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EXECUTIVE SUMMARY 

The transition to a low-carbon and resource-efficient economy has begun, also in South Africa. 
Wastewater is increasingly viewed as a “water-carried waste”, presenting opportunities for recovery of 
nutrients and energy, as well as water. Ecologically and economically more sustainable sanitation and 
wastewater management solutions are being explored and implemented. Amongst the sewage-borne 
resources, phosphorus is an important, non-substitutable nutrient for all life forms, particularly in the 
growth of plants, and is therefore essential in ensuring universal food security. Human activities have 
disturbed the natural phosphorus cycle and remain heavily dependent on mining of non-renewable 
rock phosphate. As a result, there is a particular interest in phosphorus recovery.  

This technology transfer report firstly explores phosphate recovery possibilities from wastewater, 
relative to its potential South African market and developments in wastewater treatment. It is 
structured to address the following aims:  

• Investigate available nutrient recovery technologies and their products, focusing on 
phosphate; 

• Describe a number of cases that have adopted nutrient recovery and assess these from a 
sustainability perspective; 

• Investigate the characteristics of recoverable fertilizer products and obtain viewpoints of 
experts along the fertilizer-produce value chain on likely social acceptance; 

• Present and analyse two cases of how a nutrient recovery process could be incorporated 
together with energy recovery via anaerobic digestion. 

Technology review 

Within nutrient removal wastewater treatment works (WWTWs) some 40% of the phosphorus load 
reports to the sewage sludge and another 55% may have to be removed in tertiary treatment. The 
main points of recovery from wastewater treatment systems include:  

• Liquid phase: secondary effluent, anaerobic digestion side stream, sludge liquor or source-
separated urine; 

• Solid phase: sludge, digested sludge, sludge ash. 

For liquid phase extraction, a minimum concentration of 50-60 mg/L of orthophosphates is required 
for economically feasible recovery. Source separated urine contains 300-570 mg/ L and together with 
sludge liquor and the anaerobic digestion (AD) side streams (20-100 mg/L) makes up the liquid 
streams that are economically feasible for phosphate recovery. Of all nutrient extraction techniques, 
industrial crystallization technologies are common due to their ability to produce high purity, water-free 
and marketable final products, namely Struvite and Calcium Phosphates. Crystallization methods 
typically achieve a recovery of > 90% and an effluent phosphate concentration of 0.3-1 mg/L and are 
often located at WWTPs with anaerobic digesters. The most efficient phosphorus removal methods 
would involve the use of both chemical and biological methods simultaneously to reach levels 
between 0.5 and 1 mg/L. However, to meet phosphorus levels less than 0.1 mg/L (required to avoid 
eutrophication in receiving wetlands), additional tertiary treatment is required.  

Case studies 

Three industrial scale installations and one community-scale pilot project were investigated. These 
case studies illustrated crystallization and wet chemical phosphate recovery processes, producing 
struvite for fertilizer use. The Ostara Pearl®, Multiform Harvest and the Seaborne processes are 
centralized and are located at WWTPs with anaerobic digester units, treating the anaerobic digestion 
sludge liquor and sewage sludge, respectively. The Nepal struvite precipitation of source-separated 
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urine project (STUN) was a decentralized attempt at phosphate recovery at community scale, with 
potential relevance to the situation in peri-urban eThekwini where 85 000 urine diversion toilets have 
been installed. The two competing struvite production processes installed at wastewater treatment 
works (WWTW) in the United States appear to be both fully operational and economically sound, 
addressing a technical plant problem in a way that saves costs for tertiary phosphate removal at the 
end of the process.  

Products, markets and acceptance 

Struvite is reported to be a good slow release phosphate fertilizer derived from human waste, which 
may replace rock phosphate derived fertilizers. Despite health and safety concerns, it is likely that 
struvite will pass toxicity, pathogen and metal content regulation and be comparable to most 
phosphate fertilizers on the market. Expert interviews revealed that health and safety was the 
universal concern of most stakeholders, over and above fertilizer quality and quantity. To date, there 
are no South African policies on organic agriculture or certification. Although most stakeholders 
recognized the importance of phosphate recycling in tackling food security and achieving sustainable 
water and nutrient cycles, it is believed by industry experts that the South African organic markets and 
its consumer appear not ready for fertilizers produced from human waste. More feasible markets may 
lie within ornamental plant fertilization, commercial fertilizer production and fertilizer use within closed 
community gardens. Therefore, there is potentially a larger market for lower grade struvite. 

Feasibility of nutrient and energy recovery as part of urban infrastructure 

The potential for recovery of energy and nutrients was investigated through two techno-economic pre-
feasibility studies: i) of three means of achieving phosphate discharge limits at a large centralised 
wastewater treatment plant in Cape Town and ii) of a conceptual design for energy and nutrient 
recovery plants in Cape Town’s Foreshore precinct on the site of the current pump station directing 
sewage to ocean outfall.  

The first assessment shows that production of low-grade struvite would have lower life cycle costs 
than either chemical precipitation (yielding an additional waste) or high-grade struvite production, and 
would thus be the most cost-effective way of lowering phosphate discharge levels of an established 
large wastewater treatment works with existing AD plant to within regulated limits. 

The second assessment shows that diverting half of the urine from commercial building male urinals 
could produce approximately 75 kg/d of dried struvite fertiliser. The co-digestion of primary sludge 
from the Foreshore wastewater with 10% of the available food waste generated in the Foreshore 
could result in an electrical surplus of 27 kW to be fed to the grid. Over a 20 years forecast period, the 
additional operating costs incurred by the proposed scheme would result in a net cost more than four 
times the costs incurred by the existing scheme (wastewater to ocean outfall and food waste to 
landfill). The additional labour and maintenance requirements (and costs) associated with new 
treatment infrastructure makes the recovery of nutrients and energy unattractive when compared 
against the existing cheap, yet increasingly unacceptable disposal schemes – but they appear to be 
within the cost envelope for more standard sewage treatment. 

Conclusion and Outlook 

This report demonstrates that technologies for phosphate recovery from water-borne wastes have 
reached the stage of early full-scale use at reasonable cost, if fed from well-selected sources. 
Crystallisation-based technologies, to produce struvite, a potentially marketable phosphate fertilizer, 
are central in this regard, and often draw from side streams of anaerobic digesters, thus providing link 
to energy recovery. The South African fertilizer markets are immature for phosphates from wastewater 
sources, least of all the organic production route, which might well bar them, but other market 



  
 

v

segments may not have any significant concerns. A concept design and pre-feasibility cost estimation 
for a retrofit to lower phosphate discharge levels of a large wastewater treatment works to within 
regulated limits showed that production of low-grade struvite would have lower life cycle costs than 
either chemical precipitation (yielding an additional waste) or high-grade struvite production. A 2nd pre-
feasibility study considered nutrient and energy recovery at the central city precinct scale and 
estimated them to be four times more expensive than outmoded disposal options but well within the 
cost envelope for standard treatment. We conclude that our project to develop a technology 
innovation for further reducing reactor costs for struvite precipitation is on a sound footing. This 
investigation has identified the minimum feed concentrations for which our innovation should cater as 
50 mg/L but also shown that there remains a big opportunity for crystallization technology to achieve 
the 0.1 mg/L effluent standard, as secondary treatment effluent still carries the majority of the 
phosphate load. 

This essence report, aimed to be a resource for infrastructure designers and decision-makers, 
provides the evidence in support of the above summary in a concise format. An extensive technical 
report mirroring the essence report structure is also available in electronic format.  
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1 Introduction 

Twenty years after the democratic transition, the dual challenges of sustainable development remain 
starkly contrasted in South Africa: on the one hand, the necessary transition to a low-carbon and 
resource-efficient economy has begun, on the other hand, the delivery of basic services, including 
sanitation, remains a challenge especially in informal settlements and rural areas. The ability to 
address both imperatives simultaneously, with limited resources, has become something of a grand 
challenge for concerned engineers. In this light, it is encouraging that ecologically and economically 
more sustainable sanitation and wastewater management solutions are being explored and 
implemented, for centralised and de-centralised treatment alike. 

Amongst the sewage-borne resources, phosphorus is an important, non-substitutable nutrient for all 
life forms, particularly in the growth of plants, and is therefore essential in ensuring universal food 
security. Human activities interfere with the natural phosphorus cycle and remain heavily dependent 
on mining of non-renewable rock phosphate. As a result, there is a particular interest in phosphorus 
recovery. 

Humans produce a significant amount of sewage, containing large quantities of nutrients (phosphates, 
nitrates and micro-nutrients). For example, humans typically excrete 1.6-1.7 g phosphorus per day, 
most of which (approximately 60%) is found in urine (Schouw, et al. 2009). Considering that natural 
phosphorus reserves are on the decline and are expected to deplete by 2033 (Cordell, Drangert and 
White 2008), the use of sewage waste has the potential to be a major source of new phosphorus. 
This source of phosphorus is argued by some to simultaneously alleviate the challenges facing 
developing countries in terms of sanitation and also offer a “low cost source of phosphorus in the form 
of struvite”, a magnesium ammonium phosphate based fertilizer (Etter, et al. 2011). Bhuiyan et al. 
(2008) successfully demonstrated the use of a fluidised bed reactor for the production of struvite while 
in 2009, Etter et al. (2011) successfully demonstrated the use of low cost struvite production in a 
village in Nepal.  

The other track for resource recovery from sewage is concerned with energy, in the form of biogas 
from the sludge stabilisation operation through anaerobic digestion. Anaerobic digestion (AD) has 
been successfully utilised for the stabilisation of settled sewage, generating biogas (Musango and 
Brent 2010) and the technology is well developed for this application. Significantly, AD produces a 
solution (digestate) enriched in dissolved phosphate, providing possible synergy between energy and 
phosphate recovery retrofits to sewage treatment works. Alternatively, urine diversion toilets, which 
separate urine and faeces at source, might be a good source of a urine waste stream for phosphate 
recovery and a black water for energy recovery.  It is known that AD processing of sewage sludge is 
constrained by a sub-optimal carbon-to-nitrogen ratio, as this substrate is too rich in nitrogenous 
species found in urine. 

As innovations and experiences with new technologies are made, there is a need to provide this 
knowledge to infrastructure planners and decision-makers who wish to or need to include resource 
recovery into their planning and design. There is also an opportunity for innovations to further improve 
these new technologies.  
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2 Objectives and Scope 

The project aimed to address both the knowledge integration need and the innovation opportunity. 
The central aim of this report is to address the former, i.e. to review nutrient recovery technologies 
within the relevant, evolving systems of wastewater treatment (incl. energy recovery) and agricultural 
production. This aim focuses specifically on situation analysis and comprehensive technology review 
and is divided into a number of specific objectives: 

1. Investigate available nutrient recovery technologies and describe the recoverable products; 
2. Describe a number of case studies that have adopted nutrient recovery and assess these 

from a sustainability perspective; 
3. Investigate the characteristics of recoverable fertilizer products and obtain the viewpoints of 

experts along the fertilizer produce value chain on products grown from fertilizers 
manufactured from wastewater; 

4. Present and analyse two cases of how a nutrient recovery process could be incorporated 
together with energy recovery via anaerobic digestion. 

This essence report addresses these objectives as follows: 

Chapter 3 offers an overview on analysis of nutrient flows, particularly of phosphate, whilst Chapter 4 
provides a comprehensive review of nutrient recovery technologies. Chapter 5 illustrates various case 
studies of wastewater treatment plants that adopted nutrient recovery methods and compares the 
selected onsite nutrient and energy recovery cases. Potential markets that could use products of 
nutrient recovery are identified in Chapter 6, where the views of industry experts (e.g. fertilizer 
advisors, organic food producers and green supply chain managers in food retail) are presented, 
focusing on trends in organic production and in particular on meeting phosphate requirements, and 
also on the acceptance in the food market. Chapter 7 deals with the investigations done on the supply 
side, through concept design phase for a nutrient and energy recovery solution at a large centralised 
wastewater treatment works. An economic analysis of new and existing nutrient recovery 
technologies as well as new products has been conducted. This phase involved no experimental work 
but it was rather focused on data collection from various sources. The integration of renewable energy 
sources together with nutrient recovery technologies was also investigated using available literature 
and knowledge. Energy recovery from wastewater was the subject of a recent WRC study (WRC 
K5/1732) and is thus not discussed in depth in this report – but is taken to be part of the context in 
which wastewater treatment is currently evolving. Chapter 8 illustrates a Systems Theory approach 
for water infrastructure and management practices within the Foreshore precinct in Cape Town’s 
central business district, whilst Chapter 9 summarizes all the findings and the conclusion drawn. 

This essence report is accompanied, in the electronic version only, by a full report, consisting of a 
separate volume, matching the nine chapters and providing more detail for each. 

The second objective of the project was to investigate the use of seeded electrochemical precipitation 
as a means to produce struvite crystals of a similar or better quality and size when compared to 
conventional precipitation techniques. The research completed in support of this objective is covered 
in the technical report. 
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3 Phosphate Recovery: Global Context and Wastewater Source 

3.1 Strategies for sustainable phosphorus use  

Attaining a sustainable phosphorus (P) cycle involves an integrated systems approach, which 
includes the efficient use, reuse and recovery of phosphorus in waste streams. To achieve this, it has 
been estimated that the global business-as-usual demand will have to decrease by 70%, so that the 
remaining demand can be met by recovery from all possible waste streams (Schroder, et al. 2009). 

 illustrates how future demands for phosphorus can be meet through efficiency in use, 
changes in demand and recovery from waste streams.  

 

 

Figure 3-1: Meeting future phosphorus demands through efficiency and demand  
(Cordell, Drangert and White 2008) 

 

3.2 Secondary phosphate sources 

Waste streams contain phosphorus at different concentrations: Table 2 and Table 3 in the extended 
report list them along with methods for phosphate recovery. Animal manure and human excreta have 
been used for thousands of years and the latter is recognized to be the largest source of phosphorus 
in urban areas (60-70% of the total phosphorus excreted). Other less common sources are mineral 
phosphate, algae, aquatic sediments and seawater. Ash and sewage sludge have been used in the 
past for land application, however the use of the latter has been restricted due to health concerns 
(Werner 2006; Adam 2009) since organic waste began to be recycled.  

Cities have been reported as the major phosphate sinks and it has been estimated that about a third 
of the mined phosphorus ends up in urban areas (Kalmykova et al., 2012; Cordell et al., 2011). A 
material flow analysis is mandatory to quantify these phosphate waste streams, especially in 
developing countries where increased wealth magnifies waste production. 
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Phosphorus concentrations in waste streams differ from region to region. The source of the 
phosphorus is the major determinant of its concentration and affects the viability of its recovery: lower 
concentrations alongside with transportation of low concentrated products will have high cost 
implications. Table 4 and Table 5, in the extended report, summarize typical phosphorus 
concentrations of a range of waste streams. 

3.3 Phosphorus concentrations and deportment in wastewater 

Phosphorus is available in various forms of phosphates in wastewater. The phosphates present are 
categorized physically into either particulate or soluble and further categorized chemically as follows: 

• Orthophosphates are readily available for biological uptake; 
• Polyphosphates (condensed) are phosphate molecules formulated from varying combinations 

of hydrogen, oxygen and phosphorus atoms at various pH levels; 
• Organic phosphates are biodegradable and can be converted to orthophosphates and 

polyphosphates during activated sludge treatment (Neethling, et al. 2009, deBarbadillo, 
Levesque and Maxwell n.d.) 

An investigation undertaken as part of this project and based on sewage sludge sampled from the 
Cape Flats WWTW, was aimed at quantifying phosphorus in wastewater and at confirming its 
behaviour following AD. Knowledge on the effect of anaerobic digestion on phosphorus distribution 
between the liquid and solid phase is beneficial for determining which phase of the digestate can be 
used as organic fertiliser or for phosphorus recovery. The study showed that whilst AD mobilized 
some of the phosphorus into the liquid digestate, more remains in the solid fraction of sewage 
digestates, which should be further investigated as possible candidates for phosphorus recovery. 

Figure 3-2 and Table 7 in the extended report describe the mass balance of a wastewater treatment 
plant and the typical phosphate concentrations of raw wastewater: for South Africa the average 
phosphate loading of raw sewage is approximately 15 mg/L or 1.3 g P/cap⋅day (Vinneras and 
Jonsson, 2002). Primary and secondary treatment remove an average of 11% and 28% of the 
phosphorus load respectively; the South African legislative standard of 1 mg/L of phosphate in 
effluent requires an additional 50-55% removal of the phosphorus load by a phosphate removal or 
recovery technology. 

3.4 Point of phosphate recovery from sanitation systems 

Sanitation systems represent an important sector of phosphate recovery and removal. Section 3.4 in 
the extended report illustrates sanitation system options and shows that phosphorus recovery is 
physically feasible from liquid phase, sludge and ashes (incinerated sludge); as far as the liquid phase 
is concerned phosphorus recovery is reportedly economically viable from an orthophosphates 
concentration greater than 50-60 mg/L. 

3.5 Centralized vs. decentralized phosphate recovery solutions 

Phosphate recovery processes may either be small-scale, low-tech, low-cost (decentralised units) or 
larger, high-tech, costly methods (centralised units). Decentralised systems range from onsite to 
community-scale systems, suitable for low-density populations and remote areas (Cordell, et al. 
2011). Small-scale systems typically practice the separation and direct use of excreta and wastewater 
onto land and advantages include reduced energy consumption, phosphate losses, water 
consumption, and raw materials. Major costs of centralised water systems are due to transportation 
through sewage network (50-70%), whereas land availability, management and maintenance are 
major factors that may hinder the use of small-scale systems (Cordell, et al. 2011). 
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3.6 Integrated vs. single nutrient recovery approaches 

Recovery technologies have the advantage of generating large amounts of (potentially) marketable 
products as well as being easy to retrofit. However, they are costly, energy intensive and susceptible 
to nutrient losses and it remains challenging to remove these nutrients economically within the 
legislative compliance limits (Wang, et al. 2009). 

Nitrogen is typically removed biologically from wastewater, and is often a prerequisite for biological 
phosphorus removal. However, the method is often complex and results in inconsistent effluent 
concentrations and in a nitrogen removal rate of about 10-30% (less than optimal). Advanced nitrogen 
removal technologies can achieve removal rates between 51-64% (Washington state department of 
health 2005), and include:  

• Breakpoint chlorination 
• Air stripping 
• Ion exchange 
• Struvite precipitation (both nitrogen and phosphorus) (Constantine 2008) 

 
Macronutrient removal in WWTPs is achieved mainly by means of biological treatment, but can be 
accompanied by fermenting the waste activated sludge, followed by the further recovery of 
ammonium and phosphate from the digestate. 
 
Historically, land application of stabilized/fermented sludge and/or ash has provided extensive nutrient 
recycling. Nowadays, in many countries this practice in agriculture has decreased, due to farmland 
safety and human health concerns (Werner, 2006; Adam, 2009); similarly, surface or spray irrigation 
of sand filtered secondary treated wastewater effluent, is either no longer permitted or under strict 
regulations.  
 
Alternatively to the use of sludge recovered from sewers, animal manure and human excreta have 
also been used directly as an organic fertilizer on a global scale (Liu et al., 2008). Urine and faeces 
are source separated and stored for further use: composting allows the return to the soil of 
micronutrients in faeces, whereas urine is either converted into struvite or used directly as an organic 
fertilizer (Ganrot, 2005; Etter, 2009). 
 
Recently, crystallization to produce struvite (see Section 4.6) has drawn much attention as it recovers 
both ammonium and phosphorus simultaneously and provides a good slow release phosphate 
fertilizer derived from human waste, replacing rock phosphate derived fertilizers. Dual nitrification, 
struvite production (VUNA, 2013), as well as ion exchange to produce a fertilizer mix of ammonium 
phosphate and sodium nitrate (Muzanenhamo & Sikosana, 2012) are alternatives to the traditional 
biological recovery methods for nitrogen and phosphate removal. 

3.7 Potential uses and markets 

Struvite can be used as a cost effective replacement of industrial grade phosphate, when formation 
and collection are controlled. Suggested market routes for struvite use include:  

• Replacement for secondary phosphate ore; 
• Industrial grade phosphate; 
• Slow release fertilizer; 
• Animal feed additive; 
• Fire proof agent and cement adhesive (Zhou and Tang 2008). 
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Schipper et al. (2001) argued that struvite has limited applications in electro-thermal processes due to 
its ammonia content, although it has been suggested that struvite could be ideal for industrial 
processes: as a fertilizer, it could be used directly if harvested properly or as a speciality fertilizer in 
nurseries as well as a component for agricultural fertilizer production. 
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4 Review of Phosphorus Recovery Technologies  

This chapter reviews and illustrates the available phosphorus recovery technologies: sections 4.1 and 
4.2 give an overview and categorize the available phosphorus recovery processes and technologies 
from wastewater, as well as their limits to phosphorus removal. Sections 4.3, 4.4, 4.5 and 4.6 provide 
details on different techniques for the phosphorus recovery – biological, sewage sludge, chemical 
precipitation and crystallization respectively. Full-scale processes are compared in section 4.7 and 
their resulting products described and compared in section 4.8. Section 4.9 deals with struvite 
production whilst section 4.10 concerns with the cost associated with phosphate elimination and 
recovery. Conclusion are drawn in section 4.11. 

4.1 Phosphorus recovery processes and technologies 

It is estimated that 75% to 90% of phosphate in urban flows end up in sewage (Cordell et al., 2011). 
Policies pertaining to wastewater, water quality, agricultural and solid waste management affect 
phosphate resource management plans, resulting in different solutions on a city, national and global 
scale. 

Figure 4-1 in the extended report illustrates the steps to take for achieving phosphate recovery and 
reuse; usually they include collection and storage, treatment and recovery (phosphorus extraction by 
separation), transport, further refinement and reuse. Phosphorus extraction depends on the available 
sources, the recovery technology and the reuse capabilities. Phosphate recovery, removal and reuse 
processes ranges from decentralised units to industrial scale operations. 

Table 9-Table 11 in the extended report review and summarise the most common phosphate 
removal, recovery and reuse technologies. Methods for achieving phosphorus removal are classified 
as Physical processes – those which involve the removal of particulate phosphorus; Chemical 
processes – those in which the recovery or removal is attained through the conversion of soluble 
phosphates into insoluble form; Biological processes – those involving microorganisms in bioreactors 
to perform the biological uptake of nutrients; Wet-Chemical processes – those involving the base/acid 
leaching of phosphate from sewage sludge or ash; Incineration of sludge – able at removing toxic 
compounds and heavy metals; Combined processes – for design optimization. 

4.2 Limits to phosphorus removal techniques and minimum achievable phosphorus 
concentrations 

Drawing conclusion on which process is better than other may involve matters as economic viability 
and priorities of the WWTP. The most efficient phosphorus removal methods would involve the use of 
both chemical and biological techniques simultaneously; filters are often included in WWTP when 
phosphorus levels < 1 mg/L are required. Phosphorus levels < 0.1 mg/L, representing the limit of the 
technologies, would also include Chemical clarification, Ion exchange and Adsorption processes; the 
latter two are yet to reach full-scale, but they are potentially able to eliminate both organic and 
condensed phosphates. The achievement of ultra-low levels of phosphorus in wastewaters must 
remove all particulate phosphorus and since not all soluble phosphorus is susceptible to precipitation, 
a deep understanding of P speciation is required.  

Table 12-Table 14 in the extended report summarise the phosphate recovery technologies including 
their limitations to phosphorus recovery adapted and modified from. Today, precipitation and 
crystallization are the main recovery practices utilized in industrial and municipal waste streams 
(Cornel & Schaum, 2009; Le Corre et al., 2009; Sartorius et al., 2011): these processes can result in a 
removal rate of between 70 and 80% (Cornel & Schaum, 2009). However, some industrial scale 
practices have reported recovery rates as high as 95% (Le Corre et al., 2009). 
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4.3 Biological Phosphorus removal 

Microorganisms, including bacteria and microalgae, in bioreactors perform biological uptake of 
nutrients. Several technologies have been established and are available at industrial scale for large 
populations. Biological uptake can take place in three ways: Assimilation – involving the direct 
absorption of phosphorus by plants or by microorganism in treatment ponds; Enhanced biological 
phosphorus removal – the enhancement of the storage of polyphosphates by microbial biomass in 
activated sludge; Simultaneous chemical and EBPR – where metal salts are dosed in the effluent 
following the secondary biological sludge treatment. 

4.4 Nutrient recovery from sewage sludge 

Sewage and sewage sludge ash usage in the agriculture have been one of the first applications of 
nutrient recovery, but its use nowadays it very limited. The growing awareness upon environmental 
issues will prevent sludge being used agriculturally in the near future and it will increase the market 
potentialities for nutrient recovery technologies. Table 15 in the extended report recaps the organic 
and inorganic substances found in municipal sewage sludge. Major issue to cope with sludge 
handling include: Stabilization – easily achieved through AD and incineration, Volume minimization, 
Removal of toxic compounds and heavy metals, especially from sludge ash, and the economical use 
of its full energy potential. Table 16 in the extended report illustrates different forms of sludge 
stabilization, whereas Table 17 and Table 18 in the extended report summarise the methods to obtain 
phosphate recovery from sewage sludge.  

Sludge ash requires further purification using thermal-metallurgical methods as Wet-chemical 
processes able to extract phosphorus, either chemically or biologically; and Thermo-Chemical 
treatments. Table 19 and Table 20 in the extended report present a collection of phosphate recovery 
methods from sewage sludge ash. 

4.5 Chemical precipitation with metal salts 

Chemical precipitation involves the addition of divalent or trivalent metal salts to wastewater (Calcium 
(lime), aluminium and iron, as chlorides or sulphates) to precipitate dissolved inorganic phosphorus 
out of solution as low solubility metal phosphate compounds, which are then flocculated and extracted 
via sedimentation or filtration (Strom 2006, Rybicki 1997, Morse, et al. 1997, Neethling, et al. 2009). 
Required steps to follow and a range of available technologies used for chemical precipitation are 
reported in section 4.5 in the extended report. 

Although a very flexible phosphorus removal approach, chemical precipitation is rare in newer WWTP 
plants as it produces additional waste sludge, which after dewatering contains a water content of 60-
85% as well as non-biodegradable material and hence remains an environmental liability (Rybicki 
1997, Morse, et al. 1997, Le Corre , et al. 2009, Crutchik and Garrido 2011, Giesen, et al. 2009). 

4.6 Crystallization 

Precipitation and crystallization differ mainly in the speed of reaction and the size and shape of 
particles produced. Chemical precipitation involves chemical reactions that result in an irreversible 
change in chemical compounds in contrast to crystallization products that are formed through 
solubility variations and are easily dissolved and recrystallized (Gordon n.d., Le Corre , et al. 2009). 
The comparison of chemical and crystallization products is summarized in Table 21 in the extended 
report. 

Crystallization technologies in phosphorus recovery are based on the FBR developed in 1938 (Zhou 
and Tang 2008) and industrialized in 1972. The Crystalactor® (see section 4.6.4 in the extended 



  
 

9

report for details on the technology) developed in the 80’s and 90’s is a well-established technology 
and is endorsed in Southern Africa in full plant engineering and operation (Giesen, et al. 2009). A 
summary of available bench, pilot and full-scale crystallization installations is presented in Table 22, 
Table 23 and Table 24 in the extended report. 

4.7 Comparing commercialised processes  

Nieminen (2010) evaluated different commercial processes for struvite recovery from liquor sludge: 
AirPrex, Ostara Pearl© and Unitika Phosnix showed the best operative performances; the Seaborne 
technology and the Crystalactor® – that produces calcium phosphate – experienced difficulties. Table 
25 in the extended reports a summary of industrial-scale processes. 

4.8 Products 

Different reasons drive the phosphorus recovery from waste streams: pollution prevention; improved 
wastewater treatment; fertilizer production; industrial use as well as sustainable water and sanitation 
management, and affect the design of P recovery systems. 

Main recovered products are: Calcium Phosphate – comparable to virgin phosphate rock – which can 
be used both in industrial and agricultural sectors; and phosphate in the form of struvite mostly 
recommended for wastewaters with high orthophosphate concentrations. Struvite may precipitate 
spontaneously and represents a sustainable alternative to current chemical precipitation methods, as 
it has proven to economically recover high concentrations of phosphate from WWTP, in addition to 
MAP potentially being a valuable commercial fertilizer (de- Bashan and Bashan 2004, Le Corre , et al. 
2009, Crutchik and Garrido 2011).  

4.9 Factors affecting struvite production 

A range of factors that affect Struvite crystallization include: pH, super saturation, seeding material, 
mixing energy and temperature (Le Corre , et al. 2009). Essential conditions and their effects are 
summarized in Table 27 in the extended report. 

Struvite precipitates spontaneously in the presence of orthophosphates, ammonium and magnesium: 
WWTPs with a Mg concentration of 3-10 mg/L and favourable pH conditions will result in struvite 
formation in pipes (OSTARA 2013); the presence of orthophosphates and Mg ions from the biomass 
as well as some ammonium compounds may result into struvite precipitation in AD plants. 

4.10 Cost of phosphate elimination and recovery 

Phosphorus recovery and elimination costs account for the chemicals purchases, sludge treatment 
and disposal – subject to local conditions – hence are subject to regional variations; the cost of an 
additional magnesium source is important as well for struvite production, since up to the 75% of the 
total production cost of struvite is due to magnesium (B. Etter 2009). Mg sources, criteria selection 
and implications of use are summarised in Table 29 in the extended report. 

Considering the price of phosphate rock of about $0.1/kg (R1070/ton) (Infomine 2014), and the 
European market price for 1 kg phosphorus recycled of €0.5-1 (R7.5-15) (Kroiss, Rechberger and 
Egle 2011), phosphate recovery is yet to be cost effective. Specific phosphorus removal and 
phosphate recovery estimates have been quoted by Kroiss et al. (2011) and by Petzet and Cornel 
(2013) and are summarized in Table 28 in the extended report. 
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4.11 Conclusions 

Human excreta are the largest source of phosphorus in urban areas. However in developing 
countries, the organic fraction of municipal solid waste may become an even larger sink. Within 
biological wastewater treatment plants, up to 90% of the phosphorus load maybe incorporated in the 
sewage sludge. The main points of recovery from WWTPs include:  

• Liquid phase: secondary effluent, anaerobic digestion side stream and sludge liquor 
• Solid phase: chemically/biologically bound in primary, secondary or digestate sludge, or in 

sludge ash after incineration. 

A concentration of 50-60 mg/L of orthophosphates is required for economically feasible recovery from 
the liquid phase. The wastewater effluent is typically < 5 mg/L and is thus not favourable for 
phosphate recovery or removal. Source separated urine contains 300-900 mg/L and together with 
sludge liquor and the AD side streams (20-100 mg/L), are economically feasible for phosphate 
recovery. Precipitation is affected by impurities, so the TSS found in sludge liquor may need to be 
controlled. 

Phosphate recovery technologies include physical, biological, chemical and physical-chemical 
procedures. The focus has shifted from chemical processes in the 1980s to biological in the 1990’s 
and more recently to crystallization. Of all technologies available the Crystalactor® is the most 
advanced crystallization method. Crystallization methods typically achieve a recovery of > 90% and 
an EPC of 0.3-1 mg/L. 

Industrial crystallization technologies are common due to their ability to produce high purity, water-
free and marketable final products, namely struvite and calcium phosphates. An evaluation by 
Nieminen (2010), illustrated that the AirPrex, Ostara Pearl® and Unitika Phosnix process which all 
recovered struvite from sludge liquor demonstrated the best operative performances. All these 
processes are located on WWTPs with anaerobic digesters and produced final marketable products.  

The most efficient phosphorus removal methods would involve the use of both chemical and 
biological methods simultaneously to reach levels between 0.5 and 1 mg/L. When phosphorus levels 
below 1 mg/L are to be achieved, filters are often included in WWTP systems. However, to meet 
phosphorus levels less than 0.1 mg/L (the limit of technologies), chemical clarification, ion exchange 
and reverse osmosis are to be incorporated with filters.  

The two most common crystallization products are calcium phosphate (CAP) and magnesium 
ammonium phosphate (MAP), also known as Struvite. CAP is comparable to virgin phosphate rock 
and has both industrial and agricultural use. Struvite production from conventional sewers is energy 
intensive, therefore anaerobic digestion sludge as well as source separated urine are ideal sources of 
struvite production. The best feed stream for struvite formation is the supernatant of EBPR sludge 
Struvite can be a cost effective replacement to industrial grade phosphate. The suggested market 
avenues include:  

• Replacement for secondary phosphate ore 
• Industrial grade phosphate 
• Slow release fertilizer   
• Animal feed additive 
• Fire proof agent and cement adhesive 
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5 Case Studies of Implemented Phosphorus Recovery Technologies 

The second aim of this positioning part of the project was to investigate a number of technologies that 
have been adopted for phosphorus recovery. This chapter presents and evaluates case studies by 
presenting summaries, informed by sustainability analyses of four different technology installations.  

Three industrial scale installations and one community-scale pilot project were investigated. In all four 
cases the final product, mainly struvite, is sold for fertilizer use. These case studies illustrate both 
centralized (Ostara Pearl®, Multiform Harvest and Seaborne, all located at WWTPs with AD units 
treating the sludge liquor or digestor centrate and sewage sludge, respectively) and decentralized 
(The Nepal struvite precipitation of source-separated urine project (STUN) at community scale) 
phosphate techniques as well as solid and liquid phase phosphate recovery. The four case studies 
investigated illustrate both crystallization and wet chemical processes to produce (low and high-
grade) struvite for fertilizer purposes.  

 

5.1 Case Studies  

In the following, key details of each case study are provided. For more information refer to sections 
5.1, 5.2, 5.3 and 5.4 in the extended report. 
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5.2 Sustainability Framework 

The system framework developed by Cordell (2011) investigates the applicability and challenges 
associated with phosphate recovery and recycle techniques in order to address phosphate security. 
The framework, in conjunction with management tools to promote efficient use of phosphorus in 
agriculture, has been applied to six case studies from around the world; highlighting phosphate 
recovery and reuse technologies from a global perspective (developing and developed countries), 
ranging from large industrial scale to small and pilot-plant applications. Table 35 and Table 36 in the 
extended report provide details on the Sustainability system summary.  

5.3 Conclusions 

The four case studies investigated illustrate crystallization and wet chemical processes to produce 
(low and high-grade) struvite for fertilizer use. The Ostara Pearl®, Multiform Harvest and the 
Seaborne processes are centralized and are located at WWTPs with anaerobic digester units, treating 
the sludge liquor (a.k.a. digestor centrate) in the first two cases, and sewage sludge, respectively. The 
STUN project is a decentralized phosphate recovery solution at community scale. 

At Sidduhlpur, a peri-urban farming community in Kathmandu (Nepal), an urine diversion toilet system 
was installed since 2002, making it an ideal setting for the local recovery of struvite from source 
separated urine. A pilot scale struvite production process, aimed at subsidizing fertilizer imports to 
help ensure food security in the region, was implemented in 2009 and was concluded by the end of 
2010. A maximum of 90% phosphorus recovery was achieved, producing 1400 kg/ year struvite in a 
500 L low-tech reactor. Nowadays, fertilization by direct urine application by farmers continues.  

The Seaborne wet-chemical process treats solid digested sewage sludge to produce struvite and it is 
the first industrial-scale installation of this nature. Thickened sludge from the Gifhorn WWTP was 
previously used as fertilizer for agriculture. However, legislative pressures on health and safety 
matters led to an alternative sludge treatment method. Currently, the process is not economically 
feasible, however its re-evaluation over 5-10 years (since 2010) will see the trend that will have had in 
both chemical and fertilizer prices.  

Both the Ostara Pearl® and Multiform Harvest processes are the most sustainable choices, as they 
showed to be both fully operational and economically sound: both installations resulted in cost cuts in 
maintenance, effluent polishing, denitrification and chemical sludge disposal. Also, the reactor 
operators pay for all magnesium and struvite transportation costs incurred; in the case of Ostara 
Pearl®, a portion of the profit generated is paid back to the WWTP. However, the Multiform Harvest 
process reports lower maintenance, operational and up to 4 times lower installation costs compared 
to the Ostara Pearl® setup. However in the long term, the cheaper, low-grade struvite produced by 
the Multiform Harvest installation results in half the Net Present Value offered by Ostara Pearl® over 
a 20-year period.  

All in all the Ostara Pearl® installation is economically more attractive to potential investors. In 
contrast, the Nepal project showed to be unsustainable due to the high costs incurred when 
transporting large volumes of urine by bicycle. The Seaborne process showed to be the least 
sustainable as there were several conflicts in regards to chemical, maintenance and fertilizer 
production costs. Even with adjustments in operating conditions, the plant has been deemed 
unfeasible.  
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6 Recovered Fertilizer Characteristics and Social Acceptability 

The third aim of this positioning part of the project was to investigate the characteristics of fertilizers 
such as quality, purity and price. An investigation was also done of stakeholders’ opinion regarding 
products grown from fertilizer that is manufactured from wastewater. 

Section 6.1 gives an overview of the current agriculture and growing organic agriculture markets, 
while the fertilizer markets in South Africa are described in section 6.2, highlighting the importance of 
harnessing an alternative and sustainable sources of phosphates fertilizers. Section 6.3 compares the 
fertilizer potential of phosphorus recovery from wastewater to current phosphate fertilizers on the 
market; with an emphasis on the fertilizer quality and health concerns inherent in the production of 
food fertilized with struvite derived from human waste. Section 6.4 presents views of various 
stakeholders down the agriculture chain, on the use of fertilizer from human waste and its place in the 
emerging South African market. The section 6.4 in the extended report also includes raw data from 
the semi-structured interviews, which are then summarized under concluding themes. 

6.1 South African Agricultural Scene 

The South African agriculture sector contributes 7% to formal employment and a further 8,5 million 
jobs in linked sectors (GCIS 2012) and commercial farms. When including the agro-processing 
industry, the sector accounts for 12% of the country’s GDP.   

Approximately 13% of South Africa’s surface is suitable for crop production but only 3% of soils can 
be considered fertile (Goldblatt 2011). Crop harvesting is responsible for the excessive removal of 
nutrients from soils, which is 4 times more than what is returned naturally by fertilizers and/ or manure 
(Morris et al., 2007). Soil fertility has been maintained by using synthetic fertilizers, accounting for up 
to 16% of farming input expenditure. The primary input for commercial fertilizers are mineral 
resources and the production is heavily dependent on fossil fuels for energy. 

From this perspective, harnessing locally available nutrients from municipal and human waste 
streams to produce organically derived fertilizers would subvent the synthetic fertilizer shortage, 
improve soil fertility and help achieve food security (IFDC, 2012), and potentially address greenhouse 
gas emissions. 

6.2 South African Agro-Mineral Sector 

World phosphate rock extraction was 220 million tons per year in 2012. South African phosphate rock 
mining production is of the order of 2.5-3.0 million tons with the world’s fifth highest reserves of 1500 
million tons. The agro-mineral sector in South Africa has the potential to grow considering the need of 
development of low-cost alternatives for subsistence farming and the increasing attention that waste 
mineral stream gained as potential sources of fertilizers. 

South African phosphate supplies sources can be classified into: 

• Igneous phosphate supplies: the largest igneous phosphate rock is located in Phalaborwa 
(ZA) – a 20 km2 area. Foskor Ltd supply close to 2.9 million tonnes of phosphate concentrate: 
900 000 tons are exported, 1 million tons are sold to the domestic fertilizer industry – although 
is not suitable for direct use as it in the low reactive form of calcium fluorophosphates 
(Ca5(PO4)3F), (Rocks for Crops, 2001), the remaining 1 million tons are processed into 
phosphoric acid and exported (Sims, Profile: Foskor. Industrial minerals, 1999);   

• Secondary phosphate supplies: Secondary rocks are formed from the biodegradation of 
animal manure, bones and beneficiated rock; it is more soluble than igneous rocks and 
beneficiated for fertilizer use. Some of these sources are found in the coastal areas of 
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KwaZulu-Natal and Upper Dwyka Shales and Upper Ecca Shales of the Karoo super group. 
Other offshore sedimentary phosphate resources are found between the Cape Agulhas and 
Cape Recife shelf contain an average 16% P2O5; 

• Other essential fertilizers sources: South Africa has alternative potassium sources, including a 
range of potassium silicates, found in feldspar as well as glauconite (an iron potassium 
complex) in Phalaborwa. Approximately 1500 million tons of phlogopite (magnesium mica in 
the phyllosilicate family) are discarded each year that when acidified, will have significant 
amounts of K and Mg for agriculture use (Weerasuiya, Pushpakumara, & Cooray, 1993). 

6.2.1 Fertilizer market in South Africa 
The South African fertilizer market is fully affected by the international markets because the 
government does not regulate this sector; there are neither import taxes nor fertilizer subsidies. South 
Africa shifted from being a net exporter in the late 90’s to be a net importer of fertilizer: in 2013, 
imports and costs increased by 21.1% and 27% (R2900 million) respectively.  Table 40 in the 
extended report provides a summary of South Africa’s fertilizer market.  

All nitrogenous compounds for fertilizer blends, in the form of urea and ammonia, are derived from the 
petrochemical industry in Mpumalanga and Free State; products include: Merchant grade phosphoric 
acid; MAP powder; Ammonium sulphate; Phosphogypsum; Technical grade (99.9%) MAP; Animal 
feed grade MAP; Deflourinated phosphoric acid and liquid fertilizer (South African department of 
Transport 2005). 

6.3 Fertilizer potential of Phosphorus recovery from wastewater 

Sewage sludge and sewage sludge ash usage in the food production industry decreased due to 
farmland safety and human health concerns (Werner 2006, Adam 2009). Other phosphate fertilizer 
options that exist are summarized in Table 41 in the extended report. The most promising and the 
most investigated phosphorus recovery product from wastewater is magnesium ammonium 
phosphate (struvite).  

Struvite has the advantage of high purity – it meets the heavy metal (section 6.3.1.3 in the extended 
report for further details), organic toxins (section 6.3.1.5 in the extended report for further details) and 
pathogens (section 6.3.1.4 in the extended report for further details) regulations, and has phosphorus 
content comparable to other phosphate fertilizers currently available on the market (Table 42 in the 
extended report). Struvite solubility is affect by pH, temperature, soil moisture as well as Mg2+, NH4

+ 
and HPO4

- ions in soil; struvite will dissolve in moist soils with low ammonium ion concentrations. 
Struvite increases the Magnesium levels in crop biomass, with no adverse effect on human intake 
(Gell et al., 2011). Struvite also complies with the chlorine content requirements for inorganic 
fertilizers.  

6.4 Stakeholder opinions in the agriculture value chain 

Urine separation and sewage nutrient recovery technologies for fertilizers production are becoming 
increasingly useful in improving the sustainability of urban wastewater management (Pahl-Wostl et 
al., 2001). However, the social acceptability of these innovations will play a major role in their potential 
implementation and success. As such, stakeholders will have to consider their participation as 
potential consumers or manufacturers of urine-fertilized products. Focus group studies conducted by 
Pahl-Wostl et al. (2001) as well as a stakeholder participation investigation by Sartorius et al. (2011) 
assessed the acceptability of various wastewater treatment technologies using expert interviews and 
surveys.  

The project itself made use of semi-structure interviews (refer to Appendix B in the extended report for 
the methodology and summaries) with three academic experts in struvite production, an organic 
farming expert, an organic farmer, one representative from retail sector and two representative from 
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two different organic certification boards. Based on the synthesis of the views of these experts, the 
following assertions were drawn: 

• The ‘resource-recovery’ nature of Struvite is insufficient for it to be considered an organic 
farming input, even though both resource recovery and organic farming are associated with 
‘sustainability’. Struvite use may be an option for smallholder farmers, although organic 
certification has to be considered as a hindrance to them; 

• It has been argued that struvite production is an agro-chemical rather than an organic farming 
input, since though it may be an acceptable inorganic input in organic farming (replacing 
phosphate rock), it is dependent on the source of magnesium used in the processing step; 

• South Africa does not have any set of organic agriculture policies in place; however South 
African organic certification boards have standards that are compliant with the EU standards 
and equivalent to the International Federation of Organic Agriculture Movements (IFOAM) 
certification boards that do not allow the use of human waste of any form as organic fertilizer. 
Hence organic certified farming for food production is not a viable market route for fertilizers 
derived from human waste. Overall, most parties agreed that community scale gardens are 
the most viable food production routes, if economically feasible; 

• Since food health and safety is of high concern, struvite has been investigated extensively in 
terms of: solubility, inorganic fertilizer equivalence, pathogen and toxin loading, salinity, metal 
content as well as plant nutrient availability. Despite health and safety concerns, it is likely 
that struvite will pass toxicity, pathogen and metal content regulations, whereas in terms of 
quality, it is comparable to most phosphate fertilizers on the market; 

• Stakeholders recognized the importance of phosphate recycling in tackling food security and 
achieving sustainable water and nutrient cycles, however South African markets and retail 
consumer may not to be ready for fertilizers produced from human waste. This illustrates that 
acceptability may be subject to the source of recovered phosphate that have to be proven to 
be safe. 

 overleaf summarizes the possible market routes based on these stakeholder views as well 
as literature. From this it was possible to postulate the potential scale and type (centralized or 
decentralized) of phosphate recovery technologies. 
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6.5 Conclusions 

As of the 2000s, South Africa is a net importer of fertilizers. Foskor Ltd supply close to 2.9 million 
tons of phosphate concentrate, 900 000 tons of which are exported and 1 million tons of which are 
sold to the domestic fertilizer industry. The remaining 1 million tons are processed into phosphoric 
acid and exported. Approximately, 110 000 tons of MAP, 40 000 NPK and 35 000 DAP were 
imported per annum between 2007 and 2013. Fertilizer prices have increased by 4,8% between 
2012 and 2013 to an average of R4104 per ton. In the year 2003, approximately 130 000 tons of 
phosphorus was used in agriculture. Alternative fertilizer use such as cattle and chicken manure, 
amounted to 30 000 tons in 2013; 3-4% equivalence to inorganic fertilizers. Similar to urea, all 
potassium is imported, as there are no known sources of potash in South Africa. 

Various potential phosphate fertilizers from wastewater are comparable to soluble inorganic 
fertilizers on the market. Struvite is an example of a slow release fertilizer that has been 
investigated extensively in terms of; solubility, inorganic fertilizer equivalence, pathogen and toxin 
loading, salinity, metal content as well as plant nutrient availability. Despite health and safety 
concerns, it is likely that struvite will pass toxicity, pathogen and metal content regulations. In terms 
of quality, struvite is comparable to most phosphate fertilizers on the market. It is more effective 
than SSP and DAP, but less than TSP.  

Expert interviews were conducted to assess the acceptability of phosphate fertilizer production 
from human waste, as well as the potential markets within the South African context. Health and 
safety was the universal concern of most stakeholders, over and above fertilizer quality and 
quantity. To date, there are no South African policies on organic agriculture or certification. Both 
the organic certification and biological association boards in South Africa are compliant with the EU 
standards (and so do not allow human waste) and equivalent to the IFOAM certification board (that 
allows human waste fertilization). As it stands, fertilizer derived from human waste is not 
permissible in organic agriculture and is therefore not a viable market route for organic production. 
A participatory guarantee system was suggested as an alternative route to enter the food 
production market, but was disputed by one organic certification expert. Most stakeholders 
recognized the importance of phosphate recycling in tackling food security and achieving 
sustainable water and nutrient cycles. It is believed by the most of the experts, that the South 
African organic market and its consumer may not be ready for fertilizers produced from human 
waste to be used in food production. Better acceptability could be experienced within the inorganic 
fertilizer production market, if struvite is proven to be safe and a purification process is identified.  

Therefore this is not a viable intervention to tackle food security in South Africa, from an organic 
standpoint. More feasible markets for struvite may lie within ornamental plants or as input into 
commercial inorganic fertilizer production, and possibly also in community scale gardening. 
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7 Techno-Economic Prefeasibility of Retrofitting in Centralised Wastewater Treatment 

The fourth aim of this positioning part of the project was to explore how phosphorus recovery 
processes can be incorporated with existing energy recovery via anaerobic digestion, either on the 
site of a wastewater treatment works, or at source. 

This is explored in the form of two techno-economic pre-feasibility case-studies: the first, in this 
chapter, comparing three technology retrofit options for achieving phosphate discharge standards 
at a large centralised wastewater treatment works in Cape Town. The second pre-feasibility study, 
in the next chapter, considers the conceptual design of two different resource recovery installations 
in the context of a South African urban centre: the Cape Town Foreshore precinct, located within 
the city’s central business district: 

7.1 The conceptual design and techno-economic pre-feasibility of two phosphate 
recovery options, at the largest WWTW in the Western Cape, South Africa 

This study explored the potential for centralized recovery of nutrients, through the conceptual 
design and techno-economic pre-feasibility assessment of two phosphate recovery options, at the 
largest WWTW in the Western Cape, South Africa. These were then compared to the more 
conventional phosphate removal technique: aluminium chemical precipitation. The Ostara Pearl® 
(Sections 5.1 in this report and 5.1 in the extended report) and the Multiform Harvest (Sections 5.1 
in this report and 5.2 in the extended report) installation were the basis for design for high-grade 
(Option 1) and low-grade (Option 2) struvite production, respectively. 

7.2 Technical assessment 

The techno-economic assessment reveals that the digestate stream at the 200 ML/day WWTW 
has the potential to produce ~470 kg/d (dry wt) of struvite fertilizer, recovering 58 kg/day of 
phosphorus at a 90% conversion rate. Chemical precipitation would result in 2400 kg/day of 
excess sludge, which represent 0,2 % increase in the overall Cape Flats sludge production and 
must be disposed of off-site. Similar to literature, chemical precipitation had a higher energy 
footprint, but only slightly, than that of low-grade struvite production. High-grade struvite production 
carries a significant electrical energy use and thus carbon footprint, due to the addition of drying 
and packaging equipment; this cannot be ignored. 

7.3 Economic assessment 

At the current fertilizer prices, only 1-3% of the plant costs are recovered in 20 years. Revenue is 
subject to prices on the South African fertilizer market; and as it stands, the selling price of struvite 
for both low- and high-grade treatment is significantly lower than the cost of recovering them. 

Net present costs of R76,2-, R25,4- and R51,2 million were calculated for retrofit projects for high-
grade struvite, low-grade struvite and chemical precipitation respectively, for installation and 20 
years operation. From this perspective, low-grade struvite production is the most attractive process 
option. The establishment costs for chemical precipitation showed to be the lowest, with a CAPEX 
of R2.5 million, 10 and 30 times less than that of low-grade and high struvite production. Although 
this is the most common treatment technique in South Africa, it is the least sustainable process 
option resulting in the formation of a waste that must be disposed of at significant cost in off-site 
landfills – an important factor that cannot be overlooked. 
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Table 1: Summary of Economic assessment 

 Option 1 Option 2 Option 3 

CAPEX 76.5 20.6 2.49 

OPEX 3.97 1.51 5.18 

Sludge handling R N/A N/A 44000 

Selling price of struvite R/kg 1.84 0.37 N/A 

Revenue 31 000 63 300 0 

Cost/kg struvite 22.1 9.01 N/A 

Cost/kg PO4 recovered 
(removed) 56.6 23.5 86.2 

Cost/kg P recovered 
(removed) 173 72 263 

Treatment cost/kL (influent) 0.05 0.03 0.12 

Net projected costs (R million) 76.2 25.4 51.2 

 

7.4 Factors affecting affordability 

The high capital costs and unprofitable operations of struvite production are attributed to the high 
flow rate to phosphate loading ratio experienced at the Cape Flats wastewater treatment works 
(CFWWTW). Other WWTW with a more concentrated wastewater profile may yield better 
economics. However, unless the value of struvite increases, the cost of running the additional plant 
will not be recovered. Yet again, production does fall within the cost bracket for struvite production 
at R8.90/kg P removed. Hence investment may be justified from this angle. 

7.5 Conclusion 
If a WWTW is to reduce effluent phosphate loading to within regulated standards, low-grade 
struvite production has thus been shown to be the most ecologically and economically sustainable 
option from a life-cycle-costs perspective. From a social stand-point (both chapters 6 in this report 
and 6 in the extended report), the experts interviewed believe that the South African food market 
could resist fertilizers derived from human waste, hence potentially indicating a more likely use of 
low-grade struvite in non-food markets. Although it is a simple process, it is not cheap; the capital 
investment is 10 times that of the more familiar chemical precipitation route. Municipalities will 
have to consider the lower operating costs, as well as the environmental benefit of producing a 
useful phosphate fertilizer, over the immediate capital costs. 
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8 Conceptual Case of New Resource Recovery Infrastructure for Cape Town’s Central 
Business District 

The configuration of the wastewater infrastructure in Cape Town’s Foreshore area presents a 
strategic opportunity for further energy and nutrient recovery. A conceptual design and techno-
economic pre-feasibility assessment were developed for two process options:  

Option A Recovery of nutrients from source-separated urine from commercial buildings 
(Ostara Pearl® set-up as seen in Section 5.1 in this report and 5.1 in the 
extended report) 

Option B Recovery of energy by biological treatment of primary sludge and food waste 

These options were developed from a Systems Theory analysis of water infrastructure and 
management practices within the Foreshore precinct in Cape Town’s central business district 
(Petrie, 2013). Notably, sewage from this area is directed largely untreated to ocean outfall, via a 
pump station located next to the unfinished Foreshore freeway. 

8.1 Technical assessment 

The assessment shows that diverting half of the urine from commercial building male urinals could 
produce approximately 75 kg/d of dried struvite fertiliser, at 95% conversion. The co-digestion of 
primary sludge with 10% food waste available in the area can produce up to 1063 Nm3/d of biogas 
(55% methane and 45% carbon dioxide); with the potential to produce 232 kW of thermal energy 
when compressed and combusted: 58 kW is converted to electrical and 45 kW for use for heating 
the digester feed. In addition, 2706 kg/d of biosolids is produced and must be disposed of off-site.  

Both options present significant technical challenges relating to the amount of useful products 
(energy and nutrients) recovered given the extent of equipment and operating input required. 

8.2 Economic assessment 

Struvite sales can generate about R42 000, whereas energy recovery will earn about R0.5 million 
per year. These options combined would incur R4.5 million in net operating costs for the plant; 
which is up to 4 times the business as usual scenario. Additionally, in this case, nutrient recovery 
comes at a cost of R325/kg P, significantly higher than phosphate removal by chemical 
precipitation, despite the earnings from a saleable fertilizer. On the other hand, the estimated 
treatment cost of ~ R2/kL for the combined nutrient and energy recovery plants is well within the 
current sewage treatment cost envelope of R2.90/kL in Cape Town.  

CAPEX of R6,9- and R11,5 million were calculated for the nutrient and energy recovery options 
respectively. Although small in scale compared to the centralised works, the capital outlay and 
equipment costs are significantly high. 

A combined net present cost of R42 million after a 20 year period, suggests that the extra effort to 
recover energy and nutrients may not be justified economically ( ). Even dramatic 
changes in key parameters will not make the proposed options financially attractive as compared 
to the business as usual ocean outfall, which has a -R10 million NPV over the same period. But 
then again, ocean outfall may not be a permitted option for much longer.  



  
 

25

 

On the other hand, the estimated treatment cost of ~ R2/kL for the combined nutrient and energy 
recovery plants is well within the current sewage treatment cost envelope of R2.90/kL in Cape 
Town. 

8.3 Conclusions 

The potential for decentralised recovery of energy and nutrients was investigated through the 
conceptual design for two treatment plants and a techno-economic pre-feasibility assessment. 

These results emphasise that from a financial perspective only, it will be difficult but not impossible 
for wastewater management officials to now consider alternative treatment technologies to the 
existing ocean outfall (which has minimal labour and maintenance requirements). The additional 
labour and maintenance requirements (and costs) associated with new resource recovery 
infrastructure exceed the potential income from the recovery of nutrients and energy, but are 
broadly in the same range as other sewage treatment options. Furthermore, the relatively small 
quantities found in human excreta, makes it technically and economically challenging to justify the 
capital and operating inputs required for recovery. It may therefore be worthwhile to prioritise 
phosphorus recovery from other sources (such as agricultural processing facilities, abattoirs, etc.) 
as well as improving agricultural efficiencies in phosphorus application. 
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9 Conclusion 

This report and the study of which it formed part, are based on the premise that a more resource-
efficient economy need to also include resource recovery from wastewaters, which involves 
viewing sewage as a source of nutrients as well as energy. Whilst there still is a backlog in South 
Africa in providing basic sanitation to a sizeable part of the population, both the strategies for 
addressing this backlog and the modernisation of existing infrastructure need to consider the 
employment of more ecologically and economically sustainable solutions.  

This concluding chapter revisits and synthesise the findings from the chapters 3-8 above. 

9.1 Context for a focus on phosphate 

Environmental (and thus human health) protection has always been a central objective of 
wastewater treatment, including now for some decades nutrient removal by tertiary treatment. 
Energy recovery, in the form of anaerobic digestion of sludge has recently become more 
widespread again. Nutrient recovery, however, which had earlier been limited to land application of 
(treated) sludge, is increasingly becoming a serious issue.  

In terms of sustainable management of phosphorus, a number of potential secondary sources 
exist, especially from agricultural residues and food wastes, whilst in urban areas human excreta is 
the largest source, with urine containing 60-70% of the phosphorus excreted. 

In biological wastewater treatment plants, ~10% of the phosphorus load reports to the primary 
sludge, ~ 30% to the secondary sludge and another ~ 55% may have to be removed in a tertiary 
process for the effluent to be safely released to surface waters.  

The main points of phosphorus recovery include:  

• Liquid phase extraction from secondary effluent, anaerobic digestion side stream or sludge 
liquor (P content of 20-100 mg/L); source-separated urine is an alternative option (P 
content of 300-900 mg/L). The recovery is economically feasible at a minimum 
concentration of 50-60 mg/L of orthophosphate;  

• Solid phase extraction from chemically/biologically treated sludge and sludge ash (P 
content of 360 g P/kg), digestate sludge or mono-incinerated dried sludge ash (P content 
of 64-180 g P/kg). Sludge and sludge ash can be further treated to increase P recovery 
potential. 

The maximum recovery rates from these streams are 90% from sewage sludge and ash, and 85-
90% in the liquid phase side streams.  

9.2 Phosphorus recovery processes and technologies from wastewater 

The methods of phosphorus removal, recovery and recycling include: 

• Biological treatments: bioreactor with microorganisms – bacteria and microalgae – that  
perform biological uptake of nutrients;  

• Chemical treatments: convert dissolved phosphates into solid form by chemical dosage. 
Crystallization methods produce high purity, water-free and marketable final products.  

• Sludge or sludge ash treated via wet chemical or thermal processes to increase the plant 
availability of the phosphate; Wet chemical processes involve the recovery of phosphorus 
by acid or base leaching, then phosphorus in the liquid phase is further extracted; mono-
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incinerated ash undergo thermal or metallurgical treatments, for heavy metals removal, 
while increasing the plant availability of phosphorus. 

The most efficient phosphorus removal methods should involve both chemical and biological 
methods simultaneously to reach levels between 0.5 and 1 mg/L; meeting phosphorus levels less 
than 0.1 mg/L (required to avoid eutrophication in receiving wetlands), would require additional 
tertiary treatments. 

Amongst nutrient extraction techniques, industrial crystallization methods are the most common, 
technically and economically feasible and produce high purity, water-free and marketable final 
products, namely struvite and calcium phosphates. The methods typically achieve a recovery of > 
90% and an effluent phosphate concentration of 0.3-1 mg/L and is often located at WWTPs with 
AD facility. In terms of phosphate fertilizer products, struvite is most-liked over calcium phosphate, 
as it is simple to produce and well investigated compound; also, it is an example of good slow 
release phosphate fertilizer derived from human waste, which may replace rock phosphate derived 
fertilizers. Despite health and safety concerns, it is likely that struvite will pass toxicity, pathogen 
and metal content regulation and be comparable to most phosphate fertilizers on the market. 

9.3 Case studies of installed phosphate recovery technology  

Three industrial-scale installations and one community-scale pilot project were investigated. These 
case studies illustrated crystallization and wet chemical phosphate recovery processes, producing 
struvite for fertilizer use. The Ostara Pearl®, Multiform Harvest and the Seaborne processes are 
centralized and are located at WWTPs with anaerobic digester units, treating the sludge liquor 
(sometimes known as digestor centrate) and sewage sludge, respectively. The Nepal struvite 
precipitation of source-separated urine project (STUN) is a decentralized phosphate recovery 
solution at community scale. 

• The Ostara Pearl® process installed at the HRDS Nansemond WWTP, Virginia (United 
States) appears to be a sustainable process and is the only studied process that is both 
fully operational and economically sound. The nutrient recovery facility treats digester 
centrate with 140-900 mgPO4-P/L and 500-800 mgNH4-N/L, and recovers 85% and 40% of 
phosphorus and nitrogen respectively. Approximately 1650 kg/day (up to 500 tons per 
year) of Crystal Green® (struvite) is produced. 

• In Yakima U.S, the Multiform Harvest nutrient recovery facility treats about 867 kL/day of 
digester sludge liquor to produce 450 kg/day of low quality, powdered struvite. Although 
similar to the Ostara Pearl® installation, this process reports lower maintenance, 
operational and up to 4 times lower installation costs. But in the long-run, if profitable, the 
Multiform process could be less financially attractive to investors as the sale of low-grade 
struvite may result in a lower net present value over a 20-year period. 

• The only full-scale wet chemical process is the Seaborne process installed to produce 
struvite from digested sludge at the Gifhorn WWTP in Germany. However, the process is 
currently not economically feasible. The re-evaluation of plant scale as well as fertilizer and 
chemical prices over the next 5-10 years may solve the feasibility issue. 

• In Kathmandu, Nepal, a pilot scale struvite production process was implemented in 2009 
for nutrient recovery from diverted urine. A maximum of 90% phosphorus recovery was 
achieved, producing 1400 kg/year struvite in a 500 L low-tech reactor. This was a less 
sustainable approach due to high costs associated with urine collection and distribution, 
bringing the project to an end in 2010. Today, fertilization by direct urine application by 
farmers continues. 

Both the Ostara Pearl® and Multiform Harvest processes appear to be sustainable choices, as 
they showed to be both fully operational and economically sound: both installations resulted in cost 
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cuts in maintenance, effluent polishing, denitrification and chemical sludge disposal. In contrast the 
Nepal project showed to be unsustainable due to the high costs incurred when transporting large 
volumes of urine by bicycle. The Seaborne process showed to be the least sustainable as there 
were several conflicts in regards to chemical, maintenance and fertilizer production costs. 

9.4 Fertilizer market and societal views 

Fertilizer prices in South Africa depend on international markets. In the year 2013, approximately 
130 000 tons of P was used in agriculture. Alternative fertilizer use such as cattle and chicken 
manure, amounted to 30 000 tons in 2013; 3-4% equivalence to inorganic fertilizers. Phosphate 
fertilizers are largely produced from domestic mining of rock phosphate and its processing via 
phosphoric acid. 

Various potential phosphate fertilizers from wastewater are comparable to soluble inorganic 
fertilizers on the market such as DAP, MAP and TSP60/100. Expert interviews were conducted to 
assess the acceptability of such phosphate fertilizer production from human waste, as well as the 
potential markets within the South African context. The following conclusions were made: 

• Health and safety was the universal concern of most stakeholders, over and above 
fertilizer quality and quantity. 

• To date, there are no South African policies on organic agriculture or certification. Organic 
certification boards such as AFRISCO in South Africa are compliant with the EU standards 
(does not allow human waste) and compliant with the IFOAM certification board (that 
allows human waste fertilization). 

• As it stands, fertilizer derived from human waste is not permissible in organic agriculture. 
• The South African consumer is not ready for the use of fertilizers derived from human 

waste in food production, and hence it is not a feasible intervention (at this time) to tackle 
the growing food security crisis. 

• More feasible markets may lie within ornamental plant fertilization, commercial fertilizer 
production and fertilizer use within closed community gardens.  

9.5 Techno-economic pre-feasibility studies of the incorporation of phosphate and 
energy recovery processes in urban infrastructure 

9.5.1 The conceptual design and techno-economic pre-feasibility of two phosphate recovery 
options, at the largest WWTW in the Western Cape, South Africa 

The project investigated the viability of two phosphate recovery options at the largest WWTW in 
the Western Cape, South Africa. The nutrient recovery designs, Option 1 and 2, were based on the 
Ostara Pearl® and Multiform Harvest installations respectively, and then compared to the more 
conventional phosphate removal technique, namely aluminum chemical precipitation. The techno-
economic analysis assessed the following:   

• The 200 ML/day WWTW has the potential to produce ~470 kg/d (dry wt) of struvite 
fertilizer. 

• The net present costs for high-grade, low-grade and chemical precipitation installations at 
the CFWWTW, discounted at 10% over a 20 year period were R76,2, R25,4 and R51,2 
million respectively 

• Low-grade production suited for secondary markets comes in cheapest, regardless of key 
parameter changes. 

• Chemical precipitation CAPEX is the lowest: this is within the allocated budget for the 
planned CFWWTW upgrade. 
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• The high flow rate and relatively low phosphate concentration in the digester centrate 
stream is such that: 

o Struvite sales cannot recover the facility’s operating costs 
o Nutrient recovery at the CFWWTW will not be financially net positive. 

Option 2 can be profitable within 19 years if the price of struvite is increased 12 fold to about 
R14,00/kg struvite. Despite changes in key design parameters for both options, the Option 2 base 
case design criteria at the CFWWTW, will always come in cheaper, and complies with the 
legislative standards, being the most ecologically and economically sustainable option from a life-
cycle-costs perspective. From a social stand-point, the experts interviewed believe that the South 
African food market could resistance fertilizers derived from human waste, hence potentially ruling 
in favour of low-grade struvite for use in non-food markets. Although it is a simple process, it is not 
cheap; the capital investment is 10 times that of the more familiar chemical precipitation route. But 
even then, this process only marginally increases treatment costs to R1,42/kL which is well within 
an acceptable range for wastewater treatment. 

9.5.2 Conceptual Case of New Resource Recovery Infrastructure for Cape Town’s Central 
Business District 

The project investigated the potentialities of decentralised recovery of energy and nutrients through 
a conceptual design of new resource recovery plant at Cape Town’s Foreshore precinct. A techno-
economic pre-feasibility analysis resulted in the following findings: 

• Diverting urine from male urinals can produce about 75 kg/d of struvite 
• This could recover some R42 000 p.a. in operating costs 
• The co-digestion of primary sludge can generate a surplus of 27 kW 
• At a feed tariff of R1.00/kWh this presents a cost recovery of ~ R500 000 
• The operating costs would be significantly higher than the achievable revenue, resulting in 

a net present cost of R42.3 million for a 20-year period. This is more than four times the 
net cost incurred by the existing scheme (wastewater to ocean outfall and food waste to 
landfill). 

The costs of removing phosphorus as struvite, estimated at R325/kg for this case, are significantly 
higher than through conventional chemical precipitation (with ferric chloride, for instance), despite 
the potential earnings from saleable fertiliser (see Table 63 in the extended report for details). The 
additional labour and maintenance requirements (and costs) associated with new treatment 
infrastructure makes the recovery of nutrients and energy unattractive when compared against the 
existing disposal schemes in this case, which are however outmoded. On the other hand, the 
estimated treatment cost of ~ R2/kL for the combined nutrient and energy recovery plants is well 
within the current sewage treatment cost envelope of R2.90/kL in Cape Town. 

It is also interesting to note that the costs of recovering energy and nutrients from wastewater as 
estimated in the concept design, are well within the costs of recovering the water itself for re-use 
(approximately R7.00/kL).  

In a water-stressed city such as Cape Town, investing in water re-use infrastructure may be more 
worthwhile in the short term. Then again, this would have to include treatment, which might be 
offered by nutrient and energy recovery. 

9.6 Synthesis and Outlook 

It is clear from this investigation that technologies for phosphate recovery from water-borne wastes 
have reached a stage of early full-scale use at reasonable cost, if fed from well-selected sources. 
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Crystallisation-based technologies to produce struvite, a potentially marketable nitrogen and 
phosphate containing fertilizer, are central in this regard, and often draw from side streams of 
anaerobic digesters, thus providing link to energy recovery.  

The South African fertilizer markets are immature for phosphates from wastewater sources, least 
of all the organic production route, which might well bar them, but other market segments may not 
have any significant concerns.  

The value of phosphate recovered remains significantly less than the cost of recovering it from 
wastewater, an observation confirmed in both of the two pre-feasibility studies. Phosphate 
recovery can, however, be incorporated into environmentally required treatment within an 
acceptable cost envelope for wastewater treatment – and the evidence indicates that it could be 
the cheapest option of meeting phosphate discharge standards. 

In relation to the technical report, it was concluded that the aim of developing a technology 
innovation for further reducing reactor costs for struvite precipitation is on a sound footing. If the 
innovation is to compete with technologies already in use, then it should provide significant capital 
cost savings for processes that aim to precipitate phosphate from feed streams with a minimum 
feed concentration of 50 mg/L. On the other hand, recognising that the largest portion of 
phosphorus to be removed from wastewater (where the 0.1 mg/L effluent standard applies) is still 
in the liquid phase after secondary treatment, the innovation process would do well to also aim to 
be cost comparative to ferric precipitation, the current technology of choice which does, 
unfortunately, render the phosphate in a non-useful form.  



  
 

31

10 References 

Abma, W. R., Driessen, W., Haarhuis, R. & Loosdrecht, M. C., (2009) Upgrading of sewage 
treatment plants by sustainable & cost-effective separate treatment of industrial wastewater. s.l., 
s.n. 

Adam, C. (2009) SUSAN: Sustainable and Safe Re-use of Municipal Sewage Sludge for Nutrient 
Recovery, s.l.: s.n. 

AFRISCO (2012) AFRISCO Organic Standards. [Online] Available at: http://www.afrisco.net/  
[Accessed August 2013]. 

ANON (n.d.) Overview of the technology transfer process: RERC Technology Transfer. s.l., s.n. 

ANON (n.d.) www.Oregon.gov. [Online], Available at: www.oregon.gov  

Balmer, P. (2003) Phosphorus recovery, an overview of potential and possibilities. Trondheim, IWA 
S. 

Barak, P. & Stafford, A. (2006) Struvite: A recovered and Recycled Phosphorus Fertilizer. s.l., s.n., 
199-204. 

BAYER TECHNOLOGY SERVICES (n.d.) Wastewater treatment. [Online], Available at: 
http://www.bayertechnology.com/uploads/media/en07_LOPROX_1305_290909.pdf  

Bergmans, B. (2011) Struvite recovery from digested sludge. Thesis. Delft University of 
Technology  

Bhuyan, M. I., Mavinic, D. S. & Koch, F. A., (2008) Phosphorus recovery from wastewater through 
struvite formation in fluidized bed reactors: A sustainable approach. Water Sci Technol, 57:175-
181. 

Bolzonella, D., Fatone, F., Pavan, P. & Cecchi, F., (2005) Anaerobic Fermentation of Organic 
Municipal Solid Wastes for the Production of Soluble Organic Compounds, Ind. Eng. Chem. Res., 
44:3412-3418 

Brent, A.C., Musango, J., Mokheseng , M. B. & Amigun , B., (2011) Systems dynamics modelling 
to assess the sustainability of renewable energy technologies in developing countries. Centre for 
Renewable and Sustainable Energy Studies, School of Public Leadership, Stellenbosch University, 
South Africa. 2 Sustainable Energy Futures, Natural Resources and the Environment, Council for 
Scientific and Industrial Research, South Africa. 

Bridger, G. L., Salutsky, M. L. & Starostka, R. W., (1962) Micornutrient Sources, Metals 
Ammonium Phospahte as fertilizers. J Agr Food Chem, 10(3):181-188. 

Britton, A., Prasad, R., Balzer, B. & Cubbage, L., (2009) Pilot testing and economic evaluation of 
struvite recovery from dewatering centrate at HRSD's Nansemond WWTP. Nutrient Recovery from 
Wastewater Streams Vancouver, Vancouver, 2009. 

Brown, J. (2011) http://www.cropking.com. [Online], Available at: 
http://www.cropking.com/articlehfs [Accessed 22 October 2012]. 



  
 

32

Cabeza Perez, R., Steingrobe, B., Romer, W. & Claassen, N., (2009) Plant availability of P 
fertilzers recycled from sewage sludge and meat and bone meal in field and pot experiments. 
Vancouver, IWA publishing. 

CAMDA (2013) Methane gas generator set / Gas turbine generator, Product specification. Camda 
New Energy Equipment Co. Ltd, Online, http://cncamda.en.alibaba.com/ 

Carnie, T. (2012) Cape Town may soon drink recycled water. Durban, The Mercury, October 10th 
2012 

CEEP (2013) Current. [Online], Available at: http://www.ceep-
phosphates.org/Documents/shwList.asp?NID=1&HID=34 [Accessed 27 February 2013]. 

Clancy, K. (2012) Sodium Affected Soils. [Online], Available at: 
http://www.fusionfert.com/itn/articles/sodium.pdf [Accessed 3 November 2012]. 

Constantine, T. (2008) An Overview of Ammonia and Nitrogen Removal in Wastewater Treatment. 
s.l., CH2M HILL Canada. 

Cordell, D., Neset, T. S. S., & Prior, T., (2012) The phosphorus mass balance: identifying 
‘hotspots’ in the food system as a roadmap to phosphorus security. Curr Opin  Biotech, 23(6):839-
845. 

Cordell, D., Drangert, J-O. & White, S., (2008) The story of phosphorus: Global food security and 
food for thought. Global Environ Chang, 19:292-305. 

Cordell, D., Rosemarin, A., Schroder, J. J. & Smit, A. L., (2011) Towards global phosphorus 
security: A systems framework for phosphorus recovery and reuse options. Chemosphere, 
84(6):747-758. 

Cornel, P. & Schaum, P., (2009) Phosphorus recovery from wastewater: needs, technologies and 
costs. Water Sci Technol, 59(6). 

Crutchik , D. & Garrido, J. M., (2011) Struvite crystallization versus amorphous magnesium and 
calcium phosphate precipitation during the treatment of a saline industrial wastewater. Water Sci 
Technol, 64(12). 

de-Bashan, L. E. & Bashan, Y. (2003) Fertilzier potential of phosphorus recovered from wastewter 
treatment. Mexico, s.n., 179-184. 

de-Bashan, L. E. & Bashan, Y., (2004) Recent advances in removing phosphorus from wastewater 
and its future use as fertilizer (1997-2003). Water Res, 38:422-4246. 

de Barbadillo, C., Benisch, M., Barnard, J. & Neethling, J. B., (2012) Sustainable Operating 
Practices fro Achieving Low Phosphorus Effluents, s.l. WERF. 

de Barbadillo, C., Levesque, S. & Maxwell, M., (n.d) Strategies for meeting ultra-low phosphorus 
limits: State of the art technologies and case studies. Kansas City: Black & Veatch Corporation. 

DEPARTMENT OF AGRICULTURE, FORESTRY AND FISHERIES (2005) National Policy on 
Organic Production, s.l.: s.n. 

  



  
 

33

DIFFERENCEBETWEEN (2011) Diferrence between crystallization and vs precipitation. [Online] 
Available at: : http://www.differencebetween.com/difference-between-crystallization-and-vs-
precipitation/#ixzz2PPCOPT4A  
[Accessed July 2013]. 

Dittrich, C., Rath, W., Montag, D. & Pinnekamp, J., (2009) Phosphorus recovery from sewage 
sludge ash by a wet-chemical process. In International Conference on Nutrient Recovery form 
wastewater streams. Vancouver, 2009. IWA. 

EAWAG RESEARCH (2011) VUNA – Nutrient Harvesting in South Africa. [Online], Available at: 
http://www.eawag.ch/forschung/eng/gruppen/vuna/index_EN [Accessed 31 October 2013]. 

Etter, B Tilley, E Khadka, R Udert, K.M. Larsen, T. A. & Gujer, W. (1996) Low-cost struvite 
production using source-separated urine in Nepal: Separate management of anthropogenic 
nutrient solutions  (human urine). Water Sci Technol, 34(3-4) 87-94. 

Etter, B. (2009) Struvite recovery from urine at community scale in Nepal. Nepal: Eawag. 

Etter, B., Tilley, E., Khadka, R. & Udert, K. M., (2011) Lost Cost Struvite production using source-
separated urine in Nepal. Water Res, 45:852-862. 

FAO (2005) Fertilizer use by crop in South Africa. Rome: Land and Plant Nutrition Management 
Service. 

Folkstad, B. (2008) Analysing Interviews: Possibilities and Challenges. [Online], Available at: 
http://eurospheres.org/files/2010/08/Eurosphere_Working_Paper_13_Folkestad.pdf  
[Accessed 27 August 2013]. 

Foskor (2014) Product Prices. [Online], Available at: 
http://www.foskor.co.za/cd_products.php[Accessed 10 March 2014]. 

Ganrot, Z. (2005) Urine processing for efficient nutrient recovery and reuse in agriculture. 
Goteborg: Gotebirg University. 

Ganrot, Z. (n.d.) Fertilizer products from human urine. Gööteborg: s.n. 

GECKO FERT (2013) Two types of phosphates. [Online], Available at: 
http://www.geckofert.co.za/e02types.html [Accessed 23 January 2014]. 

Gell, K., De Ruijter F.J., Kuntke P., De Graaff M. & Smit A. L. (2011) Effectiveness of Struvite from 
Black Water and Urine as a Phosphorus Fertilizer. J Agr Sci, 3(3):67-80 

Ghosh, G. K., Mohan, K. S. & Sarkar, A. K. (1996) Characterization of soil-fertilzer P reaction 
products and their evaluation as sources of P for gram. Nutr Cycl Agroecosys, 46(1):71-79. 

Giesen, A. Erwee H., Wilson R., Botha M. & Fourie S. (2009) Experience with crystallization as 
sustainabale zero-waste technolgoy for treatment of wastewater. Pretoria, Document 
transformation technologies, 401-406. 

Goldblatt, A. (2011) Agriculture: Facts & Trends, South Africa, s.l.: s.n. 

Gordon, J. (n.d.) Precipitation and Crystallization Processes. Los Alamos National Laboratory. 



  
 

34

Goto, I. (1998) Application of phosphorus recovered from sewage plants. Environ Conserv, 
27:418-422. 

Green, C., Johnson, P., Allen, V. & Crossland, S. (2004) Treatment Technologies for Phosphorus 
Removal from water derived from cattle feedyards, Texas: s.n. 

HAMPTON ROADS SANITATION DISTRICT (2010) Ostara Increases Plant Efficiencies for 
Hampton Roads Sanitation District in Innovative Public/Private Partnership Launching. Virginia 
Wastewater Treatment Plant First In Chesapeake Bay Watershed to Recover Nutrients and 
Transform them into "Green" commercial fertilizer, 27 May.  

Hasson, G., Sidorenko, G. & Semiat, R. (2008) Calcium carbonate hardness removal by a novel 
electrochemical seeds system. Desalination, 15:1207-1212. 

Heinzmann, B. & Engel, G. (2007) Two-stage high rate digestion and phosphorus recovery. Water 
Practice & Technology, 2(1). 

Henze, M., Van Loosdrecht, M., Ekama, G. A. & Brdjanovic, D. (2008) Biological Wastewater 
Treatment. s.l.:IWA publishing. 

Hermann, L. (2009) P-recovery from sewage sludge ashes by thermochemical treatment. 
Presentation in BALTIC 21. s.l., s.n. 

HRSD (2009) Nutreint recovery at HRSD, Nansemond WWTP: Nutrient Recovery system 
equipment agreement, s.l.: s.n. 

HUG, A. & UDERT, K. M. (2013) Struvite precipitation from urine with electrochemical magnesium 
dosage. Water Res 47 289-299. 

IFA (n.d.) [Online], Available at: http://www.fertilizer.org [Accessed 22 October 2012]. 

IFDC (2012) Promoting Affordable Sources of Plant Nutrients in Africa Through Innovative 
Composting Alternatives. [Online], Available at: 
http://www.ifdc.org/Training/Recent_Training_Programs/Promoting_Affordable_Sources_of_Plant_
Nutrients_in [Accessed 24 April 2013]. 

INFOMINE (2014) Historical Phosphate Rock Prices and Price Chart. [Online], Available at: 
http://www.infomine.com/investment/metal-prices/phosphate-rock/all/ [Accessed 20 March 2014]. 

IPCC (2000) Summary for Policymakers: Methodological and Technolgical Issues in Technology 
Transfer, s.l.: Intergovernmental panel on climate change. 

IPIPOTASH (2011) Ipipotash. [Online], Available at: http://www.ipipotash.org/udocs/Chap-
2_K_and_cl_in_soils.pdf [Accessed 3 November 2012]. 

IPNI (n.d.) Nutrient source specifications. [Online], Available at: 
https://www.ipni.net/publication/nss.nsf/0/2F200FA9C8C946F0852579AF00762904/$FILE/NSS-
09%20Monoammonium%20Phosphate.pdf [Accessed 21 November 2013]. 

Jenkins, D. & Hermanowicz, S. W. (1991) Principals of Chemical Phosphate Removal. In: R. 
Sedlak, ed. Phosphorus and Nitrogen Removal from Municipal Wastewater, Principles and 
Practice. New York: s.n. 



  
 

35

Johnson, A. E. & Richards, I. R. (2003) Effectiveness of different precipitated phosphates as 
phosphorus sources for plants. Soil Use and Manage, 19(1):45-49. 

Kalmykova, Y., Harder, R., Borgestedt, H. & Svanang, I. (2012) Pathwats and Management of 
Phosphorus in Urban Areas. J Ind Ecol, 16(6). 

KILIMOHAI ORGANIC (2007) East African Organic Products Standards. Kilimohai Organic. 

Kopec, D. M. (1994) Easing the Roller Coaster Ride with Slow Release Fertilizers. [Online]  
Available at: turf.arizona.edu/tips1094.html 

Kroiss, H., Rechberger, H. & Egle, L. (2011) Phosphorus in Water Quality and Waste 
Management. In: M. S. Kumar, ed. Intergrated Waste Mangament. s.l.:Intech, 183-218. 

Kujawa-Roeleveld, K. & Zeeman, G. (2006) Anaerobic Treatment in Decentralized and Source-
Separation-Based Sanitation Concepts. Rev Environ Sci Biotechnol, 5(1)115-139. 

Kvale, S. (1996) Interviews: An introduction to Qualitative Research Interviewing. California: 
SAGE. 

Le Corre , K. S., Valsami-Jones , E., Hobbs , P. & Parsons , S. A. (2009) Phosphorus Recovery 
from Wastewater by Struvite Crystallization: A Review. Crit Rev Env Sci Tec. 

LENNTECH (2005) Phosphorus removal from wastewater. [Online], Available at: 
http://www.lenntech.com/phosphorous-removal.htm [Accessed 10 January 2014]. 

Levlin, E. (2004) Reovery of phosphate from sewage slduge and separatin of metals via ion 
exchange, Stockholm: s.n. 

Liberti, L., Petruzzelli, D. & De Florio, L. (2001). REM-NUt ION Exchange Plus Struvite 
Precipitation Process. s.l., s.n. 

Liu, Y., Villalba, G., Ayres, R. U. & Schroder, H. (2008) Global Phosphorus Flows and 
Environmental Impacts from a Consumption Perspective. J Ind Ecol, 12(2). 

Li, X. Z. & Zhao, Q. L. (2003) Recovery of ammonium-nitrogen from landfill leachate as a multi-
butrient fertilizer. Ecol Eng, 20(2):171-181. 

Margate, R. Z. & Magat, S. S. (2012) Phillipine coconut authority. [Online], Available at: 
www.pca.da.gov.ph/pdf/techno/salt.pdf [Accessed 2 November 2012]. 

Max-Neef, M. A. (2005) Foundations of transdisciplinarity. Ecol Econ, 53(16). 

Mels, A., Castellano D., Braadbaart O., Veenstra S., Dijkstra J, Meulman B., Singles A. & 
Wilsenach J. A. (2009) Sanitation servies for informal settlements of Cape Town. Desalination, 
248(1-3):330-337. 

Montag, D. (2008) Phosphorus recovery in wastewater treatment – Development of a procedure 
for integration into municipal wastewater treatment plants. , s.l.: s.n. 

Montag, D. (2009) The PASH process for P-recovery and overview of the German Funding 
Programme “Recycling management of the plant nutrients, especially phosphorus”, Baltic 21, Sept 
28th, Berlin. 



  
 

36

Morse, G. K., Brett, S. W., Guy, J. A. & Lester , J. N. (1997) Review: Phosphorus removal and 
recovery technologies. The Science of the Total Environment, 212:69-81. 

Morris, M., Kelly, V. A., Kopicki, R. J. & Byerlee, D. (2007) Fertilizer Use in African Agriculture. 
Washington: The World Bank. 

Mostert, A. (2013) Fertilizer Consumption in South Africa 2013. [Online]  
Available at: http://www.fssa.org.za/Statistics/Fertilizer_Consumption_in_South_%20Africa_1955-
2017.pdf  
[Accessed 13 November 2013]. 

Motevallian, S. S. & Tabesh, M. (2009) A Framework for Sustainability Assessment of Urban Water 
Systems Using a Participatory Approach, Tehran: s.n. 

Muga, H. & Mihelcic , J. R. (2007) Sustainability of wastewater treatment technologies. J Environ 
Manage, 88: 437-447. 

Muller, J. A., Günther L., Dockhorn T., Dichtl N., Phan L.-C., Urban I., Weichgrebe D., Rosenwinkel 
K.-H. & Bayerle N. (2007). Nutrient Recycling from Sewage Sludge using the Seaborne Process, 
Gifhorn: s.n. 629-633. 

Musango, K. J. & Brent, A. C. (2010) A conceptual framework for energy technology sustainability 
assessment. Energy for Sustainable Development, 84-91. 

Musango, J.K., Brent A.C., Amigun B., Pretorius L., Müller H. (2012) A system dynamics approach 
to technology sustainability assessment: The case of biodiesel developments in South Africa. 
Technovation, 32:639-651. 

Muzanenhamo, P. & Sikosana, M. (2012) Phosphate recovery from wastewater treatement effluent 
using ion exchange resins, Cape Town: Unversity of Cape Town. 

Nattorp, A. (2013) Recovery Technologies products. Northwestern, Univeristy of Applied Sciences 
and Arts. 

Nawa, Y. (2001) P-recovery in Japan – the PHOSNIX process. [Online], Available at: 
http://www.jki.bund.de/fileadmin/dam_uploads/_koordinierend/bs_naehrstofftage/baltic21/8_poster
%20UNITIKA.pdf [Accessed 13 January 2014]. 

Neethling, J.B. (2013) Phosphorus removal challenges and opportunities. In IWEA Nutrient 
Removal and Recovery Workshop. Addison, IL, 2013. HDR Engineering. 

Neethling, J. B. et al. (2009) Tertiay phosphorus Removal, s.l.: WERF. 

Nguyen, T. A. H., Ngo, H. H., Guo, W. & Nguyen, T. V. (2013) Phosphorus removal from Aqueous 
Solutions by Agriculture By-products: A Critical Review. Journal of Water Sustainability, 2(3):193-
207. 

Nieminen, J. (2010) Phosphorus Recovery and Recycling from Municipal Wastewater Sludge, s.l.: 
Aalto University. 

OSTARA (2013) [Online], Available at: 
http://www.ostara.com/sites/default/files/pdfs/Saskatoon_Ostara_Case%20Study.pdf  
[Accessed 10 February 2014]. 



  
 

37

Panasiuk, O., (2011) Phosphorus Removal and Recovery from Wastewater using Magnetite, 
Stockholm: s.n. 

PAQUES (n.d.) PAQUES Products. [Online], Available at: 
en.paques.nl/pageid=199/PHOSPAQ%99.html [Accessed 2 April 2013]. 

Pawar, J. (2012) LOPROX: Alternative pre-treatment of spent caustic wastewater by wet air 
oxidation. [Online], Available at: http://induswater.ncl.res.in/Resources/Presentations/Jyoti-Pawar-
Bayer%20(2).pdf 

Petrie, D. (2013) Sustainable Urban Infrastructure Design Intervention: Water Energy and Nutrient 
Recovery in the City Foreshore, Course assignment, Sustainable Urban Systems, Department of 
Civil Engineering, University of Cape Town 

Petzet, S. & Cornel, P. (2013) Phosphate Recovery from Wastewater. In: Waste as a Resource. 
Cambridge: RSCPublishing. 

Putnam, D. (1971) Composition and concentrative properties of human urine, Washington: NASA. 

Rajagopal, R., Lim, J. W., Mao, Y., Chen, C. L., & Wang, J. Y. (2013) Anaerobic co-digestion of 
source segregated brown water (feces-without-urine) and food waste: For Singapore context. 
Science of the Total Environment, 443:877-886. 

Relea, F, Jiménez, E., González, E., Cabré, J., Ayats, A., Haberbauer, M., Broto, F., Comellas, L., 
Ribas, C., Gotor, G., Roig, E. & Núria, V. (2013) Energy recovery from Landfill’s Biogas by the use 
of MICROturbines and biological removal of hydrogen sulPHIde and siLOXanes, MicroPHILOX 
Project, European Commission 

Richert, A., Gensch R., Jönsson H., Stenström T.-A. & Dagerskog L. (2010) Practical Guidance on 
the Use of Urine in Crop Production, Stockhlom: Sustainable Sanitation Alliance. 

ROCKS FOR CROPS (2001) South Africa. In: Rocks for Crops. s.l.:s.n., 257-268. 

Romer, W. (2006) Plant availability of P from recycling products and phosphate fertilizers in a 
growth chamber trial with rye seedlings. J Plant Nutr Soil Sc, 169(6):826-832. 

Ronteltap, M., Maurer, M. & Gujer, W. (2007) The behaviour of pharmaceuticals and heavy metals 
during struvite precipitation in urine. Water Res 41(9):1859-1868. 

Ronteltap, M. (2009) Phosphorus recovery from source�separated urine through the precipitation 
of struvite, Doctoral thesis, Swiss Federal Institute Of Technology Zurich, Wageningen University, 
Switzerland. 

Roseberg, R. J. & Christensen, N. W. (1986) Chloride, soil Solution osmotic potenetila and soil pH 
effects on nitirfication. Soil Science Society of America, 50(4):941-945. 

Rössle, W.H. & Pretorius, W.A. (2001) A review of characterisation requirements for in-line 
prefermenters, Paper 1: Wastewater characterisation, Water SA, 27(3) 

Rundgren, G. & Lustig, P. (2005) Feasibility study for the establishment of certification bodies for 
organic agriculture in Eastern and Southern Africa. [Online], Available at: 
http://www.grolink.se/Resources/studies/719%20Afrocert%20Rapport%20Final.PDF  
[Accessed 13 February 2014]. 



  
 

38

Rybicki, S. M. (1997) New Technologies of phosphorus removal from wastewater, s.l.: s.n. 

Sartorius, C., Von Horn, J. & Tettenborn, F. (2011) Phosphorus Recovery from Wastewater – 
State-of-the-art and Futre Potential, Karlsruhe : Water Environment Federation. 

Scheidig, K., Schaaf, M. & Mallon, J. (2009) Profitable recovery of phosphorus from sewage 
sludge and meat & bone meal by the Mephrec process-a new means of thermal sludge and ash 
treatment. London, IWA 563-566. 

Schick, J., Kratz, S., Adam, C. & Schnug, E. (2009) Techniques for P-recovery from wastewater 
and sewage sludge and fertilizer quality of P-recycling products. Berlin, s.n. 

Schipper, W. J., Klapwijk A., Potjer B., Rulkens W.H., Temmink B.G., Kiestra F. D. G. & Lijmbach 
A. C. M. (2001). Phosphate recycling in the phosphorus industry. Environ Technol, 22(11):1337-
1345. 

Schipper, W. J. & Korving, L. (2009) Full-scale plant test using sewage sludge ash as raw material 
for phopsphorus production. Vancouver, IWA 591-598. 

Schouw, N. L., Danteravanich, S., Mosbaek, H. & Tjell, J. C. (2009) Composition of human 
excreta: A case study from Southern Thailand. Science Total Environ, 155-166. 

Schröder, J. J., Cordell, D., Smit , A. L. & Rosemari, A. (2009) Sustainable Use of Phosphorus, s.l.: 
s.n. 

SEABORNE (n.d.) Sewage Slduge to Fertilizer. [Online]  
Available at: http://www.seaborne-epm.de/englisch/3_Downloads/daten/info_project_gf_e.pdf  

Sengupta, S. (2013) Macronutrient Removal and Recovery from Tertiary Treatment of Wastewater. 
In: Novel Solutions to Water Pollution. s.l.:s.n., 167-187. 

Sims, C. (1999) Profile: Foskor. Industrail minerals, s.l.: s.n. 

SLIBVERWERKING NOORD – BRUBANT (2013) Phosphate recovery. [Online]  
Available at: http://www.phosphaterecovery.com/the-phosphate-issue/how-much-phosphate-is-
left/77 [Accessed 27 February 2013]. 

Smith, D. S., Tackas I., Murthy S., Daigger G.T. & Szabo A (2008) Phosphate complexation model 
and its complications for chemical phosphorus removal. Water Environemnent Research, 80(428). 

Smith, J. A. & Osborn, M. (2007) Interpretative Phenomenological Analysis. In: Qualitative 
Psychogy. s.l.:s.n., 53-80. 

SOUTH AFRICAN DEPARTMENT OF TRANSPORT (2005) North West Province Freight 
Transport Databank. [Online], Available at: 
http://www.nwpg.gov.za/transport/nwftd/nw/industries/fertiliser_distribution/index_xml.html  
[Accessed 10 February 2014]. 

Spuhler, D. & Gensch, R. (2011) Sanitation Systems. [Online], Available at: 
http://www.sswm.info/print/1728?tid=707 [Accessed 28 May 2013]. 

Stratful, I., Scrimshaw, M. D. & Lester, J. N. (2004) Removal of struvite to prevent problems 
associated with its accumulation in wastewater treatment works.. Water Environt Res, 76:437-443. 



  
 

39

Strom, P. F. (2006) Technologies to remove phosphorus from wastewater , s.l.: s.n. 

Terman, G. L. & Taylor, A. W. (1965) Sources of Nitorgen and phosphorus, Crop Respnse to 
Nitrogen abd Phosphorus in metal ammomium Phosphates. J Agr Food Chem 97-500. 

THE MONEY CONVERTER (2014). The Money Converter. [Online], Available at: 
http://themoneyconverter.com/ZAR/EUR.aspx [Accessed 13 March 2014]. 

Trenkel, M. E. (1997) Controlled-Release and Stabilized Fertilizers in Agriculture, Paris: 
International Fertilzier Industry Association. 

UNEP (2007) Organic Agriculture in Africa. [Online], Available at: 
http://www.unep.org/training/programmes/Instructor%20Version/Part_2/Activities/Human_Societies
/Agriculture/Supplemental/Organic_Agriculture_in_Africa.pdf [Accessed 3 March 2014]. 

US. ENVIRONMENTAL PROCTECTION AGENCY  (2007) Advancede Wastewater Treatment to 
achieve low concentration of phosphorus , s.l.: US. Environmental Proctection Agency. 

USGS (2013) Mineral Commodity Summaries 2013, s.l.: USGS. 

Usman, K., Khan S., Ghulam S., Khan M. U., Khan N., Khan M. A. & Khalil S. K. (2012). Sewage 
Sludge: An important bilogical resource for sustainable agriculture and its environmental 
implications. Am J Plant Sci, 3(12):1708-1721. 

Vinneräs, B. (2001) Faecal separation and urine deiversion for nutrient management of household 
biodegradable waste and wastewater, s.l.: Swedish University of Agriculture Sciences. 

Vinneräs, B. & Jonsson, H. (2002). Faecal seperation for nutrient management – evalutaion of 
different separation techniques. Urban Water 4:321-329. 

VUNA (2013) Pathogens in urine. Promoting sanitation and nutrient recovery through urine 
separation, December.  

VUNA (2013) Urine Fertilizers: Greenhouse trials with struvite and nitrified urine. Promoting 
sanitation and nutrient recovery through urine separation, December.  

Wang, D. B., Li, X. M., Ding, Y. & Zeng, G. M. (2009) Nitrogen and phosphorus recovery from 
wastewater and the supernatant of dewatered sludge, Recent Pat Food Nutr Agric, 1(3):236-2242. 

WASHINGTON STATE DEPARTMENNT OF HEALTH (2005) Nitrogen reducein technolgies for 
onsite wastewater treatment systems, s.l.: Washington state deaprtment of health. 

WASTEWATER SOLUTIONS GROUP (2012) Container wastewater treatment plants. [Online], 
Available at: www.wastewater.at [Accessed 21 July 2013]. 

WATER ENVIRONMENT RESEARCH FEDERATION (2009) Sustainable Technologies for 
Achieveing Very Low Nitorgen and Phopsphorus Effluent Limits, s.l.: s.n. 

WATER RESEARCH COMMISSION (1997) Permissible Utilisation and Disposal of Sewage 
Sludge, Pretoria: Water Research commission. 

Weerasuiya, T. J., Pushpakumara, S. & Cooray, P. I. (1993) Acidulated pegmatitic mica: a 
promising multi-nutrient fertilizer. Agroecosyst, 56(67):525-531. 



  
 

40

WEFNET (2009) Chemical Phosporus removal. [Online], Available at: 
http://www.wefnet.org/biological/NutrientRemoval/Chapter%2007%20Final%20Draft.pdf  
[Accessed 10 January 2014]. 

Weigand, H., Bertau M., Hübner W., Bonhdick F. & Bruckert A. (2012) RecoPhos: Full-scale 
fertilizer production from sewage sludge ash. Waste Manage. 

Werner, C. (2006) Closing the loop thorugh ecological sanitation. Deutsche Gesellschaft für 
Technische Zusammenarbeit (GTZ) GmbH. 

White, S. & Cordell, D. (2009) The story of phosphorus: Global food security. Global environmental 
change 19(2):292-305. 

Wilkinson, M. J., Crafford, J. G., Jonsson, H. & Duncker, L. (2009) Cost Benefit Analysis of the Use 
of Humanure from Urine Diversion Toilets to Improve Subsistence Crops in the Rural Areas of 
South Africa, Pretoria: Sustento Development Services. 

WIN-SA (n.d.) eThekwini's Water and Sanitation Programme: Lessons series, Lesson 2, Durban: 
s.n. 

Zhigang, L. & Qingliang, Z. (2008) nhanci-ng phosphorus recovery by a new internal recycle 
seeding MAP reactor.. Biores Technol, 99:6488-6493. 

Zhou, A. & Tang, J. (2008) Progress in the Study of Magnesium Ammonium Phosphate 
Crystallization Reactor, s.l.: s.n. 

 




