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Abstract
Background

Phosphorous levels around the world are decreasing rapidly, as urbanization increases. This is
significant as phosphorus is a resource that is required by all living organisms and is a key ingredient
in many fertilizers. Similar to the peak oil phenomenon, phosphorus will soon experience a peak in its
production, and it is predicted that within the next century, naturally occurring phosphorous will be
completely depleted. Moreover, methods of nitrogen production such as the Haber-Bosch process
contribute largely towards global energy expenditure and greenhouse gas emissions. Considering this,
researchers have aimed to investigate methods of recovering phosphorus and nitrogen to help cope
with the increasing global demand and promote environmental sustainability. Urine has been

identified as a potential source of recoverable phosphorus and nitrogen.

Urine accounts for approximately 1% of the total volume of domestic wastewater. Conversely, urine
accounts for 80%, 60% and 63% of the nitrogen, phosphorus and potassium in domestic wastewater,
respectively. Moreover, wastewater treatment plants specifically target the removal of nitrogen and
phosphorus. This is because these substances can cause a toxic environment in surface water, which
can have a negative effect on aquatic organisms. This research aimed to evaluate a novel mode of

resource recovery, through the assessment of a decentralized approach to urine treatment.
Methodology

Two methodological approaches were adopted to evaluate this system. In the first, a thorough review
of literature was conducted to assess current innovations pertaining to urine treatment technologies.
Public perceptions regarding the collection and recycling of urine were also researched. This
culminated in the creation of design charts depicting treatment sequences for fresh and hydrolyzed
urine, aimed at maximum resource recovery. These charts were entirely based on values from

published literature and basic calculations.

Secondly, geographic information systems (GIS) were used to assess the transportation and logistics
of a decentralized urine treatment system, using the City of Cape Town as an illustrative case study.
In this model, existing urinals at frequently visited shopping centres are theoretically replaced with
waterless nutrient recovery urinals. Within these urinals, urea hydrolysis is prevented from occurring
in an attached urine collection container. This minimizes nitrogen losses and allows for a solid,
phosphorous based fertilizer to form. The collected urine is retrieved from individual buildings and
transported to a resource recovery facility (RRF) by truck. The collected urine is filtered to remove the
solid fertilizer, while the remaining liquid is concentrated to produce a liquid fertilizer. Finally, the

recovered material is then sold as fertilizers to wholesalers.



The implication of transportation and logistics was also assessed through four scenarios of
decentralization. In scenario one, one RRF was used. In scenarios two, three and four; two, four and
eight RRFs were used, respectively. The economic and environmental implications of each scenario
were then evaluated through standard engineering economics and potential greenhouse gas (GHG)

emissions.

Ideal treatment sequence

It was deduced that the most promising treatment sequence for maximum resource recovery, based
on nutrient recovery rates and operating conditions, incorporated a combination of alkaline
stabilization and volume reduction. Calcium hydroxide and reverse osmosis (RO) were the chosen
mediums for stabilization and volume reduction. If this sequence is used, almost all urine constituents
can be recovered. Moreover, a liquid fertilizer with a 3.3 —0- 0.8 NPK rating, and 11 grams of calcium
phosphate, per litre of urine treated, can theoretically be produced. This was the chosen treatment

sequence for the decentralized urine transportation system.

Decentralized urine transportation treatment

It was found that the main contributor to GHG emissions in the decentralized system was the truck.
Driving distance decreased as the number of RRFs increased, which led to a decrease in the GHG
emissions because of fuel consumption. However, warehouse rental costs were a large contributor to
operating expenditure (OPEX) and increased proportionately as the degree of decentralization
increased. Therefore, a globally optimal solution incorporating the minimum cost, minimum GHG
emissions and shortest travel distance was not possible. From a financial perspective, increased

decentralization was not appealing, meaning the use of one RRF was the most favourable scenario.

Weight limitations of the truck were found to influence the travel route designations within the model
road network. However, transportation had a small effect on the systems monetary cost, as it only
accounted for 2% to 6% of the total OPEX across all design scenarios. This is likely due to the
geographical configuration of Cape Town. Similar studies in larger areas with more dispersed

collection locations may yield different results.

It was found that a positive net present value was achieved if the recovered fertilizer was capable of
being sold at prices in line with commercially available liquid fertilizers, with similar nitrogen content.
However, it is likely overly optimistic to believe the recovered liquid fertilizer could break into the
South African fertilizer market and immediately compete with established products. Although, it was
shown that the liquid fertilizer produced would only need to be sold at R22.75/L to equate the total

system expenditure to the total income, over a five-year period.



Conclusion and Outlook

It was determined that the decentralized approach to urine treatment, investigated in this research,
exhibited several advantages over biological nutrient removal at conventional wastewater treatment
plants. These advantages included lower GHG emissions and energy expenditure for a similar
operating cost. This study ultimately shows that the collection of source-separated urine for the
purposes of resource recovery holds significant potential from a monetary and an environmental
perspective. Furthermore, the combination of transportation planning and waste management could

play an important role in future studies aiming to improve decentralized sanitation systems.
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1 Introduction

1.1 The proposed project

This dissertation investigates a decentralized urine collection and treatment system that emphasises
maximum recovery of resources from the human urine. Additionally, different technologies that could
be used to recover valuable products such as fertilizer from human urine are reviewed and used to

develop guidelines and design charts for maximum resource recovery.

1.2 Background/ motivation

1.2.1 Phosphorous and nitrogen production

Naturally occurring phosphorus is depleting at a rapid rate, as the global population continues to grow
(Cordell et al., 2009). This non-renewable resource is important for the growth of all living organisms,
and is one of the most prominent constituents found within modern day fertilizers (Spangberg et al.,
2014). Phosphorus cannot exist in gaseous form, so its natural movement is restricted to land and
water, in liquid and solid phase. Moreover, vegetation can only absorb soluble phosphorous through
soil. In the phosphorous cycle, plant life would typically receive the phosphorous they require for
growth from the decomposition of dead plant matter. This cycle has been disrupted by mass
harvesting and global transportation of crops by humans. As a result, plants require a constant

application of phosphorous, from fertilizers, to replenish what has been removed (Cordell et al., 2009).

The effects of urbanization on phosphorous production between the years 1800 and 2000 are
displayed in Figure 1-1. The global need for phosphorous steeply increased as populations increased
in the 20t century. This is significant, as it is predicted that phosphorous production will peak by the
year 2030 (Cordell et al., 2009). Considering this, many researchers have aimed to investigate methods

of recovering phosphorus to help cope with the increasing global demand.

Moreover, nitrogen production is primarily facilitated through the Haber-Bosch process. This process
accounts for over 99% of global ammonia production, and 75% of that is used as fertilizer (Smil, 2011).
However, this process accounts for 1% of the world’s total energy consumption and has led to

pollution that has cost the European Union alone, hundreds of billions of euros (Sutton et al., 2011).

Chipako, T.L (2019) Chapter 1: Introduction
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Figure 1-1: Global phosphorous sources and production between 1800-2000 (Cordell et al., 2009).

1.2.2 Centralized wastewater treatment

Conventional wastewater treatment is specifically geared towards the removal of nitrogen and
phosphorus from wastewater streams (Wilsenach & van Loosdrecht, 2003). This is because the
presence of these materials can lead to algal growth in a process known as eutrophication. This
phenomenon induces an anoxic environment in water, which can have harmful effects on aquatic
organisms (Spangberg et al., 2014). The current philosophy pertaining to human waste is typically
centred around treatment and disposal of these resources, as opposed to recovery and reuse
(Andersson et al., 2016). As a result, a shift in objectives for researchers has seen the promotion of
studies pertaining to sustainability and resource recovery from wastewater. Policy changes around
the world have also seen sustainable wastewater treatment initiatives prioritized. For example, it has
recently become obligatory, as per the German sewage sludge ordinance, for wastewater treatment
facilities to recover phosphorus from sewage sludge. Phosphorous recovery at wastewater treatment

plants has also been made mandatory in Sweden, Switzerland and Austria (Glnther et al., 2018).

Urine has been identified as a potential source of recoverable phosphorus and nitrogen. Previous
research indicates that urine accounts for approximately 1% of the total volume of domestic
wastewater streams (Spangberg et al., 2014). Conversely, urine contains roughly 60% and 80% of the
total phosphorus and nitrogen within domestic wastewater (Spangberg et al., 2014). This becomes
significant, as the total phosphorus that could be recovered from urine is estimated to be roughly 22%
of the current global phosphorus demand (Barbosa et al.,, 2016). A shift in infrastructure and
philosophy could see urine being removed from waste streams before its constituents are required to
be removed and disposed of at treatment plants. Furthermore, this could allow for recycling of source-

separated urine through decentralized treatment systems.

Chipako, T.L (2019) Chapter 1: Introduction
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1.2.3 Decentralized wastewater treatment

Decentralization of wastewater treatment is not a novel concept. The main differences between
central and decentralized wastewater treatment systems are the distance that the waste travels, the
quantity treated and the treatment methods employed (Casey, 2013). Centralized wastewater
management systems typically have waste travelling large distances within sewage networks and
incorporate bulk treatment methods for a large population. Decentralized systems characteristically
treat waste closer to the point of waste production and can be flexible towards the most appropriate
method of treatment for the area being serviced (Casey, 2013). An additional benefit to decentralized
wastewater treatment is the ability to apply its methodologies to smaller communities that may not
be serviced by centralized facilities, due to distance or monetary reasons (Tooke, 2015). Moreover,
smaller treatment loads mean that failure of the system or malfunctioning of crucial process steps are

not as catastrophic as they would be in a centralized wastewater treatment system.

Studies have shown that decentralizing the treatment of urine offers lower greenhouse gas (GHG)
emissions, energy expenditure, and operating costs, in comparison to centralized wastewater
treatment of equal quantities of urine (Tervahauta et al., 2013, Shi et al., 2018). In addition to this, the
treatment of urine to recover nutrients potentially holds many financial benefits if sold commercially
(Kavvada et al., 2017, Yetilmezsoy et al., 2017). Furthermore, a decrease in the influent nutrient load
at wastewater treatment facilities would likely allow for monetary savings regarding biological
nutrient removal (Spangberg et al., 2014). The treatment of waste products to produce materials of

value (known as upcycling) (Bridgens et al., 2018) is the driving force of this research.

1.2.4 Significance of research

This research directly relates to five of the seventeen sustainable development goals set out by the
United Nations; numbers two, six, eleven, thirteen and fourteen as seen in Figure 1-2. This is because
it is envisioned that this research could aid in mitigating world hunger, by increasing fertilizer supplies
through nutrient recovery, and provide an alternate waste removal system which also conserves
water. From a South African perspective, this is significant as it is estimated that over 60% of the rivers
in South Africa which act as potable water sources are being overexploited, and approximately one

third of the country’s main rivers are in good condition (Donnenfeld et al., 2018).

The proposed system would also promote sustainable infrastructure and communities that recycle
materials that are typically seen as waste products. Additionally, decentralized collection of urine
could reduce water pollution and decrease the greenhouse gas emissions created from nitrogen and

phosphorus removal processes at conventional wastewater treatment facilities.

Chipako, T.L (2019) Chapter 1: Introduction
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Figure 1-2: Sustainable development goals outlined by the United Nations (Fullman & Fortunati, 2017, UN, 2015).

1.3 Problem statement

Many benefits can potentially be achieved by separating solid and liquid waste collection for
decentralized urine treatment. Barriers which prevent this from occurring include the transportation
logistics of urine from where it originates, the economic feasibility of implementing decentralized

treatment, and the selection of appropriate urine treatment technologies.

Methods for treating urine to recover phosphorus and nitrogen do exist. However, design guidelines
outlining urine treatment methodologies for maximum resource recovery, based on nutrient recovery

rates, are limited.

1.4 Research objectives

This study had two main objectives. These objectives were to determine if a decentralized approach
for urine treatment is financially and environmentally feasible, and to determine the urine treatment

methods that would be most conducive to maximum resource recovery.
The research objectives were thus broken down into the following tasks:

1. Anin-depth review of literature pertaining to previously iterated urine treatment techniques,

public perception regarding urine reuse, and transportation of urine-based fertilizers.

2. A quantitative compilation of resource recovery potential based on urine treatment
techniques from literature. This compilation will culminate in the creation of design charts

depicting process sequences for maximum recovery of resources from urine.

Chipako, T.L (2019) Chapter 1: Introduction
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3. The design of a basic decentralized approach to urine collection, for resource recovery, within
the City of Cape Town. Evaluating the effects of transportation and logistics of source-
separated urine formed the main modelling portion of this objective. Subsequently, an
evaluation of the monetary and environmental implications of this decentralized system, in

comparison to conventional wastewater treatment was required.

1.5 Scope and limitations

This dissertation was entirely a desktop study. Detailed software modelling and a thorough review of
literature were conducted, but no experimental work was done. The applicability of the findings was

only determined through literature and heuristic calculations.

A focus was placed on urinals as the main urine collection medium, as it was assumed that urinals
would offer an efficient manner of urine collection, in the event of any real-life implementation.
Therefore, urine diverting pedestals (toilets) were not considered. Subsequently, female urine
contributions were not included in any calculations because female urinals and alternate urine

collecting technology available for women is limited.

1.6 Dissertation structure

A total of 7 Chapters were incorporated in this dissertation. Chapter 1 presents the introduction and
the motivations behind this research. The research problem, objectives and scope and limitations are
also given Chapter 1. In Chapter 2, a review of literature from previous research pertaining to urine
collection, treatment and transportation was conducted. The methodology followed for this research
is outlined in Chapter 3. It is here that the research hypotheses and key questions are posed. Chapters
4 and 5 are the main results and discussions sections. Methodologies for maximum recovery of
resources from urine using previously published research are presented in Chapter 4. Chapter 5
presents a transportation model for a decentralized approach to urine treatment. The proposed
decentralized approach is accompanied by an economic and environmental analysis. In Chapter 6, the
research conclusions are presented, and recommendations for future research are made. A complete
list of references used to inform the direction of this research is provided in Chapter 7. Finally, all raw

data and calculations used in this study are presented in the appendices.

Chipako, T.L (2019) Chapter 1: Introduction
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2 Literature review

This Chapter contains a review of already known and previously published literature pertaining to the

problem statement and research objectives outlined in sections 1.3 and 1.4.

A brief review of conventional wastewater treatment is outlined in section 2.1. This is followed by an
overview of urine diverting technologies and examples of where urine diverting technology has been
implemented, in section 2.2. The applications of transportation planning and geospatial analysis for
decentralized collection of urine are presented in section 2.3. A review of urine treatment
methodology and the factors influencing the conditions of collected urine is provided in section 2.4.

Finally, a summary of the key findings from the review of literature is provided in section 2.5.

2.1 Conventional wastewater treatment and sustainability

Central wastewater treatment (WWT) is typically the main form of wastewater management in urban
environments. In this scenario, all built infrastructure is connected to a sewage network that
transports the blackwater produced (solid and liquid wastewater) to a central wastewater treatment
plant (WWTP) (Wilsenach & van Loosdrecht, 2003). The removal of micronutrients from wastewater

is facilitated through some form of biological nutrient removal (BNR).

Biological Nutrient Removal most notably deals with the removal of nitrogen and phosphorus from
waste streams, and can be quite energy intensive (Wilsenach & van Loosdrecht, 2003). Additionally,
processes involved in BNR are known to release large amounts of greenhouse gas (GHG) as by-
products (Kyung et al., 2015). These include, but are not limited to, methane (CH4), nitrous oxide (N2O)

and carbon dioxide (CO;) (Parravicini et al., 2016).

Biological Nutrient Removal of nitrogen has often been given preference over phosphorous removal.
A widely used BNR configuration that focuses primarily on nitrogen removal is known as the Modified
Ludzack-Ettinger activated sludge (MLE AS) system (EPA, 2007). Nitrification, denitrification and
activated sludge solid removal are the main removal processes incorporated in this configuration,
occurring in the anoxic and aerobic compartments of the design (Ni et al., 2016). This WWTP
configuration can remove up to 80% of total influent nitrogen (EPA, 2007). A basic representation of

the MLE AS configuration is displayed in Figure 2-1.

Chipako, T.L (2019) Chapter 2: Literature Review
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Figure 2-1: Modified Ludzack-Ettinger system configuration (Ni et al., 2016).

Given that urine contributes approximately 80% of the nitrogen quantity of wastewater (Spangberg
et al., 2014), using the MLE AS configuration as a direct comparison to urine source-separation is
considered appropriate. Moreover, the inclusion of urine collection for the purposes of resource

recovery would undoubtedly have a significant effect on the way we approach WWT.

2.2 Urine collection technology

If the collection of source-separated urine is considered for implementation, sophisticated methods
of urine collection are required. This section reviews previously researched urine collection apparatus,
and their levels of public acceptance, where applicable. This will serve as a platform to identify

potential implementation choices for use in different environments.

2.2.1 Source-separating toilets

There are typically two forms of source-separating toilets; urine diverting toilets (UDTs) and urine
diverting dry toilets (UDDTs) (von Miinch & Winker, 2011). Much like conventional household toilets,
both consist of a pedestal and a cistern, but do not function in the same manner as conventional
toilets. There are two compartments in these toilets, one for urine collection and one for solid waste
collection, as can be seen in Figure 2-2. Urine diverting dry toilets are completely waterless and can
be used to collect solid waste and urine for composting and alternate forms of nutrient recovery
(Lienert & Larsen, 2010). However, the urine collection segment in UDTs are waterless, while the
waste collection segment is water-based. In terms of water consumption, UDDTs, UDTs and
conventional toilets use approximately 0, 2 and 10 litres per flush respectively (von Miinch & Winker,

2011).

With regards to resource recovery, it is generally advised that solid and liquid waste be completely
separated to avoid cross contamination. Pathogens in faeces are not destroyed as easily as those
found in urine, thus typical urine treatment methods will not suffice if cross contamination occurs (von

Miinch & Winker, 2011, Jénsson et al., 1997).

Chipako, T.L (2019) Chapter 2: Literature Review



2-3

Faeces etc.

Figure 2-2: Urine diverting pedestal (left) (von Miinch & Winker, 2011) and urine diverting mechanism (right) (Rossi et al.,
2009).

Urine diverting toilets have previously been targeted as a means for urine collection for nitrogen
recovery (Kavvada et al., 2017). However, an issue regarding the installation of urine diverting toilets
is that the implementation of a two-pipe system (one for solid waste and one for liquid waste) would
be required. This would likely require a detailed overhaul of the plumbing network in existing

buildings, which could be complicated and expensive.

2.2.2 Waterless urinals

Waterless urinals offer a simple solution for water conservation and urine collection, alike. However,
widespread access to urinals is primarily available to males. This is due to the lack of sophistication
regarding current female urinal models. Female urinals require more privacy than male urinals, and

also require users to adopt changes in their bathroom routines (von Miinch & Dahm, 2009).

Conventional urinals use up to 4 litres of water per flush, whereas waterless versions use no water
(von Miinch & Dahm, 2009). Urine is composed of approximately 96% water (Sakthivel & Chariar,
2013) so no flushing is necessary to remove the waste stream, unlike solid waste. However, waterless
urinals are not without their flaws. Issues such as unpleasant odours in certain designs and negative
public perceptions do exist. Odours can be dealt with by applying membranes or sealant liquids to the
pipes which lead from urinal drains (Sakthivel & Chariar, 2013). An example of one such membrane
can be seen in Figure 2-3. These allow the one-way movement of urine to drainage pipes while

preventing unpleasant smells from escaping (von Miinch & Dahm, 2009).
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Figure 2-3: Plastic membrane used to control urinal pipe odour (Sakthivel & Chariar, 2013).

In addition, spontaneous precipitation caused by urine tends to occur in the sewage pipes connected
to conventional waterless urinals. These solid precipitates are known to cause blockages by excessive
pipe scaling (Udert et al., 2003a). However, this scale is rich in phosphorus and other nutrients and
could potentially be used as a fertilizer instead, if urine is not allowed to enter drainage pipes (Udert
et al., 2003b).

Considering the nutrient recovery potential from the precipitated solids in urinal pipes, a novel
nutrient recovery urinal (NRU) was constructed and tested at the University of Cape Town (UCT)
(Flanagan & Randall, 2018) in South Africa. The design of the urinal can be seen in Figure 2-4. Urine
was collected in the attached container with the intention of maximum nutrient recovery. This was
achieved by placing calcium hydroxide within the collection container before urine was allowed to
enter. Doing this prevented malodour and caused phosphorous precipitation. The urinal fulfilled its
initial purpose of recovering almost all the phosphorus from the collected urine. Detailed theory

behind the effect of calcium hydroxide addition to urine is discussed further in section 2.4.4.

Despite the success of this prototype model, it was assumed that the makeshift nature of the urinal
design would deter users if the NRU were to be widely manufactured. It was recommended that
making the NRU resemble a conventional urinal is paramount to the overall success and acceptance

of the system (Flanagan & Randall, 2018).
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Figure 2-4: Novel nutrient recovery urinal (Flanagan & Randall, 2018).

2.2.3 Public perception and case studies

Considering that an estimated 2.3 billion people around the globe cannot access proper sanitation
makes the need for innovative technologies even greater (WHO & UNICEF, 2017). However, public
acceptance of any novel waste management system is required for it to succeed. Despite potentially
being anecdotal in nature, scenarios of real-life implementations of urine diverting systems and public
opinion has been investigated in this section. Perceptions regarding resource recovery have also been

considered in this context.
2.2.3.1 Urine diverting technology in developing countries

The use of urine diverting technology as a means of waste management, at the very least, has been
socially accepted and successfully implemented in developing countries such as Bangladesh (Pramanik
et al., 2011), Ethiopia (Kassa et al., 2010), and Nepal (Etter et al., 2011). Moreover, in the cases of
Bangladesh and Ethiopia, resource recovery from UDDTs was found to be accepted for crop

fertilization.

Widespread success has not been consistent in all cases for urine diversion implementation though.

In South Africa, UDDTs were installed in the eThekwini municipality for a nine-year period, between
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2002 and 2011 (Etter et al., 2015). These UDDTs were installed to target the sanitation needs of
approximately 75 000 households in the eThekwini municipality. Within the first three years of the
system’s implementation, 78% of the user base reported overall satisfaction with the system.
However, after nine years of operation, under 30% of residents were still satisfied (Roma et al., 2013).
Improper use, poor hygienic upkeep and vandalism of the installed UDDT units significantly decreased
user satisfaction. It was suggested that this dissatisfaction was mostly due to smell and general
hygiene. The households that utilized the system in the eThekwini community were provided with
equipment to safely dispose of faecal matter and were left responsible for the maintenance of the
UDDTs to promote a sense of ownership of toilets. However, regular and adequate maintenance of

the toilets was proven to be a significant factor in this scenario.

When the benefits of resource recovery from urine were discussed with the household who utilised
the installed UDDTs in the eThekwini community, the user acceptance increased from 30% to 40%
(Etter et al., 2015). This was due to financial incentives, such as payment for households that
participated in urine collection and recycling. Approximately 95% of households that participated in
urine collection stated that this new source of income had significant effects on their household
budget. Similarly, UDDT systems were implemented in Arba Minch, Ethiopia (Kassa et al., 2010).
Although residents were initially sceptical, support of urine recycling grew once the fertilization
capabilities of urine were shown. Many people in this Ethiopian study were not averse to consuming
food that was grown using urine derived fertilizers. This provides encouraging signs that recycling of
urine may not be met with resistance if the benefits are explained to those utilizing urine diverting

systems.

Furthermore, a survey conducted at UCT found that 96% of 507 survey participants were willing to
use urine diverting technology once it was revealed that the technology offered a method of water
conservation (Chipako & Randall, 2019). In addition to this, results from Chipako & Randall (2019)
indicated that 79% of respondents claimed that they were willing to eat food grown using urine
derived fertilizer. This gives an indication that the social acceptance of a nutrient recovery systems

would not be unreasonable.

Urine collection and recycling is not always accepted, though. In Efutu, Ghana, a census was conducted
on over 400 households. It was found that 84% of respondents believed all forms of excrement are
fundamentally waste products (Mariwah & Drangert, 2011). This was due to a combination of cultural
and hygienic reasons. The majority of those interviewed reportedly would not even entertain the idea
of waste reuse. Physical examples of novel system benefits may be the most practical method of

changing opinions regarding urine reuse, but increased efforts are still required to convince people.
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2.2.3.2  Urine diverting technology in developed countries

Urine diverting Technology has been successfully and indefinitely implemented in developed countries
with high levels of acceptance. These countries include Germany, Switzerland and Austria, among
several others (Lienert & Larsen, 2010). Moreover, a survey originating from the University of Florida
(UF) in the United States of America (Ishii & Boyer, 2016) indicated that 84% of the 570 respondents

were willing to use urine diverting technology for nutrient recovery.

In 2006, the German Organization for Technical Cooperation Headquarters (GTZ) in Eschborn,
Germany installed waterless urinals and UDTs to conserve water and collect urine for subsequent
resource recovery (Blume & Winker, 2011). Most users did not find there to be a difference in the
appearance of the systems when compared to conventional urinals and toilets. However, issues
pertaining to odour and cleanliness did arise regarding the waterless urinals and the UDTs. Over 60%
and 50% of users were unhappy with the odour produced from the urinals, and the cleanliness of the
UDTs, respectfully. However, it was suggested that these complaints could be alleviated with more

intensive maintenance and better training of cleaning staff.

2.3 Decentralization of urine collection

Additional barriers to the implementation of decentralized urine treatment are the logistics and
transportation of large volumes of urine to treatment facilities. Methods of transporting urine from
commercial and residential areas, in a non-invasive manner, are pivotal for the success of source-
separating technologies. To accomplish this, basic principles of economics, transportation planning

and logistics must be considered.

In transportation planning, arguably the most pivotal aspect of any proposed system is the
identification of supply and demand locations in a transportation network. In economics, supply and
demand are represented by the ability to provide a product, and the rate at which that product is
desired, respectively (Whelan & Msefer, 1996). Likewise, regarding transportation planning; supply
and demand refers to the capacity of transportation modes and infrastructure, and the materials
requiring transport (Sabharwal, 2013). Determination of these two parameters allows for cost-
efficient routing and appropriate transportation mode designation. In terms of decentralized urine
management, collected urine is the demand and treatment facilities, as well as transportation, are the
supply. If the location of the demand is identified first, as would be the case in site specific wastewater
management, the supply would then need to be catered to this demand (Sabharwal, 2013). Computer
software can be used to optimize supply locations and expand supply where necessary (Kavvada et

al., 2017).
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Urine is produced in liquid form; thus, bulk transportation is limited by weight and volume. To model
a methodology for the logistics of a decentralized system, it is useful to liken urine as being part of a
supply chain. Distribution of goods from the location of production to retail outlets plays a pivotal role
in any economic supply chain. This phenomenon is referred to as last-mile logistics and plays a
complimentary role alongside transportation planning (Ewedairo et al., 2015), as seen in Figure 2-5.
However, this requires geospatial analysis, to accurately depict the characteristics of the infrastructure
within any given study area. Geospatial analysis is a form of analytics that incorporates known
geographical information to help in understanding patterns in human behaviour (Ewedairo et al.,
2015). This form of analysis finds significant applications for mobility and is typically done using

databases known as geographic information systems (GIS) (Ewedairo et al., 2015).

Planning
System

Figure 2-5: Inter connecting relationship between transportation, planning and last-mile logistics (Ewedairo et al., 2015).

GIS has previously been used to model last-mile delivery and optimize supply chains for sustainability
related research. These studies incorporate upcycling of resources, whereby waste products are
transported from demand sources to recycling facilities. Hendrickson et al. (2015) used spatial analysis
to model the last-mile logistics of recycling batteries from electric vehicles. Similarly, Jenkins et al.
(2008) used geospatial planning to analyse the supply chain potential and optimum location for biofuel

production facilities.

Research regarding the logistics of decentralized urine collection systems are limited but have been
previously explored. In a study conducted by Kavvada et al. (2017), the planning of transportation
methods for nitrogen recovered from source-separated urine from households was investigated.
Geospatial and last-mile logistics modelling was considered for a hypothetical system implemented in
the City of San Francisco, United States of America. It was determined that decentralizing urine

treatment was desirable as it offered a lower operating cost, lower unit energy expenditure and lower
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GHG emissions when compared to centralized wastewater management (Kavvada et al., 2017). It also
displayed the potential to earn a profit, but this was only the case when the potential sale of the

nitrogen fertilizers produced was taken into consideration.

2.4 Nutrient recovery techniques

Once urine is collected and transported to a treatment facility, useful products can be manufactured
and recovered. The upcycling of nutrients found within urine presents an opportunity to create value
from waste as fertilizers (Barbosa et al., 2016). Various treatment techniques have been tested in
attempts to maximise nutrient recovery from urine. Several human urine treatment techniques were
reviewed in this section and compared based on their pH requirements, operating temperatures and
projected nutrient recovery capabilities. The driving force behind this research is the notion that value

can be created from waste, as seen in Figure 2-6.

Urinate
® ©

Produce

Eat food fertilizer

Grow

Figure 2-6: The premise of nutrient recovery from urine.

The exact monetary costs and energy consumption of each nutrient recovery procedure were not
considered for this study because of differences in scale and implementation of the literature
considered. However, Maurer et al. (2003) gives detailed energy consumption calculations for

different urine treatment technologies.

2.4.1 Urine chemistry

Precipitation of phosphorus-based solids in urine can occur spontaneously when the pH of the solution
increases. This occurs because magnesium (Mg?*) and calcium ions (Ca?*), which appear naturally in

urine, can react with phosphate (PO,*) ions to form solids (Etter et al., 2014). The most prominently

Chipako, T.L (2019) Chapter 2: Literature Review



2-10

precipitated magnesium and calcium based compounds are struvite (magnesium ammonium
phosphate, MgNH4PQ4-6H20) and HAP (hydroxyapatite, Caio(POa4)s(OH)2) (Udert et al., 2003a). In the
absence of ammonium, potassium struvite (Struvite- K, KMgP046H,0) can also precipitate (Wilsenach

et al., 2007).

This spontaneous precipitation reaction happens due to an increase in pH as a result of an increase in
ammonium ions (NH4*) within solution. This increase in ammonium occurs as a result of urea
hydrolysis, whereby urea (NH(CO)NH;) is decomposed to become ammonia (NH3) and ammonium
(Udert et al., 2003b). Approximately 85% of the nitrogen in urine is initially only available in urea, with
5% being available in ammonium and ammonia (Senecal & Vinnerds, 2017). Urea hydrolysis is
catalysed by an enzyme called urease, which is released by microorganisms that are naturally present
within urine. The complete conversion of urea to ammonia and ammonium (complete hydrolysis) can
occur in urine within 72 hours of urine production (Udert et al., 2003a). In this dissertation, urine
samples that have undergone hydrolysis and those that have not, are referred to as hydrolyzed and

fresh urine, respectfully.

The chemical changes that occur during urea hydrolysis are detailed in Equation 2-1. Urease induced
hydrolysis is typically referred to as enzymatic hydrolysis, but chemically induced hydrolysis can also
occur. Chemical hydrolysis can occur if fresh urine is exposed to high temperatures (above 50°C) or a

steep increase in the pH value (above 13 ) (Randall et al., 2016).

NH,(CO)NH, + 2H,0 - NH; + NHf + HCO3 Equation 2-1 (Udert et al., 2003a).

Fresh urine usually has a pH between 6 and 7. After urine has hydrolyzed, the pH of the urine rises to
a value of approximately 9.25. This number is significant, as it is also the buffer pH that dictates which
compound, between ammonia and ammonium will be most abundant in water-based solutions
(Leyva-Ramos et al., 2004). This relationship between ammonia and ammonium in aqueous solutions
(such as urine) can be seen in Equation 2-2 and Figure 2-7, respectively. The curve shown in Figure
2-7 may change in different solutions due to differences in composition, leading to varying interactions

between ions in solutions (Leyva-Ramos et al., 2004).

NHI « NH3(aq)+H+ Equation 2-2 (Leyva-Ramos et al., 2004).
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Figure 2-7: Speciation graph of ammonia in water-based solutions (Leyva-Ramos et al., 2004).

If the nitrogen present in urine is in the form of ammonium or ammonia, it can be volatilised in the
presence of air and lost as ammonia gas. Therefore, if maximum resource recovery is considered,
ammonia volatilization should be prevented, as it could result in a significant loss of irretrievable
nitrogen. Pahore et al. (2012) states that up to 33% of the original nitrogen content of urine can be

lost due to ammonia volatilization.

Spontaneous struvite precipitation typically begins to occur at pH values between 7 and 8, with HAP
following at slightly higher pH values (Udert et al., 20033, Tilley et al., 2008). Due to the quantity of
magnesium and calcium (the solutes) in fresh urine being higher than the quantity at equilibrium, after
hydrolysis has occurred, urine is deemed to be supersaturated when it is fresh (Galbraith & Schneider,
2009). Moreover, it was also found that struvite precipitation occurs at a lower supersaturation than
calcium based phosphates (Udert et al., 2003a). This is further explained by the low solubility products
of struvite (4.33 x 10%) and HAP (2.91x107%8) (Bell et al., 1978, Bhuiyan, 2007).

The limiting factor for spontaneous precipitation in hydrolyzed urine is the magnesium or calcium
which is required to form phosphate based precipitates. Barbosa et al. (2016) states that
approximately 30% of phosphorus within urine is recoverable during spontaneous struvite and HAP
precipitation. This value was confirmed by Etter et al. (2014) and Liu et al. (2008) where it was found
that 31% and 30% was recoverable. However, the extent of spontaneous precipitation is also
dependent on the composition of urine. To recover all the phosphorus from urine, additional

magnesium or calcium needs to be added (Barbosa et al., 2016).

2.4.2 Magnesium dosing

High phosphorus recovery from urine is not difficult to achieve as it is widely documented that close

to 100% of the phosphorus in urine is recoverable from several different urine samples (Liu et al.,
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2013, Wilsenach et al., 2007, Flanagan & Randall, 2018, Etter et al., 2015). Divalent or trivalent ions
such as magnesium, calcium, sodium, iron and aluminium can be dosed to urine to achieve this.
However, sodium, iron and aluminium ions, are not preferred as they are not as beneficial to plant
growth as magnesium and calcium ions and can even be toxic in some cases (Mossor-Pietraszewska,
2001, Prinzenberg et al., 2010). Similar to spontaneous precipitation, the induction of phosphorous
precipitation through magnesium dosing is primarily governed by pH, requiring a pH of between 8 and
10.5 for maximum phosphorous removal (Liu et al., 2013, Barbosa et al., 2016, Dai et al., 2014).
Furthermore, temperature seemingly does not play a significant role, as 99% of phosphorous can be

removed from urine through magnesium dosing at room temperature (Dai et al., 2014).

Barbosa et al. (2016) explored chemical precipitation from urine using various magnesium sources,
namely magnesium oxide (Mg0O), magnesium chloride (MgCly), and magnesium hydroxide (Mg(OH).).
It was demonstrated that magnesium oxide was the most favourable magnesium source. However, It
was found that the Mg to P molar ratio should be 2:1 for maximum phosphorus recovery (Barbosa et
al., 2016). If this condition is met, and the pH is not altered from the optimal range for struvite
precipitation, the magnesium source is not important. In fresh urine, the Mg to P molar ratio is

typically around 1:5 (Udert et al., 2003a).

Dosing with magnesium has an additional limiting factor in that only 3 to 5% of the nitrogen present
in urine is recovered as struvite crystals when magnesium is dosed (Etter et al., 2015). Similar to
phosphorus, ammonia recovery by struvite precipitation is dependent on the urine composition. The
Mg to N to P molar ratio in fresh urine is typically 1:79:5 (Udert et al., 2003a), whereas, the Mg to N
to P molar ratio in struvite is 1.2:1:1 (Barbosa et al., 2016) . To recover the maximum amount of
nitrogen, using this method (up to 95%), magnesium and phosphorus would need to be added to urine
to establish a near equal molar balance between the three nutrients (Barbosa et al., 2016). This is
undesirable as it would increase the cost of the nutrient recovery process since additional sources of

magnesium and phosphorus would be required.

2.4.3 Urea stabilization

Although maximum recovery of phosphorus from urine by chemical dosing is relatively simple, the
same cannot be said for nitrogen. This is because nitrogen can be lost due to ammonia volatilization
after urea hydrolysis has occurred. A high initial pH of fresh urine (above 11) has been known to inhibit
enzymatic urea hydrolysis (Randall et al., 2016). This inhibition is likely due to the inactivation of
urease-producing microorganisms in urine at highly alkaline pH ranges (Héglund et al., 1998). It has
also been confirmed that urea stabilization (the prevention of urea hydrolysis) can be achieved by
adding a strong base to fresh urine, before hydrolysis begins (Randall et al., 2016). Moreover, with
regards to bases, calcium hydroxide may be ideal for the purposes of stabilization as it allows for a

long period of urease inhibition (over 27 days). This is due to the lower solubility calcium hydroxide
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has over other bases such as sodium hydroxide (Na(OH)) and limestone (Boncz et al., 2016, Randall et

al.,, 2016).

The urea hydrolysing capabilities of urease can also be stunted by decreasing the solution pH to a
value below 5 (Aguilar, 2011, Boncz et al., 2016). In addition, Hellstrém et al. (1999) showed that
sulphuric acid (H2S04) can inhibit urease for up to 100 days. However, acid dosing on a large scale
would likely require dosing equipment and pumping, which would increase the costs of the process.
Acids can also be dangerous to handle if the user is not properly trained (Randall et al., 2016).
Furthermore, because acids are typically available in liquid form, transportation may be difficult if

large volumes are required to be moved.

Urine stabilization can also refer to the conversion of volatile ammonia into nitrates and ammonium
ions (Udert & Wachter, 2012, Oosterhuis & van Loosdrecht, 2009). However, when referring to the
concept of ‘stabilization’, this dissertation will focus on stabilization of urine before it has undergone

hydrolysis, i.e. maintaining nitrogen in urine as urea.

2.4.4 Calcium dosing

The addition of calcium hydroxide to urine is useful as it has applications in urea stabilization as well
as chemical phosphorous precipitation (Pradhan et al., 2017). Moreover, calcium phosphate solids are
less sensitive to heat than struvite, as struvite is known to decompose when exposed to temperatures

higher than 60°C (Sarkar, 1991).

Adding calcium hydroxide to fresh urine and hydrolyzed urine has different effects on the solutions.
Randall et al. (2016) investigated the potential of stabilizing fresh urine with the addition of calcium
hydroxide. It was found that 96% of the phosphorus in urine was recovered from the urine as
amorphous calcium phosphate, which is a precursor to HAP. This was accomplished at a temperature
of 25°C and within a pH range of 11 to 13 (Randall et al., 2016). Calcium carbonate (CaCOs) and calcium
oxide (CaO) were also tested, as calcium sources. The addition of CaO is exothermic, and would result
in anincrease in solution temperature, which could potentially lead to a loss of urea through chemical
decomposition. Calcium carbonate has a low saturation pH of 7 and would not inhibit hydrolysis since
the threshold pH was found to be 11. Calcium hydroxide proved to be a better option than both
sources of calcium and yielded the best results for the purposes of stabilization and precipitation
(Randall et al., 2016). The theory regarding urea stabilization by calcium hydroxide addition was tested
on a waterless urinal at the University of Cape Town, using the equipment shown in Figure 2-4, where

a phosphorous recovery rate of 98% was achieved (Flanagan & Randall, 2018).

Furthermore, chemical precipitation in hydrolyzed urine by calcium hydroxide addition was tested by

Pradhan et al (2017). Although 99% of phosphorus was removed from the urine, the most prominent
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precipitate was found to be calcium carbonate (CaCOs). This was due to the calcium hydroxide reacting
with the carbonate ions formed during urea hydrolysis as well as the absorption of CO, from the air
(Pradhan et al., 2017). In addition, the increase in urine pH, due to the high alkalinity of calcium
hydroxide, increased the NHs concentration. This was found to be beneficial for ammonia recovery in

a process known as ammonia stripping, which is discussed in section 2.4.5.1.

A dosage of 10 g/L of fresh urine was recommended, as this ensured that the urine was always
saturated with calcium hydroxide, regardless of the urine composition (Randall et al., 2016). However,
Pradhan et al. (2017) suggested a dosage of 22 g/L for hydrolyzed urine to maintain a high pH (of 12.5)
for maximum NHj3 production. This is because the urine samples used in the work done by Pradhan et
al. (2017) had already hydrolyzed and was already at a high pH of 9.25 before testing was done,

meaning more alkalinity was required to maintain a high pH for ammonia stripping.

2.4.5 Nitrogen recovery

Nutrient recovery techniques aimed specifically towards nitrogen recovery were researched for an
overall evaluation of resource recovery from urine. In literature where nitrogen recovery from
hydrolyzed urine samples was conducted, it is understood that nitrogen loss due to hydrolysis had
likely occurred during storage, prior to testing. However, the recovery percentages quoted in this
review are in reference to the nitrogen present in the urine solutions used in each study, regardless

of the state of urine.

2.4.5.1 Ammonia stripping

A well-established method of recovering nitrogen from urine is ammonia stripping. In this process
ammonia volatilization is induced, and the ammonia gas produced is recovered (Basakgilardan-
Kabakci et al., 2007). Once stripped from solution, a common method of reclaiming the ammonia as a
product involves exposing the ammonia gas to an acidic solution. This is widely achieved using
sulphuric acid (H,SO4) (Pradhan et al., 2017), but can also be done using acetic acid (Dhillonn & Perry,
1962). The ammonia together with air and a sulphuric acid solution results in the formation of

ammonium sulphate ((NH4),S0,) (Basakgilardan-Kabakci et al., 2007).

Urea hydrolysis is a prerequisite for maximum nitrogen recovery using this treatment method, as the
presence of ammonia is required. Solution pH and temperature are the governing factors for this
recovery technology. Studies done by Liu et al. (2014) and Gulyas et al. (2014) showed that operating
air stripping equipment at high temperatures (above 50°) accelerates the stripping of ammonia from
urine solutions. Pradhan et al. (2017) ,Basakgilardan-Kabakci et al. (2007) and Liu et al. (2014) showed
that a high pH can also accelerate the expulsion of ammonia gas. Calcium hydroxide (Pradhan et al.,

2017) and sodium hydroxide (Liu et al., 2014) have previously been used to increase ammonia
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stripping efficiencies. Likewise, the pH of urine can also be increased by introducing an electric current
to the solution (Tarpeh et al., 2018, Luther et al., 2015, Christiaens et al., 2017). When using an electric
current to induce the release of ammonia gas, hydroxide ions are created around the cathode of the
cell which increases the pH of the solution and causes the production of ammonia gas. This process is

known as electrochemical stripping.

2.4.5.2 Adsorption

Adsorption is a process whereby atoms or ions attach to the surface of one another. With regards to
nitrogen, an electronegative surface can be used to adsorb ammonium ions. Urea can also be
adsorbed by intermolecular forces onto a suitable surface. Van der Waal forces are typically the forces
driving urea adsorption (Shintre, 1943). A well-established ammonia adsorption process regarding
urine is selective cation exchange. There are several suitable surfaces that are capable of adsorbing
ammonium ions, as the primary requirement for a cation adsorption surface is a high electronegativity
(Allar Emek & Beler Baykal, 2015, Schumacher et al., 2011). Granular materials known as zeolites
(aluminium silicate-based materials) are used in cation exchange processes due to their natural
abundance in the environment (Tarpeh et al., 2017, Beler-Baykal et al., 2011). Recovery of phosphate
ions (POy4) is also possible, through another form of adsorption, known as anion exchange. Up to 97%
of phosphorus can be removed from fresh and hydrolyzed urine using hybrid anion exchange resins

and hydrated ferric oxide (Sendrowski & Boyer, 2013).

Moreover, activated carbon adsorption can be accomplished with both fresh and hydrolyzed urine;
urea nitrogen and ammonium nitrogen can both be adsorbed onto a suitable activated carbon surface.
Activated carbon can be derived from various sources of high carbon content, such as coconut shells

(Pillai et al., 2014), wood sawdust (Mazlan, 2016) and charcoal.

2.4.6 Volume reduction

Physical water removal can recover all the resources in urine as a concentrated final product. This is
significant, as water comprises approximately 96% of the volume of urine (Sakthivel & Chariar, 2013).
As a result, the remainder of the urine, after water removal, would be rich in nutrients and can
potentially be used as a liquid fertilizer (Udert & Wachter, 2012). Potable water recovery from urine
is also possible, and is of particular interest regarding interplanetary space travel where renewable
water sources are scarce (Schmidt, 2007). This presents additional benefits to a system that focuses

on maximum resource recovery from urine.

2.4.6.1 Evaporation

Evaporation is the least complex urine volume reduction method. A heat source is required to raise

the temperature of water and produce water vapour. What is left behind is a concentrated solution
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or mixed solid product (Antonini et al., 2011). Evaporation can also be followed by distillation to collect

water vapour for water reclamation (Derese & Verliefde, 2016, Udert & Wachter, 2012).

However, unless conducted in a sealed environment or reclaimed by ammonia stripping, up to 93% of
the nitrogen bound in ammonia can be lost due to volatilization (Bethune et al., 2014, Etter et al.,
2015). This would be applicable for evaporation of hydrolyzed urine conducted under atmospheric
pressure (Bethune et al., 2014). Ek et al. (2006) evaporated hydrolyzed urine in a vacuum, which
prevented volatilization by lowering the temperature required for evaporation to 30°C. Moreover, in
this study by Ek et al. (2006), 95% of the nitrogen in urine was recovered, with a water removal rate
of 95%, by vacuum evaporation. Similarly, Derese & Verliefde (2016) found that membrane distillation

can recover up to 95% of the nitrogen in urine with a water removal rate of over 75%.
2.4.6.2 Reverse Osmosis

During reverse osmosis (RO), the regular osmosis process (in which materials move from a high
hydrostatic pressure to a low one) is reversed through the addition of external pressure (Rao, 2011).
RO treatment is the most prominent desalination technique around the globe, as it is responsible for
an estimated 74% of global desalination procedures (Oatley-Radcliffe, 2017). When applied to urine,
only water molecules can generally pass through the RO membrane. A highly concentrated brine

consisting of salts and nutrients is produced which could be used as a liquid fertilizer (Ek et al., 2006).

Thorneby et al. (1999) showed that an 80% volume reduction rate can be achieved when treating
hydrolyzed swine urine with RO. A roughly 95% ammonium nitrogen recovery rate was achieved in
this study. Likewise, in a study which included volume reduction of hydrolyzed human urine by
evaporation and RO, Ek et al. (2006) showed that 95% nitrogen recovery was achievable in both cases.
Moreover, RO volume reduction rates of 80% were recorded in this study. Evaporation was found to
be over double the cost of RO and required over three times the energy input of RO per m? of urine
treated (Ek et al., 2006). This was likely dependant on scale of the process and the source of energy

used, but unfortunately the researchers did not include this information.
2.4.6.3 Freeze concentration

Two freezing techniques were reviewed as a means for volume reduction for urine: freeze thaw and
eutectic freeze crystallization (EFC). Freeze thaw treatment involves the freezing and subsequent
thawing of the ice produced. Once the solution temperature is lowered to sub-zero, it becomes
difficult for anything other than water particles to be incorporated into the crystal lattice of ice (Gulyas
etal., 2004). In the case of urine, the separation of ions and salts would occur as the solution is thawed.
In a freeze thaw experiment conducted by Lind et al. (2001), 80% of the nutrients in hydrolyzed urine

were reportedly recovered with a 75% reduction in volume.
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Eutectic freeze crystallization is similar to freeze thawing, with the only difference being that the
solution is cooled to the eutectic point where salt(s) can form. The eutectic point of any solution can
be defined as the lowest melting temperature of any given combination of the solutions constituents
(Randall & Nathoo, 2015). When applied to hydrolyzed urine, up to 99% of the nitrogen bound in urine
could be theoretically recovered at a temperature of -30°C (Randall & Nathoo, 2018). An estimated
95% water recovery is possible when using EFC for urine treatment (Schmidt & Alleman, 2006).
However, due to the low temperature requirements of EFC and considering that most of the energy
is required for ice formation, EFC works best when the stream is already significantly concentrated. As
a result, Randall & Nathoo (2015) suggested that volume reduction of wastewaters could be achieved

using RO as a pre-treatment step, followed by EFC.
2.4.6.4 Factors influencing volume reduction

Temperature plays a key role in the success of each volume reduction process, with the only exception
being RO. Typically, distillation and evaporation methods require temperatures between 40 and 85°C
to successfully concentrate urine (Derese & Verliefde, 2016, Antonini et al., 2011, Udert & Wachter,
2012), whereas freezing processes require temperatures between -6°C and -30°C (Gulyas et al., 2004,
Lind et al., 2001, Randall & Nathoo, 2018). Conversely, RO of urine can be conducted at near room
temperature with no adverse effect on water removal or nutrient concentration (Ek et al., 2006,

Thorneby et al., 1999).

However, there is a gap in knowledge regarding volume reduction for fresh urine. Research on freezing
treatment and RO for concentrating fresh urine is limited, so the efficiency of these methods is hard
to predict with absolute certainty. Conversely, Boncz et al. (2016) showed that acid stabilization of
fresh urine, as a pre-treatment step for evaporation, could prevent urea hydrolysis and retain 99% of
nitrogen in solution. Acetic acid was used as the stabilizing agent in this study and complete

evaporation was achieved, with no water recovery.

Similarly, Senecal & Vinneras (2017) and Simha et al. (2018) demonstrated that base stabilization of
fresh urine, using wood ash, as a pre-treatment for evaporation could minimise urea hydrolysis. Total
nitrogen retention rates of 90% and 70% were recorded in these studies, with total solution volume

reductions of 95% and 90%.

2.4.7 Alternative techniques

Alternative niche nutrient recovery techniques were considered for an overall evaluation of this field.
Udert & Wachter (2012) investigated a method of complete nutrient recovery from hydrolyzed urine
that incorporated a combination of ammonia stabilization by biological nitrification, and volume

reduction by distillation. Nitrifying bacteria prevented volatilization by oxidising ammonia to nitrate
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in this study. Close to 100% of the nutrients bound in hydrolysed urine were retained in 3% of the
original volume (Udert & Wachter, 2012). This treatment method has since been adopted by a
company known as VUNA, to produce a liquid fertilizer that is currently commercially available in
Switzerland (Etter et al., 2015). Although nitrification and distillation displayed positive results in this
study, the treatment process is complex and requires highly specialized equipment and personnel. It
was estimated that a nitrification plant, which focusses on urine, would require over 50 days to start
up, as the bacteria is required to acclimatise to the high ammonia concentrations in hydrolyzed urine
(Etter et al., 2015). Moreover, the nitrogen that was lost due to hydrolysis during storage was not

taken into consideration when reporting the total nitrogen recovery in this study.

Precipitation of a urea based solid, known as isobutyraldehyde di-urea (IBDU), has been explored by
Behrendt et al (2002). This was done by reacting urea and Isobutyric aldehyde (IBA) thus inducing
precipitation. In this investigation, up to 75% of the nitrogen present in fresh urine was recovered
after an acidic stabilization and evaporation pre-treatment step (Behrendt et al., 2002). The presence
of urea is vital if formation of IBDU is desired, thus urea stabilization to prevent hydrolysis would be

required as a pre-treatment step.

Microbial Fuel Cells (MFC) have also been used to recover nitrogen. Kuntke (2012) explored
ammonium recovery from hydrolyzed urine using an MFC. Ammonia recovery rates of 11.4% were
observed in this study. This low recovery rate was a result of the chemical oxygen demand (COD) of
the solution limiting the amount of ammonium that could be moved from the anode chamber to the

cathode chamber.

Moreover, the direct cultivation of plants using fresh and hydrolyzed urine has been tested (Latrou et
al., 2015). Duckweed Lemna minor (an aquatic based plant) was observed to remove 84% and 58% of

the urea and total ammonia in fresh and hydrolyzed urine, respectively.

2.4.8 Pathogen and micropollutant removal

Pathogens and microorganisms pose a threat towards the safe use of urine derived fertilizers;
therefore, methods of disinfection are important. Urea stabilization offers a potential method of urine
disinfection, by subjecting urine to extremely high or low pH values. Disinfection of wastewater
streams using bases such as calcium hydroxide has been used previously in WWTPs to stabilize primary
and secondary sewage sludge and destroy hazardous microorganisms (Farrell et al., 1974, Eriksen et
al., 1996). Moreover, Peracetic acid (the product of combining hydrogen peroxide and acetic acid) has
been used as a means for sewage effluent disinfection (Baldry & French, 1989, Gehr & Cochrane,
2002). Furthermore, the increase in urine pH, that occurs naturally after urea hydrolysis, has been

known to destroy harmful pathogen in urine(von Minch & Winker, 2011).
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The effect of pharmaceuticals on the environment is not yet completely understood, but their
presence represents a potential health hazard (Lienert et al., 2007). When urine is used as a fertilizer,
the uptake of pharmaceuticals in plant roots has been shown to occur through transpiration (Winker
et al., 2010, Ternes et al., 2007). Biochar, an alternative to activated carbon, has been used previously
by Solanki & Boyer (2017) to remove pharmaceuticals from synthetic urine by adsorption. Moreover,
the removal of micronutrients by electrodialysis has been tested by Pronk et al. (2006). The removal

process in this study was facilitated by membrane forward osmosis.

Despite research regarding pharmaceutical removal from urine, work done by de Boer et al. (2018)
suggests that the risk of pharmaceutical uptake in plants is not a significant health issue. The effect of
pharmaceutical uptake in plants fertilized using urine derived struvite was investigated in this study.
It was estimated that a person would have to eat approximately 750 kgs worth of tomatoes, grown

using urine-derived struvite per day, to have a detrimental effect on a person’s health over time.

2.4.9 Summary of urine treatment techniques

In summary, several factors play an important role in the recovery of nutrients from urine. Among
these factors, the pH and the state of urine (fresh or hydrolyzed) is crucial when considering maximum
resource recovery. The mechanism of urea hydrolysis in fresh urine is controlled predominately by the
pH of the solution. Allowing the pH to stay in the range of 6.5 to 11, results in enzymatic urea hydrolysis
and can lead to significant losses of nitrogen as ammonia gas (Liu et al., 2008, Udert et al., 20033,
Randall et al., 2016). Conversely, increasing or decreasing the pH of urine to a value above or below
this range can inhibit enzymatic urea hydrolysis (Boncz et al., 2016, Hellstrom et al., 1999, Aguilar,
2011). Preventing urea hydrolysis allows for the retention of almost all the nitrogen initially present

in urine.

Increases in temperature can lead to chemical hydrolysis of fresh urine, but this would only be the
case if the urine solution was above 50°C (Randall et al., 2016). Moreover, high temperatures have
been known to increase the conversion of ammonium to ammonia gas, which can be useful for
nitrogen recovery in the case of hydrolyzed urine. High recovery of nitrogen (comparable to fresh
urine) would likely be possible if hydrolysis occurs in a sealed environment, and an appropriate
method of ammonia recovery is employed. However, this would be difficult to achieve at a large scale,

unless all the collected urine is immediately sealed after generation.

Phosphorous recovery can be achieved regardless of the state of urine and is only dependant on pH.
Temperature seemingly does not play a large role in dictating phosphorous precipitation potential, as
all reviewed research was reportedly conducted at room temperature. This indicates that low energy

inputs, pertaining to the temperature for urine related precipitation reactions, are possible.
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The method of nutrient recovery one chooses to adopt is dependent on the specific nutrient(s) that is
desired (between nitrogen and phosphorus) and the resources which are available. For example,
magnesium dosing to urine has been conducted as trials in several countries, such as Nepal (Etter et
al., 2011) and South Africa (Grau et al., 2012). In both cases, hydrolyzed urine was collected from

UDDTs and treated with locally sourced magnesium compounds.

A summary of the nutrient recovery potential, against pH requirements, for each of the

abovementioned treatment methods is shown in Figure 2-8.
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Figure 2-8: Summary of urine treatment methods from left to right: (A) phosphorus recovery from precipitation, (B) urea
stabilization by base and acid addition, (C) nitrogen recovery from ammonia stripping, (D) nitrogen recovery from volume
reduction, (E) nitrogen recovery from adsorption, and (F) alternate niche recovery techniques. All hallow markers indicate
fresh urine was tested, and all solid markers indicated hydrolyzed urine was tested.
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In cases where nitrogen recovery from hydrolyzed urine is stated, it is understood that urea hydrolysis
and ammonia volatilization would have most likely occurred and caused a loss of nitrogen in the urine
sample. However, the recovery percentages given in Figure 2-8 are in reference to the nitrogen

present in the solution used in each study, regardless of the state of urine.

2.5 Summary of literature

2.5.1 Public perception of source separation

The use of urine as fertilizers in developing countries holds great potential regarding supplementation
of food security. Considering the resources required for central wastewater management, more
universally available sanitation methods, that address the challenges faced in developing countries,
are required. Moreover, results from pilot studies, pertaining to urine collection for resource recovery,
indicate that societal resistance to these systems may not be as problematic as one might expect.
There are encouraging signs that, despite scepticism regarding urine upcycling, the versatility of urine
as a fertilizer source is not lost on individuals when they are made aware of the benefits. As stated by
Kvarnstrom et al. (2006), on urine diversion, “The demonstration of good examples will facilitate the

acceptance of new systems.”

2.5.2 Barriers to decentralized urine treatment

Aspects inhibiting the widespread implementation of urine collection for resource recovery are
prevalent, despite the public displaying initial approval of the idea in some cases. Transportation
planning is an important consideration regarding niche decentralized urine treatment, and GIS
platforms provide a means for achieving this. Sophistication of existing technologies and pilot studies
are still required to fill the gaps in knowledge which exist regarding decentralization with an emphasis
on resource recovery in urban environments. In addition, previous literature suggests that
decentralized urine treatment is potentially profitable if the usage and sale of urine derived fertilizers

are widely accepted. This research aims to explore this notion further.

2.5.3 Urine treatment techniques

Nutrient recovery from urine could be important considering the ever-increasing global population
and scarcity of resources. Previously tested treatment techniques tend to focus primarily on the
recovery of phosphorus and nitrogen. This is because they are both arguably the most important
constituents in modern day fertilizers (Spangberg et al., 2014). Moreover, published research of urine

treatment processes that simultaneously aim to recover nitrogen and phosphorous are scarce.

Recovery of both nitrogen and phosphorous is limited because of certain factors. Such factors include:

the pH and temperature of the urine, the quantity of divalent or trivalent ions required for solid
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precipitation and the occurrence of enzymatic urea hydrolysis. Although there are several different
treatment techniques which yield varying recovery potentials, ultimately, the choice of treatment will
depend on what nutrient(s) is desired as well as the associated cost. Maximum recovery of products
from urine that results in zero waste have rarely been investigated and reported on. The information
obtained from this literature review, in combination with the research objectives outlined in section
1.4, helped to provide a platform to form the methodology of this dissertation. This methodology is

provided in the following chapter.
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3 Research approach

This research aims to ascertain the feasibility of source-separated urine treatment for maximum
recovery of resources. Urine treatment techniques and the logistics of a decentralized urine

management and distribution system are investigated.

The following section describes the hypothesis and the key questions which were posed at the onset
of this investigation. Two methods of investigation were employed to answer these questions.
Previously researched methods of urine treatment were compared and design charts for urine
treatment techniques, based on the complete upcycling of urine, were made. Following this, an
economic feasibility assessment comparing four unique scenarios pertaining to the recovery of
nutrients from source-separated urine was conducted. Both methods outlined utilized a quantitative

research approach.

3.1 Hypothesis and key questions

The review of literature has shown that nutrient recovery from urine presents a promising solution to
decreasing global phosphorous quantities, and a means for potentially increasing inorganic fertilizer
supplies. Research pertaining to decentralized urine treatment offers little in terms of design
guidelines which provide methods for maximum recovery of the nutrients present in urine.
Furthermore, literature indicates that the implementation of decentralized urine treatment could be
financially and environmentally feasible and accepted from a social perspective. Therefore, this

dissertation presents two hypotheses:

1. Urine stabilization by calcium hydroxide addition, together with reverse osmosis for volume
reduction, is the most effective treatment scheme because it recovers all the nutrients in

urine.

2. Decentralized urine treatment, which incorporates nutrient recovery in the form of fertilizer
production, is profitable when large volumes of urine are collected and processed at a
decentralized resource recovery facility. Moreover, this system produces lower GHG
emissions and has a lower energy expenditure when compared with conventional WWT

systems.

3.1.1 Key questions

Following from the hypotheses presented and the information gathered during the review of

literature, the following key questions were posed:
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1. Which method(s) of urine treatment are best suited for maximum resource recovery, and what

state of urine (fresh or hydrolyzed) is most conducive for achieving this?

2. If highly frequented locations such as shopping malls and universities are targeted for the
installation of resource recovery systems, how would the urine be collected and what are the

viable market avenues for the sale and use of urine derived fertilizers?

Detailed answers to questions one and two are discussed in Chapters 4 and 5 of this dissertation. The
methodology employed for the creation of the urine treatment design charts and the decentralized

urine treatment feasibility analysis can be found in sections 3.2 and 3.3.

3.2 Design charts methodology

The methodology for the creation of the urine design charts are presented in this section. Moreover,
this methodology aimed to address the first research hypothesis outlined in section 3.1. A total of four
treatment sequences were incorporated in the design chart creation. The determination of the most

effective sequence of processes for maximum resource recovery consisted of the following steps:

e A thorough compilation and comparison of data obtained from literature pertaining to

resource recovery from both fresh and hydrolyzed urine.

e The creation of design charts showcasing the effect of each individual process on the urine
solution. The results of each process were assumed from previously published research, as

outlined in the review of the literature.

3.2.1 Design chart descriptions

Flow process charts depicting an array of widely researched treatment techniques were created. Two
sequences were included for both hydrolyzed and fresh urine. With regards to fresh urine, treatment
sequences for both acid and base stabilization were included. In each scenario, a reduction of volume
utilizing either RO or evaporation was investigated. In the case of hydrolyzed urine, nitrogen recovery
by cation exchange and ammonia stripping was explored. Struvite precipitation through magnesium

oxide addition was also considered for both hydrolyzed urine cases.

To account for the increase in nutrient concentration which would occur because of water removal, a
mass balance of the influent and effluent water content of the urine solution was considered. It was
assumed that pure water was produced in the permeate, leaving the salts as a concentrate. The NPK
fertilizer characteristics of the effluent from each process sequence was also determined. Sample
calculations for the obtaining the estimated final concentrations of each scenario can be found in

Appendix A.
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Several assumptions were employed to create a comparative analysis of each treatment scenario.

These assumptions are given in Table 3-1.

Table 3-1: Numerical assumptions regarding urine treatment methods.

Description Unit Value Source
Amount of Ca(OH), dosed into fresh urine for urea .
. g/L of urine 10 Randall et al. (2016)
stabilization
Amount of H,SO, dosed into fresh urine for urea . .
. g/L of urine 3 Hellstrom et al. (1999)
stabilization
Amount of Ca(OH), dosed into hydrolyzed urine for .
K L. g/L of urine 22 Pradhan et al. (2017)
ammonia stripping
Urea decomposed to ammonium after Ca(OH), or
. % 0 Assumed
H,SO, stabilization
Urea decomposed to ammonium during urea
. % 100 Assumed
hydrolysis
Water removed during RO volume reduction % 80 Ek et al. (2006)
Water removed during evaporation volume
. % 80 Assumed
reduction
Phosphorus recovery due to Ca(OH); dosing % 98 Flanagan & Randall (2018)
Phosphorus recovery due to calcium MgO dosing % 99 Barbosa et al. (2016)
Nitrogen recovery due to ammonia stripping and
gen recovery , pping % 99 Pradhan et al. (2017)
absorption in hydrolyzed urine
Nitrogen recovery due to cation exchange in % o Allar Emek & Beler Baykal
hydrolyzed urine ’ (2015)
Density of urine Kg/m3 1025 Pradella et al. (1988)
Density of liquid fertilizer Assumed to be the same as
Kg/m3 1025 . .
urine density.

In addition to Table 3-1, it is acknowledged that a minor decrease in pH can occur during struvite
precipitation, due to ammonium precipitation causing a decrease in alkalinity (Wilsenach et al., 2007).
However, to standardise each treatment process for the creation of the design charts, it is assumed

that no pH change occurs after each process other than in the cases of base or acid addition.

The actual composition of urine is not globally consistent, and depends on an individual’s diet,
pharmaceutical intake, the physical activities they participate in, and the environment directly around
them. To determine an approximate composition of urine, several sources of hydrolyzed and fresh
urine were assessed. The composition of urine used to formulate the design charts is shown in Table

3-2.
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Table 3-2: Composition of fresh and hydrolyzed human urine.

Fresh Urine Hydrolyzed Urine
ST o Randalletal. Udertetal. Udertetal. Dai et al. Luther et al. Average Pradhanetal. Lutheretal. Daietal. Kuntke Liuetal. Average
(2016) (2003b) (2003a) (2014) (2015) (2017) (2015) (2014) (2012) (2013)

Mg mg/L 57 95 77 36 59.8 65 0 0 0 0 0 0
PO2-P | mg/L 260 743 367 350 163 377 309 200 250 210 344 263
NHs*-N | mg/L 436 476 254 330 300 359 4500 4 800 6400 4050 4250 4 800
Urea-N | mg/L 5420 7 564 5810 7 400 5500 6339 0 - 0 0 0 0

Ca mg/L 132 184 129 150 105.4 140 - 55.2 14 7.1 - 25

Na mg/L 2510 2759 2670 = 2400 2585 = 2 400 = 1850 2 600 2283

K mg/L 469 2189 2170 - 1900 1682 1700 1900 - 1490 2 000 1773
cl mg/L 4430 3900 3830 = 3200 3840 4500 2900 = 3290 3800 3623
pH mg/L 6.3 6.2 7.2 6.5 6.9 6.62 9.3 9.4 9.2 8.85 9.3 9.21
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3.3 Decentralized urine treatment methodology

This section presents the methodology for the economic and environmental assessment of the
proposed decentralized urine treatment system. Additionally, it serves to address the second
hypothesis of this study, as outlined in section 3.1. To assess the feasibility of the proposed system, a

decentralized transportation system was required to be modelled.
The assessment of the feasibility analysis consisted of the following steps:

1. Development of four separate design scenarios pertaining to the decentralized treatment of
urine. The research approach taken to model these designs is outlined in sections 3.3.1 to
3.3.5.

2. An economic and environmental assessment for each scenario. The approach taken for this

objective can be found in section 3.3.6.

3.3.1 System description

In the proposed decentralized system, conventional water-based urinals at shopping centres are
retrofitted to become standalone NRUs, with 25 L capacity storage tanks at each urinal unit. An
example of such a urinal unit is shown in Figure 2-4. In reality, the NRU model would need to be more
aesthetically pleasing to have any long-term success, but for the sake of this investigation, any effect
this may have was not taken into consideration. Shopping centres were selected as the most desirable
urine collection locations for this investigation, as they are highly frequented, and it is assumed that
urinals already exist in the male restrooms. Female oriented urinals are not at a high enough level of
sophistication for widespread public usage and, furthermore, the NRU produced at the University of
Cape Town was designed for male usage (Flanagan & Randall, 2018). Potential urine contributions by
female users were, therefore, not considered for this research. However, Wilsenach & van Loosdrecht
(2003) and Ekama et al. (2011) indicate that separating between 50 and 90% of urine from wastewater
streams could potentially remove the need for biological nitrogen removal at conventional WWTPs.
Therefore, assuming that approximately 50% of the population (males) participated in this system
could still have significant impacts on the monetary cost, energy expenditure and GHG emissions of

conventional WWTPs.

Urea hydrolysis is prevented in each container by calcium hydroxide dosing (Randall et al., 2016). Filled
urinal containers are collected from each collection location once per week, by truck, and transported
to a resource recovery facility (RRF). Once at the RRF, solid filtration of the collected urine occurs to
separate the precipitated calcium phosphate (Ca-P) from the remaining liquid in solution. The solid
filtration is done not only to recover the Ca-P solid fertilizer, but also to avoid clogging of the RO

membranes. The separated Ca-P is dried, and the filtered liquid is subjected to volume reduction, by
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RO, to concentrate the nutrients and separate the water content from the urine solution. This
concentrated liquid has a high nitrogen content and is classified as an inorganic liquid fertilizer. Finally,
the concentrated liquid and dried Ca-P is transported to a central packaging and distribution (PAD)
facility where it is sold to wholesalers as fertilizers. A visual description of this system is shown in

Figure 3-1.
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Figure 3-1: Process diagram of proposed source-separated urine treatment system.

3.3.2 Study area and collection location description

The City of Cape Town is a coastal city located near the southern-most part of South Africa, with an
estimated surface area of 400 km? (StatsSA, 2018). This city was chosen as an illustrative case study to
assess the potential impacts of decentralized urine treatment. Moreover, Cape Town was chosen as it
is the second most populated city within South Africa, with a population density of 1530 people per
km?2, and it also serves as the second most visited tourist destination in South Africa (StatsSA, 2018).
The assumption was that the larger the population, the more urine could potentially be collected from
highly frequented public locations. Additionally, the City of Cape Town experienced a drought in 2017
due to decreasing potable water levels in main supply dams (Donnenfeld et al., 2018). Using Cape
Town as an illustrative example for the proposed system could display the potential for an alternate

form of water conservation.
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Furthermore, geospatial data for existing road networks, building locations and population density
statistics are provided online by the City of Cape Town, for public use (CoCT, 2018b). These largely

contributed to the feasibility of conducting a detailed last-mile logistics analysis.

The initial modelling step for this design involved identifying locations to be used as urine collection
points. A total of eight collection locations were used; seven shopping malls and one university. An
attempt was made to select locations within each of the Cape Town suburbs to evenly distribute the
collection locations around the city. A map displaying the positions of the collection locations within

the study area is shown in Figure 3-2.
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Figure 3-2: Study area in ArcGIS.

Research conducted by the Urban Studies Research Group (Prinsloo, 2013, Prinsloo, 2016) was used
to uniformly estimate the average daily population frequency at each shopping mall, based on the
retail area available at each location. The estimated retail area of each collection location is shown in
Table 3-3. The population at the University of Cape Town (UCT) was sourced from the number of
registered students and staff members, found from the official university website (UCT, 2017). It was
assumed that each student and staff member visited the university at least once a day. In addition to

this, it was assumed that the daily male population percentage within each location was 50%.
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Table 3-3: Urine collection location details.

Collection locations Retail area (m?) Source

Blue Route Mall 55 500

Canal Walk Shopping Centre 147 000

Cavendish Square 45 000

Lakeside Village Shopping Centre 7 500 BusinessTech.com (2018)
Makro Store Ottery 12 000

Tyger Valley Shopping Centre 90 000

Victoria & Alfred Waterfront 69 000

University of Cape Town N/A N/A

Data detailing the number of urinals currently installed at each collection location is not publicly
available. However, the approximate number of urinals required at each location was estimated based
on the minimum required number of urinals in public spaces at peak demand, as per the South African
National Standards (SANS, 2012). These requirements are based on the number of daily visitors at
buildings designed for public use (SANS, 2012). Moreover, it would be difficult to obtain accurate data
pertaining to the average usage of urinals per day per location. Therefore, it was assumed that each

25 L capacity NRU is filled every week prior to collection by truck.

3.3.3 Design scenarios

The proposed system was assessed based on four separate design scenarios. Each scenario
incorporated either on-site or off-site solid filtration (or a combination of the two), followed by RO
treatment. Each successive scenario featured an increase in the number of treatment facilities,
whereas only one central PAD facility was utilized for all four scenarios. All the final treated fertilizer
is packaged and transported to a wholesaler from the PAD facility in each scenario. The same quantity
of urine is collected and treated in each scenario. The more RRFs added, the closer these facilities
moved towards the collection locations (based on optimized placement), until an RRF is allocated to
each location. In the final scenario, there were eight treatment facilities, and this can be likened to
having the urine treated ‘on-site’. In each scenario, urine collection containers from each location are
collected once per week and replaced with an empty collection container (with an appropriate amount

of calcium hydroxide powder inside).

In scenario one, there was only one RRF which all stabilized urinal containers are delivered to by truck.
This central treatment facility also acted as the PAD facility, as both facilities were in the most central
location, with respect to the collection locations, based on average distance. In scenarios two, three
and four; two, four and eight RRFs were incorporated, respectively. The purpose of these scenarios

was to determine the ideal level of decentralization required to minimize the GHG emissions, energy
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and cost amongst the chosen design scenarios. A summary of the chosen design scenarios is shown in

Table 3-4.

Table 3-4: Summary of design scenarios descriptions

i i Number of resource Number of packaging and
Design Scenario - . o Number of trucks
recovery facilities distribution facilities
Scenario 1 1 1 1
Scenario 2 2 1 1
Scenario 3 4 1 1
Scenario 4 8 1 1

3.3.4 Resource recovery facility location optimization

With the coordinates of each collection location known, the optimal location of the RRF and PAD
facilities needed to be calculated using geospatial analysis. Flowmap, a transportation planning

software created by Utrecht University in the Netherlands, was used for these calculations.

GIS programmes are the most popular geospatial analysis platforms amongst designers and engineers
and are designed to manage and display spatial data. Despite this, they do not incorporate the
management and interpolation of pairs of data (De Jong & Van der Vaart, 2013). Essentially, GIS
programmes can only choose optimal locations, based on an already existing location selection. The
Flowmap software specializes in network analysis and interactions between all elements within a
network (De Jong & Van der Vaart, 2013). Therefore, it was used to determine the most optimal
location to service a demand, based on distance (using the existing Cape Town road network) and not

established locations. Flowmap is a supplementary program intended to be used in tandem with GIS.

ArcGIS compatible files are typically referred to as ‘shapefiles’. The first step of the location
optimization section required the acquisition of shape files for Cape Town as the study area, using
ArcGIS (a GIS software package). The Cape Town road network and the chosen collection locations
shape files were also necessary. All shapefiles were sourced online through the City of Cape Town’s
open access database (CoCT, 2018b). Furthermore, the geographic coordinate system and projected
coordinate systems used were the WGS 84 geodetic system and the WGS world Mercator. These

shapefiles were then converted to Flowmap data files.

By choosing the number of required service locations (RRFs), the optimum location, along the Cape
Town road network, which satisfied the demand, of each shopping mall was found. The locations of
these RRFs were then optimized to minimize the overall average distance from each location to the
RRF it was allocated to. This same methodology was used to determine the best locations for up to 8

different RRFs. Moreover, each shopping centre was allocated to its nearest RRF (spatial rationality)
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(De Jong et al., 2005). To prevent the Flowmap software from assigning the service locations based on
the highest market share, each collection location was given the same demand and supply weight
within the Flowmap software. It is understood that the collection locations with higher visitor
frequencies will contribute more to the urine supply, but this was not taken into consideration during
the transportation modelling. This was done to maximize the overall network coverage of the service
locations. The coordinates of the optimized collection locations were converted back into ArcGIS
shapefiles to conduct the transportation network analysis. The layout of the Cape Town road network
and collection locations used in Flowmap are displayed in Figure 3-3. A more detailed description of
the procedure followed to determine the best allocation of treatment facilities, for minimum average

distance, can be found in Appendix B.

Flowmap 7.4 Legend

File: Design_Locations DBF

All Locations

File: Cape_Town_Roads. 00x
Lines: &l lines

File: Cape_Town_Boundary. 00x
Shades: All polygons

Figure 3-3: Study area layout in Flowmap.
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3.3.5 Transportation network and last-mile logistics

With the supply and demand location information known, the last-mile logistics modelling could be

conducted using the Cape Town road network.

Using the network analyst ArcGIS tool, the travel distances and routes travelled within each scenario
were modelled using the travelling salesman problem (TSP). The TSP considers the shortest possible
route that is required to be taken to reach all locations within a network (Mosheiov, 1994). An

illustrative representation of a TSP can be seen in Figure 3-4.

Figure 3-4: Travelling salesman problem solution (Kavvada et al., 2017).

With regards to proposed study area, the TSP was used to determine the minimum possible distance,
within the Cape Town road network, that allowed a truck to visit each location at least once during
collection. It was assumed that in each scenario, trips originated and ended at the PAD facility. This
allowed for a detailed analysis on the financial and environmental effects of transportation on the
proposed system. For simplicity, factors such as traffic jams and traffic lights were not considered,
although it is acknowledged that their inclusion would be necessary in any real-life application of the

proposed decentralized systems.

A 4-ton truck was chosen as the form of transportation. There were many limiting factors pertaining
to the performance of the truck. Therefore, several assumptions were incorporated during the
logistics and transportation modelling of the proposed system. These assumptions are shown in Table

3-5.
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Table 3-5: Criteria used for last-mile logistics modelling.

Description Unit Value Source
Average truck speed km/hr 60 assumed
. Department of Agriculture and
4-ton truck fuel consumption km/L 6.7
Forestry (DAFF, 2017)
8-ton truck fuel consumption km/L 3.3 (DAFF, 2017)
14 -ton truck fuel consumption km/L 2.5 (DAFF, 2017)
Calcium phosphate produced from
. i i . . . g/Kgurine 11 Flanagan & Randall (2018)
calcium hydroxide dosing in fresh urine
Calcium phosphate density kg/m3 3140 ChemicalBook (n.d.)
Urine produced per person L/day 1.15 von Miinch & Winker (2011)
I Urinal )
Average urination frequency per person . 5 Rossi et al. (2009)
visits/day
. . L/urinal Assumed from average urination
Urine produced per urinal usage 0.23
usage frequency.
Water used per flush in conventional .
X L 4 von Miinch & Dahm (2009)
waterborne urinals
Density of urine Kg/m3 1025 Pradella et al. (1988)
Liquid fertilizer produced from RO L/L urine 0.2 Ek et al. (2006)
Permeate water produced from RO L/L urine 0.8 Ek et al. (2006)

3.3.6 Economic and environmental analysis

In the economic and environmental analysis, the results obtained from previous research at UCT
(Flanagan & Randall, 2018) were scaled up to match the results from the transportation and logistics
methodology outlined in sections 3.3.1 to 3.3.5. As such, the economic and environmental viability of
the proposed decentralized system was assessed based on the following indicators (as will be

explained in detail in the sections to follow):

e (Capital expenditure (CAPEX).

e Operating expenditure (OPEX).

e Cost recovery of liquid and solid fertilizers.

e Net present cost (NPC)/Net present value (NPV) over an investment period of five years.
e Water usage and conservation.

e GHG emissions.

Sample calculations used to estimate all economic indicators can be found in Appendix B.
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3.3.6.1 CAPEX estimations

The components which contributed to the CAPEX of each system were the provision of NRUs by
retrofitting existing urinal installations, the trucks (assumed to be purchased once-off), the rental
deposits for warehouse space and the RO units required for volume reduction. The monetary scaling
of RO units was assumed to be linear in relation to the quantity of urine treated. Moreover, units of
exact sizes for each scenario were assumed. The NRUs do not utilize any of the sewer connections
within each building, thus retrofitting costs pertaining to existing piping networks were not considered

for the financial feasibility of this study.

3.3.6.2 OPEX estimations

The components identified as contributors to the OPEX of the system included labour, energy
requirements, calcium hydroxide for urine stabilization and rental expenses for treatment facilities
and the packaging and distribution centres. The labour costs arose due to the need for truck drivers,
warehouse workers and site managers. Each collection location included a site manager tasked with
overseeing successful operation and maintenance of the urinal units on site, on a day to day basis. It
is understood that labour costs could be decreased if automation of tasks such as filtration and RO

unit operations were viable, but this was not considered for this investigation.

Furthermore, the rental space was calculated based on the function of each facility. Each RRF was
expected to have the surface area required to store all the stabilized urine treated in the system per
month, house the RO and filtration units and have adequate working space for warehouse employees.
PAD facilities were expected to have the surface area required to store all fertilizer produced and have
adequate working space. The Broll Property Group database was used to source Cape Town rental
prices (Broll.com, 2018). Two daily employees were stationed at each RRF to conduct the RO and
filtration processes and attend to the cleaning and maintenance of the machinery. Likewise, two daily
employees were stationed at the PAD facility to collect and package the recovered fertilizer.
Furthermore, for five days a week, eight hour working days were assumed for all employees, with the
only exception being the truck drivers. Truck drivers were assumed to be paid an hourly wage that
was consistent with the estimated weekly transportation time. Additionally, a urinal container
loading/ offloading time of 15 minutes per stop was assumed when calculating the truck driver wage

for the overall OPEX.

The operating and maintenance costs associated with an MLE AS system was compared to that of the

proposed decentralized system for direct reference with centralized biological nutrient removal.
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3.3.6.3 Cost recovery of liquid and solid fertilizers

The selling price of Ca-P fertilizer was assumed from recent market prices for urine derived granular
fertilizers, which estimated the price to be R18 500 per ton of Ca-P (Herman, 2017). However, the
selling price of liquid fertilizer was calculated differently. Ten commercially available liquid-based
fertilizers were sourced and compared based on their nitrogen content. The commercial fertilizers
chosen included both fertilizers for ornamental vegetation and vegetation intended for consumption.
This was done because the best use of the urine derived liquid fertilizer and which vegetation it would
be most effective on is yet to be tested. A least square regression analysis on liquid fertilizer selling
prices versus nitrogen content, by weight, was done. This was done to determine an appropriate

design selling price for the liquid fertilizer created in the proposed system.

Moreover, this analysis assumed that the urine derived liquid fertilizer could enter the South African
market and be sold on par with commercially available fertilizers. The potential nitrogen content of
the urine derived liquid fertilizer was calculated during the urine treatment design charts creation
process and it’s chosen selling price was then extrapolated from the liquid fertilizer least square
regression analysis. The cost recovery did not include packaging and delivery costs associated with the

sale of the finished products.

3.3.6.4 NPV/NPC

The net present value or cost of installing and operating the entire system over a period of 5 years
was determined to compare the monetary implications for each of the investigated scenarios. A 5-
year investment period was used to assess each scenario over a long-term investment period. A

discount rate of 10% was used for this evaluation.

3.3.6.5 Greenhouse gas estimations

GHG emissions were based on carbon dioxide (CO,) production from the electricity requirement for
RO and fuel consumption for trucks. Carbon dioxide makes up 97% of the GHG emissions from
passenger vehicles. The remaining 3% is made up of methane, nitrous oxide and air conditioning
refrigerant (EPA, 2018). These are not based on fuel consumption, but rather on the specific design of
different vehicles. Thus, it is not easy to estimate these for the purposes of this model. The CO,
emissions were directly compared to those emitted by an MLE AS configuration for biological nitrogen

removal.

3.3.6.6 Water savings

The proposed system does not utilize a water-based flushing system. The potential impacts observed

from converting to a waterless system were thus investigated. This included an estimation of the
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quantity of water saved per annum, as well as the water and sanitation and sewer system connection

costs that would be applicable, as per the City of Cape Town tariffs (CoCT, 2018a). In 2017, City of Cape

Town experienced a drought resulting from a water shortage (ref). As a result, the water tariffs

imposed between then and the time of compiling this dissertation have been inconsistent. The tariffs

used in the economic evaluation in this study represent the water, sanitation and sewer connection

tariffs for commercial use on 1 December 2018 (CoCT, 2018a).

3.3.6.7 System calculation parameters

The expenses incorporated into the economic and environmental feasibility of this study are shown in

Table 3-6.

Table 3-6: Assumed capital and operating costs.

Description Unit Value Source
Department of Agriculture and Forestr
4-ton truck (once-off purchase) R 554931 = . . - v
and Fisheries (DAFF, 2017)
8-ton truck (once-off purchase) R 712 650 (DAFF, 2017)
14-ton truck (once-off purchase) R 995 000 (DAFF, 2017)
4-ton truck maintenance R/km 7.77 (DAFF, 2017)
8-ton truck maintenance R/km 9.79 (DAFF, 2017)
14-ton truck maintenance R/km 13.16 (DAFF, 2017)
Automobile association (AA.com,
Truck Fuel R/L 16.85 2018)- Taken from price of fuel at 1
December 2018.
Industrial RO unit cost 10 R/m3/day 100 000 (Nathoo, 2018)
Nutrient recovery urinal unit R 800 Flanagan & Randall (2018)
Warehouse rental per m? R/ month 64 (Broll.com, 2018)
. Assumed to be double the one month’s
Warehouse space deposit R/m?2 128
rent.
Warehouse worker office and work
Rk . m? 50 Assumed
space requirements per facility
i i i m2 per 10 m3 urine
RO unit geometric footprint 9 Nathoo (2018)
treated per day
Truck driver wage R/hr 82 Indeed.com (2018a)
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Table 3-6: Assumed capital and operating costs (continued).

Description Unit Value Source

Warehouse work wage R/hr 60 Indeed.com (2018b)

Cleaning and maintenance wage R/hr 60 Tyler (2017)

RRF site manager wage R/hr 60 Assumed

RO energy consumption kWh/m3 2 Nathoo (2018)

Electricity R/kWh 2.84 Eskom (2018)

Calcium hydroxide R/kg 3.1 Alibaba.com (2018)

Calcium phosphate selling price R/kg 18.5 Herman (2017)

L. - . . Assumed from least square

Liquid fertilizer selling price R/L 151.52 .
regression

Water R/m3 43.13 CoCT (2018a)

Sewer connections R/ m3flushed 34.83 CoCT (2018a)
Environmental Protection Agency
(EPA, 2007) — adjusted for inflation to
1 December 2018, at 2% per annum

BNR operating costs R/m3 wastewater 27.35 and converted to South African Rands
at an exchange rate of $1to R14.43 as
per exchange rate at 11 December
2018.

BNR energy consumption kWh/kg N 2.3 Mulder (2003)

BNR GHG emissions Kg COy/kg N 3 Falk et al. (2013)

Diesel GHG emissions Kg CO,/L fuel 2.7 Fruergaard et al. (2009)

Electricity GHG emissions Kg CO,/kWh 0.92 Guan (2006)

3.3.7 Sensitivity analysis

Potential variations in the factors which contribute to revenue and to expenses were considered. This

was done to determine which aspects contributed the most to the financial feasibility of the proposed

system and how any potential negative effects could be alleviated. The impacts experienced from

varying the following aspects (of each scenario) were evaluated:

e Carrying capacity of the truck.

e Selling price of fertilizer product.
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e Quantity of fertilizer sold.

With regards to the truck used, the financial and environmental impact observed from the use of a 4,
8 and 14-ton truck was measured. The liquid fertilizer selling price required to equate the total income
to the total cost (break-even), when all the fertilizer that is produced is sold, was calculated. Likewise,
the quantity of the fertilizer sold was varied based on the amount of liquid fertilizer sales required to
break-even at the design fertilizer selling price. Moreover, estimated liquid fertilizer sales, sourced
from local plant nurseries in Cape Town were considered during this sensitivity analysis. The break-

even point for these estimated sales values were subsequently calculated.

All break-even points were calculated over a 5-year period, while taking inflation into account with a

discount rate of 10%.
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4 Results and discussion: treatment process design charts

The first of two results and discussion chapters is presented here. The aim of this chapter was to

answer the first research question:

Which method(s) of urine treatment are best suited for maximum resource recovery, and what state

of urine (fresh or hydrolyzed) is most conducive for achieving this?

This question was answered by conducting a thorough review of published literature and the creation

of design charts which showed various treatment process sequences.

Design charts for the treatment and recovery of resources from fresh urine and hydrolyzed urine are
given in sections 4.1 and 4.2. This culminates in an overall discussion and summary in section 4.3. The
methodology used to evaluate the abovementioned research question is given in section 3.2 of
Chapter 3. The observations from this chapter (Chapter 4) provide insight into previously published

urine treatment processes which could lead to maximum resource recovery from urine.

Literature has shown that several treatment techniques have been employed to recover nitrogen and
phosphorus at lab scale with high recovery rates. Four treatment scenarios are presented, but several
different combinations of technologies could also be appropriate. Moreover, all values and
assumptions used are completely derived from literature, as shown in Table 3-1. An emphasis was
placed on nutrient recovery by phosphorous precipitation and volume reduction for the creation of
these charts. This is because these techniques appear to be the methods most suited for maximum
resource recovery from urine, based on reported recovery rates. Complete recycling of all the

resources present in urine, with as little waste as possible, was the main objective of this study.

4.1 Fresh urine nutrient recovery

4,1.1 Base stabilization

Calcium hydroxide was chosen as the preferred base for alkaline urine stabilization because it can
recover phosphorous and prevent enzymatic urea hydrolysis, as shown in Figure 4-1. Other bases such
as sodium hydroxide can be used for urine stabilization, but the precipitation potential of other
alternative bases in this context has not been widely investigated. Flanagan & Randall (2018) found
that 11 g of Ca-P could be precipitated from 1 kg of urine, recovering 98% of the phosphorus present
in urine. In addition, it is assumed that urine stabilization also allows for volume reduction without

ammonia volatilization.

For every three calcium ions, two phosphate ions are required for calcium phosphate production

(PubChem, 2018). Randall et al. (2016) suggested that 10 g/L of calcium hydroxide should be dosed to

Chipako, T.L (2019) Chapter 4: Results and discussion: treatment process charts



4-2

fresh urine for effective stabilization. Subsequently, all calcium that is not precipitated out as Ca-P will

remain in the solution during further treatment.

After undergoing solid filtration and RO to separate the water from urine, the solution will be highly
concentrated as shown in Figure 4-1. Evaporation and distillation were also considered as an
alternative volume reduction technique. Solid fertilizers can be produced by urine evaporation
(Antonini et al., 2011, Dutta & Vinneras, 2016), but It was assumed that both RO and evaporation
reduce the volume of urine to the same amount in this investigation, for comparative purposes.
Furthermore, having the nutrient content in liquid form makes nutrients more accessible to plant
roots (Cordell et al., 2009). Table 4-1 displays the nutrient concentrations of the urine solution after
each respective treatment process shown in Figure 4-1. Importantly, the phosphorous concentration
would not increase after volume reduction due to the Ca-P precipitation induced by the addition of
calcium hydroxide to fresh urine.

80% volume reduction from water
removal by RO or evaporation.

urea hydrolysis i§ prever?t'ed by Evaporation Distillation water
calcium hydroxide addition.
Ca(OH), 98% phosphorous recovered concentrated
by Ca-P ipitati T e
water I WS PIECIRRATEn T liquid fertilizer
|
; Base Liquid/ solid Reverse water
Fresh urine ‘ ® [ stabilizafion ] ® [ filtration osmosis
dissolved ‘
i concentrated
specles Calcium - i
liquid Fertilizer
phosphate
(Ca-P) 3a. 3b.
ME™ 325 Mg 32
NH,&*N 1796 2 b S NH-N 1796
4762 > 4762\ NH,
POFP 40 /(50, 6 S0, 6 ROEP 4D
[ 8411 K* 8411
Na* 12924 Na* 12924
All values are in
mg/L
r 19200 Cl 19200
1 2. Urea-N 31693 Urea-N 31693
Mg¥* 65
Mg 65 NH,*-N 359
NH,*-N 359 ; POP 8
PO-P 377 > 50> 952
SO 952 W e 3688
Na* 2585 cr 3840 Ca2* 18934 cda2+d 18934
cr 3840 Urea-N 6339 ¢y (dosed) (des=d)
Ca 3787
Urea-N 6339 {dosed)
Ca?* 140 — Ca?* 0 Ca?* 0 Ca? 0
1. Fresh urine 2. Base stabilization 3a. Reverse osmosis 3b. Evaporation
pH =6.62 pH=12.5 pH=12.5 pH=12.5
B Ca? # Ca%(dosed)  Urea-N cr Na* K+ S0, m POS-P NH,~N = Mg?

Figure 4-1: Fresh urine treatment options following base stabilization.
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The size of the arrows in the Figure 4-1, Figure 4-2, Figure 4-3 and Figure 4-4 represent a mass flow of
dissolved nutrients in urine and water. Moreover, the processes utilized are outlined by black borders:
for example, in Figure 4-1: base stabilization, liquid/solid filtration, RO, evaporation and distillation.

Table 4-1: Nutrient concentrations in solution, following each respective treatment technique in Figure 4-1.

Amount Amount
Units 1. Fresh 2. Base 3a. Reverse 3b. recovered recovered as
Urine stabilization Osmosis Evaporation as a Ca-P liquid fertilizer
(%) (%)

Caz mg/L 140 0 0 0 100 0
Ca?* (from

. mg/L 0 3817 18934 18934 30 70
Ca(OH,) dosing)
Urea-N mg/L 6339 6339 31693 31694 0 100
Cl- mg/L 3840 3840 19 200 19 200 0 100
Na* mg/L 2 585 2 585 12 924 12924 0 100
K* mg/L 1682 1682 8411 8411 0 100
SO, mg/L 952 952 4762 4762 0 100
NH4*-N mg/L 359 359 1796 1796 0 100
Mg? mg/L 65 65 325 325 0 100
PO,3 -P mg/L 377 8 40 40 98 2
pH N/A 6.62 12.5 12.5 12.5 N/A N/A

4.1.2 Acid stabilization

Acid stabilization was also explored as shown in Figure 4-2. Hellstrom et al. (1999) indicates that
sulphuric acid and acetic acid are both applicable stabilizing agents. Sulphuric acid was the preferred
acid in this study because it resulted in a lower pH for similar volumetric input. Research regarding
phosphorous precipitation at low pH values is limited, and thus was not considered for the acid
stabilization chart in Figure 4-2. Once stabilized by sulphuric acid, similar to stabilization with calcium
hydroxide, water removal can be employed to reduce the volume and concentrate all the remaining
components present in the urine. The dosed sulphuric acid would remain in the solution during the

treatment processes that follow acid stabilization.

Table 4-2 displays the nutrient concentrations of the urine solution after each respective treatment

process in Figure 4-2.
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Figure 4-2: Fresh urine treatment options following acid stabilization.
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Table 4-2: Nutrient concentrations in solution, following each respective treatment technique in Figure 4-2.

Amount Amount
Units 1. Fresh 2. Acid 3a. Reverse 3b. recovered as recovered as
i
Urine Stabilization Osmosis Evaporation | solid fertilizer liquid fertilizer
(%) (%)
Caz* mg/L 140 140 700 700 0 100
Urea-N mg/L 6339 6339 31694 31694 0 100
Cl- mg/L 3840 3840 19 200 19 200 0 100
Na* mg/L 2585 2585 12924 12 924 0 100
K* mg/L 1682 1682 8411 8411 0 100
oty mg/L 952 952 4762 4762 0 100
SO,% (from
. mg/L 0 2 880 14 409 14 409 0 100
H,S0, dosing)
NH4*-N mg/L 359 359 1796 1796 0 100
Mg? mg/L 65 65 325 325 0 100
PO, -P mg/L 377 377 1885 1885 0 100
pH N/A 6.25 3.5 3.5 3.5 N/A N/A

4.1.3 Fresh urine discussion

Three volume reduction techniques were investigated when creating the fresh urine design charts:
RO, freeze concentration and a combination of evaporation and distillation. Evaporation of urine at
atmospheric pressure typically requires a temperature of between 40°C and 65°C (Antonini et al.,
2011, Derese & Verliefde, 2016), but it is understood that subjecting fresh urine to temperatures
above 50°C could cause chemical hydrolysis (Randall et al., 2016). Evaporation and distillation of urine
within a vacuum reportedly allows for a decrease in the temperature required (30°C) (Ek et al., 2006),
but may be difficult to facilitate on a large scale and would add to the total energy requirements.
Senecal & Vinneras (2017) and Boncz et al. (2016) have shown that evaporation of base and acid
stabilized urine can occur at 35 and 45°C with limited urea hydrolysis occurring. However, in these

studies the evaporation process reportedly took 46 days and 20 days to accomplish, respectively.

Freeze thaw experiments have been documented to have lower nitrogen recovery (up to 80% ) (Lind
et al., 2001) and high energy expenditure, in comparison to RO (95% ) and evaporation (95%) (Ek et
al., 2006), unless conducted in an environment with an already low temperature climate (Gulyas et
al., 2004). Moreover, EFC of hydrolyzed urine requires a freezing temperature of -30°C for a nitrogen
recovery rate of 99% (Randall & Nathoo, 2018). Reverse osmosis of wastewater (J. Rodriguez et al.,
2002), urine (Ek et al., 2006, Thorneby et al., 1999) and salt water (Wimalawansa, 2013) can occur at
room temperature with close to complete nutrient retention. For this reason, it appears that RO is the

most effective water removal technique in terms of operating temperature and recovery rates.
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Despite the employment of a stabilization pre-treatment step, concerns regarding the potential of
scaling within the pores of RO membranes do exist (Lee & Lee, 2000). There is very limited published
research regarding the use of RO to concentrate fresh urine. However, Ek et al. (2006) found that RO
of hydrolyzed urine, with little scaling, was possible by subjecting the solution to a 5um filter cartridge
as a pre-treatment step. Therefore, it is assumed that scaling would not be a major problem for RO of
fresh urine, provided maximum phosphorous precipitation and solid filtration is achieved prior to the

RO step. Further research regarding the use of RO to concentrate fresh urine is required though.

Acid stabilization of fresh urine, with sulphuric acid, provides an option for urea stabilization. However,
base stabilization (preferably using calcium hydroxide) was chosen as the most appealing method for
urine stabilization, and subsequently, nutrient recovery from fresh urine. This is due to the benefits
calcium hydroxide dosing presents such as phosphorous recovery and preventing enzymatic urea

hydrolysis.

4.2 Hydrolyzed urine nutrient recovery

4.2.1 Struvite precipitation and ammonia stripping

Precipitation as a result of magnesium addition to urine is one of the most widely researched forms
of phosphorus recovery from urine. Barbosa et al. (2016) states that struvite formation occurs in as
quickly as 20 minutes after magnesium addition. Both Figure 4-3 and Figure 4-4 display a sequence of
methods which indicate a means of recovering phosphorus from hydrolyzed urine using this

precipitation method.

Barbosa et al. (2016) and Wilsenach et al. (2007) suggest that the magnesium source for chemical
precipitation does not matter, as long as the Mg to P molar ratio in urine is roughly 2:1 after dosing.
As a result, the recommended dosage of magnesium for maximum phosphorous recovery in urine is
dependent on the concentrations of both magnesium and phosphorous in the urine sample prior to

treatment.

In Figure 4-3 and Figure 4-4, magnesium oxide was used as the chosen compound to illustrate induced
precipitation, because it has a high magnesium content for a smaller mass, when compared to
magnesium chloride and magnesium hydroxide (Barbosa et al., 2016, Wilsenach et al., 2007).
Moreover, the addition of MgO leads to a slight pH increase, that can be beneficial if pH adjustment
is required for struvite precipitation (Wilsenach et al., 2007). Minor nitrogen recovery can be achieved
by struvite precipitation, as 3 to 5% of ammonium in hydrolyzed urine can be precipitated out of

solution with struvite (Etter et al., 2015).
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Stripping and absorption of ammonia can then be employed to recover the nitrogen remaining in the
urine, as indicated by Pradhan et al. (2017) and shown in Figure 4-3. The acceleration of the stripping
process can be facilitated by increasing the solution temperature or pH. Increasing the temperature
will increase the energy consumption of the process though (Liu et al., 2014). Calcium hydroxide was
used to increase the pH of the solution as shown in Figure 4-3. Pradhan et al. (2017) recommended
that 22 g/L of calcium hydroxide is an adequate dosage for complete ammonia stripping from urine.
Absorption of the stripped ammonia gas can then be facilitated by exposing the ammonia to sulphuric

acid. Table 4-3 displays the nutrient concentrations of the urine solution after each respective

treatment stage.

Struvite 80% volume reduction
(MAP) from water removal by RO
Liquid/ solid Reverse
filtration o0smosis water
MgO 99% phosphorous and 5% Ca(OH), o .
ammonium nitrogen recovered liquid fertilizer
water by struvite precipitation T solution
Hydrolysed ‘ Phosphorous Liquid/ solid Ammonla d ° mixed salt
urine precipitation p filtration strlpplng»an solution
I absorption
dissolved
species Struvite Ammonium 2b.
(MAP) sulphate UreasN. O
(NH,H,50,) Mg ©
N Caz* 127
99% nitrogen recovered 50,2 4017 > POS~P 15
by ammonia stripping
K* 8863
Na* 11417
All values are in
mg/L
ol 18113
3a.
1. 2a.
Urea-N 0
Urea-N 0 Urea-N 0 Mg 0
Mg2* 0 Mg?* 0
Ca? 25 Ca? 25
2-
PO>-P 263 %POE'-P 3 e, 11900
2 —3 S0,> 803
S0/ 803 " 1773 K+ 1773 Ca 25 NH,-N 22800
Na* 2283 Nat 2283 PO-P 3
g
o 3623 o 3623 SO 803 e 1773
Na* 2283
NH,-N 4800 NH,“N 4560 or 3623
NH,*-N 46
1.Hydrolysed urine 2a. Phosphorous 3a. Ammonia stripping  2b. Reverse osmosis
precipitation & absorption
pH=9.21 pH=9.21 pH =125 pH=9.21
NH,*-N cr Na* K* so,2 m PO-P  m Ca* # Ca2(dosed) MMg?* Urea-N

Figure 4-3: Hydrolyzed urine treatment options following phosphorous precipitation and ammonia stripping.

Table 4-3: Nutrient concentrations in solution, following each respective treatment technique in Figure 4-3. All nutrients
that are not recovered in struvite and ammonium sulphate will remain in solution for any potential further treatment.
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Amount Amount
Unit 1. Hydrolyzed 2a. 3a. Ammonia  2b. Reverse recovered recovered as
nits
Urine Precipitation Stripping & osmosis as struvite ammonium
Absorption (%) sulphate (%)
NHg4* /NH3-
. mg/L 4 800 4560 45 22 800 5 94
CF mg/L 3623 3623 3623 18 113 0 0
Na* mg/L 2283 2283 2283 11 417 0 0
K* mg/L 1773 1773 1773 8 863 0 0
SO4* mg/L 803 803 803 4017 0 0
PO43 -P mg/L 263 3 3 15 99 0
Ca2+ mg/L 25 25 25 127 0 0
Ca?* (from
Ca(OH)2) mg/L 0 0 11900 0 0 0
dosing)
Mg2* mg/L 0 0 0 0 100 0
Urea-N mg/L 0 0 0 0 0 0
pH N/A 9.21 9.21 12.5 9.21 N/A N/A

4.2.2 Struvite precipitation and cation exchange

Following struvite precipitation, cation exchange can be employed as an alternate method of

ammonia recovery from urine, as shown in Figure 4-4. Tarpeh et al. (2017) suggests the use of a

synthetic, silicon-based resin known as s Mac 3 to facilitate the adsorption of ammonium ions.

However, multiple alternate zeolites or electronegative adsorption surfaces would be applicable.

Table 4-4 displays the nutrient concentrations of the urine solution after each respective treatment

stage.
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Struvite 80% volume reduction
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Figure 4-4: Hydrolyzed urine treatment options following phosphorous precipitation and cation exchange.
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Table 4-4: Nutrient concentrations in solution, following each respective treatment technique in Figure 4-4. All nutrients
that are not recovered in struvite and ammonium sulphate will remain in solution for any potential further treatment.

Amount Amount
Units 1. Hydrolyzed 2a. 3a. Cation 2b. Reverse recovered recovered in
Urine Precipitation Exchange osmosis in struvite ammonium
(%) sulphate (%)
NH4* /NH3-N mg/L 4800 4560 137 22 800 5 92
Cl mg/L 3623 3623 3623 18113 0 0
Na* mg/L 2283 2283 2283 11 417 0 0
K+ mg/L 1773 1773 1773 8863 0 0
SO4Z mg/L 803 803 803 4017 0 0
PO4*-P mg/L 263 3 3 15 99 0
Ca?* mg/L 25 25 25 127 0 0
Mg+ mg/L 0 0 0 0 100 0
Urea-N mg/L 0 0 0 0 0 0
pH N/A 9.21 9.21 9.21 9.21 N/A N/A

4.2.3 Hydrolyzed urine discussion

The most notable difference between the two sequences of hydrolyzed urine treatment presented
are the methods of ammonia recovery. Research indicates that cation exchange yields slightly lower
recovery percentages than that of ammonia stripping and absorption (refer to Figure 2-8). For this
reason alone, ammonia stripping and absorption appears to be the more appealing ammonia recovery
technique. In both cases, following nitrogen and phosphorous removal, a mixed salt solution with 0.2%
potassium content would remain in solution that could be further concentrated. Methods of
effectively recycling this mixed salt solution, while producing minimal waste, should be investigated

further.

Volume reduction was considered as a means of concentrating urine after phosphorous precipitation
has occurred for both hydrolyzed urine scenarios. This would be useful if separate ammonium
reclamation is not desired. Evaporation and freezing techniques may not be suitable because of the
high and low temperature requirements, which could have significant energy related prerequisites (Ek
et al.,, 2006, Gulyas et al., 2004). Antonini et al. (2011) showed that solar evaporation of hydrolyzed
urine could be an effective low energy form of volume reduction. However, complete volume
reduction took 26 days to accomplish in this study, and a relatively low nitrogen recovery rate of 68%

was accomplished.

Similar to fresh urine, RO was considered the most appropriate volume reduction technique for

hydrolyzed urine. This is because RO offers high volume reduction and nutrient recovery at room
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temperature (Ek et al., 2006). Furthermore, it is assumed that due to the precipitation potential of
hydrolyzed urine being maximised after magnesium dosing occurs, membrane scaling during RO

would theoretically be limited, provided the solution is also filtered.

4.3 Discussion: treatment process design charts

43.1 Ideal treatment sequence

In response to the first research question; the design charts showed that resource recovery from fresh
urine results in a greater potential for nitrogen recovery when compared to hydrolyzed urine. More
specifically, a combination of urine stabilization using calcium hydroxide and volume reduction by RO
is favourable. This is based on the quantity of nitrogen recoverable from each source, after a volume
reduction: 33 g N/L and 23 g N/L from fresh and hydrolyzed urine respectively. Although, evaporation
and distillation of urine in a vacuum is also viable with similar results (Ek et al., 2006), RO volume
reduction is preferred as it can be accomplished at room temperatures with similar nitrogen recovery
rates. However, if hydrolysis does occur in urine, then magnesium dosing, followed by ammonia

stripping can be employed to retrieve almost all the phosphorous and nitrogen from urine.

Importantly, the removal of residual salts and pharmaceuticals from urine was not considered for the
creation of the design charts. This is because it is assumed that pharmaceutical removal techniques,
such as adsorption (Solanki & Boyer, 2017) or electrodialysis (Pronk et al., 2006), would be standard
for each process sequence. Moreover, inactivation of harmful pathogens and microorganisms is
assumed to be facilitated by urine stabilization, as both acidification (Baldry & French, 1989, Gehr &
Cochrane, 2002) and alkalinisation (Farrell et al., 1974, Eriksen et al., 1996) have applications in

sewage disinfection.

4.3.2 Fertilizer characterization

Fertilizers are typically categorised by their chemical makeup. More specifically the percentage of the
fertilizer’s weight that is contributed from nitrogen (N), phosphorous (P) and potassium (K). Taking
this into consideration, the potential NPK values of the resulting liquid fertilizers after RO volume
reduction for fresh urine and hydrolyzed urine are 3.3 - 0 - 0.8 and 2.2 - 0 - 0.9. These values are
significant, as they allow for a direct comparison of the compositions of commercially available

fertilizers and those of urine derived fertilizer.

Ammonia stripping of hydrolyzed urine can yield an ammonium sulphate fertilizer of 13% nitrogen
content (Pradhan et al., 2017). Despite this, the total nitrogen content, by weight, which can be
harvested from 1 m3 of fresh urine (6.7 kg) outweighs that which can be retrieved from the same

quantity of hydrolyzed urine (4.8 kg).
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4.3.3 Large scale urine treatment in public locations

The treatment process employed, and the chosen method for urine collection are closely linked, such
that the method of collection must allow for effective and appropriate treatment. In addition, the
collection process must aid in recovering the maximum amount of urine while also being user friendly.
Urea stabilization using acids is potentially viable, but the fact that sulphuric acid is primarily available
in liquid form indicates that transportation and handling could present a potential health and safety
hazard. This would be especially applicable for toilet users and untrained staff in public and
commercial restrooms. Calcium hydroxide addition to fresh urine has many benefits, including
decentralized urine collection systems (Randall et al., 2016). Literature indicates that phosphorus can
be easily retrieved from urine with minimal smell in a decentralized urinal unit (Flanagan & Randall,
2018). In Chapter 5, the logistics of a decentralized urine collection system, and the implications of

transporting calcium hydroxide stabilized urine for resource recovery is explored.

In summary, these design charts give a variation of approaches that can be employed for maximum
recovery of resources from human urine with minimal waste. Further studies are required to optimize

the economics of each system though.
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5 Results and discussion: decentralized urine treatment

This chapter is the second of two results and discussion chapters and aims to answer the second

research question:

If highly frequented locations such as shopping malls and universities are targeted for installation
of nutrient recovery urinals, how would the urine be collected and what are the viable market

avenues for the sale and use of urine derived fertilizers?

To investigate this question, a last-mile logistics analysis and an economic and environmental
feasibility analysis were conducted on a decentralized urine resource recovery system. The City of
Cape Town was used as the study area for this investigation. Section 5.1 details the transportation
network and logistics analysis. These incorporated the allocation of resource recovery facilities using
geospatial modelling software and the subsequent creation of network routes for urine collection.
Following this, section 5.2 details a financial feasibility analysis on the capital and operating as well as
the maintenance costs of such a system. This incorporated the CAPEX, OPEX, and NPV/NPC of the
system. Moreover, the potential GHG emissions of the proposed system are given in section 5.2 and
compared to an MLE AS WWTP. In section 5.2.6, a sensitivity analysis for the key parameters in the

system was conducted.

5.1 Transportation network and last-mile logistics

5.1.1 Resource recovery facility location allocation

The optimum degree of decentralization was evaluated by the number of installed RRFs. A mapped
representation of scenario one (one RRF) modelled using Flowmap, can be seen in Figure 5-1. It was
found that the optimum location for one RRF was located adjacent to Cavendish Square Shopping
Centre. The location of the RRF in scenario one was then transferred to ArcGIS, as shown in Figure 5-2,

for route designation modelling.
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Figure 5-1: Optimum location for one RRF (scenario one) in Flowmap (“Study area in reach” refers to the collection
locations, as seen by the eight “in reach” hexagons).
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Figure 5-2: Optimum location for one RRF (scenario one) in ArcGIS. The RRF and the PAD facility are the same location in
scenario one, as described in section 3.3.

The optimum locations for the treatment facilities in each scenario were determined using the
methodology outlined in section 3.3.4. The location optimized RRFs, as well as the RRF allocated to
each collection location is shown in Figure 5-3. As seen in Figure 5-3, scenarios one and two
incorporated fully off-site treatment, scenario three included a combination of off-site and on-site
treatment, and scenario four only incorporated on-site treatment. In scenarios where on-site
treatment was employed, the truck was tasked with collecting the treated product, and not the

stabilized urine.

The priority when allocating the location for each of these RRFs was to minimize the overall distance
from the collection locations to the RRFs, while assuming spatial rationality (each location is allocated

to its nearest RRF).

All scenarios were independent of one another. For example, the inclusion of two RRFs in scenario
two did not consider the location of the one RRF used in scenario one. Each scenario essentially

represented a hypothetical “greenfield” investigation.
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Figure 5-3: Configuration of each design scenario. In A, B, C and D, there are one, two, four and eight RRFs, respectively.

5.1.2 Transportation routing

The characteristics of each collection location were required for the travelling salesman problem (TSP)
route optimization. The chosen transportation method envisioned for this simulation (a 4-ton truck)
was weight restricted. Therefore, the quantity and weight of stabilized urine required for collection at
each collection location was a key aspect to consider. The existing water-based urinals at each location
were theoretically retrofitted to be the NRU displayed in Figure 2-4, so the quantity of Ca-P produced
per kg of urine was scaled up in proportion to the quantity of collected urine. These characteristics are
shown in Table 5-1. Moreover, it was assumed that each week the fertilizer produced from the
previous week’s urine was collected from the RRFs for delivery to the PAD facility. This added weight

was taken into consideration when solving the TSP.
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Table 5-1: Collection location characteristics.

Collection locations Daily mf:\le NRl.Js Urine produced  Urine produced  Ca-P produced

population retrofitted per week (L) per week (kg) per week (Kg)
Blue Route Mall 8094 37 924 948 10
Canal Walk Shopping Centre 15558 62 1546 1585 17
Cavendish Square 7 266 34 855 877 10
:I:::i:e Village Shopping 1710 16 393 402 4
Makro Store Ottery 2379 18 448 459 5
Tyger Valley Shopping Centre 13125 54 1344 1377 15
Victoria & Alfred Waterfront 10 063 44 1089 1115 12
University of Cape Town 8243 37 937 960 11
Total 66 436 301 7536 7725 85

The results of the TSP on the Cape Town road network are displayed in Figure 5-4. Moreover, the
travel distances for each scenario are shown in Table 5-2. Each trip was modelled to start and end at

the PAD facility for each design scenario.
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Figure 5-4: Travel routes for each scenario. A, B, C and D represent the inclusion of one, two, four and eight RRFs,
respectively. In Figure 3A, the truck is at full capacity when approaching the second to last stop. It is thus required to
offload its cargo before making the last collection. Arrows are provided for clarity.

A 4-ton truck, travelling at an average speed of 60 km/hr was employed in each of the four scenarios.
Moreover, the travel time quoted in Table 5-2 refers to the time that the truck spends on the road
only. However, a loading time of 15 minutes per stop was assumed when calculating the truck driver

wage in the economic feasibility model described in section 5.2.

Table 5-2: Travel route results for all scenarios utilizing a 4-ton truck.

Design scenario Total travel distance (km) Fuel consumption (L) Total travel time (hrs)
1 Resource recovery facility 125.4 18.8 2.5
2 Resource recovery facilities 108.7 32.6 2.2
4 Resource recovery facilities 102.6 41.0 2.1
8 Resource recovery facilities 93.0 14.9 19
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5.1.3 Discussion: transportation network and last-mile logistics
5.1.3.1 Resource recovery facility allocation

The positions of the RRFs were optimized for minimum average distance, to shorten the total travelling
distance. In theory, this is ideal, as it decreases the total travel distance from the collection location
to the RRFs, when spatial rationality is assumed. In reality, the locations of these optimized sites may
not have space provisions for the warehouses and treatment facilities envisioned. Actual optimization
of realistic sites would require industrial real estate data and site-specific trends. However, as this

study deals with a hypothetical scenario, this form of data collection was not included.
5.1.3.2 Transportation restrictions

Asingle, 4-ton truck was used to model the collection logistics for each scenario. As seen in Table 5-1,
a maximum of 7.5 m3 of urine was produced per week for the entire study area. A 4-ton truck typically
has a 20 m? carrying capacity (IsuzuTruck.com, 2018), therefore urine volume constraints would not
apply for transportation. However, the maximum quantity of urine produced is heavier than what was
capable of being carried in one trip, at 7.7 tons. Due to the chosen transportation mode being weight
restricted, the travel routes were required to be optimized to cater to the truck’s capabilities. One
round trip was therefore not possible for the first and second design scenarios. This was because the
truck could not carry all the urine allocated to each respective RRF without offloading the additional
weight because of the collected urinal containers. In scenarios one and two, at least one RRF was
required to be visited more than once, as displayed in Figure 5-4. This subsequently increased the
overall travel distance and travel time. Conversely, if the carrying capacity were increased, by using an

8-ton truck, a 32 km and 1 km decrease is experienced in scenarios one and two, respectively.

However, the fuel consumption of an 8- ton truck, at 3.33 km/L, is double that of a 4-ton truck, at
approximately 6.66 km/L (DAFF, 2016). This increase in fuel consumption would roughly translate to
a 10 L and a 16 L fuel consumption increase for scenarios one and two, as well as a 25 kg CO, and
43 kg CO, increase in GHG emissions for scenarios one and two. This is despite the 8-ton truck having
a shorter travel distance in both scenarios. Likewise, any increase in truck carrying capacity from 8-

tons would have an increased negative effect, for the same reasons.

When using a 4-ton truck, scenarios three and four did not display problems pertaining to weight
restrictions. This was due to the increase in RRFs, which offer increased opportunity to offload urine
containers following collection. This indicates that for more than two RRFs, no benefit can be found

from increasing the carrying capacity of the truck.
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Interestingly, the travel distances for the 8-ton truck and the 4-ton truck increased and decreased,
respectively, when increasing the number of RRFs from one to two. This is because an 8-ton truck did
not have weight restrictions in the case of one RRF, but the total number of stops increased when two
RRFs were employed. This changed the required travelling routes and increased the travelling
distance. Conversely the 4-ton truck experienced a decrease in weight restriction, upon increasing the
number of RRFs. Moreover, the 4-ton truck experienced the same route changes as the 8-ton truck

and a decrease in travel distance.

5.1.3.3 Degree of decentralization

The difference in the travel distance, between successive design scenarios, decreased as the degree
of decentralization increased. This is displayed in Figure 5-5. The reasoning for this is likely the fact
that the same quantity of urine is being transported in each scenario, and weight restrictions only

applied to scenarios one and two.
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Figure 5-5: Travel distance vs number of RRFs (degree of decentralization), using a 4-ton truck.

Moreover, although the number of RRFs increased, the number of collection locations remained the
same. An increase in the number of collection locations would likely increase the required travel
distance, as new routes and increased weight restrictions would apply. As economic, environmental
and time considerations are directly linked to travel distance, an increase in collection locations would

require a revision of the mode of transport as well.
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5.2 Economic and environmental assessment

The four design scenarios have been evaluated based on their respective implementation costs. The
capital expenditure (CAPEX), operating expenditure (OPEX), projected fertilizer sales (recovered costs)
and net present value/cost (NPV/NPC) were taken into considerations. The initial financial evaluations
were done incorporating the use of a 4-ton truck. This assessment was conducted under the
assumption that the full potential of the proposed system is realised, and all the produced fertilizer

product is sold, creating a source of income.

For each design scenario, the same quantity of urine was treated to produce solid and liquid fertilizers.
A summary of the potential products retrieved from the proposed system from one year of operation

is shown in Figure 5-6.

392 m® of urine Calcium hydroxide stabilization

: 313 m° of permeate water
collected per year and RO volume reduction

produced per year

4420 kg of calcium phosphate
produced per year

78 m? of liquid fertilizer
produced per year

Figure 5-6: Mass balance for the inputs and outputs of urine treated for recovery of resources in the proposed system. The
urine collected equates to approximately 1.7 million NRU uses per year across each of the eight collection locations.

5.2.1 CAPEX

The parameters used to determine the initial CAPEX of the project were the purchasing of NRUs, the
deposit required for rental space, the RO unit(s) required and the truck costs. The CAPEX for each

scenario is displayed in Table 5-3.

Table 5-3: CAPEX for each proposed design scenario.

Unit Scenario 1 Scenario 2 Scenario 3 Scenario 4

CAPEX R millions 0.90 0.93 0.98 1.1

It was apparent that the higher the degree of decentralization, the higher the capital cost. This
increase was caused by the increase in rental space required when the number of RRFs increased. An
RRF with a surface area of 200 m? was required to provide enough working space for warehouse

workers and store all the urinal containers and the RO unit(s) incorporated in the system. All RRFs

Chipako, T.L (2019) Chapter 5: Results and discussion: decentralized urine treatment



5-10

were given an identical size. All other parameters remained unchanged for each scenario, including

the surface area of the PAD facility, which was found to be 60 m? to store all produced fertilizer and

offer enough working space for employees. With regards to scenarios one and four (one RRF and eight

RRFs), the contribution of each factor to the overall CAPEX is given in Figure 5-7.

27%
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61%

4-Ton truck
21%
Nutrient Recovery Urinal unit
7%
0,
S Reverse Osmosis unit(s)
22%

Rental Deposit

Figure 5-7 :CAPEX break-down for scenario one (left) and scenario four (right).

5.2.2 OPEX

Operating costs for scenarios one, two, three and four were found to be R1.6 million, R2.2 million,

R2.8 million and R3.7 million per year, respectively. A break-down of these costs is displayed in Figure

5-8.
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Figure 5-8: OPEX for each design scenario.
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Human labour, rent and electricity were found to be the most significant components of the operating
costs and increased as the number of RRFs increased. The BNR operating and maintenance values,
included in Figure 5-8, incorporated all labour, electricity and processing expenses of an MLE AS
system (EPA, 2007). Moreover, the BNR OPEX represents the equivalent amount of wastewater that
would be treated in an MLE AS system, if the collected urine was not prevented from entering the

sewerage.

The cost of the water that would be used per flush, equivalent to the quantity of urine collected in the
proposed system, was considered when calculating the total cost of biological nutrient removal at
WWTPs. Likewise, the cost of the sewer connections, equivalent to the urine collected by the system,
was also considered. It was found that switching to a waterless urinal system would presumably lead
to a decrease in flushes and promote water conservation. If any one of the design scenarios were to
be implemented, approximately 6840 m? of water could be preserved per year, equating to roughly
R294 000 and R251 000 worth of water and sewer connection expenses, respectively. Additionally,
313 m? of permeate water would be produced per year from urine treatment with RO. Literature
indicates that RO treated wastewater (Lee & Lueptow, 2001) and urine (Yu et al., 2006) have
applications in potable water production. Otherwise, this recovered water could also potentially find
use in other industries. Considering the recent water shortage in the City of Cape Town, sustainable
infrastructure that has applications in water conservation could aid in mitigating the effects of future

water shortages.

5.2.3 Cost recovery

For cost recovery, it was assumed that the solid and liquid fertilizer produced in this system could
break into the South African fertilizer market and be sold at prices which are competitive with
established commercial fertilizers. In this case, the selling prices of the solid and liquid fertilizers would

be R18.50/kg, and R151.52/L.

The nitrogen content for urine that is stabilized with calcium hydroxide and concentrated by RO was
determined in Chapter 4. It was found that a liquid fertilizer, of 3.3% nitrogen (by weight), could
potentially be produced from this combined treatment process. Approximately 78.4 m? of liquid
fertilizer and 4420 kgs of Ca-P could potentially be retrieved by decentralizing urine treatment. Total
fertilizer sales were found to be approximately R11.95 million per year. When considering the overall
OPEX shown in section 5.2.2, it was found that the potential net income of the system (if all fertilizer

is sold at the original design selling prices) would be approximately R10.32 million per year.

5.2.4 Greenhouse gas emissions and energy expenditure

The GHG emissions of the proposed decentralized system were calculated based on carbon dioxide

emissions. This comparison is displayed in Figure 5-9. The truck fuel emissions were the main
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contributor to GHG emissions in the decentralized system. Therefore, as the number of RRFs
increased, causing a decrease in the travelling distance, the carbon emissions of the system also

decreased.

GHG emissions of a conventional MLE AS system are also provided. Considering urine contributes
approximately 80% of the total nitrogen in wastewater (Spangberg et al., 2014), the mass of carbon
emissions per mass of nitrogen removed in an MLE AS system was used as a direct comparison to the

proposed system.
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Figure 5-9: Greenhouse gas emissions for each design scenario.

Additionally, it was found that BNR energy expenditure for an equivalent mass of nitrogen in
wastewater would be approximately 7550 kWh per year. This represented over a tenfold increase
when compared to the 730 kWh per year energy expenditure for RO operation in the proposed

decentralized system.

5.2.5 Net present value/ cost

The NPV of the system, considering maximum fertilizer sales, was evaluated over a 5-year investment
period, at an interest rate of 10%. The comparison of the NPV for each scenario is illustrated in Figure

5-10.
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Figure 5-10: Net present value over a 5-year investment period.

A positive net present value is realized for each scenario at maximum sales, with scenario one
exhibiting the highest NPV of R38.2 million over a 5-year period. Scenario four exhibits the worst, with

an NPV of R30.3 million for the same period.

5.2.6 Sensitivity analysis

This economic feasibility assessment has thus far incorporated an empirical research approach, based
on published literature and basic assumptions. Furthermore, the assumption that the urine derived
liquid fertilizer would be sold at prices comparable to established fertilizers and be sold in its entirety,
over a 5-year period, may not be realistic. The sensitivity of the proposed system to changes in the

following parameters was assessed:

e The carrying capacity of the truck
e The selling price of the fertilizer product

e The quantity of fertilizer sold

5.2.6.1 Liquid fertilizer selling price

The selling price of the recovered fertilizer product used in this research contributed greatly to the
overwhelmingly positive net present value achieved in the initial calculations. The effect of varying
this selling price was investigated. More specifically, the selling price that resulted in a net present
value of zero was calculated. This price was referred to as the ‘break-even’ selling price and is

displayed in Table 5-4 for each design scenario.
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Table 5-4: Liquid fertilizer break- even selling price over an investment period of 5 years.

Design scenario Unit Break-even selling price
1 Resource recovery facility 22.75
2 Resource recovery facilities 30.36
4 Resource recovery facilities i 37.86
8 Resource recovery facilities 49.52

It was found that even if the liquid fertilizer selling price were decreased by up to 85% (from R151.52/L
to R22.75/L), the system is still capable of breaking even over an investment period of 5 years, if one

RRF is installed.

In the initial model calculations, the Ca-P fertilizer accounted for just under 1% of the total income.
Furthermore, granular, phosphorous based fertilizers derived from human urine are already
commercially available in South Africa (Herman, 2017). Therefore, the ability of the recovered Ca-P to
enter the South African fertilizer market at competitive prices was not questioned for this sensitivity

analysis, but regulatory compliance would have to be investigated.

5.2.6.2 Liquid fertilizer sales

Another factor considered was the amount of liquid fertilizer sold. For this calculation, the quantity
that was required to be sold to achieve a net present value of zero, at the design fertilizer selling price,
was considered. It was found that for scenarios one, two, three and four, 15%, 20%, 25% and 33% of
the liquid fertilizer would need to be sold to reach a break-even point at the chosen design selling

price.

In addition, approximate sales figures for liquid fertilizers were sourced from five local plant nurseries
in Cape Town. This was done to get an approximate estimate of the average quantity of liquid
fertilizers sold per week. It was found that roughly two litres of a popular liquid fertilizer brand are
sold every week by these nurseries. These approximate weekly sales values were applied to all the
nurseries within Cape Town and evaluated over a five-year investment period to determine how the
NPV was affected. The abovementioned parameters represent the sale of approximately 10% of the
fertilizer produced from the collected urine. Moreover, it was found that at the design selling price, a

net present cost is realised for all scenarios, as illustrated in Figure 5-11.
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Figure 5-11: Net Present cost for realistic sales quantities.

However, if only this fraction of fertilizer is sold, the remaining 90% of liquid fertilizer would only need
to be sold at a bulk value as low as R9.56/L over five years, to reach a break-even point, if one RRF is

installed.

5.2.6.3  Truck carrying capacity

The effect that the mode of transport has was also considered. Trucks with higher carrying capacities
would directly increase the CAPEX in each scenario. An approximately R158 000 increase and a R440
000 increase would be observed if an 8-ton truck or a 14-ton truck were utilized, respectively (DAFF,
2017). Likewise, the operating costs of increasing the carrying capacity of the truck were higher, as
illustrated in Figure 5-12. For scenario one a 4-ton truck and an 8-ton truck would have a similar
operating cost due to the larger distance travelled by the 4-ton truck. As the required travelling

distance between the two trucks types converges, the 4-ton truck becomes less expensive option.

The operating costs for each carrying capacity, shown in Figure 5-12, includes truck maintenance, fuel

consumption and driver wages.
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Figure 5-12: Vehicle operating costs vs number of recovery facilities.

5.2.7 Discussion: economic and environmental assessment

5.2.7.1 Scenario comparison

A shorter travel distance was observed as the level of decentralization increased. This subsequently
resulted in a decrease in CO, emissions from the truck. Despite this, increasing the level of
decentralization led to an increase in both CAPEX and OPEX. A point of diminishing returns was
experienced as the number of RRFs increases. To that extent, a globally optimal solution which
incorporated the minimum operating costs, minimum travel distance and the minimum GHG
emissions was not found. Similar struggles to find a globally optimal solution for all abovementioned
parameters were reported by Kavvada et al. (2017), where decentralized urine treatment by ion

exchange was investigated.

The differences in operating costs arose mainly due to an increase in the amount of RRFs, which led
to an increase in rental costs, and operating personnel. An argument could be made that rental costs
would not have a significant contribution in the case of on-site treatment, provided that collection
locations have pre-existing and vacant floor space. In this situation, discounted rental rates could be
negotiated in exchange for provision of recovered fertilizer, if such a demand is applicable. For
example, the urine produced by UCT alone would be capable of providing approximately 48% of the
nitrogen requirements for its rugby fields on the main campus per year. However, such detailed

knowledge of each specific collection location is difficult to estimate.
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In response to the second research question; it was found that transporting source separated urine
in a 4-ton truck (from highly frequented locations) offers an appealing method of facilitating
decentralization of urine treatment. Moreover, from a financial perspective, it was deduced that

scenario one, the implementation of one RRF, was the most appealing design scenario.
5.2.7.2  Alternate markets

In this research a niche method of resource recovery from urine was explored. The plant nursery
market was interrogated as a means for distribution, because it was assumed that this is where the
most appropriate sale opportunities would exist. However, it would be naive to assume that urine
derived liquid fertilizers would be capable of seamlessly entering the fertilizer market and competing

with established, commercially available fertilizers.

Moreover, if the product is capable of being sold at competitive prices, the sales quantities could be
low due to several factors, such as seasonal demand. Any decrease in sales would subsequently cause
an increase in the break-even selling price required. If the realistic sales quantities are estimated to
be 10% of the total producible liquid fertilizer (as shown in section 5.2.6.2), the cost of production per
litre of liquid fertilizer sold would be 38% higher than the initial design selling price. From a financial
perspective, scaling down fertilizer production to a point where a profit is made may be advisable.

However, alternate markets could be explored for maximum product distribution, such as vineyards.

South Africa produces the seventh largest amount of wine globally, according to the International
organization of Vine and Wine (OIV), and has multiple geographic wine regions (OIV, 2017). The
Stellenbosch wine region, which Cape Town is situated within, constitutes roughly 16% of the total
vineyard surface area in South Africa, according to the South African Wine industry (SAWIS) (SAWIS,
2017). The total quantity of fertilizer produced from the proposed system per year (78 m? of liquid
fertilizer and 4420 kgs of Ca-P) could provide approximately 0.3%, 0.01% and 0.2% of the nitrogen,
phosphorous and potassium required for the entire Stellenbosch region per year. Importantly, this is
considering the potential contribution from only eight urine collection locations in Cape Town.
Vineyards within and surrounding Cape Town thus offer potential for an alternative market to
promote this liquid fertilizer as a bulk product. The Stellenbosch wine region annual NPK fertilizer
demands were calculated based on the vineyard nutrient requirements outlined by the Food and

Agriculture organization of the United Nations (FAOUN) (FAOUN, 2005).

To assess the full potential of the proposed system, the total amount of liquid and solid fertilizer that
could be produced per year, if all Cape Town residents used the NRU, was evaluated. It was found that
if all Cape Town residents (women included) urinated in an NRU once per week for one year,
approximately 46%, 2% and 28% of the Stellenbosch wine region’s annual nitrogen, phosphorous and

potassium requirements could be recovered as fertilizers. This is shown in Figure 5-13.
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Figure 5-13: Potential nutrient recovery for widespread use of the NRU in the City of Cape Town. This assumes all Cape Town
residents (CoCT, 2017) use an NRU once per week for one year. The annual Stellenbosch wine region N, P and K demands
were found to be 763 000 kg N, 240 000 kg P and 303 000 kg K, respectively (SAWIS, 2017, FAOUN, 2005).
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The prospect of supplying recovered fertilizers to vineyards is helped by the fact that urine derived
liquid fertilizers, manufactured by VUNA (Etter et al., 2015), are already available and being

successfully used to fertilize vineyards in France (Goutorbe, 2018)

5.2.7.3 Comparisons with conventional biological nutrient removal

The proposed decentralized system and conventional BNR exhibited a similar operating cost per
annum for the incorporation of one RRF, as seen in Figure 5-8. However, lower GHG emissions and
energy expenditure would be observed when comparing any of the chosen design scenarios to
WWTPs. Furthermore, research indicates that urine source separation can increase the life span of
WWTPs and treatment capacities by decreasing the influent nutrient load and the hydraulic load

experienced (Wilsenach & van Loosdrecht, 2003).

To put this research into perspective, the effect that decentralized urine treatment would have on
centralized WWTPs was estimated. Considering the average nutrient compositions in urine (Table 3-2)
and that urine constitutes approximately 80% of the nitrogen in wastewater streams (Spangberg et
al., 2014), the total nitrogen in the influent at a WWTP is approximately 84 mg N/L. An MLE AS
configuration is capable of producing effluent quality with 10 mg N/L total nitrogen (EPA, 2007). By
removing urine from wastewater streams, approximately 17 mg N/L total nitrogen would enter

WWTPs.

Moreover, research suggests that urine source-separation and treatment may not be met with
resistance. The notion of water conservation and water reclamation could be enough to persuade
many people. This would especially be the case in previous, current and at-risk areas dealing with
drought. Decreased total nitrogen influent concentrations and a decrease in hydraulic load, due to
water conservation initiatives, would presumably have a significant effect on conventional BNR and
WWT.
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6 Conclusions and recommendations

In the final chapter of this dissertation, the methodologies followed, and the initial research questions
and hypotheses are reviewed in section 6.1 and 6.3. This is done while considering the key findings
outlined in Chapters 4 and 5. The degree of success, regarding the accomplishment of the initial
research objectives, is assessed in section 6.2. Furthermore, the recommendations for future research

in the field of urine source-separation and nutrient recovery is assessed in section 6.4.

6.1 Research overview

Two methodological approaches were adopted to address the research questions and hypotheses of
this study. A thorough review of existing urine treatment literature was conducted to create design
charts depicting urine treatment sequences for maximum nutrient recovery and limited waste.
Following this, using the City of Cape Town as an illustrative case study, the impacts of a decentralized
approach to urine treatment, by incorporating urine source-separation, was assessed. Geospatial
analysis was used to optimize the locations of resource recovery facilities and the financial feasibility

of this system was then assessed.

No experimental work was conducted in this study. Instead, the overall feasibility and potential
outcomes of any real-life implementation was based solely on published literature pertaining to
wastewater engineering and urine treatment. A sensitivity analysis was conducted to assess variations

in the proposed system and account for uncertainty in the design parameters.

The methodology utilized in this study was deemed to be valid and furthermore, suitable for decision

makers and future research opportunities.

6.2 Accomplishment of research objectives

The objectives of this research were to conduct:

1. Anin-depth review of literature pertaining to previously iterated urine treatment techniques,

public perception regarding urine reuse, and transportation of urine-based fertilizers.

2. A quantitative compilation of urine treatment techniques, based on resource recovery

potential, from literature.

3. Adesign of a basic decentralized approach for resource recovery within the City of Cape Town.
Evaluating the effects of transportation and logistics of source-separated urine formed the

main modelling portion of this objective. Subsequently, an evaluation of the monetary and
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environmental implications of this decentralized system, in comparison to conventional

wastewater treatment was required.

The first two objectives were completed through both a qualitative and quantitative research
approach, in Chapters 2 and 4, respectively. It was found that urine treatment and recovery of
resources by precipitation and volume reduction arguably presents the most promising way to recover
all nutrients from urine, leaving limited waste. The third objective was addressed in the Chapter 5,
where a transportation network for the proposed decentralized urine treatment system was modelled
using geospatial analysis on computer softwares. Basic engineering economics were used to assess
the financial implications of the proposed system. Moreover, the decentralized system’s potential for

water conservation and GHG emissions was considered.

6.3 Research conclusions

The key finding as well as the overall conclusions can be found in the following sections. These findings
were drawn in fulfilment of answering the two research questions posed at the onset of this research.

The research questions were as follows:

1. Which method(s) of urine treatment are best suited for maximum resource recovery, and

what state of urine (fresh or hydrolyzed) is most conducive for achieving this?

2. If highly frequented locations such as shopping malls and universities are targeted for
installation of nutrient recovery urinals, how would the urine be collected and what are the

viable market avenues for the sale and use of urine derived fertilizers?

6.3.1 Design charts assessment

As part of the review of literature, that ultimately culminated in the creation of the urine treatment
design charts in Chapter 4, the first research question was addressed in response to the first

hypothesis. The first hypothesis for this research was as follows:

Urine stabilization by calcium hydroxide addition, together with reverse osmosis for volume
reduction, is the most effective treatment scheme because it recovers all the nutrients.
The main findings of this investigation in Chapter 4 were that:

e Dueto urea hydrolysis, hydrolyzed urine cannot hold the same potential for nitrogen recovery

as fresh urine, based solely on the quantity of nitrogen that can be recovered.
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e Although both acid stabilization and base stabilization can prevent urea hydrolysis, acid
presents a safety hazard for untrained personnel, decreasing its overall appeal if stabilization

of urine in public spaces is to be considered.

e Reverse osmosis, evaporation and freeze concentration were considered as volume reduction
methods for urine. Literature indicates that RO potentially offers a cheaper and less complex
method of water removal for a similar nutrient concentration, when compared to evaporation

and freeze concentration. Therefore, RO was the preferred volume reduction option.

It was thus concluded that a combination of calcium hydroxide dosing and RO volume reduction was
the best process sequence for maximum recovery, as hypothesised. This treatment sequence can
potentially produce a solid calcium phosphate fertilizer, as well as a liquid nitrogen-based fertilizer
with a 3.3 - 0 - 0.8 NPK rating. Therefore, the nitrogen composition of this liquid fertilizer could

potentially be comparable to that of commercially available liquid fertilizers.

6.3.2 Decentralized urine treatment assessment

The second research question was addressed in Chapter 5, in response to the second hypothesis. The

second hypothesis for this research was as follows:

Decentralized urine treatment, which incorporates nutrient recovery in the form of fertilizer
production, is profitable when large volumes of urine are collected and processed at a decentralized
resource recovery facility. Moreover, this system produces lower GHG emissions and has a lower

energy expenditure when compared with conventional WWT systems.

The main findings of this investigation in Chapter 5 were that:

e Weight limitations pertaining to the transportation of urine presented an issue and required
several iterations to solve the travelling salesman problem for low levels of decentralization.
Despite this, transportation and logistics only contributed between 2% and 6% of the OPEX
across each design scenario. In small and densely populated areas, like Cape Town, short
travel distances are experienced. This directly reduces the effect of routing from an economic
perspective. Therefore, the level of success that can be experienced from such a system would

likely be dependent on the geospatial configuration of the chosen area.

e Increasing the degree of decentralization, while the collection locations and urine collected
remained constant, had an inversely proportionate effect on travel distance in this model. This
was because the weight restrictions of the trucks decreased as the number of RRFs increased,
which meant all collection locations were only required to be visited once per week. However,

the difference in travel distance of successive degrees of decentralization appears to reduce.
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e It was found that the most appealing scenario, from a financial perspective, incorporated the
use of a 4-ton truck and one RRF (scenario one). Although the OPEX was found to be similar,
the GHG emissions and energy expenditure for scenario one were more favourable than that
of conventional WWT. Moreover, scenario one offered the added benefit of resource recovery
from urine, while potentially decreasing hydraulic loads to WWTPs. However, a globally
optimal solution which incorporated the minimum operating cost, minimum travel distance
and minimum GHG emissions, amongst the design scenarios was not possible. This was
because increasing the number of RRFs installed increased the OPEX but resulted in a decrease

in GHG emissions due to a decrease in travel distance.

e Apositive net present value was realised over an investment period of five years for each level
of decentralization investigated. An NPV of R38.3 million was achieved for scenario one. When
assessing the sensitivity of the proposed design, the selling price of liquid fertilizer required to
break-even was as low as R22.75/L of fertilizer, if all recovered fertilizer is sold. Moreover,
when selling at the chosen design selling price, only approximately 15% of the total producible

liquid fertilizer would need to be sold to break even, for scenario one.

e |t was assumed that plant nurseries would offer the most applicable medium for the sale of
niche fertilizer products. However, the vineyards that surround the City of Cape Town could
also potentially provide an avenue for bulk fertilizer distribution. It was found that the urine
produced from the eight collection locations used in this study could potentially provide 0.3%,
0.01% and 0.2% of the nitrogen, phosphorous and potassium required for the Stellenbosch

wine region per year.

Overall, the results of Chapter 5 agreed with the second research hypothesis. It is understood that a
system of this nature would require a major overhaul to currently accepted WWT norms and hold
additional capital and operating costs that cannot be predicted by a desktop study alone. The goal of
this research was to display the potential that resource recovery from urine could have, by using a

densely populated modern city.

It is hoped that further research will be undertaken to improve niche methods of resource recovery
and continue to work towards the sustainability goals outlined by the United Nations (UN, 2015).
Moreover, the amalgamation of geospatial analysis and source-separated urine treatment could prove
to be a powerful tool for optimizing the feasibility of decentralized waste management at high

resolution in the future.
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6.4 Recommendations for future studies
The following recommendations for any future investigations were made.

e To increase the accuracy of travel time and travel distances, for transportation in future
investigations into decentralized systems, the inclusion of traffic flow theory and site-specific

transportation trends should be considered.

e Transportation and logistics were not found to be a major cost and only occupied a small
fraction of the total OPEX. This is likely due to the City of Cape Town’s geospatial configuration.
Cape Town was used as a case study as information pertaining to its geospatial data is readily
available online. However, taking South African cities as an example, the City of Cape Town
encompasses only 17%, 24% and 58% of the surface area of Durban, Johannesburg and
Pretoria, respectively (StatsSA, 2018). To fully understand if the results from this study are
reproducible in the South African context, similar studies should to be conducted in larger
locations. Increasing the coverage of this system would also help to deduce if economies of

scale could be achieved.

e This research assumed that NRUs are installed at ground level or easy to access locations. The
implications of implementing these devices in multi-story buildings is unknown. Previous
studies have opted to collect urine in the basement of multi-story buildings (Etter et al., 2015).
In the proposed system, this could present some problems. The plumbing of existing buildings
would require an overhaul and there is a risk that urea hydrolysis, as well as scaling could
occur within the urine collecting pipe system. An optimum solution for this requires further

investigation.

e Methods of improving the urinal unit to make it more acceptable for female use is also
required. Currently only half of the population would be capable of contributing to such a

system if it existed.

e The complete implications of a change to a decentralized system using NRUs is unknown.
Therefore, a trial period in which a limited number of NRUs are installed in a controlled
environment is suggested. This exercise would be used to assess any shortcomings of the
system that cannot be identified by a desktop study alone. Furthermore, experiments focusing
on RO concentration of stabilized urine, as well as the testing of the fertilizer product on

vegetation, are required.

e South African vineyards were used as an example to estimate the potential of the fertilizer

products that can be formed from a decentralized urine collection and treatment system.
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However, this approach to the applications of recovered fertilizer should also be broadened

to alternate forms of agriculture for additional avenues of fertilizer distribution.

Chipako, T.L (2019) Chapter 6: Conclusions and recommendations



7-1

7 References

AA.COM. 2018. Automobile Association: Fuel Pricing [Online]. Available: https://www.aa.co.za/fuel-
pricing [Accessed 2 October 2018].

AGUILAR, M. J. 2011. Fertilizer NPK from human urine and olive oil mill wastewaters. Journal of Water
Reuse and Desalination, 1, 152-159.

ALIBABA.COM. 2018. Calcium hydroxide/ high quality use calcium hydroxide/ best prices [Online].
Available: https://www.alibaba.com/product-detail/Calcium-Hydroxide-high-quality-
usecalcium 50031881302.htmI?spm=a2700.7724857.normallist.6.28677394YY559X
[Accessed October 2 2018].

ALLAR EMEK, A. D. & BELER BAYKAL, B. 2015. Stagewise processing of yellow water using clinoptilolite
for N&P recovery and higher residual quality. Water Science & Technology, 71, 1869-1874.

ANDERSSON, K., ROSEMARIN, A., LAMIZANA, B., KVARNSTROM, E., MCCONVILLE, J., SEIDU, R., DICKIN,
S. & TRIMMER, C. 2016. Sanitation, wastewater management and sustainability, Stockholm,
Sweden, United Nations Environment Programme and Stockholm Environment Institute.

ANTONINI, S., NGUYEN THANH, P., ARNOLD, U., EICHERT, T. & CLEMENS, J. 2011. Solar thermal
evaporation of human urine for nitrogen and phosphorus recovery in Vietnam. Science of The
Total Environment, 414, 592-9.

BALDRY, M. G. C. & FRENCH, M. S. 1989. Disinfection of Sewage Effluent with Peracetic Acid. water
Science & Technology, 21, 203-206.

BARBOSA, S. G., PEIXOTO, L., MEULMAN, B., ALVES, M. M. & PEREIRA, M. A. 2016. A design of
experiments to assess phosphorous removal and crystal properties in struvite precipitation of
source separated urine using different Mg sources. Chemical Engineering Journal, 298, 146-
153.

BASAKCILARDAN-KABAKCI, S., iPEKOGLU, A. N. & TALINLI, 1. 2007. Recovery of Ammonia from Human
Urine by Stripping and Absorption. Environmental Engineering Science, 24, 615-624.

BEHRENDT, J., AREVALO, E., GULYAS, H., NIEDERSTE-HOLLENBERG, J., NIEMIEC, A., ZHOU, J. &
OTTERPOHL, R. 2002. Production of value added products from separately collected urine.
Water Science and Technology, 46, 341-346.

BELER-BAYKAL, B., ALLAR EMEK, A. D. & BAYRAM, S. 2011. Nitrogen Recovery from Source Separated
Human Urine Using Clinoptilolite and Preliminary Results of Its Use as Fertilizer. Water Science
& Technology, 63, 811-7.

BELL, L. C., MIKA, H. & KRUGER, B. J. 1978. Synthetic hydroxyapatite-solubility product and
stoichiometry of dissolution. Archives of Oral Biology, 23, 329-336.

BETHUNE, D. N., CHU, A. & RYAN, M. C. 2014. Passive evaporation of source-separated urine from dry
toilets: a lab study. Journal of Water, Sanitation and Hygiene for Development, 4, 654-662.

BHUIYAN, M. I. H. 2007. Investigation into struvite solubility, growth and dissolution kinetics in the
context of phosphorus recovery from wastewater. Text.

BLUME, S. & WINKER, M. 2011. Three years of operation of the urine diversion system at GTZ
headquarters in Germany: user opinions and maintenance challenges. Water Science and
Technology, 64, 579-586.

BONCZ, M. A., FORMAGINI, E. L., ARIMA, F. X. C. & PAULO, P. L. 2016. Methods for stabilising and
concentrating human urine for use as a fertilizer. Post-Graduate program for Environmental
Technology, Federal University of Mato Grosso do Sul (UFMS).

Chipako, T.L (2019) Chapter 7: References



7-2

BRIDGENS, B., POWELL, M., FARMER, G., WALSH, C., REED, E., ROYAPOOR, M., GOSLING, P., HALL, J.
& HEIDRICH, O. 2018. Creative upcycling: Reconnecting people, materials and place through
making. Journal of Cleaner Production, 189, 145-154.

BROLL.COM. 2018. 124 Industrial Porpoerties To let in Cape Town, Wester Cape [Online]. South Africa.
Available: https://www.broll.com/results/industrial/to-let/cape-town/ [Accessed October 15
2018].

BUSINESSTECH.COM. 2018. These are the biggest shopping malls in South Africa [Online]. Available:
https://businesstech.co.za/news/business/246279/these-are-the-biggest-shopping-malls-in-
south-africa/ [Accessed June 12 2018].

CASEY, E. 2013. From Words to Deeds: Challenges and Opportunities for Implementing Decentralized
Wastewater Treatment /n: CASEY, E. (ed.). National Onsite Wastewater Recycling Association.

CHEMICALBOOK. n.d. Calcium phosphate(7758-87-4) [Online]. Chemical Book. Available:
https://www.chemicalbook.com/ProductMSDSDetailCB3125692 EN.htm [Accessed October
2 2018].

CHIPAKO, T. & RANDALL, D. 2019. Urinals for water savings and nutrient recovery: a feasibility study.
In: RANDALL, D. (ed.). Cape Town, South Africa: Water South Africa.

CHRISTIAENS, M. E. R., GILDEMYN, S., MATASSA, S., YSEBAERT, T., DE VRIEZE, J. & RABAEY, K. 2017.
Electrochemical Ammonia Recovery from Source-Separated Urine for Microbial Protein
Production. Environmental Science & Technology, 51, 13143-13150.

COCT 2017. Socio-Economic report. In: TOWN, C. O. C. (ed.). Western Cape: Western Cape
Governmnet.

COCT 2018a. City-wide tariffs. In: DEPARTMENT, W. A. S. (ed.). Cape Town, South Africa: Water and
Sanitation Department.

COCT. 2018b. Welcome to the City of Cape Town Open Data Portal [Online]. City of Cape Town.
Available: http://webl.capetown.gov.za/webl/opendataportal/default [Accessed May 15
2018].

CORDELL, D., DRANGERT, J.-O. & WHITE, S. 2009. The story of phosphorus: Global food security and
food for thought. Global Environmental Change, 19, 292-305.

DAFF 2016. Guide to Machinery Cost 2015-2016. /In: DEPARTMENT OF AGGRICULTURE, F. A. F. (ed.).
South Africa: Department of aggriculture, forrestry and fishing.

DAFF 2017. Guide to Machinery Cost 2016-2017. In: DEPARTMENT OF AGGRICULTURE, F. A. F. (ed.).
South Africa: Department of aggriculture, forrestry and fishing.

DAl, J., TANG, W.-T., ZHENG, Y.-S., MACKEY, H. R., CHUI, H. K., VAN LOOSDRECHT, M. C. M. & CHEN,
G.-H. 2014. An exploratory study on seawater-catalysed urine phosphorus recovery (SUPR).
Water Research, 66, 75-84.

DE BOER, M. A., HAMMERTON, M. & SLOOTWEG, J. C. 2018. Uptake of pharmaceuticals by sorbent-
amended struvite fertilisers recovered from human urine and their bioaccumulation in tomato
fruit. Water Research, 133, 19-26.

DE JONG, T. & VAN DER VAART, N. 2013. Manual Flowmap 7.4.2, University of Utrecht.

DE JONG, T., VAN DER WEL, R. & MUHAMMIED, S. 2005. Flowmap Practical Guide Accessibility, Service
Location Planning and Geographic Information Systems, Utrecht, Netherlands, University of
Utrecht.

DERESE, S. & VERLIEFDE, A. Full Nitrogen Recovery and Potable Water Production from Human Urine
by Membrane Distillation. In: DERESE, S., ed.

Chipako, T.L (2019) Chapter 7: References



7-3

American Membrane Technology Association (AMTA) / American Water Works Association (AWWA)
Membrane Technology conference, 2016 San Antonio, TX, USA. American Membrane
Technology Association (AMTA) ; American Water Works Association (AWWA), 15.

DHILLONN, S. & PERRY, H. 1962. Absorption of Ammonia by Acetic Acid Solutions. AIChE Journal, 8, 4.

DONNENFELD, Z., CROOKES, C. & HEDDEN, S. 2018. A delicate balance: Water scarcity in South Africa.
South Africa: Institute for Security Studies.

DUTTA, S. & VINNERAS, B. 2016. Fertilizer from dried human urine added to ash and lime -A potential
product from eco-sanitation system. Water Science & Technology, 74, 1436-1445.

EK, M., BERGSTROM, R., BJURHEM, J.-E., BJORLENIUS, B. & HELLSTROM, D. 2006. Concentration of
nutrients from urine and reject water from anaerobically digested sludge. Water Science and
Technology, 54, 437-444.

EKAMA, G., WILSENACH, J. & CHEN, G. H. 2011. Saline sewage treatment and source separation of
urine for more sustainable urban water management. Water science and technology, 64,
1307-1316.

EPA, E. P. A. 2007. Biological Nutrient Removal Processesa and costs. /n: AGENCY, U. S. E. P. (ed.).
Washington, DC: U.S. EPA.

EPA, E. P. A. 2018. Greenhouse Gas Emissions from a Typical Passenger Vehicle. In: AGENCY, E. P. (ed.).
United States od America.

ERIKSEN, L., ANDREASEN, P. & ILS@E, B. 1996. Inactivation of Ascaris suum eggs during storage in lime
treated sewage sludge. Water Research, 30, 1026-1029.

ESKOM, S. A. 2018. Tarrifs & Charges 2018/2019. In: ESKOM (ed.). South Africa: Eskom.

ETTER, UDERT & GOUNDEN 2014. VUNA — Scaling Up Nutrient Recovery from Urine. In: ETTER, B. (ed.)
Technology for Development International Conference. Lausanne, Switzerland: Eawag: Swiss
Federal Institute of Aquatic Science and Technology.

ETTER, B., TILLEY, E., KHADKA, R. & UDERT, K. M. 2011. Low-cost struvite production using source-
separated urine in Nepal. Water Research, 45, 852-862.

ETTER, B., UDERT, K. M. & GOUNDEN, T. 2015. Valorisation of Urine Nutrients- Promoting sanitation
& nutrient recovery through urine separation. In: ETTER, B. (ed.) VUNA Final Report.
Dibendorf, Switzerland: Eawag.

EWEDAIRO, K., CHHETRI, P. & DODSON, J. 2015. A GIS Methodology for Estimating the Transport
Network Impedance to Last-Mile Delivery. In: EWEDAIRO, K. (ed.) State of Australian Cities
Conference 2015. Queensland, Australia: Royal Melbourne Technical College University.

FALK, M., ] REARDON, D., NEETHLING, J. B., L CLARK, D. & PRAMANIK, A. 2013. Striking the Balance
between Nutrient Removal, Greenhouse Gas Emissions, Receiving Water Quality, and Costs.
water Environment Research, 85, 2307-2316.

FAOUN 2005. Fertilizer use by crop in South Africa, Rome Food And Agriculture Organization of The
United Nations.

FARRELL, J. B., SMITH, J. E., HATHAWAY, S. W. & DEAN, R. B. 1974. Lime Stabilization of Primary
Sludges. Journal (Water Pollution Control Federation), 46, 113-122.

FLANAGAN, C. P. & RANDALL, D. G. 2018. Development of a novel nutrient recovery urinal for on-site
fertilizer production. Journal of Environmental Chemical Engineering, 6, 6344-6350.

Chipako, T.L (2019) Chapter 7: References



7-4

FRUERGAARD, T., ASTRUP, T. & EKVALL, T. 2009. Energy use and recovery in waste management and
implications for accounting of greenhouse gases and global warming contributions. Waste
Management & Research, 27, 724-737.

FULLMAN, N. & FORTUNATI, R. 2017. Progress and prospects: Health-related Sustainable Development
Goals [Online]. Washington: Institute for Health Metrics and Evaluation. [Accessed].

GALBRAITH, S. & SCHNEIDER, P. 2009. A review of struvite nucleation studies. In: K, A., D, M. & F, K.
(eds.) International Conference on nutrient recovery from wastewater streams. Vancouver,
Canada: International Water Association.

GEHR, R. & COCHRANE, D. 2002. Peracetic Acid (Paa) As A Disinfectant For Municipal Wastewaters:
Encouraging Performance Results From Physicochemical As Well As Biological Effluents.
Proceedings of the Water Environment Federation, 2002, 182-198.

GOUTORBE, C. 2018. These growers replaced chemical fertilizers with urine to enrich the soils [Online].
Paris, France: Le Parisien. Available: http://www.leparisien.fr/societe/ces-viticulteurs-ont-
remplace-les-engrais-chimiques-par-de-l-urine-pour-enrichir-les-sols-26-12-2018-
7976595.php [Accessed 2 February 2019].

GRAU, M., ETTER, B., HUG, A., WACHTER, M., UDERT, K., BROUCKAERT, C. & BUCKLEY, C. 2012.
Nutrient recovery from urine: Operation and optimization of reactors in eThekwini.

GUAN, L. 2006. Impact Of Climate Change On Energy Uses And Co2 Emissions From Office Buildings In
Australia. In: GUAN, L. (ed.) The CRIOCM 2006 International Symposium on “Advancement of
Construction Management and Real Estate”. Brisbane, Australia: School of Engineering
Systems, Queensland University of Technology.

GULYAS, H., BRUHN, P., FURMANSKA, M., HARTRAMPF, K., KOT, K., LUTTENBERG, B., MAHMOOD, Z.,
STELMASZEWSKA, K. & OTTERPOHL, R. 2004. Freeze concentration for enrichment of
nutrients in yellow water from no-mix toilets. Water Science and Technology, 50, 61-68.

GULYAS, H., ZHANG, S. & OTTERPOHL, R. 2014. Pretreating Stored Human Urine for Solar Evaporation
by Low-Technology Ammonia Stripping. Journal of Environmental Protection, 05, 962-969.

GUNTHER, S., GRUNERT, M. & MULLER, S. 2018. Overview of recent advances in phosphorus recovery
for fertilizer production. Engineering in Life Sciences, 18, 434-439.

HELLSTROM, D., JOHANSSON, E. & GRENNBERG, K. 1999. Storage of human urine: acidification as a
method to inhibit decomposition of urea. Ecological Engineering, 12, 253-269.

HENDRICKSON, T. P., KAVVADA, O., SHAH, N., SATHRE, R. & SCOWN, C. 2015. Life-cycle implications
and supply chain logistics of electric vehicle battery recycling in California. Environ. Res. Lett,
10, 014011.

HERMAN, O. 2017. RE: Path forward. Type to CHIPAKO, T.

HOGLUND, C., STENSTROM, T. A., JONSSON, H. & SUNDIN, A. 1998. Evaluation of faecal contamination
and microbial die-off in urine separating sewage systems. Water Science and Technology, 38,
17-25.

INDEED.COM. 2018a. Truk Driver Salary in  South  Africa [Online]. Available:
https://www.indeed.co.za/salaries/Truck-Driver-Salaries [Accessed October 3 2018].

INDEED.COM. 2018b. Warehouse Worker Salaries in South Africa [Online]. South Africa. Available:
https://www.indeed.co.za/salaries/Warehouse-Worker-Salaries [Accessed October 3 2018].

ISHII, S. K. L. & BOYER, T. H. 2016. Student support and perceptions of urine source separation in a
university community. Water Research, 100, 146-156.

Chipako, T.L (2019) Chapter 7: References



7-5

ISUZUTRUCK.COM. 2018. N series [Online]. Available: https://www.isuzutruck.co.za/new-
trucks/trucks/isuzu-n-series/ [Accessed October 3 2018].

J. RODRIGUEZ, J., IMENEZ, V., TRUJILLO, O. & M. VEZA, J. 2002. Reuse of reverse osmosis membranes
in advanced wastewater treatment. Desalination, 150, 219-225.

JENKINS, B., PARKER, N., TITTMANN, P., HART, Q., CUNNINGHAM, J. & LAY, M. 2008. Strategic
Assessment of Bioenergy Development in the West Spatial Analysis and Supply Curve
Development In: JENKINS, B. (ed.) Strategic Assessment of Bioenergy Development in the West
Spatial Analysis and Supply Curve Development California: The University of California.

JONSSON, H., STENSTROM, T., SVENSSON, J. & SUNDIN, A. 1997. Source Separated Urine-Nutrient and
Heavy Metal Content, Water Saving and Faecal Contamination. water Science & Technology,
35, 145-152.

KASSA, K., MEINZINGER, F. & ZEWDIE, W. 2010. Experiences from the use of urine in Arba Minch,
Ethiopia. Miillegger E, Langergraber G and Lechner M (eds) 12-17.

KAVVADA, O., TARPEH, W. A., HORVATH, A. & NELSON, K. L. 2017. Life-Cycle Cost and Environmental
Assessment of Decentralized Nitrogen Recovery Using lon Exchange from Source-Separated
Urine through Spatial Modeling. Environmental Science & Technology, 51, 12061-12071.

KUNTKE, P. 2012. Nutrient and energy recovery from urine. Degree of doctor, Wageningen University.

KVARNSTROM, E., EMILSSON, K., RICHERT-STINTZING, A., MATS JOHANSSON, M., JONSSON, H.,
PETERSENS, E., SCHONNING, C., CHRISTENSEN, J., HELLSTROM, D., QVARNSTROM, L.,
RIDDERSTOLPE, P. & DRANGERT, P. 2006. Urine Diversion: One Step Towards Sustainable
Sanitation. /n: KVARNSTROM, E. (ed.) EcoSanRes Publications Series. Stockholm, Sweden:
Stockholm Environment Institute.

KYUNG, D., KIM, M., CHANG, J. & LEE, W. 2015. Estimation of greenhouse gas emissions from a hybrid
wastewater treatment plant. Journal of Cleaner Production, 95, 117-123.

LATROU, E. I., STASINAKIS, A. S. & ALOUPI, M. 2015. Cultivating duckweed Lemna minor in urine and
treated domestic wastewater for simultaneous biomass production and removal of nutrients
and antimicrobials. Ecological Engineering, 84, 632-639.

LEE, S. & LEE, C.-H. 2000. Effect of operating conditions on CaSO4 scale formation mechanism in
nanofiltration for water softening. Water Research, 34, 3854-3866.

LEE, S. & LUEPTOW, R. M. 2001. Reverse osmosis filtration for space mission wastewater: membrane
properties and operating conditions. Journal of Membrane Science, 182, 77-90.

LEYVA-RAMOS, R., AGUILAR-ARMENTA, G., GONZALEZ-GUTIERREZ, L. V., GUERRERO-CORONADO, R.
M. & MENDOZA-BARRON, J. 2004. Ammonia exchange on clinoptilolite from mineral deposits
located in Mexico. Journal of Chemical Technology & Biotechnology, 79, 651-657.

LIENERT, J., BURKI, T. & ESCHER, B. 2007. Reducing Micropollutants with Source Control: Substance
Flow Analysis of 212 Pharmaceuticals in Faeces and Urine. Water Science & Technology, 56,
87-96.

LIENERT, J. & LARSEN, T. A. 2010. High Acceptance of Urine Source Separation in Seven European
Countries: A Review. Environmental Science & Technology, 44, 556-566.

LIND, B.-B., BAN, Z. & BYDEN, S. 2001. Volume reduction and concentration of nutrients in human
urine. Ecological Engineering, 16, 561-566.

LIU, B., GIANNIS, A., ZHANG, J., CHANG VICTOR, W. C. & WANG, J. Y. 2014. Air stripping process for
ammonia recovery from source-separated urine: modeling and optimization. Journal of
Chemical Technology & Biotechnology, 90, 2208-2217.

Chipako, T.L (2019) Chapter 7: References



7-6

LIU, B., GIANNIS, A., ZHANG, J., CHANG, V. W. C. & WANG, J.-Y. 2013. Characterization of induced
struvite formation from source-separated urine using seawater and brine as magnesium
sources. Chemosphere, 93, 2738-2747.

LIU, Z.,, ZHAO, Q., WANG, K., LEE, D., QIU, W. & WANG, J. 2008. Urea hydrolysis and recovery of
nitrogen and phosphorous as MAP from stale human urine. Journal of Environmental Sciences,
20, 1018-1024.

LUTHER, A. K., DESLOOVER, J., FENNELL, D. E. & RABAEY, K. 2015. Electrochemically driven extraction
and recovery of ammonia from human urine. Water Research, 87, 367-377.

MARIWAH, S. & DRANGERT, J.-0. 2011. Community perceptions of human excreta as fertilizer in peri-
urban agriculture in Ghana. Waste Management & Research, 29, 815-822.

MAURER, M., SCHWEGLER, P. & LARSEN, T. A. 2003. Nutrients in urine: energetic aspects of removal
and recovery. Water Sci Technol, 48, 37-46.

MOSHEIOV, G. 1994. The Travelling Salesman Problem with pick-up and delivery. European Journal of
Operational Research, 79, 299-310.

MOSSOR-PIETRASZEWSKA, T. 2001. Effect of aluminium on plant growth and metabolism. Acta
biochimica Polonica, 48, 673-86.

MULDER, A. 2003. The quest for sustainable nitrogen removal technologies. Water Science &
Technology, 48, 67-75.

NATHOOQO, J. 2018. RE: Query. Type to CHIPAKO, T.

NI, B.-J., PAN, Y., GUOQ, J.,, VIRDIS, B., HU, S., CHEN, X. & YUAN, Z. 2016. Denitrification Processes for
Wastewater Treatment. /n: MOURA, |.,, MOURA, J., PAULETA, R. & MAIA, L. (eds.)
Metalloenzymes in Denitrification: Applications and Environmental Impacts. The Royal Society
of Chemistry.

OATLEY-RADCLIFFE, D. 2017. Filtration of drinking water. In. BROWN, P. & COX, C. (eds.) Fibrous Filter
Media. Swansea: Woodhead Publishing.

OIV 2017. 2017 World Vitiviniculture Situation :0IV Statistical Report on World Vitiviniculture.
International Organization of vine and wine.

OOSTERHUIS, M. & VAN LOOSDRECHT, M. 2009. Nitrification of urine for H2S control in pressure
sewers. Water Practice & Technology, 4, 1-7.

PAHORE, M. M., USHUIMA, K., ITO, R. & FUNAMIZU, N. 2012. Fate of nitrogen during volume reduction
of human urine using an on-site volume reduction system. Environmental Technology, 33,
229-235,

PARRAVICINI, V., SVARDAL, K. & KRAMPE, J. 2016. Greenhouse Gas Emissions from Wastewater
Treatment Plants. Energy Procedia, 97, 246-253.

PILLAI, M. G., SIMHA, P. & GUGALIA, A. 2014. Recovering urea from human urine by bio-sorption onto
Microwave Activated Carbonized Coconut Shells: Equilibrium, kinetics, optimization and field
studies. Journal of Environmental Chemical Engineering, 2, 46-55.

PRADELLA, M., DORIZZI, R. M., RIGOLIN, F. & STATLAND, B. E. 1988. Relative Density of Urine: Methods
and Clinical Significance. CRC Critical Reviews in Clinical Laboratory Sciences, 26, 195-242.

PRADHAN, S. K., MIKOLA, A. & VAHALA, R. 2017. Nitrogen and Phosphorus Harvesting from Human
Urine Using a Stripping, Absorption, and Precipitation Process. Environmental Science &
Technology, 51, 5165-5171.

Chipako, T.L (2019) Chapter 7: References



7-7

PRAMANIK, B., SARKER, R. & SARKER, D. 2011. Eco-san Toilet for Sustainable Sanitation Practice in
Bangladesh. International Journal of Civil & Environmental Engineering, 11, 139-147.

PRINSLOO, D. 2013. Benchmarking the South African Shopping Centre Industry International and Local
Trends. KwaZulu Natal, South Africa: Urban studies research group.

PRINSLOO, D. 2016. Major retail types, classification and the hierarchy of retail facilities in south africa.
In: PRINSLOO, D. A. (ed.). KwaZulu Natal, South Africa: Urban studies research group.

PRINZENBERG, A. E., BARBIER, H., SALT, D. E., STICH, B. & REYMOND, M. 2010. Relationships between
Growth, Growth Response to Nutrient Supply, and lon Content Using a Recombinant Inbred
Line Population in Arabidopsis. Plant Physiology, 154, 1361-1371.

PRONK, W., BIEBOW, M. & BOLLER, M. 2006. Electrodialysis for Recovering Salts from a Urine Solution
Containing Micropollutants. Environmental Science & Technology, 40, 2414-2420.

PUBCHEM 2018. Tricalcium Phosphate. United States National Library of Medicine.

RANDALL, D. & NATHOO, J. 2018. Resource recovery by freezing: A thermodynamic comparison
between a reverse osmosis brine, seawater and stored urine. Journal of Water Process
Engineering, 26, 242-249.

RANDALL, D. G., KRAHENBUHL, M., KOPPING, I., LARSEN, T. A. & UDERT, K. M. 2016. A novel approach
for stabilizing fresh urine by calcium hydroxide addition. Water Research, 95, 361-369.

RANDALL, D. G. & NATHOQO, J. 2015. A succinct review of the treatment of Reverse Osmosis brines
using Freeze Crystallization. Journal of Water Process Engineering, 8, 186-194.

RAO, S. M. 2011. Reverse Osmosis. Resonance, 16, 1333-1336.

ROMA, E., PHILP, K., BUCKLEY, C., XULU, S. & SCOTT, D. 2013. User perceptions of urine diversion
dehydration toilets: Experiences from a cross-sectional study in eThekwini Municipality.
Water SA, 39, 302-312.

ROSSI, L., LIENERT, J. & LARSEN, T. 2009. Real-life efficiency of urine source separation. Journal of
Environmental Management, 90, 1909-17.

SABHARWAL, S. 2013. Transportation Economics: Helpingus to under Stand the Problem of
Disequilibrium in Transportation in the Modern Cities. Global Journal of Management and
Business Studies, 3, 733-740.

SAKTHIVEL, R. & CHARIAR, V. 2013. Waterless Urinals: A Resource Book, New Delhi, India, IIT Delhi and
VVF for UNICEF & Stockholm Envrionment Institute.

SANS 2012. Code of Practice for The application of the National Building Regulations SANS 10400-.
South Africa: South African National Standards.

SARKAR, A. K. 1991. Hydration/Dehydration Characteristics of Struvite and Dittmarite Pertaining to
Magnesium Ammonium Phosphate Cement System.

SAWIS 2017. South African Wine 2017 Industry Statistics NR 42. In: FLORIS-SAMUELS, B. (ed.) South
African Wine Industry Statistics. Cape Town, South Africa: South African Wine Industry.

SCHMIDT, J. 2007. Urine Processing for potable water tecovery. Doctor of Philosophy, Purdue
University.

SCHMIDT, J. & ALLEMAN, J. 2006. Macro- and Micro-Scale Contaminant Removal and Resource
Recovery from Urine via the Freeze Concentration Process. In: MALLA, R. B., BINIENDA, W. K.
& MAII, A. K. (eds.) Earth & Space 2006: Engineering, Construction, and Operations in
Challenging Environment. Houston, TExas, United States: 2006 American Society of Civil
Engineers.

Chipako, T.L (2019) Chapter 7: References



7-8

SCHUMACHER, P. K., BELER BAYKAL, B., SARI, B. & ALLAR, A. D. 2011. A Comparative Study of the
Recovery of Ammonium from Clinoptilolite Exhausted with Conventional Domestic
Wastewater and with Source Separated Human Urine. Proceedings of the Water Environment
Federation, 2011, 634-646.

SENDROWSKI, A. & BOYER, T. H. 2013. Phosphate removal from urine using hybrid anion exchange
resin. Desalination, 322, 104-112.

SENECAL, J. & VINNERAS, B. 2017. Urea stabilisation and concentration for urine-diverting dry toilets:
Urine dehydration in ash. Science of The Total Environment, 586, 8.

SHI, Y., ZHOU, L., XU, Y., ZHOU, H. & SHI, L. 2018. Life cycle cost and environmental assessment for
resource-oriented toilet systems. Journal of Cleaner Production, 196, 1188-1197.

SHINTRE, S. 1943. Adsorption of urea from the liquid phase by activated carbon. Master Of Science in
Chemical Engineering, The University Of Arizona.

SIMHA, P., SENECAL, J., NORDIN, A., LALANDER, C. & VINNERAS, B. 2018. Alkaline dehydration of
anion—exchanged human urine: Volume reduction, nutrient recovery and process
optimisation. Water Research 142, 325-336.

SMIL, V. 2011. Nitrogen cycle and world food production. /n: UNIVERSITY OF MANITOBA, W. (ed.).

SOLANKI, A. & BOYER, T. H. 2017. Pharmaceutical removal in synthetic human urine using biochar.
Environmental Science: Water Research & Technology, 3, 553-565.

SPANGBERG, J., TIDAKER, P. & JONSSON, H. 2014. Environmental impact of recycling nutrients in
human excreta to agriculture compared with enhanced wastewater treatment. Science of The
Total Environment, 493, 209-219.

STATSSA 2018. City of Cape Town. In: STATSSA (ed.). South Africa: Statistics South Africa.

SUTTON, M., HOWARD, C. & ERISMAN, J. W. 2011. The European Nitrogen Assessment: Sources,
Effects and Policy Perspectives.

TARPEH, W. A., BARAZESH, J. M., CATH, T. Y. & NELSON, K. L. 2018. Electrochemical Stripping to
Recover Nitrogen from Source-Separated Urine. Environmental Science & Technology, 52,
1453-1460.

TARPEH, W. A., UDERT, K. M. & NELSON, K. L. 2017. Comparing lon Exchange Adsorbents for Nitrogen
Recovery from Source-Separated Urine. Environmental Science & Technology, 51, 2373-2381.

TERNES, T. A., BONERZ, M., HERRMANN, N., TEISER, B. & ANDERSEN, H. R. 2007. Irrigation of treated
wastewater in Braunschweig, Germany: An option to remove pharmaceuticals and musk
fragrances. Chemosphere, 66, 894-904.

TERVAHAUTA, T., HOANG, T., HERNANDEZ, L., ZEEMAN, G. & BUISMAN, C. 2013. Prospects of Source-
Separation-Based Sanitation Concepts: A Model-Based Study. Water, 5, 1006.

THORNEBY, L., PERSSON, K. & TRAGARDH, G. 1999. Treatment of Liquid Effluents from Dairy Cattle
and Pigs using Reverse Osmosis. Journal of Agricultural Engineering Research, 73, 159-170.

TILLEY, E., ATWATER, J. & MAVINIC, D. 2008. EFFECTS OF STORAGE ON PHOSPHORUS RECOVERY FROM
URINE. Environmental Technology, 29, 807-816.

TOOKE, M. A. 2015. Benefits of Decentralized Wastewater Treatment [Online]. Washington, DC: U.S
EPA. [Accessed December 4 2018].

TYLER, G. 2017. RE: Staff wages.
UCT. 2017. Welcome students [Online]. Available: http://www.students.uct.ac.za/ [Accessed 2017].

Chipako, T.L (2019) Chapter 7: References



7-9

UDERT, K. M., LARSEN, T. A., BIEBOW, M. & GUIJER, W. 2003a. Urea hydrolysis and precipitation
dynamics in a urine-collecting system. Water Research, 37, 2571-2582.

UDERT, K. M., LARSEN, T. A. & GUJER, W. 2003b. Estimating the precipitation potential in urine-
collecting systems. Water Research, 37, 2667-2677.

UDERT, K. M. & WACHTER, M. 2012. Complete nutrient recovery from source-separated urine by
nitrification and distillation. Water Research, 46, 453-464.

UN, U. N. 2015. Transforming our world: the 2030 Agenda for Sustainable Development, General
Assembly. United Nations : general assmbly.

VON MUNCH, E. & DAHM, P. 2009. Waterless Urinals - A Proposal to Save Water and Recover Urine
Nutrients in Africa. /n: VON MUNCH, E. (ed.) WEDC International Conference. Addis Ababa,
Ethiopia: 34th WEDC International Conference.

VON MUNCH, E. & WINKER, M. 2011. Technology review of urine diversion components: overview of
urine diversion components such as waterless urinals, urine diversion toilets, urine storage and
reuse systems, Eschborn, Germany, Deutsche Gesellschaft fiir Internationale Zusammenarbeit
(GIZ) GmbH.

WHELAN, J. & MSEFER, K. 1996. Economic supply and demand. Massachusetts, U.S.A: Massachusetts
Institute of Technology.

WHO & UNICEF 2017. Progress on drinking water, sanitation and hygiene update and SDG baselines,
Switzerland, World Health organization and United Nations Children's Fund.

WILSENACH, J. & VAN LOOSDRECHT, M. 2003. Impact of separate urine collection on wastewater
treatment systems. Water Science and Technology, 48, 103-110.

WILSENACH, J. A., SCHUURBIERS, C. A. H. & VAN LOOSDRECHT, M. C. M. 2007. Phosphate and
potassium recovery from source separated urine through struvite precipitation. Water
Research, 41, 458-466.

WIMALAWANSA, S. 2013. Purification of Contaminated Water with Reverse Osmosis: Effective
Solution of Providing Clean Water for Human Needs in Developing Countries. International
Journal of Emerging Technology and Advanced Engineering, 3, 75-89.

WINKER, M., CLEMENS, J., REICH, M., GULYAS, H. & OTTERPOHL, R. 2010. Ryegrass uptake of
carbamazepine and ibuprofen applied by urine fertilization. Science of The Total Environment,
408, 1902-1908.

YETILMEZSOQY, K., ILHAN, F., KOCAK, E. & AKBIN, H. M. 2017. Feasibility of struvite recovery process
for fertilizer industry: A study of financial and economic analysis. Journal of Cleaner
Production, 152, 88-102.

YU, T., MA, J., ZHANG, L. Q. & ZHANG, J. L. 2006. Urine treatment by the combined freeze-
concentration and reverse osmosis in space station. Journal of Harbin Institute of Technology,
38, 567-569+584.

Chipako, T.L (2019) Chapter 7: References



Appendix A: Urine treatment design charts calculations

Chipako, T.L (2019) Appendix A: Urine Treatment Design Charts Calculations



A-2

Herein lies the design calculations used to create the urine treatment sequence outcomes for the design charts displayed in Chapter 4. To estimate the
composition of fresh and hydrolyzed urine, a thorough literature review was conducted, and average values were obtained. The sources, as well as the overall

compositions are displayed in Table A-1.

Table A-1: Average Fresh and hydrolyzed urine composition.

Fresh Urine Hydrolyzed Urine
S Randalletal. Udertetal. Udertetal. Daietal. Lutheretal. Average Pradhan etal. Lutheretal. Dai et al. Kuntke. Liu et al. Average
(2016) (2003b) (2003a) (2014) (2015) (2017) (2015) (2014) (2012) (2013)
Mg mg/L 57 95 77 36 59.8 65 0 0 0 0 0 0
PO,* mg/L 797 2279 1125 1073 500 1155 947 613 767 644 1055 805
PO2-P | mg/L 260 743 367 350 163 377 309 200 250 210 344 263
NH;*-N | mg/L 436 476 254 330 300 359 4500 4800 6400 4050 4250 4800
Urea-N | mg/L 5420 7564 5810 7400 5500 6339 0 - 0 0 0 0
Ca mg/L 132 184 129 150 105.4 140 - 55.2 14 7.1 - 25
Na mg/L 2510 2759 2670 - 2400 2585 - 2400 - 1850 2600 2283
K mg/L 469 2189 2170 - 1900 1682 1700 1900 - 1490 2000 1773
(o] mg/L 4430 3900 3830 - 3200 3840 4500 2900 - 3290 3800 3623
pH mg/L 6.3 6.2 7.2 6.5 6.9 6.62 9.3 9.4 9.2 8.85 9.3 9.21

Moreover, to estimate how the urine solution is affected by different treatment methods, several assumptions were made. These assumptions are shown in

Table A-2.
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Table A-2: Urine treatment process chart assumption.

Description Unit Value Source
Amount of Ca(OH), dosed into fresh urine for urea .
. g/L of urine 10 Randall et al. (2016)
stabilization
Amount of H,SO, dosed into fresh urine for urea . .
. g/L of urine 3 Hellstrom et al. (1999)
stabilization
Amount of Ca(OH); dosed into hydrolyzed urine for
i K ( X s pre g/L of urine 22 Pradhan et al. (2017)
ammonia stripping
Urea decomposed to ammonium after Ca(OH); % 0 Assumed
stabilization ?
Urea decomposed to ammonium during urea % 0 Assumed
hydrolysis ’
Water removed during RO volume reduction % 80 Ek et al. (2006)
Water removed during evaporation volume
. % 80 Assumed
reduction
Phosphorus recovery due to calcium Ca(OH), dosing % 98 Flanagan & Randall (2018)
Phosphorus recovery due to calcium MgO dosing % 99 Barbosa et al. (2016)
Nitrogen recovery due to ammonia stripping % 99 Pradhan et al. (2017)
. . (Allar Emek & Beler Baykal,
Nitrogen recovery due to cation exchange % 97
2015)
Density of urine kg/m3urine 1025 Pradella et al. (1988)
Assumed to be the same as
Density of liquid fertilizer kg/m3 urine 1025 .
urine

In sequences that incorporated dosing of an acid or a base into urine, the quantity and concentration
of each element dosed was calculated using basic chemistry. An example of how base stabilization by
calcium hydroxide dosing would affect the calcium concentration in a fresh urine solution can be seen

in Equation A-1. An identical calculation procedure was used to determine the sulphuric acid dosage

for acid stabilization, and the calcium hydroxide dosage for accelerating ammonia stripping.

Calcium hydroxide dosing for stabilization of fresh urine:

e 10 g/L of calcium hydroxide was dosed to fresh urine to inhibit urease and prevent urea

hydrolysis.

e Calcium molar mass is 40.078 g/mol (PubChem, 2018b) and Ca(OH), molar mass is 74.093

g/mol (PubChem, 2018a).

Chipako, T.L (2019)

Appendix A: Urine Treatment Design Charts Calculations



. 10 g Ca(OH), 1 mol 40g Ca
Calcium dosed = X
L 74 g Ca(OH), mol
~ 5.409 g Ca/L
~ 5409 mg Ca/L

- The calcium part of the calcium hydroxide dosed into fresh urine
is 5409 mg Ca/L

e (Calcium phosphate is three parts calcium and two parts phosphate (Pubchem.com, 2018), so
1.5 mg Ca will precipitate out for every 1 mg PO,*-P that is removed in Ca-P

e 140 mg Ca/L already exists in solution prior to dosing.

e Moreover, calcium is bound to phosphate, not just the phosphorous bound within. The

average phosphate concentration for fresh urine was found to be 1 155 mg PO4>/L, as per

Table A-1.
140mgCa , 5409mgCa 15mgCa _ 1155mgP0,>~
Ca in solution after Ca-P precipitation = g + g — £ 3= A
L L mg PO, L
~ 3817 mg Ca/L Equation A-1

~The concentration of calcium in solution after calcium phosphate

precipitation by calcium hydroxide dosing is 3 817 mg Ca/L.

In the cases where a volume reduction occurs, the solution concentrations following these processes
was approximated through a mass balance. An example of the volume reduced nitrogen
concentration experienced in a stabilized fresh urine sample, by RO is shown in Equation A-2 and a
summary of each nutrient in the same fresh urine sample is displayed in Table A-3. This process was

repeated in all cases involving a reduction in volume for urine.

Volume reduced concentrations estimation:

e Approximately 80% of the water in fresh urine is assumed to be removed through RO and
recovered as permeate water. Therefore, 20% of the influent urine volume is retained in the
RO brine.

e For simplicity, it was assumed that pure water is produced, and all salts are retained in the
brine.

e Total nitrogen composition content is measured through the addition of the nitrogen mass of

ammonium and urea.

An assumed urine flow rate of 1 L/day is assumed in Equation A-2.
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6339 mg Urea N 359 mg NH** N

Total influent nitrogen =

L urine L urine
) ) . 6700 mg N 1 L urine/dayinfluent
Nitrogen in volume reduction - — — -
L urine 0.2 L liquid fertilizer/day brine effluent

~ 33 500 mg N/L liquid fertilizer

The flow rate assumed in Table 3, is identical to that which is shown in Equation A-2.

Table A-3: Concentrations of calcium hydroxide stabilized fresh urine after RO volume reduction.

=~ 6700 mg N/L of urine

Equation A-2

RO Influent Brine (liquid fertilizer)

con;:r:ngt/r:)tlon Flux (mg/d) cont(:;ngt/rf)tlon Flux (mg/d)
Mg 65 65 325 65
PO43 -P (98% P removed
in Ca-P precipitation) 8 8 40 8
NH4*-N 359 359 1796 359
urea-N 6339 6339 31694 6339
Ca (from Ca(OH), dosed) 3817 3817 18934 3817
Na 2 585 2585 12924 2585
K 1682 1682 8411 1682
cl 3840 3840 19 200 3840
SO0, 952 952 4762 952

The NPK values for each sequence were estimated based on the volume reduced concentrations. The

density of the volume reduced fertilizer was assumed to be identical to that of urine. Sample

calculations for the NPK values of calcium hydroxide stabilized fresh urine following a RO volume

reduction are shown in Equation A-3. Urine density was found to be 1025 g/L (Pradella et al, 1988).

The liquid fertilizer density was assumed to be the same as the density of urine to estimate the weight

fraction of the nitrogen, phosphorous and potassium.

__335gN _1Lurine

" Lurine 1025¢g

Nitrogen composition x 100

~ 3.3% Nitogen
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__0.04gP _Lurine

= - x 100
Lurine 1025g

Phosphorous composition

~ 0% Phosphorous
(377 g PO43 phosphorous is precipitated out as Ca-P, as per Table A-1)

. . 84gK L urine
Potassium composition = —— X —— x100
L urine 1025¢g

~ 0.8% Potassium Equation A-3

~ N:P:K (weight %) = 3.3—-0—0.8
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Herein lies the design calculations used to build the source-separated, decentralized urine treatment
model presented in Chapter 5 of the main report. A complete list of basic assumptions and values used
to model the transportation and financial implications of the proposed decentralized system are

shown in Table B-1.

Table B-1: Decentralized urine treatment design parameters.

Description Unit Value Source
Urinal container volume L 25 Flanagan & Randall (2018)
14- ton fuel consumption km/L 2.5 Department of Agriculture and
forestry (DAFF, 2016)
14-ton truck R 995 000 DAFF (2016)
14-ton truck maintenance R/km 13.13 DAFF (2016)
4-ton fuel consumption km/L 6.66 DAFF (2016)
4-ton truck R 554 931 DAFF (2016)
4-ton truck maintenance R/km 7.77 DAFF (2016)
8-ton fuel consumption km/L 3.33 DAFF (2016)
8-ton truck R 712 650 DAFF (2016)
8-ton truck maintenance R/km 9.79 DAFF (2016)
BNR nitrogen GHG emissions Kgr:r:chCKeiN 3 Falk et al. (2013)
BNR operating costs R/m? 27.35 EPA (2007)
wastewater
BNR energy consumption kWh/kg N 2.3 Mulder (2003)
Calcium hydroxide R/kg 3.1 Alibaba.com ( 2018)
Calcium phosphate density kg/m3 3140 ChemicalBook (n.d.)
S:II::ii:: :::r?xr;zzedzr;::?:(:r:’::urine g/kg urine 1 Flanagan & Randall (2018)
Calcium phosphate selling price R/kg 18.5 Herman (2017)
Cleaning and maintenance wage R/hr 60 Tyler (2017)
Density of urine kg/m3 1025 Pradella et al. (1988)
Density of liquid fertilizer kg/m3 1025 gz:;r?;d to be the same as urine

Chipako, T.L (2019) Appendix B: Decentralized Urine Treatment calculations



Table B-1: Decentralized urine treatment design parameters (continued).

Description Unit Value Source
Electricity GHG emissions CO,/kWh 0.94 Guan (2006)
Energy R/kWh 2.84 Eskom (2018)
Fuel R/L 14.4 AA.com (2018)
Fuel GHG emissions Kg CO,/L fuel 2.7 Fruergaard et al. (2009)
Industrial RO unit cost R/10 m3/day 100 000 Nathoo (2018)
Liquid fertilizer produced from RO L/m3 urine 200 Ek et al (2006)
L. - X X Assumed from least square

Liquid fertilizer selling price R/L 151.52 ]

regression
Nitrogen contribution to wastewater by .

. % 80 Spangberg et al. (2014)
urine
Nutrient recovery urinal unit R 800 Flanagan & Randall (2018)
Permeate water produced from RO L/m3 urine 800 Ek et al (2006)
RO energy consumption kWh/m3 urine 2 Nathoo (2018)
RRF site manager wage R/hr 60 Assumed
Sewer connections R/m3 flushed 34.83 CoCT (2018a)
Truck average travel speed km/hr 60 Assumed
Truck driver wage R/hr 82 Indeed.com (2018)
Urine produced per person L/day 1.15 von Miinch & Winker (2011)
Average urinal usage per person Usage /day 5 Rossi et al. (2009)
. . Assumed from average urinal

Urine produced per usage L /urinal usage 0.23

usage per day
Water used per flush in conventional .

i L 4 von Miinch & Dahm (2009)
waterborne urinals
Urine volumetric contribution to .
% of total wastewater 1 Spangberg et al (2014)
wastewater
Warehouse rental per m? R/ month 64 Broll.com, 2018
X Assumed to be double the one

Warehouse space deposit R/m?2 128

month’s rent
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Table B-1: Decentralized urine treatment design parameters (continued).

Description Unit Value Source
Warehouse work wage R/hr 60 Indeed.com, (2018a)
Water supply R/m3 43.13 CoCT (2018a)
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Transportation and last-mile logistics

Flowmap

As stated in the methodology (Chapter 3), obtaining the geospatial data containing the topographical
information of Cape Town was the initial step in creating the transportation network model.
Geospatial data included the land boundaries and road network. ArcGIS compatible data will herby be
referred to as shapefiles. The WGS 1984 World Mercator and the GCS WGS 1984 systems were used
as the projected coordinate system and geographic coordinates system, respectively. The coordinates
of each collection location were required and are displayed in Table B-5. It was then possible to create

a map detailing the study area, the road network, and the collection locations, which are shown in

Figure B-1.
N
A Legend
@ Collection locations
Cape town roads
Cape town boundary
South african boundary
Tyger Valley
Canal Walk Shopping Centre
Victoria & Alfred Sh°pp'"<?)ce""e ®
Waterfront (&)
University of
® Cape Town
Cavendish Square @
Shopping Centre
(). Makro Store
{ Ottery
Blue Route,
Mall @
© Lakeside Village
Shopping Centre
0 10 20 40 Kilometers
L 1 1 1 1 1 1 I |

Figure B-1: Research study area.

These ArcGIS shapefiles were then converted to the Flowmap software file format to conduct the RRF
location allocation for each scenario. The Flowmap software uses tessellations to map points on a
given bounded surface. Hexagon shapes were used as the method of tessellation and the centroids of
these hexagons represented all location within Cape Town as seen in Figure B-2. Moreover, the area

within each hexagon is represented by these centroids, such that if a service location is allocated
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within a hexagon, its location will be that hexagon’s respective centroid. Each hexagon is 2.6 km? in
area and represents 0.1% of the total Cape Town metro surface area, offering a large degree of

coverage for location optimization.

Flowmap 7.4 Legend
/. File: HEX1000.00%
\/ 7 AlEdges
File: HE<10001.DBF
All Locations

File: HEX1000.00x
Shades: &ll polygons

Figure B-2: Tessellated study area.

Before moving onto the allocation of RRFs, a network distance matrix was required to be created. This
matrix was essential as it contained the distances between all possible combinations of locations
within the road network. Distance, in meters, was used as the impedance attribute, and the average
truck speed was assumed to be 60 km/hr. A screenshot of the modelling parameters used to create

the distance matrix are shown in Figure B-3.
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File Information

Origins: HEX10001.DBF
Destinations: HEX10001.DBF
Flow: C
o
Transport network: Cape_Town_Roads.006
Attribute data: Cape_To3.DBF

Parameters

Distinction between direction I  Yes & No
Impedance (out) Attribute: ILENGTH L.I
Impedance Unit: IMelers L]
Connect Method: I  Nodes Lmes
Access Attribute: I[Fu" LJ
Shortest Distance (in impedance | 0.0
units|

Conversion Factor (map unitsto | 00
impedance units):

Assist
[~ Assign flows starting or ending halfway to full Q

line segment

0K I Cancel |

Network distance matrix creation X

Conversion Factor Calculation X

View Settings
Current view parameters derived from:

Cape_Town_Boundary.006

View Comer |

Upper Right |

Lower Left 2037950 5 5
Measurement Unit: m

On Road Impedance
Attribute Field:

|LENGTH Unit [feters
Off Road Speed parameters
Distance Unit |K|Iomete«s vI Speed: [ &q

Time Unit:

|H°'-" 'I | 80 Kilometers per Hour

Crow Flight Conversion

Parameter: [T
Result
Conversion

Off road distance can be taken into account between origin /
destination locations and the nearest network element. In that case
the Conversion Factor must be set unequal to zero to convert map
units to impedance units matching the impedance attribute field

Figure B-3: Flowmap network distance matrix creation parameters.

The location allocation simulation was then conducted to determine the best location for each RRF in

each of the four scenarios. This was done with the intention of minimising the average distance of

each location to its respective RRF, while assuming spatial rationality. The expansion and relocation

option in Flowmap was used to model the ideal locations for RRFs in each scenario. In scenario one,

only one RRF is employed. In scenarios two, three and four; two, four and eight RRFs were

incorporated, respectively. Each scenario included one central packaging and distribution (PAD)

facility which all the final, treated fertilizer product is delivered to. The location of the PAD facility was

the most central location amongst the collection locations, based on average distance, and thus was

identical in each scenario. The expansion and relocation settings used in Flowmap are shown in Figure

B-4 below.
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rezults in H_‘ue Iargest Fleu;rease ih average distance,
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Combination Model Wizard >

2. Usze field with a partial zolution: About....

2 The model can start the calculations based on a
partial zolution which containg a get of locations. The
figld must contain non-zero values for one or more

['Select...]

3. Select a field to uze as weight:

locations. Positive walues will be used directly az
realistic maximum capacities, neqgative values will be
treated as unlimited capacities.

3 Al locations within in reach are counted by

[WEIGHT

4. Set zolution condition:
{* Find Best:

~

e

=l

T

> BE
[ 2

summing the walue of the weight variable. To
prevent weighing a wanable should be used which
containg the walue 1" for each region.

4: The zolution condition determines when the model
zhould stop; 'Find Best' stops after the given number
iz reached, 'Percentage Coverage' stops after &
certain percentage of the weight field iz reached,
and 'Theshold Y alue' stops when the latest addition
does hot reach a certain market share.

LCancel | << Back |i Mestz»

Figure B-4: Flowmap expansion and relocation model settings used to allocate optimal locations of RRFs based on minimum

average distance. The set solution condition was set to either 1, 2, 4 or 8 to find the optimal locations in each scenario.

The allocation of RRFs for scenarios one and four (one RRF and eight RRFs) can be seen in Figure B-5.

These newfound locations were then exported to ArcGIS for further analysis and transportation

routing, as seen in Figure 5-3 and Figure 5-4 in Chapter 5 of the dissertation.
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Figure B-5: RRF position allocation for one RRF (left) and eight RRFs (right). “Study area in reach” refers to the collection
locations, as seen by the eight “in reach” hexagons. In scenario one, the RRF location also acted as the PAD facility location.

The PAD facility was located in the same position for each scenario.

Collection location characteristics

As it is difficult to accurately estimate the number of daily visitors entering each shopping centre, the
number of daily visitors was estimated from each location’s retail area. Research conducted by the
Urban Studies Research Group (Prinsloo, 2016 & Prinsloo, 2013) gives guidelines regarding the
estimated number of monthly shopping centre visitors based on the category of the shopping centre,
as seen in Table B-3. The retail area of each shopping centre was sourced from BusinessTech.com

(2018). A sample calculation for the Victoria & Alfred Waterfront (V&A) shopping centre is shown in

Equation B-1.
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Table B-3: South African shopping mall visitor characteristics (Prinsloo, 2016 & Prinsloo, 2013).

Average number of Frequent visitors Average visitor
Type of Centre Retail area (m2) visitors (% of total dwell time
(people/m2/month) customer base) (minutes)
Neighbourhood Centres 5000-12 000 17.1 80 32.5
Community centres 12 000- 25 000 18.3 65 70
Small Regional Centres 25 000- 50 000 15.5 62.5 95
Regional Centres 50 000- 100 000 14 62.5 120
Superregional Centres >100 000 12.7 50 130
. . . . people . month o
V&A daily male visitors = Retail area (m?) X + X 50% males x % frequent visitors
mZ2.month 30 days
14 people 1male 1month .
=69 000 m2 X X X X 0.625 frequent visitors

m2 x month ™ 2 people 30 days

~ 10 063 daily male visitors Equation B-1

These guidelines were used for all 7 shopping centres to uniformly estimate the number of daily
visitors and were subsequently halved to give the number of daily male visitors. The estimated number
of daily male visitors at the University of Cape Town included both the student and staff who were

registered or employed at the University in 2018 (UCT, 2018), divided by two.

The number of urinals that required retrofitting were estimated from the minimum number of urinals
required for public spaces at peak demand, as per the South African National Standards (SANS) (SANS,
2012). Table B-4 summarizes these guidelines. A sample calculation for the urinals provided at the

V&A shopping centre can be seen in Equation B-2.
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Table B-4: Sanitary fixture to be installed for public use as per South African Building regulations (SANS, 2010).

For a population of up to- Number of urinals

50 1

100 2

150 3

250 4

500 7
1000 12
1500 15

For a population in excess of 1500 per day add 1 urinal pan for every 300 persons

It was assumed that each 25 L urinal container was filled every week. The quantity of urine that was
transported was estimated from the number of urinals allocated to each collection location. A sample
calculation for the volume and weight of the urine collected per week, at the V&A shopping centre
can be seen in Equation B-2. Moreover, it was assumed that waterborne urinals are currently in use
at all collection locations (status quo). Assuming that each urinal container is filled every week, a
sample calculation for the water that would be required to flush the amount of urine collected, if a

waterborne urinal system was in place, is shown in Equation B-3.

(daily male visitor—1 500)
300

V&A urine collected per week =15 urinals +

10 063 — 1500
+—

=15 300

~ 44 Urinals x 25 L per urinal container

~ 1089 L of urine collcected per week

1089 L urine 1025g kg
week Lurine 1000g
~ 1116 kg of urine collected per week Equation B-2

Approximately 0.23 L of urine are produced per urinal usage, assuming a
person urinates 5 times per day (von Miinch & Winker., 2011, Rossi et al.,
2009). Moreover, it was assumed waterborne urinals use 4 L of water per

flush von Miinch & Dahm., 2009).
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25L X 1 urinal use
urinal 0.23 L

V&A water for waterborne urinals = 44 urinals X

~ 4733 urinal uses per week x 4 L water used per flush

~ 18 932 L water would be used on flushes per week Equation B-3

in status quo

A summary of the characteristics of each of the collection locations is seen in Table B-5. All values

were calculated in an identical fashion to the sample calculations provided above.
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Table B-5: Collection location characteristics.

Co-ordinates Retail Mall Daily male Urinals Urine Urine Estimated urinal  Equivalent water
Collection locations . area (m?) classification visitor containers produced produced per usage frequency used per week in
(Decimal degrees °) population  required per week (L) week (kg) per week status quo (L)

Blue Route Mall 34.0641° S 18.4528° E 55 500 Regional Centre 8094 37 924 948 4019 16 078

Canal Walk 33.9577°S 18.4612°E 147 000 Super Regional 15558 62 1546 1585 6724 26 895

Shopping Centre Centre

Cavendish Square 33.9804° S 18.4638° E 45 000 Small Regional 7 266 34 855 877 3719 14 878
Centre

Lakeside Village 34.1028° S 18.4681° E 7 500 Neighbourhood 1710 16 393 402 1707 6826

Shopping Centre Centre

Makro Store Ottery | 34.0202°S 18.5211° E 12 000 Community 2379 18 448 459 1949 7796
Centre

Tyger Valley 33.9715°S  18.6021°E 90 000 Regional Centre 13125 54 1344 1377 5842 23370

Shopping Centre

Victoria & Alfred 33.8929° S 18.5112° E 69 000 Regional Centre 10063 44 1089 1116 4733 18932

Waterfront

University of Cape 33.9036° S 18.4205° E N/A N/A 8243 37 937 960 4073 16 293

Town

Total N/A N/A 426 000 N/A 66 438 302 7536 7724 32766 131 067

Chipako, T.L (2019)

Appendix B: Decentralized Urine Treatment calculations



B-14

ArcGIS

After finding the position of the optimized RRF locations, their coordinates were then converted into
shapefiles. The ArcGIS network analyst tool was used to solve the travelling salesman problem (TSP)
for each scenario. This required the creation of a network dataset, using the Cape Town road network.
Similar to the parameters used to create the Flow map distance matrix, distance was used as the

impedance attribute, and the average truck speed was assumed to be 60 km/hr.

The TSP analysis was done for a 4-ton truck, an 8-ton truck and a 14-ton truck. For direct comparison,
the locations of each RRF, and the collection locations which are assigned to each RRF, all remained
unchanged for each mode of transport analysed. For each scenario the TSP was solved considering
the network analyst settings shown in Figure B-6. The travelling salesmen problem was solved with

the most prominent restriction being that each trip had to originate and conclude at the PAD facility.

Layer Properties >

General Lapers Source Analpsis Settings  Accumulation  Network Locations

Settings Reskrictions
Impedance: |Length (Mekers) ~
[Juse start Time:
G AM
Day of Week: Today
Specific Dake: 1J1342019
Use Time Windows

[#1Rearder Stops To Find Optimal Rouke:

Preserve First Stop

Directions
Preserve Last Stop Diskance Units:
U-Turns at Junctions: |F'.I|Dwed w | |Meters w |
| Use Time Atbribute:
Qutput Shape Type: |True Shape with Measures ~ | —
|TraveI_Time (Seconds) e |
Use Hierarchy
Ignore Invalid Locations Open Directions window automatically

About the route analysis laver

Cancel ooy

Figure B-6: Travelling salesman problem solution parameters.
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Once the routes were created, the weight restrictions (pertaining to urine that required carrying and
the truck carrying capacity) needed to be taken into consideration. Once the truck in question had
reached its full carrying capacity, it was required to return to the RRF that is allocated to the collection
location it has most recently visited. Moreover, once a truck had collected all the urine allocated to a
specific RRF, delivering that urine to its respective RRF was prioritized over continuing collections from

other collection locations.
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Travelling salesman problem solution

The solution to the travelling salesman problem for the 4-ton truck is given below. An identical approach and methodology was followed when solving the

TSP for an 8-ton truck and a 14-ton truck.
Scenario one

As seen in Table B-6, although the TSP solved the shortest route to visit all locations, the weight restrictions were not considered. Another simulation had to

be done to incorporate these weight restrictions, show in Table B-7.

Table B-6: Scenario one TSP first iteration.

Stop name Trip Cumulative Cumulative travel Cumulative Cumulative treated Carriage weight when 4-ton

sequence length (m) time (s) stabilized urine fertilizer weight (kg) leaving each location restriction IF

weight (kg) (kg) confirmation
RRF/PAD Facility 1 0 0 0 0 0 OK
University of Cape Town 2 2891 209 960 0 960 OK
Victoria & Alfred Waterfront 3 12384 895 2076 0 2076 oK
Canal Walk Shopping Centre 4 25291 1827 3661 0 3661 OK
Tyger Valley Shopping Centre 5 39376 2844 5038 0 5038 NOT OK
Makro Store Ottery 6 63690 4601
Lakeside Village Shopping Centre 7 76861 5554
N/A N/A N/A N/A

Blue Route Mall 8 82057 5930
Cavendish Square Shopping Centre 9 92564 6690
RRF/PAD Facility 10 92961 6718

Chipako, T.L (2019) Appendix B: Decentralized Urine Treatment calculations



B-17

At no point was treated fertilizer carried by the truck for scenario one, as the RRF and the PAD facility act as the same location.

Table B-7: Scenario one TSP second iteration, taking carriage weight into consideration.

Stop name Trip Cumulative Cumulative Cumulative Cumulative treated Carriage weight when 4- ton
sequence length (m) travel time (s) stabilized urine fertilizer weight leaving each location restriction IF
weight (kg) (kg) (kg) confirmation
RRF/PAD Facility 1 0 0 0 0 0 oK
University of Cape Town 2 2891 209 960 0 960 OK
Victoria & Alfred Waterfront 3 12384 895 2076 0 2076 OK
RRF 4 24237 1751 0 0 0 OK
Canal Walk Shopping Centre 5 37422 2703 1585 0 1585 OK
Tyger Valley Shopping Centre 6 51506 3720 2962 0 2962 OK
Makro Store Ottery 7 75821 5477 3422 0 3422 OK
Lakeside Village Shopping Centre 8 88991 6430 3824 0 3824 OK
RRF 9 103622 7488 0 0 0 oK
Blue Route Mall 10 114505 8275 948 0 948 oK
Cavendish Square 11 125012 9035 1824 0 1824 OK
RRF/PAD Facility 12 125409 9064 0 0 0 oK
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Scenario two

Similar to scenario one, weight restrictions effected the initial TSP solution for scenario two as seen in Table B-8. The second iteration of the TSP for scenario

two, considering weight is shown in Table B-9.

Table B-8: Scenario two TSP first iteration.

Stop name Trip Cumulative Cumulative Cumulative Cumulative treated Carriage weight when 4- ton restriction

sequence length (m) travel time (s) stabilized urine fertilizer weight leaving each location (kg) IF confirmation
weight (kg) (kg)

PAD facility 1 0 0 0 0 0 oK

Cavendish Square 2 397 29 877 0 877 OK

Tyger Valley Shopping Centre 3 24301 1755 2254 0 2254 OK

Canal Walk Shopping Centre 4 38386 2772 3839 0 3839 OK

Victoria & Alfred Waterfront 6 52405 3785 4955 0 4955 NOT OK

University of Cape Town 7 61899 4471

RRF 1 8 66071 4772

Makro Store Ottery 9 79436 5738

Lakeside Village Shopping Centre 10 92607 6691 N/A N/A N/A N/A

Blue Route Mall 11 97803 7067

RRF 2 12 98531 7120

PAD facility 13 108686 7854

Note that each week the treated liquid fertilizer from the previous week’s urine is collected at each RRF. This added weight was taken into consideration

when optimizing the TSP for scenarios two, three and four.
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Table B-9: Scenario two TSP second iteration, taking carriage weight into consideration.

Stop name Trip Cumulative Cumulative Cumulative Cumulative treated Carriage weight when 4- ton restriction
sequence length (m) travel time (s) stabilized urine fertilizer weight leaving each location IF confirmation
weight (kg) (kg) (kg)
PAD facility 1 0 0 0 0 0 oK
Cavendish Square 2 397 29 877 0 877 OK
Tyger Valley Shopping Centre 3 24301 1755 2254 0 2254 OK
Canal Walk Shopping Centre 4 38386 2772 3839 0 3839 OK
RRF 1 5 46216 3338 0 0 0 oK
Victoria & Alfred Waterfront 6 52405 3785 1116 0 1116 oK
University of Cape Town 7 61899 4471 2076 0 2076 OK
RRF 1 8 66071 4772 0 1183 1183 oK
Makro Store Ottery 9 79436 5738 459 1183 1643 oK
Lakeside Village Shopping Centre 10 92607 6691 862 1183 2045 OK
Blue Route Mall 11 97803 7067 1809 1183 2992 oK
RRF 2 12 98531 7120 0 1545 1545 oK
PAD facility 13 108686 7854 0 0 oK
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Scenario three

In scenarios three and four, weight was not a limiting factor, and thus using a truck with a carrying capacity of over 4 tons did not display any advantage over the 4-ton truck.

The TSP solutions for scenarios three and four are shown in Table B-10 and Table B-11.

Table B-10: Scenario three TSP.

Stop name Trip Cumulative Cumulative travel Cumulative Cumulative treated Carriage weight when 4- ton restriction
sequence  length (m) time (s) stabilized urine fertilizer weight leaving each location (kg) IF confirmation
weight (kg) (kg)
PAD facility 1 0 0 0 0 0 oK
Cavendish Square 2 397 29 877 0 877 OK
Victoria & Alfred Waterfront 3 12497 903 1993 0 1993 OK
University of Cape Town 4 21991 1589 2953 0 2953 OK
RRF 1 5 22119 1598 0 591 591 OK
Canal Walk Shopping Centre 6 33625 2429 1585 591 2176 OK
RRF 2 7 34168 2468 0 908 908 oK
Tyger Valley Shopping Centre 8 48502 3503 1377 908 2285 oK
RRF 3 9 48741 3520 0 1183 1183 oK
Makro Store Ottery 10 73074 5279 459 1183 1643 oK
Lakeside Village Shopping Centre 11 86244 6232 862 1183 2045 OK
Blue Route Mall 12 91440 6608 1809 1183 2992 oK
RRF 4 13 92317 6671 0 1545 1545 oK
PAD facility 14 102621 7416 0 0 0 oK
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Scenario four

In scenario four, each collection location acted as an RRF, thus only the treated fertilizer was collected in each scenario.

Table B-11: Scenario four TSP.

Stop name Trip Cumulative Cumulative Cumulative Cumulative treated Carriage weight when 4- ton restriction

sequence length (m) travel time (s) stabilized urine fertilizer weight leaving each location (kg) IF confirmation
weight (kg) (kg)

PAD Facility 1 0 0 0 0 0 oK

University of Cape Town 2 2891 209 0 192 192 OK

Victoria & Alfred Waterfront 3 12384 895 0 415 415 OK

Canal Walk Shopping Centre 4 25291 1827 0 732 732 OK

Tyger Valley Shopping Centre 5 39376 2844 0 1008 1008 OK

Makro Store Ottery 6 63690 4601 0 1100 1100 OK

Lakeside Village Shopping Centre 7 76861 5554 0 1180 1180 OK

Blue Route Mall 8 82057 5930 0 1370 1370 OK

Cavendish Square 9 92564 6689 0 1545 1545 (0] ¢

PAD Facility 10 92961 6718 0 0 0 oK
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A summary of the TSP routing results for each of the three modes of transport per week is shown in

Table B-12. Furthermore, the TSP routes for the 8-ton and 14-ton truck can be seen in Figure B-7.

Table B-12: Summary of TSP analysis for each mode of urine collection transport.

4-ton truck
Total travel distance (km) Fuel consumption (L) Total travel time (hrs)
1 Resource recovery facility 125.4 18.8 2.5
2 Resource recovery facilities 108.7 16.3 2.2
4 Resource recovery facilities 102.6 15.4 2.1
8 Resource recovery facilities 93.0 14.0 1.9
8-ton truck
Total travel distance (km) Fuel consumption (L) Total travel time (hrs)
1 Resource recovery facility 93.0 27.9 1.9
2 Resource recovery facilities 107.6 32.3 2.2
4 Resource recovery facilities 102.6 30.8 2.1
8 Resource recovery facilities 93.0 27.9 1.9
14-ton truck
Total travel distance (km) Fuel consumption (L) Total travel time (hrs)
1 Resource recovery facility 93.0 37.2 19
2 Resource recovery facilities 107.6 43.0 2.2
4 Resource recovery facilities 102.6 41.0 2.1
8 Resource recovery facilities 93.0 37.2 19
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Figure B-7: Travelling salesmen problem solution for 8-ton and 14-ton truck.

All ArcGIS and Flowmap files used to determine the optimized RRF location allocation and to solve the

travelling salesmen problem for each scenario are available within the following link:

https://drive.google.com/open?id=1qv3qSAw8KX91yCTPjU3hCpjQSqfY_adv
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Economic feasibility calculations

The parameters outlined in Table B-1 were used when deducing the prices displayed in this section.
CAPEX

The CAPEX of each scenario was calculated using the same parameters. Sample calculations for the

CAPEX for scenario one (one resource recovery facility) can be seen in Equation B-4.

Capital expenditure = 4 ton truck (once off payment) +

Reverse osmosis unit (to treat 7.536 m® once per week) +
Nutrient recovery urinal units (x 302 units) +

Rental deposit (x1 warehouse: combined RRF and PAD facility)
= R554 931 + R75 363 + R241 162 + R26854 (x1)

= R898 310 Equation B-4

The RRF sizes were made standard for each scenario, at 180 m? per warehouse. This was the
warehouse size which allowed for storage of up to one month’s worth of collected urine and allowed
for adequate office and working space for warehouse employees. The total area was rounded up to
200 m? for each scenario, which equated to roughly R13 400. Likewise, the PAD facility required a
60 m? warehouse to store up to one month’s worth of fertilizer and offer working space to employees
and equated to R3 600 per month. The RRF and PAD facility were the same location in scenario one,
so the extra costs associated with a PAD facility were not considered in scenario one. However, this
extra cost was considered in all other scenarios. Rental prices were sourced from the broll.com (2008)

real estate database for Cape Town properties, as shown in Table B-1.

Furthermore, because the same amount of urine was being treated in each scenario, the total cost of
reverse osmosis was unchanged for each scenario. For example; 7.536 m? of urine was required to be
treated per week, and it was assumed that all urine was treated in the same day. Thus, for scenario
one (one RRF), a 7.536 m3/d RO unit was required. For scenario two (two RRFs), two 3.768 m3/d RO

units were required. The same ideology was used for up to eight RO units (eight RRFs).
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OPEX

Sample calculations for the OPEX for scenario one are shown in equation B-5.

Operating Expenditure = Fuel (for kms travelled) + Truck maintenance(for kms travelled) +
Warehouse rental + RO electricity + Ca(OH), +

Driver Wage (for travel time) + Onsite managers + warehouse labour

=R16 499 + R50670 + R162 373 + R3388 + R12158 + R22462 +
R998 400 + R361 920

= R1627 870 per year Equation B-5

The comparative price of an MLE AS wastewater treatment plant configuration was estimated based
on the equivalent amount of wastewater that would be treated with the urine that is being diverted

from the sewerage in a decentralized system. The calculation for this value is shown in Equation B-6.

Modified Ludzack-Ettinger activated sludge equivalent estimation:

e Urine accounts for 1% of the volumetric composition of wastewater (Spangberg et al. 2014).

e Approximately 7 536 L of urine are collected per week across each collection location.

100 L wastewater
= 7536 Lurinex —MMX8 ™
L urine

~ 753 600 L of wastewater per week

7536 m? wastewater R27.35 52 weeks
' week e wastewater treated X year
~ R1 074 817 per year for an MLE AS WWTP Equation B-6

Moreover, the OPEX for the water supply and sewer connections that would be incurred for
centralized WWT were calculated as part of the MLE AS cost estimation, as shown in Equation B-7 and

Equation B-8. The total estimated cost of an MLE AS WWTP is also shown in Equation B-9.

e 131067 L of water would be required for flushing per week (taken from Table B-5).

e 7536 L of urine would be flushed per week, therefore total volume required for transport in

sewers would be 138 603 L per week.
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Water supply cost

Sewer connection cost

Total MLE AS OPEX

__ 131.067 KL water required R43.13
- week KL of water supplied

. R5653 52 weeks

week year
~ R 294 000 per year Equation B-7
__138.603 KL flushed R34.83
- week KL flushed for sewer connections

. R4828 52 weeks
week year

~ R 251 000 per year Equation B-8

~ BNR operating costs + water supply costs + sewage connection costs

~ 1074817 + 294 000 + 251 032 Equation B-9

~ R1 619 799.85 per year to treat the equivalent amount of urine that would

be prevented from entering the sewage network in the poposed system

Fertilizer cost recovery

The cost of the liquid fertilizer for the base design was calculated using a least square regression

analysis. The commercial liquid fertilizers used to form this analysis are displayed in Table B-13 and

Figure B-8, respectively. These fertilizer prices were sourced from online fertilizer stores and

converted to a cost per litre of product.

Table B-13: Commercially available liquid fertilizers.

Product ID N values (%) Cost (R/L) Vegetation type Source

Product 1 1.3 74.5 Ornamental Guzzle.com (n.d)
Product 2 3 172 all types Faithful-tonature.com (n.d)
Product 3 3 130 Ornamental Bidorbuy.com (n.d) (a)
Product 4 5 190 vines, vegetables etc Bidorbuy.com (n.d) (b)
Product 5 5.3 198 Ornamental Makro.com (n.d)
Product 6 6 280 Ornamental Builder.com (n.d) (a)
Product 7 8 298 all types Bidorbuy.com (n.d) (c)
Product 8 8 300 all types Buiders.com (n.d) (b)
Product 9 9.25 310 Ornamental Hydroponic.com (n.d)
Product 10 11 385 Ornamental Bonsaitree.com (n.d)
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Figure B-8: Commercially available liquid fertilizers least square regression analysis.

From Equation A-3, it was found that the RO brine would produce a liquid fertilizer of 3.3% nitrogen
content. An R value of 94.7% was deemed to suggest an adequate correlation between liquid fertilizer
selling price and nitrogen content. The calculation for the liquid fertilizer design selling price is shown
in Equation B-10. The selling was calculated from the slop of the linear regression graph shown in

Figure B-8.

Liquid fertilizer design price = 30.289 x liquid fertilizer nitrogen content (%) + 52.47

=30.289x 3.2 + 5247

~ R151.52 per L of fertilizer Equation B-10

The quantity of liquid and solid (calcium phosphate) fertilizer provided from each collection locations
was required for the estimation of the potential for cost recovery if the treated product were to be
sold. This is shown in Equation B-11, Equation B-12 and Equation B-13. Approximately 11g Ca-P per
kg of urine (Flanagan & Randall, 2018) and 0.2 L liquid fertilizer per L of urine (Ek et al, 2006) are
produced in the proposed system.

. - 7.536 m3 urine _ 1025k 11 g CaP
Solid fertilizer cost recovery = £ g

week m?3 urine ~ Kgurine

_85kgCaP  R185 52 weeks
=T week kg CaP X year

= R81 743 per year Equation B-11
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7 536 L urine X 0.2 L fertilizer

Liquid fertilizer cost recovery =

week L urine
1507 L liquid fertilizer R151.52 52 weeks
= X " " e X
week L liquid fertilizer year
= R11 875 797 per year Equation B-12
Total cost recovery = Liquid fertilizer + Solid fertilizer

= R81 743 + R11875 797

= R11 957 541 per year Equation B-13

Greenhouse gas emissions and energy expenditure

Greenhouse gas emissions were calculated based on the truck and RO unit energy usage for the
decentralized system. Emissions for conventional wastewater were calculated based on the CO;
emissions from energy usage and nitrification/denitrification. The CO, was calculated per kg of

nitrogen removed.

Scenario one energy expenditure = RO energy expenditure

2 kWh 7.536m3 urine 52 weeks

m3 urine week year

= 784 kWh per year Equation B-14

BNR energy expenditure estimation

e 6.7 g N/Lis the average total nitrogen concentration in fresh urine, as per Equation A-1.
e In10L of urine, there are 67 g N
e Urine contributes 1% of total wastewater volume (Spangberg et al. 2014), therefore there are

10 L of urine in 1000 L of wastewater.

) 67g N
" 1000 L wastewater

=0.067 gN/L

e Urine contributes 80% of the nitrogen in wastewater (Spangberg et al. 2014).

0.067

0.8
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BNR energy expenditure

Scenario one GHG emissions

BNR GHG emissions

Net present value/ Cost

= 0.084 g N/L of wastewater

. influent wasterwater nitrogen concentration is 0.084 kg N/m?

0.084 kg N 753.6 m3 wastewater 2.3 kWh 52 weeks
" m3 wastewater week kg N removed year

145.6 kWh X 52 weeks
week year

7548 kWh per year Equation B-15

= Truck CO, emissions + RO electricity emissions

2.7 kg CO, 979.2 L truck fuel used + 0.94 kg CO, X 783 kWh

L fuel used week kWh year
= 3380 kg CO, per year Equation B-16
__ 3kgCO, 0.084 kg N . 753.6 m3 wastewater
" kgNremoved ~ m3 wastewater week

189.9kg CO, = 52 weeks
week year

= 9846 kg CO, per year Equation B-17

For the calculation of the net present value, the cost recovery and OPEX of the system were assumed

to be an annuity (The same value each year). The selling price and quantity sold was fixed and assumed

to not change over the proposed 5-year investment period. A discount rate of 10% was assumed.

The system NPV/NPC was calculated with the following equation:

NPC/NPV = —Co + =+

Cz + ot Cr

T @2 QT Equation B-18

e NPV = Net present value

e C=The cash flow annuity

e Co =The initial investment

e T=The chosen time period

e r=The discount rate
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For instances where the required annuity cash flow for a zero NPV was required, Equation B-18 was

rearranged to make the cash flow annuity the subject of the formula. This is seen in Equation B-19.

C= Co—xr_ + OPEX for chosen time period Equation B-19

1- (1410~ T
A sample calculation for the NPV of Scenario one is displayed in Equation B-20. The annual cash flow
annuity in each of the scenarios was taken as the OPEX subtracted from the cost recovery, to
determine the estimated net income. From the OPEX (Equation B-5) and the total cost recovery
(Equation B-13), the cash flow annuity was found to be R10 329 670 per year. The CAPEX was shown

in Equation B-4 to be R89 8310.

. . . annual annuity annual annuity
Scenario one net present value = Capital expenditure+
(1411 (1+n)T
—.898310 + 10341916 10341916
- (1+0.1)1 (1+0.1)5
= R38 259 267 Equation B-20

Sensitivity analysis

The sensitivity analyses in the main report was conducted by varying the variables that were thought
to be pertinent in the base model. Once varied, the calculations presented above were redone taking

the changes into account where applicable.

Liquid fertilizer selling price

The selling price to reach a break-even point was calculated by using the equation shown in Equation
B-19 (setting the NPV in Equation 18 to zero) and solving for the required cash flow annuity over a 5-
year period, at a 10% discount rate. The required selling price per L of liquid fertilizer to break even
was then calculated. A sample calculation for scenario one, using a 4-ton truck is shown in Equation

B-21.

. - CAPEX X T _ _
Break-even point (price) = Tr T +OPEX for chosen time period
873379
= ——+1615624
1-(1+0.1)"5
= R1 864 842

-~ Fertilizer sales earnings per year required to break even

over a 5 year investment period = R1 846 019 for scenario one
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Liquid fertilizer break-even price = Total fertilizer sales — Solid fertilizer sale

= R1846 842 —R81743

__ R1783099liquid fertilizer sales week 1year
- year 1507 L liquid fertilizer 52 weeks
= R22.75/L liquid fertilizer for scenario one Equation B-21

Liquid fertilizer sales quantities and Cape Town nurseries

There are approximately 70 plant nurseries in Cape Town. This was found through a rough google
maps survey of plant nurseries within the city. Moreover, 3 plant nurseries were contacted over the
phone and 2 were approached in person. It was found that approximately 2 L of a popular brand of
liquid fertilizer was sold at each of the 5 nurseries per week. The NPC for a scenario where only 2 L of
the liquid fertilizer produced (realistic sales) in the proposed decentralized system is sold per week, at
each of the 70 plant nurseries in Cape Town, was conducted. The NPC value was calculated using the
same equation shown in Equation B-20, with the adjusted cash flow annuity from the sale of 2 L of
liquid fertilizer at each nursery over a 5-year period. A discount rate of 10% was used for the NPC

calculation.

The potential solid fertilizer cost recovery was found to be R81 743 per year in Equation B-11. The
liquid fertilizer cost recovery from 2 L of fertilizer sales per plant nursery per week in a year was
required to be calculated. Sample calculations for the cash flow annuity in scenario one for these

‘realistic’ values are shown in Equation B-22.

p e e re e 2 Lliquid fertilizer R151.52 52 weeks .
Realistic’ liquid fertilizer sales = X —— —— X X 70 nurseries
week L liquid fertilizer year
= R1 103 065.6 per year Equation B-22

-~ Total fertilizer sales for realistic sales
(solid and liquid fertilizer)is R1 184 808 per year

From the OPEX (Equation B-5) and the realistic liquid fertilizer sales (Equation B-22), the cash flow
annuity for ‘realistic’ sales was found to be approximately -R430 815. Sample calculations for the NPC
in scenario one for these ‘realistic’ values are shown in Equation B-23. The CAPEX was shown in

Equation B-4 to be R89 8310.
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. . . annual annuity annual annuity
Scenario one net present value = Capital expenditure+
(1+r)1 (1+1r)T
—430 815 —430 815
=-898310 + a+ont T (aso)s
= —R2 577 864 Equation B-23

. a net present cost of R2 577 864 was achieved for 'realistic’sales

over a 5 year investment period in scenario one
Truck carrying capacity

The transportation costs for the 4-ton truck, 8-ton truck and the 14-ton truck were evaluated based
on the fuel (diesel) consumption, truck operating maintenance and driver wage. A sample calculation
for the OPEX of scenario one, for the 4-ton truck is shown in Equation B-24. The sample calculation
shown in Equation B-24 was repeated for each scenario, as well as for each truck carrying capacity.
The travel distance and travelling time for each truck per week are shown in Table B-12. Moreover, a
15-minute loading/offloading time was allocated for each stop in each scenario, in order to estimate
the total driver wage per week (based on total travel time and loading/offloading times at collection

points).

Scenario one 4-ton truck OPEX = driver wage + truck operating maintenance + fuel consumption

__53travel hrs _R82 125.4km _R6.26 18.8 Lfuel R16.85 52 weeks

- X X
week hr week km week L fuel year
= R89 631 per year Equation B-24

A summary of the answers from the sensitivity analysis is shown in Table B-16.
Alternate Markets Provision Estimation

To assess the potential of the proposed decentralized system, the estimated quantity of nutrients the
recovered fertilizer could provide, as a fraction of the nutrient requirements of the Stellenbosch wine
region was assessed. Sample calculations for the nitrogen produced by the system, in relation to what
is required by the Stellenbosch wine region is displayed in Equation B-25. A summary of these

calculations for all NPK nutrients is shown in Table B-14.
Stellenbosch wine region estimated provision:

e The size of the Stellenbosch wine region is estimated to be 15 252 hectares (OIV, 2017)
e Constituting 16% of the total vineyard area in South Africa (SAWIS, 2017)
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e The nitrogen, phosphorous and potassium loading rates required per year for South African

vineyards is approximately 50 kg N/ha, 15.7 kg P/ha and 19.8 kg K/ha, respectively (Food and

Agriculture Organization of the United Nations, 2005 (FAO UN)).

e The liquid brine fertilizer has a 33.5 g N/L and 8.4 g K/L concentration, as per Equation A-1.

Moreover, 0.377 g PO,*-P precipitates out as calcium phosphate per L of urine treated.

Nitrogen required for Stellenbosch =

wine region

Nitrogen produced per annum

for decentralized system

50kg N 15252 ha X 1 ton
ha Stellenbosch region 1000 kg

~ 763 tons of nitrogen required per annum for fertilization

of vineyards the Stellenbosch wine region

_ 33.5gN 1 ton 1507 L liquid fertilizer

52 weeks

L liquid fertilizer 1000000g week

~ 2.63 tons of nitrogen per annum

__2.63tonsN

= 0
63 tons N x 100 0.34%

~ The proposed system can supply 0.34% of the total

year

Equation B-25

annual nitrogen requirements for the Stellenbosch wine region.

Moreover, the potential of the proposed decentralized system was assessed, for a scenario where all

Cape Town residents use an NRU once per week for a year. The cape Town population was found to

consist of approximately 4.2 million people (CoCT, 2017). A sample calculation for the estimated

nitrogen that could be recovered from collecting urine from all residents in Cape Town is shown in

Equation B-26. It was assumed that each person contributed 0.23 L of urine in an NRU once per week

(one urinal usage). A summary of these calculations for all NPK nutrients is shown in Table B-14.

Chipako, T.L (2019)

Appendix B: Decentralized Urine Treatment calculations



B-34

0.23 L urine 52 weeks

Urine produced per year =4200000 X person. week Jear

= 50 232 00 L urine per year

__ 50232000 L urine " 0.2 Lliquid fertilizer 33.5gN X 1ton
- year Lurine Lliquid fertilizer =~ 1 000000 g

Potential nitrogen supply

from all Cape Town residents
336.5 tons N per year could be provided from all Cape Town

residents collectively.

., 336.5tons

o x 100 = 469 Equation B-26
726.6 tons % q

~ If urine is collected from all Cape Town residents and treated to
create fertilizers, 46% of the total annualnitrogen demand

for the Stellenbosh wine region could be recovered.

Table B-14: nutrients produced by decentralized system and the estimated Cape Town population, compared to nutrient
requirements of Stellenbosch vineyards

Description Units Nitrogen (N) Phosphorous (P)  Potassium (K)
Required vineyard nutrient loading rates Kg/ha 50 15.71 19.87
Stellenbosch wine region nutrient demand ton 762.6 239.73 303.09
Fertilizer producible by decentralized system tons 2.62 0.03 0.66

Fertilizer producible by decentralized system as a
percentage of the annual Stellenbosch wine region % 0.34 0.01 0.22
nutrient demand

Fertilizer producible by collecting urine from all

. tons 336.5 3.8 84.4
Cape Town residents
Fertilizer producible by collecting urine from all
Cape Town residents as a percentage of the annual % 46 2 28

Stellenbosch wine region nutrient demand
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The potential of this system pertaining to the number of rugby fields that could potentially be fertilized

was also found and is displayed in Table B-15.

Table B-15: Nitrogen recovery of system as a function of rugby fields that could be fertilized

Grass Unit Value Source
Nitrogen required for common grass per .
Kg N/m?2 0.0195 Bigelow et al (2013)
year
. Australian Department of Sports
Rugby field m?2 10800 .
and Regulation (DSR, n.d.)

Nitrogen required kg 210.6 N/A
Nitrogen produced by system Kg N/year 2625 Calculated

Number of rugb
Rugby fields that can be fertilizer ) " 12.5 Calculated

fields per year

A summary of the economic and environmental calculations for each of the results of the design

scenarios is shown in Table B-16.
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Table B-16: Summary of economic and environmental components for each design scenario

CAPEX

Description Scenario 1 Scenario 2 Scenario 3 Scenario 4
4-Ton truck (Once-off) R 554931.00 554931.00 554931.00 554931.00
NRU units R 241162.33 241162.33 241162.33 241162.33
RO Unit(s) R 75363.23 75363.23 75363.23 75363.23
Floor space- Deposit R 26854.00 61388.00 115096.00 222512.00
Total R 898310.56 932844.56 986552.56 1093968.56

OPEX

Description Scenario 1 Scenario 2 Scenario 3 Scenario 4
Fuel R/year 16499.05 14298.88 13500.99 12230.13
Driver wage R/year 22461.85 23160.55 25840.02 17551.27
Truck maintenance per
week R/year 50670.40 43913.42 41463.02 37560.08
On-site manager (at malls) R/year 998400.00 998400.00 998400.00 998400.00
Calcium hydroxide R/year 12158.15 12158.15 12158.15 12158.15
Warehouse workers R/year 361920.00 748800.00 998400.00 1248000.00
Rent - floor space R/year 162373.02 371183.26 695929.30 1345421.40
RO electricity R/year 3388.13 3388.13 3388.13 3388.13
Total R/year 1627870.61 2215302.37 2789079.61 3674709.16

Cost Recovery

Description Scenario 1 Scenario 2 Scenario 3 Scenario 4
Ca-P design selling price R/kg 18.5 18.5 18.5 18.5
Sales of Ca-P R/year 81743.10 81743.10 81743.10 81743.10
Liql_‘id fer.tilizer design R/L 151.52 151.52 151.52 151.52
selling price
Sales of liquid fertilizer R/year 11875797.94 11875797.94 11875797.94 11875797.94
Total R/year 11957541.05 11957541.05 11957541.05 11957541.05

NPV/NPC

Description Scenario 1 Scenario 2 Scenario 3 Scenario 4
NPV (4-ton truck) R 38259267.45 35997904.90 33769129.74 30304480.97
NPC (Realistic sales -2 L
liquid fertilizer sold at all
Cape Town nurseries per R 2577863.79 4839226.34 7068001.50 10532650.27
week)
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Table B-16: Summary of economic and environmental components for each design scenario (Continued)

Sensitivity Analysis

Description Scenario 1 Scenario 2 Scenario 3 Scenario 4
Break even selling price for
maximum liquid fertilizer R/L 22.75 30.36 37.86 49,52
sales
Amount of liquid fertilizer
sales required to break % 15.00 20.00 25.00 33.00
even at design selling price
4-ton truck OPEX R/year 89631.31 81372.84 80804.03 67341.48
8-ton truck OPEX R/year 90468.43 105067.64 105084.33 89336.27
14-ton truck OPEX R/year 113747.61 133316.04 132032.31 113747.61

MLE AS WWTP

Description Scenario 1 Scenario 2 Scenario 3 Scenario 4
Water and sanitation costs R/year 293950.67 293950.67 293950.67 293950.67
Sewer connection costs R/year 251031.86 251031.86 251031.86 251031.86
Biological nutrient
Removal Rfyear 1074817.32 1074817.32 1074817.32 1074817.32
Total R/year 1619799.85 1619799.85 1619799.85 1619799.85

Electricity

Description Scenario 1 Scenario 2 Scenario 3 Scenario 4
RO electricity usage kWh/year 783.78 783.78 783.78 783.78
BNR electricity usage kWh/year 7548.43 7548.43 7548.43 7548.43

GHG emissions

Description Scenario 1 Scenario 2 Scenario 3 Scenario 4
Truck Kg CO,/year 2643.77 2291.21 2163.36 1959.72
RO electricity Kg CO,/year 736.75 736.75 736.75 736.75
Biological nutrient removal Kg CO,/year 2901.65 2901.65 2901.65 2901.65
Biological nutrient removal Kg CO,/year 6944.56 6944.56 6944.56 6944.56

electricity
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