N/A N/A N/A Deposition on agricultural soil: 

average nitrogen deposition per 

municipality per hectare 

multiplied by the agricultural 

area per town. 

[9, 18] 

Biological N2-

fixation  

F181 5.49 0.92±10% 0.92±10% N/A N/A N/A Area of nitrogen fixing crops 

multiplied by the average 

nitrogen fixation rate 

[4, 9] 

Soil uptake F6 -3.05 -0.49±33% -0.52±31% 1.14 0.18±33% 0.16±17% Official statistics 

Soil uptake = applied fertilizers – 

crop uptake – run-off 

[4] 

Total input  197.39 31 30±5% 23.69 3.8 4.0±6%   

 

Table S 12. Output flows of the process Crop production 
Output Flow n° Nitrogen Phosphorus Assumptions and calculations References 

Input value Reconciled value Input value Reconciled value 

kton N yr-1 kg N cap-1 yr-1 kg N cap-1 yr-1 kton P yr-1 kg P cap-1 yr-1 kg P cap-1 yr-1 

Crops to Food 

industry 

F138 17.36 2.8±10% 2.9±10% 3.11 0.50±10% 0.55±9% Official statistics: acreage data, 

yields and N and P contents per 

crop of 101 different crops 

[3, 4] 

Crops to Fodder 

industry 

F139 22.15 3.6±10% 3.8±11% 4.19 0.68±10% 0.69±10% Official statistics: acreage data, 

yields and N and P contents per 

crop of 29 different crops 

[5] 
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Output Flow n° Nitrogen Phosphorus Assumptions and calculations References 

Input value Reconciled value Input value Reconciled value 

kton N yr-1 kg N cap-1 yr-1 kg N cap-1 yr-1 kton P yr-1 kg P cap-1 yr-1 kg P cap-1 yr-1 

Fodder to Livestock 

production 

F7 113.77 18±10% 16±8% 15.57 2.5±10% 2.5±10% Official statistics: acreage data, 

yields and N and P contents per 

crop of 19 different crops 

Farmersorganisation 

Flanders (personal 

communication) [4] 

Leaching and 

erosion 

F11 19.16 3.1±33% 3.2±20% 1.14 0.19±60% 0.2±42% Official statistics. Model based 

on on-line monitoring of ground 

and surface waters in Flanders 

[9] 

Energy crops F9 0.65 0.11±20% 0.14±23% 0.12 0.020±20% 0.017±8% Energy maize. 84% of digester 
input is maize 

Content = 1.3% N and 0.096% P 

[23, 24] 

NH3 emissions F118 12.57 2.0±10% 2.1±10% N/A N/A N/A Official statistics [9] 

N2 emissions F120 4.97 0.80±10% 0.81±10% N/A N/A N/A Official statistics [9] 

N2O emissions F119 3.29 0.53±10% 0.54±10% N/A N/A N/A Official statistics [9] 

NOx emissions F121 2.87 0.46±10% 0.46±10% N/A N/A N/A Official statistics [9] 

Total output  196.79 31 30±5% 24.13 3.9 4.0±6%   
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7 Livestock production 

The input flows of Livestock production originate from four processes: import of live animals (F13), animal feed from Crop production (F7), the Fodder industry 

(F136) and Food industry (F137). The output products are animals, milk and eggs for Food production (F14) and exported live animals (F16). Manure is sent 

to Crop production (F1), Manure processing (F17) or is exported (F15). Also emissions to Air are quantified (F118-121).  

 

Table S 13. Input flows of the process Livestock production 
Input Flow n° Nitrogen Phosphorus Assumptions and calculations References 

Input value Reconciled value Input value Reconciled value 

kton N yr-1 kg N cap-1 yr-1 kg N cap-1 yr-1 kton P yr-1 kg P cap-1 yr-1 kg P cap-1 yr-1 

Imported live 

animals 

F13 16.77 2.7±20% 2.6±12% 0.84 0.11±20% 0.088±29% Mass ratios of bones, meat and 

intestines and their specific N and 

P contents are used to convert 

live animal weights to N and P 

flows. 

[10, 15] 

Fodder from Crop 

production 

F7 113.77 18±10% 16±8% 15.57 2.5±10% 2.5±10% Based on official statistics: 

acreage data, yields and N and P 

contents per crop of 19 different 

crops. 

Farmers organisation 

Flanders (personal 

communication) [4] 

Fodder from Fodder 

industry 

F136 178.63 26±10% 24±5% 33.13 5.0±10% 4.4±13% 10 different fodder types 

Nutrient flux = amount product x 

specific N and P contents 

[5] 
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Input Flow n° Nitrogen Phosphorus Assumptions and calculations References 

Input value Reconciled value Input value Reconciled value 

kton N yr-1 kg N cap-1 yr-1 kg N cap-1 yr-1 kton P yr-1 kg P cap-1 yr-1 kg P cap-1 yr-1 

Byproducts from 

Food industry 

F137 4.49 0.72±20% 0.72±10% 0.90 0.14±20% 0.14±12% 95% of fodder byproducts from 

Food industry go to Fodder 

industry, 5% goes to Livestock 

production. 

Distinction made between pig, 

poultry, cattle, calve, horse and 

other fodder. 

Nutrient flux

= ∑ (Amountproduct

products

∗  specific NP contentproduct) 

[2] 

Total input  313.66 47 43±4% 50.44 7.8 6.9±4%   

 

Table S 14. Output flows of the process Livestock production 
Output Flow n° Nitrogen Phosphorus Assumptions and calculations References 

Input value Reconciled value Input value Reconciled value 

kton N yr-1 kg N cap-1 yr-1 kg N cap-1 yr-1 kton P yr-1 kg P cap-1 yr-1 kg P cap-1 yr-1 

Exported live 

animals 

F16 3.53 0.57±20% 0.57±13% 0.17 0.027±20% 0.029±21% Mass ratios of bones, meat and 

intestines and their specific N 

and P contents are used to 

convert live animal weights to N 

and P flows. 

[10-15, 19] 



197 
 

Output Flow n° Nitrogen Phosphorus Assumptions and calculations References 

Input value Reconciled value Input value Reconciled value 

kton N yr-1 kg N cap-1 yr-1 kg N cap-1 yr-1 kton P yr-1 kg P cap-1 yr-1 kg P cap-1 yr-1 

Animal produce F14 95.80 15±20% 18±7% 8.99 1.8±20% 2.2±7% Includes milk, eggs, animals 

suitable (9 species) and 

unsuitable (11 species) for 

human consumption.  

Meat carcasses are converted to 

live weights using species-

specific slaughter yield.  

Mass ratios of bones, meat and 

intestines and their specific N 

and P contents are used to 

convert live animal weights to N 

and P flows. 

[10-15, 19] 

Exported manure F15 4.01 0.65±10% 0.65±10% 1.26 0.20±10% 0.21±10% Official statistics [4, 18] 

Manure to Crop 

production 

F1 101.79 16±10% 17±7% 20.96 3.4±10% 3.5±7% Official statistics [4, 18] 

Manure to Manure 

processing 

F17 20.96 3.3±10% 3.3±5% 5.33 0.85±10% 0.88±5% Official statistics 

 

[4, 18] 

N2O emissions F1199 0.78 0.12±10% 0.12±10% N/A N/A N/A Official statistics [9] 

NOx emissions F121 2.40 0.39±10% 0.39±10% N/A N/A N/A Official statistics [9] 

N2 emissions  F120 1.14 0.19±10% 0.19±10% N/A N/A N/A Official statistics [9] 

NH3 emissions  F118 18.56 3.0±10% 3.3±10% N/A N/A N/A Official statistics [9] 

Total output  248.97 39 43±4% 36.71 6.3 6.9±4%   
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8 Consumption, trade and commerce 

Consumption, trade and commerce consists of households and services related to trade and commerce, such as hotels, bars, restaurants, educational institutions, 

hospitals, offices and other related services. Food products are obtained from Food industry (F41). Non-food commodities such as detergents, fertilizers and 

cosmetics are attained from Chemical and other industry (F18). Food and non-food products imported from outside of Flanders are included in the process Food 

industry and Chemical and other industry. Compost and processed manure (F29) used for non-commercial garden use is quantified. The non-commercial 

production of crops and animal produce are not included, as these represent internal fluxes with no further interaction with the rest of the economy. Furthermore, 

these streams are of little significance compared to agricultural production (e.g. non-commercial production of eggs by households is estimated at 2% of the 

total production of eggs in Flanders) [25]. The waste streams produced are divided in separately collected vegetable, garden and fruit (VGF) waste (F27), solid 

waste (F71), septic sludge (F88) and domestic wastewater (F72). Also emissions to Air (F76-79) from heating, off-road emissions (gardening tools etc.) and 

transportation by road, water and air are included, as well as emissions to Water (F74).  

Table S 15. Input flows of the process Consumption, trade and commerce 
Input Flow n° Nitrogen Phosphorus Assumptions and calculations References 

Input value Reconciled value Input value Reconciled value 

kton N yr-1 kg N cap-1 yr-1 kg N cap-1 yr-1 kton P yr-1 kg P cap-1 yr-1 kg P cap-1 yr-1 

Food products F41 33.53 5.4±20% 5.4±8% 4.01 0.65±20% 0.62±12% See Food industry [3, 17] 

Non-food products F69 8.38 1.3±33% 1.3±17% 1.62 0.26±33% 0.24±13% P content is based on 

consumption of non-food 
products in EU-15. 

N content = 5 x P content 

[6] 

Compost  F161 2.22 0.36±10% 0.36±8% 0.47 0.076±10% 0.076±8% See Composting [18] 

Processed manure F162 0.06 0.097±10% 0.097±10% 0.01 0.0016±10% 0.0016±10% Official statistics [18] 

N-fixation through 

combustion 

F70 4.01 2.68±10% 2.70±10% N/A N/A N/A Sum of emissions of NH3, NOx 

and N2O 

[9] 

Total  45.92 9.4 9.7±5% 5.63 0.91 0.95±5%   
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Table S 16. Output flows of the process Consumption, trade and commerce 
Output Flow n° Nitrogen Phosphorus Assumptions and calculations References 

Input value Reconciled value Input value Reconciled value 

kton N yr-1 kg N cap-1 yr-1 kg N cap-1 yr-1 kton P yr-1 kg P cap-1 yr-1 kg P cap-1 yr-1 

VGF waste F27 3.11 0.50±10% 0.50±6% 0.66 0.10±10% 0.10±6% 

See Composting Ghent University – 

Department of 

Forest and Water 
Management 

(personal 

communication) 
VLACO (personal 

communication) [22] 

Domestic 
wastewater to 

Wastewater 

treatment F72 19.76 3.2±10% 3.3±6% 3.35 0.54±10% 0.52±6% 

73% of domestic wastewater 

goes to wastewater treatment 

plants. See wastewater treatment 

Aquafin (personal 
communication) [9] 

Septic sludge F88 0.45 0.072±20% 0.073±14% 0.25 0.040±20% 0.038±12% 

Waste flow: official statistics 

Sludge content: 4.10% N and 

2.27% P 

Aquafin (personal 
communication) 

Solid waste F71 12.57 2.0±20% 2.0±18% 1.02 0.16±20% 0.14±19% See Incineration [3, 7, 17] 

NH3 emissions  F76 1.80 0.28±10% 0.28±10% 
N/A N/A N/A Official statistics [9] 

NOx emissions  F77 14.37 2.3±10% 2.3±10% 
N/A N/A N/A Official statistics [9] 

N2O emissions  F78 0.78 0.13±10% 0.13±10% 
N/A N/A N/A Official statistics [9] 

N2 emissions  F79 0.27 0.043±10% 0.043±10% 
N/A N/A N/A Calculated from individual 

wastewater treatment facilities. 
[9] 

Water emissions F74 5.99 1.0±10% 1.0±10% 1.14 0.18±10% 0.17±10% Official statistics. Sum of 

untreated discharged wastewater 

after septic well (27% of 

homes) and effluent of 

individual wastewater treatment 

units (0.17% of homes). 

[9] 

Total output  59.1 9.5 9.7±5% 6.42 1.0 0.95±5%   
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9 Municipal wastewater treatment 

This compartment comprises the sewer network, the water treatment and sludge treatment (e.g. anaerobic digestion). This compartment does not include 

industrial wastewater treatment facilities and individual wastewater treatment units of households. The municipal wastewater treatment plants receive domestic 

wastewater (F72) and industrial wastewater (F135, F55), while also rain (F86) and ground water (F87) infiltrate the sewer network. Septic sludge (F88) is also 

sent to the wastewater treatment plants and entered in the sludge treatment line. The output flows are emissions to water from storm overflows (F97) and effluent 

(F93), emissions to air (F91, 92) and sludge to waste management (F98, 99). 

Table S 17. Input flows of the process Municipal wastewater treatment 
Input Flow n° Nitrogen Phosphorus Assumptions and calculations References 

Input value Reconciled value Input value Reconciled value 

kton N yr-1 kg N cap-1 yr-1 kg N cap-1 yr-1 kton P yr-1 kg P cap-1 yr-1 kg P cap-1 yr-1 

Domestic 

wastewater 

F72 19.76 3.2±10% 3.3±6% 3.35 0.54±10% 0.52±6% Sum of households and trade and 
commerce 

Households: number of 

inhabitants connected to the 
sewer network x domestic 

wastewater population 

equivalent (12 g N cap-1 day-1 
and 2 g P cap-1 day-1) 

Trade, commerce and other 

consumption sectors (9): official 
statistics 

Aquafin (personal 
communication) [9] 

Septic sludge F88 0.45 0.072±20% 0.073±14% 0.25 0.04±20% 0.038±12% Registered septic sludge flows 

and content (4.1% N and 2.27% 
P) which are collected at 

municipal wastewater treatment 

plants. 

Aquafin (personal 

communication) 

Wastewater Food 

industry 

F135 0.44 0.071±11% 0.071±10% 0.08 0.013±10% 0.013±10% Official statistics [9] 
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Input Flow n° Nitrogen Phosphorus Assumptions and calculations References 

Input value Reconciled value Input value Reconciled value 

kton N yr-1 kg N cap-1 yr-1 kg N cap-1 yr-1 kton P yr-1 kg P cap-1 yr-1 kg P cap-1 yr-1 

Wastewater 

Chemical and other 

industry 

F55 0.47 0.076±10% 0.076±10% 0.04 0.0064±10% 0.0064±10% Official statistics [9] 

Landfill wastewater  F152 0.01 0.0016±10% 0.0016±10% 0.00 0.000081±10% 0.000081±10% Official statistics [9] 

Infiltration water F87 2.28 0.37±33% 0.40±19% N/A N/A N/A 34% of total water inflow is 

caused by infiltration of ground 

water in the sewer network. N 
concentration = 9.7 mg N L-1 

VMM (personal 

communication) [9] 

Rain F86 0.27 0.043±20% 0.044±15% N/A N/A N/A Infiltration in sewer network 

34% of total inflow. N 

concentration = 1.16 mg N L-1 

VMM (personal 

communication) [9] 

Liquid fraction 

sludge digesters 

(internal flux) 

F96 0.50 0.081±20% 0.081±19% 0.40 0.064±20% 0.065±14% Liquid sludge digestate fraction 

is calculated based on the 
difference in nutrient 

concentrations of non-digested 

and digested sludge. 

Aquafin (personal 

communication) 

Total input  24.18 3.9 4.1±5% 4.82 0.66 0.66±5%   

 

Table S 18. Output flows of the process Municipal wastewater treatment 
Output Flow n° Nitrogen Phosphorus Assumptions and calculations References 

Input value Reconciled value Input value Reconciled value 

kton N yr-1 kg N cap-1 yr-1 kg N cap-1 yr-1 kton P yr-1 kg P cap-1 yr-1 kg P cap-1 yr-1 

Sludge digestion 

(internal flux) 

F94 1.32 0.22±20% 0.22±14% 1.08 0.17±20% 0.17±12% Official statistics 

Content = 4.10% N and 3.26% P 

Aquafin (personal 

communication) 
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Output Flow n° Nitrogen Phosphorus Assumptions and calculations References 

Input value Reconciled value Input value Reconciled value 

kton N yr-1 kg N cap-1 yr-1 kg N cap-1 yr-1 kton P yr-1 kg P cap-1 yr-1 kg P cap-1 yr-1 

Non-digested sludge 

to Waste 

management 

F99 2.40 0.39±20% 0.39±11% 1.92 0.31±20% 0.26±13% Official statistics 

Content = 4.10% N and 3.26% P 

Aquafin (personal 
communication) 

Digested sludge to 

Waste management 

F98 1.32 0.21±20% 0.21±14% 0.90 0.15±20% 0.14±11% Official statistics 

Content = 3.95% N and 2.79% P 

Aquafin (personal 

communication) 

Overflow to Water F97 1.02 0.16±20% 0.16±11% 0.15 0.024±20% 0.026±11% 4% of wastewater inflow is 

discharged with treatment 

through storm overflow. 

Aquafin (personal 
communication) 

N2 emissions F91 15.57 2.5±10% 2.3±9% N/A N/A N/A N2 = influent N load – effluent N 

load – N assimilated in sludge – 

N2O 

Aquafin (personal 
communication) [9] 

N2O emissions F92 0.19 0.031±33% 0.030±33% N/A N/A N/A 0.8% of the incoming N load is 

emitted as N2O 

Aquafin (personal 
communication) 

Effluent to Water F93 5.09 0.81±10% 0.80±10% 0.55 0.089±10% 0.091±10% Official statistics [9] 

Total output  26.91 4.3 4.1±5% 4.6 0.74 0.66±5%   
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10 Composting 

Composting is the biological treatment of organic solid waste in aerobic conditions. The input streams are vegetable, garden and fruit (VGF) waste of households 

(F27) and organic biological waste from the food processing industry (F82). The compost produced is either exported (F154) or applied in horticulture (F33) or 

by households (F161). Also emissions to air (F31-32) by the composting process are quantified. The treatment of manure is not included in the composting 

process, but is part of Biothermic drying of Manure processing.  

Table S 19. Input flows of the process Composting 
Input Flow n° Nitrogen Phosphorus Assumptions and calculations References 

Input value Reconciled value Input value Reconciled value 

kton N yr-1 kg N cap-1 yr-1 kg N cap-1 yr-1 kton P yr-1 kg P cap-1 yr-1 kg P cap-1 yr-1 

VGF waste 

Consumption, trade 

and commerce 

F27 3.11 0.50±10% 0.50±6% 0.66 0.10±10% 0.10±6% Waste flow = official statistics 

Nutrient content: 0.628 % N and 

0.107% P 

Ghent University – 

Department of 

Forest and Water 
Management 

(personal 

communication), 
VLACO (personal 

communication)[22] 

Organic waste Food 

industry 

F82 0.02 0.0032±10% 0.0032±10% 0.00 0.000443±10% 0.000443±10% Waste flow = official statistics 

Nutrient content: 0.777% N and 

0.103% P 

VLACO (personal 

communication) [21, 
22] 

Total input  3.13 0.50 0.50±6% 0.66 0.10 0.10±6%   
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Table S 20. Output flows of the process Composting 
Output Flow n° Nitrogen Phosphorus Assumptions and calculations References 

Input value Reconciled value Input value Reconciled value 

kton N yr-1 kg N cap-1 yr-1 kg N cap-1 yr-1 kton P yr-1 kg P cap-1 yr-1 kg P cap-1 yr-1 

Exported compost F154 0.08 0.013±10% 0.013±10% 0.02 0.0032±10% 0.0032±10% Fixed ratio of VGF compost 

(30%) and green waste compost 

(70%) 

VGF compost = 1.2% N and 

0.306% P 

Green waste compost = 0.70% N 

and 0.122% P 

[22, 26] 

Compost to Crop 

production 

F33 0.72 0.12±10% 0.12±10% 0.16 0.026±10% 0.022±11% Fixed ratio of VGF compost 

(30%) and green waste compost 

(70%) 

VGF compost = 1.2% N and 

0.306% P 

Green waste compost = 0.70% N 

and 0.122% P 

The fraction of compost sold to 

soil manufacturers goes to 

agriculture (25%) and 

households (75%). 

[22, 26] 
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Output Flow n° Nitrogen Phosphorus Assumptions and calculations References 

Input value Reconciled value Input value Reconciled value 

kton N yr-1 kg N cap-1 yr-1 kg N cap-1 yr-1 kton P yr-1 kg P cap-1 yr-1 kg P cap-1 yr-1 

Compost to 

Consumption, trade 

and commerce 

F161 2.22 0.36±10% 0.36±8% 0.47 0.076±10% 0.076±8% Fixed ratio of VGF (30%) and 

green waste (70%) compost  

VGF compost = 1.2% N and 

0.306% P 

Green waste compost = 0.70% N 

and 0.122% P 

The fraction of compost sold to 

soil manufacturers goes to 

agriculture (25%) and 

households (75%). 

[22, 26] 

NH3 emissions  F31 0.02 0.0032±10% 0.0032±10% N/A N/A N/A 27 g NH3 ton-1 VGF = 0.19% of 

incoming N 

[27] 

N2O emissions  F32 0.05 0.0081±10% 0.0080±10% N/A N/A N/A 101 g N2O ton-1 VGF = 0.54% of 

incoming N 

[27] 

Total output  3.09 0.50 0.50±6% 0.65 0.11 0.10±6%   

  



206 
 

11 Industrial digesters 

Industrial digesters are defined as biogas installations which use energy crops (F108) and wastes from the food industry (F34 and F81) but do not use manure 

as input product. The digestate produced is used as fertilizer in agriculture (F83) or is exported (F165). Also NH3 emissions caused by the digestion process are 

quantified (F85). 

Table S 21. Input flows of the process Industrial digesters 
Input Flow n° Nitrogen Phosphorus Assumptions and calculations References 

Input value Reconciled value Input value Reconciled value 

kton N yr-1 kg N cap-1 yr-1 kg N cap-1 yr-1 kton P yr-1 kg P cap-1 yr-1 kg P cap-1 yr-1 

Energy crops F108 0.49 0.079±33% 0.054±44% 0.04 0.0064±33% 0.0062±20% 84% of input are energy crops 

(corn) 

Content: 1.3% N and 0.096% P 

[23, 24] 

Imported organic 

waste 

F34 0.29 0.045±33% 0.034±44% 0.04 0.0064±33% 0.0061±14% content: 0.78% N and 0.10% P VCM (personal 
communication)[21] 

Organic waste Food 

industry 

F81 1.20 0.19±33% 0.14±22% 0.16 0.026±33% 0.021±15% 16% of input is organic 

biological waste 

Content = 0.78% N and 0.10% P 

[21, 24] 

Total input  1.98 0.31 0.23±12% 0.24 0.039 0.033±10%   
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Table S 22. Output flows of the process Industrial digesters 
Output Flow n° Nitrogen Phosphorus Assumptions and calculations References 

Input value Reconciled value Input value Reconciled value 

kton N yr-1 kg N cap-1 yr-1 kg N cap-1 yr-1 kton P yr-1 kg P cap-1 yr-1 kg P cap-1 yr-1 

Exported digestate F165 0.27 0.043±33% 0.051±23% 0.09 0.014±33% 0.016±13% Waste flow = official statistics 

Content = 0.40% N and 0.17% P 

 

VLACO (personal 

communication)[24] 

Digestate to Crop 

production 

F83 0.60 0.097±33% 0.14±18% 0.21 0.034±33% 0.017±20% Digestate (kton) = input energy 

crops + input organic biological 

waste – biogas 

Content = 0.40% N and 0.17% P 

VLACO (personal 

communication)[24] 

NH3 emissions  F85 0.18 0.029±33% 0.034±28% N/A N/A N/A Assumed to be 0.01 % of biogas 

volume 

[10, 24] 

Total output  1.05 0.17 0.23 0.30 0.048 0.033±10%   
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12 Incineration 

Incineration plants incinerate the solid waste of households (F71), activated sludge of wastewater treatment plants (F141) and industrial solid wastes (F142, 144, 

145, 147). This results in N-emissions to the air (F149-151) and P-rich incineration ashes.  

Table S 23. Input flows of the process Incineration 
Input Flow n° Nitrogen Phosphorus Assumptions and calculations References 

Input value Reconciled value Input value Reconciled value 

kton N yr-1 kg N cap-1 yr-1 kg N cap-1 yr-1 kton P yr-1 kg P cap-1 yr-1 kg P cap-1 yr-1 

Solid waste 

Consumption, trade 

and commerce 

F71 12.57 2.0±20% 1.8±21% 1.02 0.16±20% 0.14±19% Only biological fraction in solid 

waste is taken into account. 

N and P concentration are 
average of consumed food 

products: 1.3% Ng and 0.15% 

P. 

[3, 7, 17] 

Sludge Wastewater 

treatment plants 

F141 3.29 0.53±20% 0.53±7% 2.04 0.33±20% 0.37±7% Both digested and non-digested 

activated sludge 

[7], Aquafin 

(personal 

communication) 

Wood waste  F144 0.53 0.085±10% 0.085±10% 0.09 0.014±11% 0.014±10% Waste flow = official statistics 

Content = 0.7 % N and 0.12% P 

[7, 8]; OVAM 
(personal 

communication) 

Industrial sludges F145 2.99 0.48±33% 0.50±23% 4.97 0.80±33% 0.82±10% Waste flow = official statistics 

Content = 1.5 % N and 2.5% P 

[3, 7, 8], OVAM 

(personal 

communication)  

Animal waste Food 

industry 

F142 5.93 0.95±20% 0.95±20% 3.05 0.49±20% 0.49±20% Waste flow = official statistics 

Content = 7.5% N and 4.0% P 

[7, 20] 

Industrial solid 

waste 

F147 5.15 0.83±20% 0.86±10% 0.41 0.067±20% 0.067±10% Only biological waste is taken 
into account. 

N and P concentration are 

average of consumed food 
products: 1.3% N and 0.15% P. 

[3, 7, 17] 

Total input  30.46 4.9 4.7±8% 11.58 1.9 1.9±4%   
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Table S 24. Output flows of the process Incineration 
Output Flow n° Nitrogen Phosphorus Assumptions and calculations References 

Input value Reconciled value Input value Reconciled value 

kton N yr-1 kg N cap-1 yr-1 kg N cap-1 yr-1 kton P yr-1 kg P cap-1 yr-1 kg P cap-1 yr-1 

N2 emissions F149 27.90 4.8±10% 4.6±9% 0.00 0±NaN 0±NaN Assumed that all input N is 

converted into gaseous N 

compounds. 

N2 = total input N – NOx – N2O 

[3, 7, 8, 17] Aquafin 

(personal 

communication), 

OVAM (personal 

communication) 

N2O emissions F151 0.02 0.0037±10% 0.0037±10% N/A N/A N/A Official statistics [9] 

NOx emissions F150 0.56 0.090±10% 0.090±10% N/A N/A N/A Official statistics [9] 

P-ashes Stock 

change 

N/A N/A N/A 12.57 2.0±10% 1.9±4% P-ashes = sum input P 

The destination of ashes is as 
landfill cover layer or road 

construction. The amount of 

each fraction is however 
unknown. 

[3, 7, 8, 17], Aquafin 

(personal 
communication), 

OVAM (personal 

communication) 

Total output  0.58 0.094 4.7±8% 0.00 0.0 0.0   
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13 Landfill 

A fraction of the activated sludge of wastewater treatment sites (F140) and animal waste from the food processing industry (F143) is sent to landfill sites. Only 

organic waste is taken into account. The inorganic industrial solid wastes, such as insulation materials and car production wastes, are not quantified as their N 

and P content is assumed to be negligible. 

Table S 25. Input flows of the process Landfill 
Input Flow n° Nitrogen Phosphorus Assumptions and calculations References 

Input value Reconciled value Input value Reconciled value 

kton N yr-1 kg N cap-1 yr-1 kg N cap-1 yr-1 kton P yr-1 kg P cap-1 yr-1 kg P cap-1 yr-1 

Wastewater 

treatment sludge 

F140 0.39 0.063±20% 0.063±20% 0.23 0.037±20% 0.038±20% Official statistics [7], Aquafin ( 

personal 

communication) 

Organic waste Food 

industry 

F143 0.08 0.013±20% 0.013±20% 0.01 0.001±20% 0.001±20% Waste flow = official statistics 

N and P concentration are 

average of consumed food 
products =1.3% Ng and 0.15% P 

[3, 7, 17] 

Total input  0.47 0.076 0.076±10% 0.24 0.038 0.039±10%   

 

Table S 26. Output flows of the process Landfill 
Output Flow n° Nitrogen Phosphorus Assumptions and calculations References 

Input value Reconciled value Input value Reconciled value 

kton N yr-1 kg N cap-1 yr-1 kg N cap-1 yr-1 kton P yr-1 kg P cap-1 yr-1 kg P cap-1 yr-1 

Landfill Wastewater  F152 0.01 0.0016±10% 0.0016±10% 0.00 0.000081±10% 0.000080±10% Official statistics [9] 

Stock change  N/A N/A 0.077±10% N/A N/A 0.04±10% Stock change = sum input - 

wastewater 

[20] 
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Output Flow n° Nitrogen Phosphorus Assumptions and calculations References 

Input value Reconciled value Input value Reconciled value 

kton N yr-1 kg N cap-1 yr-1 kg N cap-1 yr-1 kton P yr-1 kg P cap-1 yr-1 kg P cap-1 yr-1 

Total output  0.01 0.0016±10% 0.0016±10% 0 0.000081 0.000080±10%   

 

 

14 Manure processing – Activated sludge treatment 

Manure processing is defined as the conversion of manure to organic or inorganic fertilizers for export or private purposes, or the removal of nutrients through 

denitrification [9]. In this study, manure processing is subdivided in the four main technologies applied: activated sludge treatment (thin fraction pig manure, 

digestate and cow manure), (bio-)thermic drying (thick fraction pig manure, digestate and poultry manure), mushroom substrate production (poultry and horse 

manure) and agro-digesters. 

The manure activated sludge treatment plants receive liquid fractions of pig (96%) and cow (4%) manure (F100) and agro-digestate (F101). The activated sludge 

and treated effluent is spread out on agricultural land (F103). The activated sludge is also digested (F158), dried (F159 ) or exported (F102). 

Table S 27. Input flows of the process Manure processing - Activated sludge treatment 
Input Flow n° Nitrogen Phosphorus Assumptions and calculations References 

Input value Reconciled value Input value Reconciled value 

kton N yr-1 kg N cap-1 yr-1 kg N cap-1 yr-1 kton P yr-1 kg P cap-1 yr-1 kg P cap-1 yr-1 

Liquid manure 

fraction 

F100 11.38 1.8±10% 1.8±7% 2.34 0.38±10% 0.39±8% Official statistics [18] 
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Input Flow n° Nitrogen Phosphorus Assumptions and calculations References 

Input value Reconciled value Input value Reconciled value 

kton N yr-1 kg N cap-1 yr-1 kg N cap-1 yr-1 kton P yr-1 kg P cap-1 yr-1 kg P cap-1 yr-1 

Liquid agro-

digestate 

F101 0.56 0.090±33% 0.13±22% 0.20 0.032±33% 0.035±11% Quantified internal stream in 
manure processing assumed to 

be the liquid fraction of agro- 

digesters 

[18, 24], VCM 
(personal 

communication) 

Total input  11.94 1.89 1.96±6% 2.54 0.41 0.43±8%   

 

Table S 28. Output flows of the process Manure processing - Activated sludge treatment 
Output Flow n° Nitrogen Phosphorus Assumptions and calculations References 

Input value Reconciled value Input value Reconciled value 

kton N yr-1 kg N cap-1 yr-1 kg N cap-1 yr-1 kton P yr-1 kg P cap-1 yr-1 kg P cap-1 yr-1 

Exported activated 

sludge 

F102 0.22 0.035±10% 0.035±10% 0.30 0.048±10% 0.049±10% Official statistics [18] 

Effluent and 

activated sludge to 

Crop production  

F103 0.33 0.053±10% 0.053±10% 0.12 0.019±10% 0.017±11% Official statistics [18] 

Activated sludge to 

agro-digesters 

F158 0.96 0.15±33% 0.091±23% 0.37 0.060±33% 0.049±30% Quantified internal stream in 

manure processing assumed to 

go to agro-digester 

[18], VCM (personal 
communication) 

Activated sludge to 

manure drying 

F159 0.72 0.12±33% 0.12±14% 1.50 0.24±33% 0.31±11% Quantified internal stream in 

manure processing assumed to 

go to drying 

[18],VCM (personal 
communication) 

N2 emissions F104 10.18 1.6±10% 1.7±7% N/A N/A N/A Official statistics [18] 
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Output Flow n° Nitrogen Phosphorus Assumptions and calculations References 

Input value Reconciled value Input value Reconciled value 

kton N yr-1 kg N cap-1 yr-1 kg N cap-1 yr-1 kton P yr-1 kg P cap-1 yr-1 kg P cap-1 yr-1 

N2O emissions F177 0.10 0.015±33% 0.015±33% N/A N/A N/A Assumed to be similar to 

emissions of municipal 

wastewater treatment: 0.8% of 

the incoming N load is emitted as 

N2O. 

Aquafin (personal 
communication) 

Total output  12.51 1.97 1.96±6% 2.29 0.37 0.43±8%   

15 Manure processing – Agro-digesters 

Agro-digesters receive manure (F110) and activated sludge from manure treatment (F158) and are mixed with energy crops (F109) and waste from the food 

industry (F107). The solid fraction of digestate is exported (F111) or dried (F160), while the liquid fraction is treated in activated sludge treatment plants (F101). 

Mixed, liquid and thick digestate are also spread out on agricultural land (F112). 

Table S 29. Input flows of the process Manure processing – Agro-digesters 
Input Flow n° Nitrogen Phosphorus Assumptions and calculations References 

Input value Reconciled value Input value Reconciled value 

kton N yr-1 kg N cap-1 yr-1 kg N cap-1 yr-1 kton P yr-1 kg P cap-1 yr-1 kg P cap-1 yr-1 

Energy crops F109 0.40 0.064±20% 0.063±9% 0.07 0.011±20% 0.012±9% Co-digestion input = kton 
digestate + kton biogas – kton 

animal manure 

84% of co-digestion input are 
energy crops (corn) 

Content: 1.3% N and 0.096% P 

23, 24 
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Input Flow n° Nitrogen Phosphorus Assumptions and calculations References 

Input value Reconciled value Input value Reconciled value 

kton N yr-1 kg N cap-1 yr-1 kg N cap-1 yr-1 kton P yr-1 kg P cap-1 yr-1 kg P cap-1 yr-1 

Organic waste Food 

industry 

F107 1.20 0.19±33% 0.17±19% 0.16 0.026±33% 0.023±26% 16% of co-digestion input is 
organic biological waste 

Content = 0.78% N and 

0.10% P 

[21, 24] 

Manure F110 0.96 0.15±10% 0.14±10% 0.21 0.034±10% 0.034±10% Official statistics [18] 

Sludge of Activated 

sludge treatment 

F158 0.96 0.15±33% 0.091±23% 0.37 0.060±33% 0.049±30% Quantified internal stream in 

manure processing assumed to 

originate from activated sludge 

treatment 

[18], VCM (personal 

communication) 

Total input  3.52 0.56 0.43±9% 0.81 0.13 0.12±13%   

 

Table S 30. Output flows of the process Manure processing – Agro-digesters 
Output Flow n° Nitrogen Phosphorus Assumptions and calculations References 

Input value Reconciled value Input value Reconciled value 

kton N yr-1 kg N cap-1 yr-1 kg N cap-1 yr-1 kton P yr-1 kg P cap-1 yr-1 kg P cap-1 yr-1 

Exported digestate F111 0.25 0.040±33% 0.046±14% 0.06 0.0097±33% 0.0097±13% Content = 0.40% N and 0.17% P 

 

VLACO (personal 

communication),[24] 

Digestate to Crop 

production 

F112 0.31 0.050±33% 0.061±21% 0.06 0.01±33% 0.0092±22% Content = 0.40% N and 0.17% P 

 

VLACO (personal 

communication),[24] 
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Output Flow n° Nitrogen Phosphorus Assumptions and calculations References 

Input value Reconciled value Input value Reconciled value 

kton N yr-1 kg N cap-1 yr-1 kg N cap-1 yr-1 kton P yr-1 kg P cap-1 yr-1 kg P cap-1 yr-1 

Liquid digestate to 

Activated sludge 

treatment 

F101 0.56 0.090±33% 0.13±22% 0.20 0.032±33% 0.035±11% Digestate (kton) = input energy 

crops + input organic biological 

waste – biogas 

Quantified internal stream in 

manure processing assumed to 

go to activated sludge treatment 

[8, 18, 24], VCM 
(personal 

communication) 

Thick fraction 

digestate to Manure 

drying 

F160 0.66 0.10±33% 0.14±20% 0.32 0.052±33% 0.063±22% Quantified internal stream in 

manure processing assumed to 

go to manure drying 

VCM (personal 
communication), 

VLACO (personal 

communication) [18, 
24] 

NH3 emissions F113 0.28 0.045±33% 0.046±33% N/A N/A N/A Assumed to be 0.01 % of biogas 

volume 

[10, 24] 

Total output  2.06 0.33 0.43±9% 0.64 0.19 0.12±13%   

 

16 Manure processing – Manure drying 

The process manure drying contains the treatment technologies biothermic drying (74% of N, 77% of P), thermic drying (6% of N, 7% of P) and lime addition 

(20% of N, 18% of P). The manure streams treated are poultry manure (60%) and the thick fractions of pig (35%) and cow (5%) manure (F115-116). Also 

activated sludge (F159) and the solid fraction of agro-digestate (F160) are treated. The dried manure products are afterwards used by households (F162), in 

horticulture (F123), for mushroom substrate production (F127) or are exported (F117). 
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Table S 31. Input flows of the process Manure processing – Manure drying 
Input Flow n° Nitrogen Phosphorus Assumptions and calculations References 

Input value Reconciled value Input value Reconciled value 

kton N yr-1 kg N cap-1 yr-1 kg N cap-1 yr-1 kton P yr-1 kg P cap-1 yr-1 kg P cap-1 yr-1 

Imported manure F116 2.34 0.38±10% 0.38±10% 0.84 0.14±10% 0.14±10% Official statistics [18] 

Manure F115 6.59 1.1±10% 1.1±8% 2.28 0.37±10% 0.39±8% Official statistics [18] 

Solid fraction of 

Activated sludge 

treatment 

F159 0.72 0.12±33% 0.12±14% 1.50 0.24±33% 0.31±11% Quantified internal stream in 
manure processing assumed to 

originate from activated sludge 

treatment 

VCM (personal 

communication), 

[10] 

Digestate of agro-

digesters 

F160 0.66 0.10±33% 0.14±20% 0.32 0.052±33% 0.063±22% Quantified internal stream in 
manure processing assumed to 

originate from activated agro-
digesters 

VCM (personal 

communication) 

VLACO (personal 

communication)[18, 

24] 

Solid fraction of 

substrate 

production 

F164 0.78 0.12±33% 0.16±23% 0.18 0.029±33% 0.038±23% Quantified internal stream in 
manure processing assumed to 

originate from substrate 

production 

VCM (personal 

communication), 

[10] 

Total input  11.09 1.8 2.0±5% 5.12 0.83 0.94±4%   

 

Table S 32. Output flows of the process Manure processing – Manure drying 
Output Flow n° Nitrogen Phosphorus Assumptions and calculations References 

Input value Reconciled value Input value Reconciled value 

kton N yr-1 kg N cap-1 yr-1 kg N cap-1 yr-1 kton P yr-1 kg P cap-1 yr-1 kg P cap-1 yr-1 

Exported dried 

manure 

F117 11.98 1.9±10% 1.8±5% 5.57 0.89±10% 0.92±4% Official statistics [18] 
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Output Flow n° Nitrogen Phosphorus Assumptions and calculations References 

Input value Reconciled value Input value Reconciled value 

kton N yr-1 kg N cap-1 yr-1 kg N cap-1 yr-1 kton P yr-1 kg P cap-1 yr-1 kg P cap-1 yr-1 

Dried manure to 

Crop production 

F123 0.07 0.011±10% 0.011±10% 0.01 0.0016±10% 0.0016±10% Official statistics [18] 

Dried manure to 

Consumption, trade 

and commerce 

F162 0.06 0.097±10% 0.097±10% 0.01 0.0016±10% 0.0016±10% Official statistics [18] 

Resources for 

substrate production 

F127 0.36 0.058±33% 0.051±17% 0.12 0.019±33% 0.013±16% Quantified internal stream in 

manure processing assumed to 

go to substrate production 

VCM (personal 

communication), 

[10] 

NH3 emissions F124 0.38 0.061±10% 0.061±10% N/A N/A N/A Official statistics [9, 18] 

Total output  12.85 2.1 2.0±5% 5.71 0.91 0.94±4%   

 

17 Manure processing – Substrate production 

In the process substrate production organic substrate is produced for the cultivation of mushrooms. This mushroom substrate is produced by the biothermic 

drying of horse manure, poultry manure, chopped straw and gypsum. 

Table S 33. Input flows of the process Manure processing - Substrate production 
Input Flow n° Nitrogen Phosphorus Assumptions and calculations References 

Input value Reconciled value Input value Reconciled value 

kton N yr-1 kg N cap-1 yr-1 kg N cap-1 yr-1 kton P yr-1 kg P cap-1 yr-1 kg P cap-1 yr-1 

Manure F126 4.07 0.65±10% 0.59±8% 1.14 0.18±10% 0.15±8% Official statistics [18] 
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Input Flow n° Nitrogen Phosphorus Assumptions and calculations References 

Input value Reconciled value Input value Reconciled value 

kton N yr-1 kg N cap-1 yr-1 kg N cap-1 yr-1 kton P yr-1 kg P cap-1 yr-1 kg P cap-1 yr-1 

manure drying 

products 

F127 0.36 0.058±33% 0.051±17% 0.12 0.019±33% 0.013±16% Quantified internal stream in 
manure processing assumed to 

originate from manure drying 

VCM (personal 

communication), 

[10] 

Total input  4.43 0.71 0.65±7% 1.26 0.20 0.17±7%   

 

Table S 34. Output flows of the process Manure processing – Substrate production 
Output Flow n° Nitrogen Phosphorus Assumptions and calculations References 

Input value Reconciled value Input value Reconciled value 

kton N yr-1 kg N cap-1 yr-1 kg N cap-1 yr-1 kton P yr-1 kg P cap-1 yr-1 kg P cap-1 yr-1 

Exported manure 

substrate 

F128 2.81 0.45±10% 0.49±8% 0.72 0.11±10% 0.13±8% Official statistics [18] 

Manure substrate to 

Crop production 

F163 0.01 0.0016±10% 0.0016±10% 0.00 0.00064±10% 0.00064±10% Official statistics [18] 

Solid fraction to 

Manure drying 

F164 0.78 0.12±33% 0.16±23% 0.18 0.029±33% 0.038±23% Quantified internal stream in 

manure processing assumed to 
go to manure drying 

VCM (personal 

communication), 

[10] 

Total output  3.60 0.57 0.65±7% 0.90 0.14 0.17±7%   

 

18 Air 

The reactive nitrogen species NOx, NH3 and N2O are emitted to the air by different environmental and economic processes, as well as through import from 

outside of Flanders [9]. A part of these emissions are deposited through atmospheric deposition of NH3 and NOx to arable and non-arable land or are exported 
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outside Flanders through the atmosphere [9]. Nitrogen also leaves the process Air through chemical nitrogen fixation by Haber-Bosch, nitrogen fixation through 

combustion processes from transport and energy production and biological nitrogen fixation [9]. A change in the infinite stock of inert N2 is implemented within 

the process Air to allow balancing of the input and output streams and the conversion of inert to reactive nitrogen species. 

Table S 35. Input flows of the process Air 
Input Flow n° Nitrogen Phosphorus Assumptions and calculations References 

Input value Reconciled value Input value Reconciled value 

kton N yr-1 kg N cap-1 yr-1 kg N cap-1 yr-1 kton P yr-1 kg P cap-1 yr-1 kg P cap-1 yr-1 

Imported NOx F169 8.04 1.32±10% 1.32±10% N/A N/A N/A 65% of NOx deposition 

originates from import 

[9] 

Imported NH3 F170 6.64 1.09±10% 1.09±10% N/A N/A N/A 29% of NH3 deposition 

originates from import 

[9] 

N2 emissions Food 

industry 

F47 1.50 0.24±10% 0.24±10% N/A N/A N/A Emissions of on-site wastewater 

treatment 

[9] 

NOx emissions Food 

industry 

F48 0.66 0.11±10% 0.11±10% N/A N/A N/A Official statistics  [9] 

NH3 emissions Crop 

production 

F118 12.57 2.1±10% 2.1±10% N/A N/A N/A Official statistics [9] 

N2 emissions Crop 

production 

F120 4.97 0.80±10% 0.81±10% N/A N/A N/A Official statistics [9] 

N2O emissions Crop 

production 

F119 3.29 0.53±10% 0.54±10% N/A N/A N/A Official statistics [9] 

NOx emissions Crop 

production 

F121 2.87 0.46±10% 0.46±10% N/A N/A N/A Official statistics [9] 

N2O emissions 

Livestock 

production 

F1199 0.78 0.12±10% 0.12±10% N/A N/A N/A Official statistics [9] 
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Input Flow n° Nitrogen Phosphorus Assumptions and calculations References 

Input value Reconciled value Input value Reconciled value 

kton N yr-1 kg N cap-1 yr-1 kg N cap-1 yr-1 kton P yr-1 kg P cap-1 yr-1 kg P cap-1 yr-1 

NOx emissions 

Livestock 

production 

F121 (1) 2.40 0.39±10% 0.39±10% N/A N/A N/A Official statistics [9] 

N2 emissions 

Livestock 

production 

F120 (1) 1.14 0.19±10% 0.19±10% N/A N/A N/A Official statistics [9] 

NH3 emissions 

Livestock 

production 

F118 (1) 18.56 3.0±10% 3.2±9% N/A N/A N/A Official statistics [9] 

NH3 emissions 

consumption 

Consumption, trade 
and commerce F76 1.80 0.28±10% 0.28±10% 

N/A N/A N/A Official statistics [9] 

NOx emissions 

consumption 

Consumption, trade 
and commerce F77 14.37 2.3±10% 2.3±10% 

N/A N/A N/A Official statistics [9] 

N2O emissions 

consumption 
Consumption, trade 

and commerce F78 0.78 0.13±10% 0.13±10% 

N/A N/A N/A Official statistics [9] 

N2 emissions 

consumption 
Consumption, trade 

and commerce F79 0.27 0.043±10% 0.043±10% 

N/A N/A N/A Calculated from individual 

wastewater treatment facilities 

[9] 

NH3 emissions 
Transport sector 

F63 0.02 0.0034±10% 0.0034±9% N/A N/A N/A Official statistics [9] 

NOx emissions 

Transport sector 

F64 15.57 2.5±10% 2.5±10% N/A N/A N/A Official statistics [9] 

N2O emissions 
Transport sector 

F65 0.11 0.018±10% 0.018±10% N/A N/A N/A Official statistics [9] 
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Input Flow n° Nitrogen Phosphorus Assumptions and calculations References 

Input value Reconciled value Input value Reconciled value 

kton N yr-1 kg N cap-1 yr-1 kg N cap-1 yr-1 kton P yr-1 kg P cap-1 yr-1 kg P cap-1 yr-1 

NH3 emissions 

Energy production F66 0.00 0.00013±10% 0.00013±10% 

N/A N/A N/A Official statistics [9] 

NOx emissions 

Energy production F67 6.59 1.1±10% 1.1±10% 

N/A N/A N/A Official statistics [9] 

N2O emissions 

Energy production F68 0.28 0.045±10% 0.045±10% 

N/A N/A N/A Official statistics [9] 

NH3 emissions 

Chemical and other 

industry 

F56 0.46 0.074±10% 0.074±10% N/A N/A N/A Official statistics [9] 

NOx emissions 

Chemical and other 

industry 

F57 5.99 1.0±10% 1.0±10% N/A N/A N/A Official statistics [9] 

N2O emissions 

Chemical and other 

industry 

F58 2.16 0.35±10% 0.35±10% N/A N/A N/A Official statistics [9] 

N2 emissions 

Chemical and other 

industry 

F59 3.29 0.53±10% 0.53±10% N/A N/A N/A Emissions of on-site wastewater 

treatment 

[9] 

N2 emissions 

Wastewater 

treatment 

F91 15.57 2.5±10% 2.3±9% N/A N/A N/A N2 = influent N load – effluent N 

load – N assimilated in sludge – 

N2O 

Aquafin (personal 

communication), [9] 

N2O emissions 

Wastewater 

treatment 

F92 0.19 0.031±33% 0.030±33% N/A N/A N/A 0.8% of the incoming N load is 

emitted as N2O 

Aquafin (personal 

communication) 

NH3 emissions 

Composting 

F31 0.02 0.0032±10% 0.0032±10% N/A N/A N/A 27 g NH3 ton-1 VGF [27] 
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Input Flow n° Nitrogen Phosphorus Assumptions and calculations References 

Input value Reconciled value Input value Reconciled value 

kton N yr-1 kg N cap-1 yr-1 kg N cap-1 yr-1 kton P yr-1 kg P cap-1 yr-1 kg P cap-1 yr-1 

N2O emissions 

Composting 

F32 0.05 0.0081±11% 0.0080±11% N/A N/A N/A 101 g N2O ton-1 VGF [27] 

NH3 emissions 

Industrial digesters 

F85 0.18 0.029±33% 0.034±28% N/A N/A N/A Assumed to be 0.01 % of biogas 

volume 

[10, 24] 

N2 emissions 

Incineration 

F149 0.00 N/A 4.6±9% N/A N/A N/A N2 = sum input N – NOx – N2O [3, 7, 8, 17], OVAM 

(personal 

communication) 

NOx emissions 

Incineration 

F150 0.56 0.090±10% 0.090±10% N/A N/A N/A Official statistics [9] 

N2O emissions 

Incineration 

F151 0.02 0.0037±10% 0.0037±10% N/A N/A N/A Official statistics [9] 

N2 emissions 

Manure activated 

sludge treatment 

F104 10.18 1.6±10% 1.7±7% N/A N/A N/A Official statistics [18] 

N2O emissions 

Manure activated 

sludge treatment 

F177 0.10 0.015±33% 0.015±33% N/A N/A N/A 0.8% of the incoming N load is 

emitted as N2O. 

Aquafin (personal 
communication) 

NH3 emissions agro-

digesters 

F113 0.28 0.045±33% 0.046±33% N/A N/A N/A Assumed to be 0.01 % of biogas 

volume 

[10, 24] 

NH3 emissions 

Manure drying 

F124 0.38 0.063±10% 0.063±10% N/A N/A N/A Official statistics [9, 18] 

N2O emissions 

Water 

F17x 0.78 0.12±10% 0.12±10% N/A N/A N/A Official statistics [9] 

N2 emissions Water F171 1.17 0.31±10% 0.31±10% N/A N/A N/A Official statistics [9] 
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Input Flow n° Nitrogen Phosphorus Assumptions and calculations References 

Input value Reconciled value Input value Reconciled value 

kton N yr-1 kg N cap-1 yr-1 kg N cap-1 yr-1 kton P yr-1 kg P cap-1 yr-1 kg P cap-1 yr-1 

N2O emissions 

Water 

F172 3.32 0.55±10% 0.55±10% N/A N/A N/A Official statistics [9] 

N2 emissions Water F173 4.98 0.83±10% 0.83±10% N/A N/A N/A Official statistics [9] 

Total input  144.59 23 29±3% N/A N/A N/A   

 

Table S 36. Output flows of the process Air 
Output Flow n° Nitrogen Phosphorus Assumptions and calculations References 

Input value Reconciled value Input value Reconciled value 

kton N yr-1 kg N cap-1 yr-1 kg N cap-1 yr-1 kton P yr-1 kg P cap-1 yr-1 kg P cap-1 yr-1 

Exported NOx  33.34 5.53±10% 5.53±10% N/A N/A N/A 33% of NOx is deposited in 

Flanders, the rest is exported 

[9] 

Exported NH3  8.36 1.36±10% 1.36±10% N/A N/A N/A 80% of NH3 is deposited in 

Flanders, the rest is exported 

[9] 

Exported N2O  8.43 1.38±10% 1.38±10% N/A N/A N/A All N2O is exported  

Atmospheric 

deposition on 

agricultural soil 

F2 17.30 2.84±10% 2.84±10% N/A N/A N/A Average nitrogen deposition per 

municipality per hectare 

multiplied by the agricultural 

area per town 

[9, 18] 

Atmospheric 

deposition on non-

agricultural soil 

F180 18.0 2.9±10% 2.9±10% N/A N/A N/A Average nitrogen deposition per 

municipality on non-agricultural 

area 

[9, 18] 

Biological N-

fixation 

F181 5.49 0.91±10% 0.91±10% N/A N/A N/A Area of nitrogen fixing crops x 

average nitrogen fixation 

[4, 9] 
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Output Flow n° Nitrogen Phosphorus Assumptions and calculations References 

Input value Reconciled value Input value Reconciled value 

kton N yr-1 kg N cap-1 yr-1 kg N cap-1 yr-1 kton P yr-1 kg P cap-1 yr-1 kg P cap-1 yr-1 

Rain to Wastewater 

treatment 

F86 0.27 0.043±20% 0.044±15% N/A N/A N/A See wastewater treatment  VMM (personal 
communication), [9] 

N-fixation through 

combustion 

processes 
Consumption, trade 

and commerce 

F70 4.01 0.65±10% 0.65±10% N/A N/A N/A Sum of emissions of NH3, NOx 

and N2O 

[9] 

 

 

N-fixation through 

combustion 

processes Transport 
sector 

F132 N/A N/A 2.5±10% N/A N/A N/A Sum of NH3, NOx and N2O 

emissions  

[9] 

N-fixation through 

combustion Energy 
production 

F133 N/A N/A 1.1±10% 

N/A N/A N/A Sum of NH3, NOx and N2O 

emissions  

[9] 

Chemical N-fixation F80 532.91 86±10% 87±9% N/A N/A N/A BASF is the sole producer of 

ammonia in Flanders. 

BASF (personal 

communication) 

Stock change N2    -79±10% N/A N/A N/A Stock change in N2. Reactive N-
species which are not deposited 

are exported out of the system 

 

Total output  628.11 102 107±7% N/A N/A N/A   

 

19 Water 

The compartment Water contains all surface waters. The input streams are the treated and untreated wastewaters from the other compartments (F46, 52, 60, 74, 

93, 97), as well as nutrient leaching from agricultural soil (F11). The output streams are emissions to Air through nitrification-denitrification (F171, 172) and 

infiltration of ground water in the sewer network (F87). The nutrient difference between input en output fluxes is accumulated in a stock change, as the export 

of nutrients is not quantified. The stock of nutrients already present in the surface waters is not quantified. 
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Table S 37. Input flows of the process Water 
Input Flow n° Nitrogen Phosphorus Assumptions and calculations References 

Input value Reconciled value Input value Reconciled value 

kton N yr-1 kg N cap-1 yr-1 kg N cap-1 yr-1 kton P yr-1 kg P cap-1 yr-1 kg P cap-1 yr-1 

Emissions to water 

Food industry 

F46 0.34 0.055±10% 0.055±10% 0.08 0.013±10% 0.013±10% Official statistics [9] 

Emissions to water 

Fodder industry 

F52 0.01 0.0016±10% 0.0016±10% N/A N/A N/A Official statistics 

1% of the emissions of food and 

fodder industry originate from 

fodder industry. 

[9] 

Leaching and 

erosion from Crop 

production 

F11 19.16 3.1±33% 3.2±20% 1.14 0.18±60% 0.19±32% Official statistics. Model based 

on on-line monitoring of ground 

and surface waters. 

[9] 

Water emissions 
Consumption, trade 

and commerce 

F74 5.99 1.0±10% 1.0±10% 1.14 0.18±10% 0.17±10% Official statistics. Sum of 

untreated discharged 

wastewater and effluent of 

individual wastewater treatment 

[9] 

Emissions to water 

Chemical and other 

industry 

F60 1.08 0.17±10% 0.17±10% 0.16 0.025±10% 0.025±10% Official statistics [9] 

Effluent Wastewater 

treatment plants 

F93 5.09 0.81±10% 0.80±11% 0.55 0.089±10% 0.091±10% Official statistics [9] 

Overflow 

Wastewater 

treatment plants 

F97 1.02 0.16±20% 0.16±11% 0.15 0.024±20% 0.026±21% 4% of wastewater inflow is 

discharged with treatment 

through storm overflow. 

Aquafin (personal 
communication) 

Total input  32.69 5.3 5.4±6% 3.22 0.51 0.53±5%   
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Table S 38. Output flows of the process Water 
Output Flow n° Nitrogen Phosphorus Assumptions and calculations References 

Input value Reconciled value Input value Reconciled value 

kton N yr-1 kg N cap-1 yr-1 kg N cap-1 yr-1 kton P yr-1 kg P cap-1 yr-1 kg P cap-1 yr-1 

Infiltration water F87 2.28 0.37±20% 0.40±19% N/A N/A N/A 34% of total inflow. N 

concentration = 9.7 mg N L-1 

VMM (personal 

communication) [9] 

N2 emissions Water F171 1.17 0.20±10% 0.20±10% N/A N/A N/A Official statistics [9] 

N2O emissions 

Water 

F172 0.78 0.13±10% 0.13±10% N/A N/A N/A Official statistics [9] 

Stock change  N/A N/A 5.3±7% N/A N/A 0.54±6%   

Total output  4.23 0.70 0.31±10% 0.00 0.0 0.0   

 

20 Soil 

The compartment Soil contains both soil and groundwater. The main input stream of the compartment Soil is the atmospheric deposition of reactive N-species 

(F180). Atmospheric deposition on agricultural soil is quantified in the compartment Crop production and is therefore not taken into account in the department 

Soil. Biological N-fixation on non-agricultural soil is not quantified. The compartment Soil also includes the nutrients on agricultural soil which are not taken 

up by crops (F6). 

Table S 39. Input flows of the process Soil 
Input Flow n° Nitrogen Phosphorus Assumptions and calculations References 

Input value Reconciled value Input value Reconciled value 

kton N yr-1 kg N cap-1 yr-1 kg N cap-1 yr-1 kton P yr-1 kg P cap-1 yr-1 kg P cap-1 yr-1 

Atmospheric 

deposition on non-

agricultural soil 

F180 18.0 2.9±10% 2.9±10% N/A N/A N/A Average nitrogen deposition per 

municipality on non-agricultural 

area 

[9, 18] 
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Input Flow n° Nitrogen Phosphorus Assumptions and calculations References 

Input value Reconciled value Input value Reconciled value 

kton N yr-1 kg N cap-1 yr-1 kg N cap-1 yr-1 kton P yr-1 kg P cap-1 yr-1 kg P cap-1 yr-1 

Soil uptake in Crop 

production 

F6 3.05 0.49±33% 0.52±31% -1.14 -0.19±33% -0.19±33% Official statistics 

Soil balance: soil uptake = 

fertilizers – crop uptake – run-off 

[4] 

Total input  18.0 2.9 2.9±10% 0.00 0.0 0.0   

 

Table S 40. Output flows of the process Soil 
Output Flow n° Nitrogen Phosphorus Assumptions and calculations References 

Input value Reconciled value Input value Reconciled value 

kton N yr-1 kg N cap-1 yr-1 kg N cap-1 yr-1 kton P yr-1 kg P cap-1 yr-1 kg P cap-1 yr-1 

N2 emissions F173 4.98 0.83±10% 0.83±10% N/A N/A N/A Official statistics [9] 

N2O emissions F172 3.32 0.55±10% 0.55±10% N/A N/A N/A Official statistics [9] 

Stock change    +1.7±23% N/A N/A -0.19±17% Stock change due to soil uptake [4] 

Total output  8.3 1.38 1.2±20% 1.14 0.19 0.19   
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1 Economic evaluation of algae-based fertilizers 

Different fertilizer scenarios are evaluated for their economic feasibility. For these scenarios the 

tomato fruit yield and fertilizer price differ, whereas other fixed and variable costs are assumed to 

be the same (Table S1). General fixed and variable costs of greenhouse tomato cultivation are 

obtained from a government survey greenhouse tomato farmers in Flanders, Belgium [1]. 

Additional production data was obtained from DLV Plant (personal communication). 

A plant nutrient requirement of 133g N m-2, 34 g P2O5 m
-2 and 233 g K2O m-2 is assumed according 

to commercial greenhouse tomato production practices [2]. For inorganic fertilizer scenarios the 

commercial NPK fertilizer is amended with K2SO4 to provide the additional potassium demand, 

while the organic fertilizer scenarios are amended with kali vinasse. A tomato production yield of 

52 kg m-2 yr-1 is assumed for the inorganic fertilizer treatments, according to average production 

yields in Flanders [1]. A yield of 35 kg m-2 yr-1 is assumed for the different organic fertilizer 

treatments [3]. 

The cost for microalgae production is obtained from 3.4.1 and is based on the economic evaluation 

of microalgae cultivation in an outdoor raceway pond according to Norsker, Barbosa [4]. A 

microalgal production cost of € 26 kg-1 biomass or € 325 kg-1N is obtained. Considering a 33% N 

mineralization of the microalgal biomass, a fertilizer cost of € 984 kg-1 fertilizer-N is obtained. 
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Table S 1. Overview the of variable and fixed costs of greenhouse tomato cultivation, excluding fertilizer costs 

 Value (€ m-2) Assumptions References 

Variable costs    

CO2 2.6 46 kg CO2 m-2 
DLV Plant (personal 

communication) 

heat 4.0 1548 MJ m-2 DLV Plant (personal 

communication) 

Electricity 0.6 80 W m-2 DLV Plant (personal 

communication) 

tomato plants 3.2 3.3 plants m-2 [1] 

crop protection 0.5  [1] 

growing medium 0.8 

The same price for 

inorganic and organic 

growing medium is 

assumed 

[1] Peltracom (personal 

communication) 

support and binding materials 0.5  [1] 

other variable costs (incl. waste 

management) 
1.0  [1] 

marketing 0.9 2% of turnover 
DLV Plant (personal 

communication) 

transportation costs 0.2 0.4% of turnover 
DLV Plant (personal 

communication) 

labour 14.45 
875 hr/1000 m² at 

€16.5/hr 

DLV Plant (personal 

communication) 

Equipment & maintenance costs 0.5  [1] 

Fixed costs    

Costs of buildings 4.0  [1] 

Other fixed costs (insurances, 

taxes,..) 
0.9  [1] 

depreciations 3.2  [1] 

Total costs 37.2 excluding fertilizers  
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Table S 2. Overview of the production costs of the different fertilizer scenarios 

 Inorg. fert. Inorg. fert. + 

10% algae 

Inorg. fert. + 

20% algae 

Org. fert. Org. fert. + 10% 

algae 

Org. fert. + 20% 

algae 

100% algae fert. 

Yield  

(kg m-2) 

52.4 52.4 52.4 35 35 35 35 

Costs excl. 

fertilizer (€ m-2) 

37.20 37.20 37.20 37.20 37.20 37.20 37.20 

Fertilizers  

(m-2) 

0.95 kg inorg.  

0.12 kg K2SO4 

0.50 kg algae 

0.85 kg inorg.  

0.13 kg K2SO4 

1.01 kg algae 

0.76 kg inorg.. 

0.15 kg K2SO4 

2.46 kg SF1 

0.69 kg SF2 

0.18 kg K-vinasse 

0.50 kg algae 

3.32 kg SF1 

0.13 kg K vinasse 

1.01 kg algae 

2.95 kg SF1 

0.18 kg K-vinasse 

5.03 kg algae 

0.54 kg K-vinasse 

Fertilizer cost  

(€ m-2) 

1.12 14.11 27.08 1.13 14.58 27.54 131.21 

Fertilizer cost  

(€ kg-1 fertilizer-

N) 

8.62 108.52 208.28 8.52 112.19 211.87 1009.33 

Total cost  

(€ m-2) 

38.32 51.31 64.28 38.34 51.78 64.74 168.41 

Total cost  

(€ kg-1) 

0.73 0.98 1.23 1.10 1.48 1.85 4.81 
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2 Economic and energetic analysis of nutrient removal and recovery  

2.1 Overall energetic and economic assumptions  

An electricity cost of €0.18 kWh-1 is assumed [5]. The cost of buildings is excluded from the capital expenditures (CAPEX). The costs for reactor heating are excluded from the 

operating expenditures (OPEX). A salary of €70000 yr-1 is assumed for a full time equivalent (FTE) for maintenance and analysis [6]. Salary overhead is assumed to be 25% of 

the labor cost and the maintenance cost is assumed to be 2% of equipment cost [4]. General plant overhead costs are assumed to be 55% of maintenance and labor costs. The 

investment costs were calculated based on the annuity method with a 3% interest rate and 10% depreciation rate. The energy requirements of the processes are converted to 

chemical (fossil) energy (MJfos), by applying conversion factors of 3.60 MJel kWh-1 and 0.31 MJel MJ-1
fos. 

2.2 Removal with nitrification/denitrification 

A conventional activated sludge system with a total investment cost of €800 m-3 is assumed [6]. A 50% FTE is assumed for maintenance and supervision. 

Table S 3. Overview of the capital and operating expenditures for a nitrification/denitrification unit 

CAPEX Value 

(€ kg-1 N) 

References OPEX Value 

(€ kg-1 N) 

References 

Total investment cost 2.06 [6] Operation 1.35 [6] 

Electricity 0.63 [6] 

Chemicals 0.30 [6] 

Sludge disposal 0.15 [6] 

Labour 0.24 [6] 
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Salary overhead 0.06  

Maintenance 0.03  

General plant 

overheads 

0.15  

Total CAPEX 2.06  Total OPEX 2.90  

 

Table S 4. Overview of the energy requirements of a nitrification/denitrification unit 

Parameter Value 

(MJ kg-1 N) 

Assumptions and calculations References 

Nitrification 40.65 Aeration, pumping and mixing [6] 

Denitrification 23.76 25% of carbon needed for denitrification is added as methanol  [7, 8] 

Total 64.40   

 

2.3 Recovery as inorganic/chemical products 

2.3.1 Ammonium sulphate (stripping/scrubbing)  

An AMFER® ammonia stripping installation is assumed, treating 100 m³ influent d-1 with an electricity consumption of 2 kWhel kg-1 N. The thermal energy required, 18 kWhth 

kg-1 N, is assumed to be available as low-grade waste heat on-site and is therefore not included in the OPEX calculations. A 20% FTE is assumed for maintenance and supervision 

[9]. 
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Table S 5. Overview of the capital and operating expenditures for ammonium sulphate recovery 

CAPEX Value 

(€ kg-1 N) 

References OPEX Value 

(€ kg-1 N) 

References 

Total investment cost 0.51 [9] H2SO4 0.44 [9] 

Electricity 0.36 [9] 

Labour 0.15  

Salary overhead 0.04  

Maintenance 0.01  

General plant 

overheads 

0.09  

Total CAPEX 0.51  Total OPEX 1.09  

 

Table S 6. Overview of the energy requirements for ammonium sulphate recovery 

Parameter Value 

(MJ kg-1 N) 

Assumptions and calculations References 

Electricity 23.23 2 kWh kg-1 N [9] 

Chemicals 21.60  [10] 

Total 44.83   
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2.3.2 Struvite (precipitation) 

An AIRPREX® struvite installation for struvite recovery from digested sludge is assumed, with a scale of 200,000 population equivalents (1 P.E. = 0.1 kg Precovered yr-1 ). A 20% 

FTE is assumed for maintenance and supervision [9]. 

Table S 7. Overview of the capital and operating expenditures for struvite production for P-recovery 

CAPEX Value 

(€ kg-1 P) 

References OPEX Value 

(€ kg-1 P) 

References 

Total investment cost 3.94 [8] MgCl2.6 H2O 1.11 [8] 

Electricity 1.35 [8] 

Labour 0.70  

Salary overhead 0.18  

Maintenance 0.06  

General plant 

overheads 

0.42  

Total CAPEX 3.94  Total OPEX 3.80  

 

Table S 8. Overview of the energy requirements of struvite production 

Parameter Value 

(MJ kg-1 P) 

Assumptions and calculations References 

Electricity 87.10 7.5 kWh kg-1 P [8] 
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Chemicals 196.26 16.9 kWh kg-1 N [8] 

Total 283.35   

 

2.3.3 Ammonium nitrate (nitrification/evaporation) 

For the partial nitrification to ammonium nitrate a biological reactor is assumed with a total investment cost of €800 m-3, similar to a partial nitritation/anammox system [6]. An 

additional reverse osmosis (RO) unit is included to recover 80% of the water, after which Vapor compression distillation (VCD) unit allows for the production of a dry fertilizer 

powder [7, 11]. A 50% FTE is assumed for maintenance and supervision. 

Table S 9. Overview of the capital and operating expenditures for the recovery of ammonium nitrate 

CAPEX Value 

(€ kg-1 N) 

References OPEX Value 

(€ kg-1 N) 

References 

Biological reactor 1.98 [6] Operation bioreactor 1.15 [6] 

Electricity bioreactor 0.41 [6] 

Chemicals 0.05 [6] 

Reverse osmosis (RO) 0.18 [12] Electricity RO 0.36 [11] 

Chemicals RO 0.17 [7] 

Electricity MVC 2.97 [11] 

Chemicals MVC 0.01 [7] 

Labour 0.24 [6] 
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Vapor compression 

distillation (VCD) 

0.02 [7] Salary overhead 0.06  

Maintenance 0.03  

General plant 

overheads 

0.15  

Total CAPEX 2.18  Total OPEX 5.59  

 

Table S 10. Overview of the energy requirements of ammonia nitrate production 

Parameter Value 

(MJ kg-1 N) 

Assumptions and calculations References 

Partial nitrification 16.13 50% of aeration requirements of nitrification/denitrification system [6] 

Reverse osmosis 14.52 8 kWh m-3  

2.0 kWh/kg N 

[11] 

Vapor compression distillation 

(VCD) 

4.06 66 kWh m-3  

16.5 kWh kg-1 N 

[11] 

Total 34.71   
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2.4 Recovery as organic/microbial products (SCP) 

2.4.1 Microalgae (outdoor) 

Biomass production is calculated according to Norsker et al. (2011) for a 1 ha outdoor raceway pond production facility with an annual production of 21000 kg DW/ha and 3 

FTE in the Netherlands. Nannochloropsis is used as model organism (15% N) [13].  

Table S 11. Overview of the capital and operating expenditures for the production of algae SCP in an outdoor raceway pond 

CAPEX Value 

(€ kg-1 biomass-N) 

References OPEX Value 

(€ kg-1 biomass-N) 

References 

PVC liner 3.29 [4] Centrifuge 4.08 [4] 

Centrifuge 7.91 [4] Feeding pump 0.91 [4] 

Feeding pump 5.42 [4] Paddle wheel 0.76 [4] 

Harvest buffer tank 1.67 [4] Pasteurization drum 

dryer 

0.08 [14] 

Paddle wheel 0.30 [4] Labour 66.67 [4, 6] 

Installation costs 2.79 [4] Salary overhead 16.67  

Instrumentation costs 1.86 [4] Maintenance 0.58  

Piping 5.58 [4] General plant 

overheads 

36.98  

Pasteurization drum 

dryer 

18.61 [15]    
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Total CAPEX 47.43  Total OPEX (excl. 

nutrients) 

126.74  

 

Table S 12. Overview of the energy requirements of an outdoor algal raceway pond 

Parameter Value 

(MJ kg-1 biomass-N 

Assumptions and calculations References 

Feeding pump 58.84 0.76 kWh kg-1 DW [4] 

Paddle wheel 49.08 kWh kg-1 DW [4] 

CO2 pressurization 37.07 CO2 is assumed to be produced from flue gas. Only 

energy for CO2 pressurization is therefore taken 

into account. 

CO2 consumption assuming perfect transfer 

efficiency: 1.8 kg CO2 kg-1 DW 

Energy consumption: 0.27 kWh kg-1 CO2 

0.48 kWh kg-1 DW 

[4, 16] 

Centrifuge 263.54 3.40 kWh kg-1 DW [4] 

Drum dryer 5.42 Pasteurization and drying after centrifugation: 20 % 

DW to 90% DW 

0.07 kWh kg-1 DW 

[14] 

Total 410.97   
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2.4.2 Microalgae (indoor) 

Biomass production is calculated according to Norsker et al. (2011) for a 1ha indoor tubular photobioreactor production facility with an annual production of 82000 kg DW 

ha-1, which is double of the outdoor tubular production, as continuous 24h illumination is assumed. 3 FTE are assumed for maintenance and supervision [4]. Nannochloropsis 

is used as model organism (15% N) [13]. 

Table S 13. Overview of the capital and operating expenditures for the production of algae SCP in an indoor tubular photobioreactor 

CAPEX Value 

(€ kg-1 biomass-N) 

References OPEX Value 

(€ kg-1 biomass-N) 

References 

Centrifuge 1.44 [4] Centrifuge 0.88 [4] 

Feeding pump 0.98 [4] Feeding pump 0.20 [4] 

Harvest buffer tank 0.21 [4] Circulation pump 5.65 [4] 

Circulation pump 0.25 [4] Blower 0.70 [14] 

Blower 0.23 [4] LED light 57.69 [17] 

Installation costs 1.59 [4] Drum dryer 0.08 [14] 

Instrumentation costs 0.53 [4] Labour 17.07 [4] 

Piping 1.59 [4] Salary overhead 4.27  

PE tubing 0.43 [4] Maintenance 0.15  

LED light 89.59 [17] General plant 

overheads 

9.47  
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Drum dryer 0.18 [15]    

Total CAPEX 97.02  Total OPEX (excl. 

nutrients) 

96.15  

 

Table S 14. Overview of the energy requirements of an indoor algal tubular photobioreactor 

Parameter Value 

(MJ kg-1 biomass-N 

Assumptions and calculations References 

Feeding pump 13.01 0.17 kWh kg-1 DW [4] 

Mixing 483.63 6.25 kWh kg-1 DW [4] 

CO2 pressurization 37.07 CO2 is assumed to be produced from flue gas. Only energy for CO2 

pressurization is therefore taken into account. 

CO2 consumption assuming perfect transfer efficiency: 1.8 kg CO2 

kg-1 DW 

Energy consumption: 0.27 kWh kg-1 CO2 

0.48 kWh kg-1 DW 

[4, 16] 

Blower 59.91  [4] 

LED light 3721.79 Light required: 200 µmol m-2 s-1 

LED light efficiency: 2.2 µmol/J 

Energy consumption: 45.45 W m-2 assuming intermittent light 

pulses, or 48 kWh kg-1 DW 

[17, 18] 
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Centrifuge 56.52 3.40 kWh kg-1 DW [4] 

Drum dryer 5.42 Pasteurization and drying after centrifugation: 20 % DW to 90% 

DW. 

0.07 kWh kg-1 DW 

[14] 

Total 4377.35   

2.4.3 Purple non-sulfur bacteria (PNSB - indoor) 

A biomass production of the purple non-sulfur bacteria (PNSB) Rhodopseudomonas (11% N) of 75 g DW m-2 d-1, or 273750 kg ha-1 yr-1, is assumed in an indoor tubular 

photobioreactor under continuous illumination with monochromatic LED light (850 nm) [19]. 3 FTE are assumed for maintenance and supervision [4]. 

Table S 15. Overview of the capital and operating expenditures for the production of PNSB in an indoor tubular photobioreactor 

CAPEX Value 

(€ kg-1 biomass-N) 

References OPEX Value 

(€ kg-1 biomass-N) 

References 

Centrifuge 0.57 [4] Centrifuge 1.16 [4] 

Feeding pump 0.39 [4] feeding pump 0.27 [4] 

Harvest buffer tank 0.08 [4] Circulation pump 2.25 [4] 

Circulation pump 0.10 [4] Blower 0.28 [14] 
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Blower 0.09 [4] LED light 3.19 [17] 

Installation costs 0.63 [4] Pasteurization drum 

dryer 

0.11 [14] 

Instrumentation costs 0.21 [4] Labour 6.79 [4] 

Piping 0.63 [4] Salary overhead 1.70  

PE tubing 0.17 [4] Maintenance 0.77  

LED light 35.62 [17] General plant 

overheads 

4.16  

Drum dryer 0.08 [15]    

Total CAPEX 38.59  Total OPEX (excl. 

nutrients) 

20.66  

 

Table S 16. Overview of the energy requirements of an indoor tubular photobioreactor for PNSB production 

Parameter Value 

(MJ kg-1 biomass-N 

Assumptions and calculations References 

Feeding pump 17.27 0.17 kWh kg-1 DW [4] 

Mixing 144.87 6.25 kWh kg-1 DW [4] 

Organic carbon 171.97 Acetate used as carbon source: 14.58 MJ kg-1 acetic acid 

100% C-conversion efficiency to biomass 

Rhodopseudomonas: 53.3% C, 11.3% N 

[19] 
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LED light 739.94 Reactor light intensity required: 2700 lux 

Monochromatic 850 nm LED light intensity: 60 lm/w 

Energy consumption: 22.5 W m-2 assuming intermittent light 

pulses, or 7.2 kWh kg-1 DW 

[17, 18, 20] 

Centrifuge 75.02 3.40 kWh kg-1 DW [4] 

Drum dryer 7.19 Pasteurization and drying after centrifugation: 20 % DW to 90% 

DW 

0.07 kWh kg-1 DW 

[14] 

Total 1156.25   

 

2.4.4 Purple non-sulfur bacteria (PNSB – outdoor) 

A yearly average outdoor production of 152 g biomass m-2 d-1, or 125743 kg ha-1 yr-1 is assumed in a tubular photobioreactor, according to Carlozzi et al. (2001). 3 FTE are 

assumed for maintenance and supervision [4]. 

Table S 17. Overview of the capital and operating expenditures for the production of PNSB SCP in an outdoor tubular photobioreactor 

CAPEX Value 

(€ kg-1 biomass-N) 

References OPEX Value 

(€ kg-1 biomass-N) 

References 

Centrifuge 1.25 [4] Centrifuge 1.16 [4] 

Feeding pump 0.85 [4] feeding pump 0.27 [4] 

Harvest buffer tank 0.18 [4] Circulation pump 4.89 [4] 

Circulation pump 0.21 [4] Blower 0.61 [14] 
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Blower 0.20 [4] Drum dryer 0.11 [14] 

Installation costs 1.38 [4] Labour 14.78 [4] 

Instrumentation costs 0.46 [4] Salary overhead 3.69  

Piping 1.38 [4] Maintenance 0.13  

PE tubing 0.37 [4] General plant 

overheads 

8.20  

Drum dryer 0.11 [15]    

Total CAPEX 6.39  Total OPEX (excl. 

nutrients) 

33.83  

 

Table S 18. Overview of the energy requirements of an outdoor tubular photobioreactor for PNSB production 

Parameter Value 

(MJ kg-1 biomass-N 

Assumptions and calculations References 

Feeding pump 17.27 0.17 kWh kg-1 DW [4] 

Mixing 315.39 3.07 kWh kg-1 DW [4] 

Organic carbon 171.97 Acetate used as carbon source: 14.58 MJ kg-1 acetic acid 

100% C-conversion efficiency to biomass 

Rhodopseudomonas: 53.3% C, 11.3% N 

[19] 



 

250 
 

Centrifuge 75.02 3.40 kWh kg-1 DW [4] 

Drum dryer 7.19 Pasteurization and drying after centrifugation: 20 % DW to 90% 

DW 

0.07 kWh kg-1 DW 

[14] 

Total 586.84   

 

2.4.5 Ordinary heterotrophic organisms (OHO) 

For the aerobic production of ordinary heterotrophic organisms (OHO) a 500 m³ reactor is assumed with a total investment cost of €800 m-3, similar to a conventional activated 

sludge system [6]. A COD loading rate of 10 kg COD m-3 d-1 and 1 kg COD kg-1 VSS d-1 are assumed at a sludge retention time (SRT) of 1 day and specific biomass yield of 

0.357 kg VSS kg-1 COD. This results in a biomass production of 1785 kg VSS d-1 or 814406 kg DW yr-1, when taken into account a VSS/TSS ratio of 0.8. A heterotrophic 

biomass composition C5H7NO2 is assumed (0.12% N). A 50% FTE is assumed for maintenance and supervision [6]. 

Table S 19. Overview of the capital and operating expenditures for the production of aerobic OHO 

CAPEX Value 

(€ kg-1 biomass-N) 

References OPEX Value 

(€ kg-1 biomass-N) 

References 

Reactor 0.46 [6] Energy 1.15 [6] 

Centrifuge 0.18 [4] Centrifuge 0.31 [4] 

Drum dryer 0.08 [15] Drum dryer 0.10 [14] 

Labour 0.77 [6] 
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Salary overhead 0.19  

Maintenance 0.01  

General plant 

overheads 

0.43  

Total CAPEX 0.72  Total OPEX (excl. 

nutrients) 

2.97  

 

Table S 20. Overview of the energy requirements for the production of aerobic OHO 

Parameter Value 

(MJ kg-1 biomass-N) 

Assumptions and calculations References 

Aeration, mixing and pumping 14.16 Biomass yield: 0.36 g VSS g-1 COD (SRT = 1d) or 0.51 g COD g-

1 biomass COD 

Reactor influent COD:N ratio: 11.49 

Required aeration: 0.49 g O2 g-1 COD 

Aeration energy: 1.8 kg O2 kWh-1 

Total aeration energy: 11.33 MJ kg-1 N 

80% of total energy cost assumed from aeration; the rest is mixing 

and pumping (2.83 MJ kg-1 N) 

[6, 21] 

Organic carbon 302.09 Methanol used as carbon source: 20 MJ kg-1 methanol 

1.5 g COD g-1 biomass 
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Dewatering 20.01 0.15 kWh kg-1 COD = 1.72 kWh kg-1 N [21] 

Drum dryer 7.19 Pasteurization and drying after centrifugation: from 20 % DW to 

90% DW 

0.07 kWh kg-1 DW 

[14] 

Total 376.48   

 

2.4.6 Hydrogen-oxidizing bacteria (HOB) 

For the production of hydrogen-oxidizing bacteria (HOB) a 500 m³ reactor is assumed with a total investment cost of €1600 m-3, similar to a conventional anaerobic digester 

system. A COD loading rate of 25 kg H2-COD m-3 d-1 and a specific biomass yield of 0.3 kg CDW kg-1 H2-COD are assumed (AVECOM, personal communication). This results 

in a biomass production of 2500 kg DW d-1 or 912500 kg DW yr-1. A biomass composition of C4.09H7.13N0.76O1.89 is assumed (0.11% N) [22]. A 50% FTE is assumed for 

maintenance of the reactor and analysis [6]. 

Table S 21. Overview of the capital and operating expenditures for the production of HOB 

CAPEX Value 

(€ kg-1 biomass-N) 

References OPEX Value 

(€ kg-1 biomass-N) 

References 

Reactor 0.94 [6] Energy 1.29 [6] 

Centrifuge 0.18 [4] Centrifuge 0.31 [4] 

Drum dryer 0.08 [15] Drum dryer 0.11 [14] 

Labour 0.88 [6] 
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Salary overhead 0.22  

Maintenance 0.02  

General plant 

overheads 

0.49  

Total CAPEX 1.20  Total OPEX (excl. 

nutrients) 

3.32  

 

Table S 22. Overview of the energy requirements of the production of HOB 

Parameter Value 

(MJ kg-1 biomass-N) 

Assumptions and calculations References 

Hydrogen production 2979.71 Biomass yield: 0.3 g CDW g-1 COD-H2  

H2 required: 0.42 g H2 g-1 CDW 

Energy requirements H2 production through electrolysis: 53 kWh 

kg-1 H2 

[22, 23] 

Mixing and pumping 109.71 Assumed as 20% of aeration energy need. Actual oxygenation 

aeration is not accounted, as this is also obtained through 

electrolysis 

O2 required: 4 g O2 g-1 CDW-C 

Aeration energy: 1.8 kg O2 kWh-1 

[21, 22] 

Dewatering 20.01 0.15 kWh kg-1 COD = 1.72 kWh kg-1 N [21] 
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Drum dryer 7.39 Pasteurization and drying after centrifugation: from 20 % DW to 

90% DW 

0.07 kWh kg-1 DW 

[14] 

Total 376.48   

 

2.5 Energy and economic cost of microbial protein production with de novo and recycled nutrients 

Recycled N and P are obtained through the inclusion of ammonia sulphate (stripping/scrubbing) and struvite (precipitation). An N:P (g) ratio of 7.5 is assumed for all microbial 

biomass. The organic carbon required for the production of aerobic heterotrophs and purple non-sulfur bacteria (PNSB), as well as the CO2 for the production of hydrogen-

oxidizing bacteria and microalgae, is not included in the economic cost for protein production using recycled nutrients.  

Table S 23. Cost of chemicals for de novo production 

Chemical Price (€/kg) Reference 

Methanol 0.50 [24] 

Acetic acid 0.50 [25] 

H2 4.00 [24] 

NH4Cl 0.23 [24] 

CaH6O8P2 0.88 [24] 

CO2 0.46 [24] 
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Table S 24. Energy and economic costs of the different microbial nutrient recovery technologies for de novo production and the production using recycled nutrients 

Type of SCP 

De novo production Production using recycled nutrients 

Energy 

(MJ kg-1 N) 

CAPEX 

(€ kg-1 N) 

OPEX 

(€ kg-1 N) 

Total cost 

(€ kg-1 N) 

Total cost 

(€ kg-1 DW) 

Energy 

(MJ kg-1 N) 

CAPEX 

(€ kg-1 N) 

OPEX 

(€ kg-1 N) 

Total cost 

(€ kg-1 N) 

Total cost 

(€ kg-1 DW) 

OHO 425 0.72 11.84 12.56 1.56 510 0.72 5.53 6.24 0.75 

 

HOB 3132 1.20 31.36 32.57 3.55 3204 1.20 24.91 26.27 2.89 

PNSB (outdoor) 634 6.39 41.05 47.43 5.36 707 6.39 36.38 42.77 5.13 

PNSB (indoor) 1204 38.59 27.88 66.46 7.51 1277 38.59 23.21 61.80 7.42 

Algae (outdoor) 458 47.43 133.57 181.00 27.15 531 47.43 129.13 176.56 26.48 

Algae (indoor) 4425 97.02 102.99 200.01 30.00 4498 97.02 98.70 195.72 29.36 

 

2.6 Impact from nutrient recycling on the food supply chain  
 

Table S 25. Primary energy requirements of the different sectors of the food supply chain 

Sector MJ kg-1 food-N Assumptions and calculations 

Crop production 11.77 P2O5 production: 17.62 MJ kg-1 P-fertilizer [26] 

NH4NO3 production: 45 MJ kg-1 N-fertilizer [27] 

Crop production efficiency: 1.82 kg fertilizer-N and 0.38 kg fertilizer-P kg-1 vegetable food-N 

Crop energy required: 81.22 MJ kg-1 food-N (primary energy for fertilizer production) 

Total food produced: 14% of food-N and 20% of food-P are vegetable products 

Livestock production 191.69 Animal production efficiency: 3.89 kg fodder-N and 0.79 kg fodder-P kg-1 animal produce-N 
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Fodder energy required: 215.13 MJ kg-1 animal produce -N (primary energy for fertilizer production) 

Manure processing: denitrification of liquid manure = 8.78 MJ kg-1 animal produce-N 

Total food produced: 86% of food-N and 80% of food-P are animal produce 

Food industry 0.83 Wastewater treatment of food processing industry: 0.01 kg N and 0.01 kg P removed kg-1 food-N 

Municipal wastewater treatment 17.72 Nitrification/denitrification: 64.40 MJ kg-1 N 

P-removal through dosage of AlCl3: 101.61 MJ kg-1 P (assuming 1 mol Al required for 1 mol P-removal and 

energy requirement of 88 MJ kg-1 AlCl3-Al) 

46% of food-N and 38% of food-P consumed ends up at municipal wastewater treatment 

0.26 kg N denitrified kg-1 food-N 

0.01 kg P removed with Al-dosage kg-1 food-N 

Sum food supply chain 222.02  

 

 

Table S 26. Primary energy requirements related to nutrient consumption of the total food supply chain when the different nutrient recycling technologies are 

implemented for fodder and food production 

Recovery technology De novo production Production using recycled nutrients 

Feed production 

(MJ kg-1 food-N) 

Food production 

(MJ kg-1 food-N) 

Feed production 

(MJ kg-1 food-N) 

Food production 

(MJ kg-1 food-N) 

Direct fertilizer application N/A* N/A 206 192 

(NH4)2SO4 + struvite N/A N/A 239 234 

NH4NO3 + struvite N/A N/A 267 262 

OHO 297 278 306 288 

HOB 836 800 851 806 

PNSB (outdoor) 339 319 467 435 



   

257 
 

PNSB (indoor) 452 429 354 326 

Algae SCP (outdoor) 304 285 319 292 

Algae SCP (indoor) 1094 1049 1109 1056 

*N/A: not applicable
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begon en plots tomaten wou kweken. Je stond ook steeds klaar voor een gemoedelijke babbel 
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dan ook eeuwig dankbaar. Terwijl ik steeds koppig mijn eigen ding wou doen stonden jullie 
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zeker ook mijn grootouders te bedanken voor al de steun tijdens mijn doctoraat. Fanke mo, jij 
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