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A B S T R A C T   

The continuous reduction in water resource availability is one of the major global societal challenges. Waste
water treatment plants (WWTP) play an important role in this, as they can provide water recovery. Furthermore, 
effective sanitation services lead to a significant reduction of health risks and protect the environment. However, 
WWTPs consume large amounts of energy to comply with discharge standards. At the same time, wastewater 
contains resources, which can be recovered for secondary uses, if treated properly. This is particularly useful for 
rural South Africa where challenges associated with water-based pollution, declining nutrients and water 
shortage, require a paradigm shift. This involves the transition of wastewater treatment plants into water, 
sanitation and resource (nutrients and energy) recovery facilities, leading further to social, economic and 
environmental sustainability. This process will involve the implementation of engineering tools for predictive 
modelling of the waste resource recovery systems. This review identifies the conceptual need for such a sys
tematic shift from wastewater treatment to waste recovery facilities in rural South Africa. The targeted impact is 
to promote and help the uptake of the conversion of wastewater treatment systems into low cost and environ
mentally sustainable water and resource recovery facilities. Overall, the outlook is positive for the future use of 
these systems in South-Africa.   

1. Introduction 

Despite human progress as measured by various indices, billions of 
people globally still lack access to safe water and sanitation. Improved 
and sustainable infrastructure for water and sanitation is an important 
requirement for the reduction of human health risks and for environ
mental protection. Various reports indicate that achieving universal 
access for water and sanitation by 2030 (as envisaged in the Sustainable 
Development Goals ;SDGs) requires a technological revolution and 
material growth in the sector to progress at twice the current annual rate 
(UN Economic and Social Council 2019; [1]; UN report, 2019; [2]). A 
better management of water and sanitation services contributes in a 
significant way to reducing health risks and promoting environmental 
protection. There are significant well-established links between the 

quality of available water in a region, the sanitation methods and fa
cilities, and human health. The lack of adequate sanitation would result 
in region-wide waste accumulation known to be detrimental to human 
and environmental health. Despite being a water-stressed country, 
South Africa (and majority of countries in the world), rely heavily on 
waterborne sanitation systems (with freshwater often used to flush toi
lets). Hence, the strategies to improve and promote sustainability of the 
sanitation systems are often linked to freshwater preservation 
(Govender et al., 2011; Government gazette, 2013). 

It is estimated that about 150 megalitres of raw sewage have been 
leaking daily into rivers such as the Vaal River [2,3]. 

According to the 2018 Green Drop Report, there are 824 WWTPs in 
South Africa that are located in 152 municipalities and used to treat 
6500 megalitres of wastewater daily. In 2013, these facilities received 
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about 5120 megalitres countrywide, leaving 22.2 % as excess capacity 
required for increased future wastewater treatment demands. In 2013, 
evaluations on the WWTPs in South Africa indicated that about 248 
(30.1 %) of them were in a dire state needing urgent regulatory action. 
Only about 60 or 7 % of WWTPs passed the Green Drop status so as to 
receive certification [2]. 

Although effluent quality is the most important objective for 
WWTPs, they could be used for more than just wastewater purification 
and achieve higher sustainability by lowering their use of non- 
renewable energy sources and increasing their resource recovery po
tential (Lundin et al., 2000). Improvement in resource recovery poten
tial could be achieved through strategies such as (i) onsite energy 
generation (e.g., conversion of wastewater organics to electricity, heat 
or biofuel), the recycle of nutrients (e.g. fertilizer production) and reuse 
of effluent water (e.g., further purification of WWTP effluents to 
augment the potable water supply) [4]. Research to evaluate the various 
methods of resource recovery in WWTPs has been mostly carried out in 
the US, Canada, Japan and some European countries. Most of these 
studies are in the form of case studies, which are usually specific to the 
system capacity (Verstraete et al., 2009; [4]), the given organic and 
nutrient loading rates and the local conditions. There have been very 
few studies that looked at integrated resource recovery in the WWTPs 
(McCarty et al., 2011; Slater, 2009; Verstraete et al., 2009; [4]). 

This review focuses on the challenges associated with water-based 
pollution, declining nutrients and water shortage, which necessitate 
the transition of wastewater treatment plants into water and resource 
(nutrients and energy) recovery facilities (WRRFs), for more socio- 
economically and environmentally sustainable systems. The review is 
focused towards this paradigm shift in rural South Africa. 

The recently started South Initiative project WaRe-SimPLE (conver
sion of waste treatment to WRRFs in Limpopo, using simulation-based 
engineering tools) financed by VLIR-UOS (Flemish Interuniversity 
Council) focuses on the use of open-source simulation-based engineering 
tools to support the accelerated conversion of wastewater treatment 
facilities into resource recovery facilities. The project aims at capacity 
development, related to modelling and simulation of recovery facilities, 
in terms of knowledge building at University of Limpopo and on longer 
term to develop regional South African expertise in order to assist 
stakeholders in the development and management of such novel water 
treatment systems. This review thus aims at pointing out the state-of-the 
art related to this subject in the context of South Africa, with a focus on 
the rural regions. 

2. Wastewater treatment and sanitation 

About 180,000 children (< 5 years of age) die every year (ca. 500 
children death per day) in sub–Saharan Africa because of diarrhoeal 
diseases related to inadequate water, sanitation and hygiene [5]. The 
population in sub-Saharan African countries has almost doubled in the 
last 25 years, but access of the Africans to sanitation and water resources 
has improved minimally, leaving millions without these services. In the 
countries with the best water coverage rates, as many as one fourth of 
the population lacks adequate sanitation [5]. South Africa has a history 
of separate and racialised development, which resulted in many rural 
and black areas having no access to basic water and sanitation services. 
However, a dedicated Basic Services Development Programme (BSDP) 
started in 1994 is dealing with these historic backlogs with the specific 
target [6] that all people in South Africa should have access to func
tioning basic water supply facilities and basic sanitation facilities by 
2014. This has so far been partially achieved and it was running together 
with the Sustainable Development Goals (SDGs), which were the suc
cessors to the basic water and sanitation targets. The [7]in 2012, Rio de 
Janeiro, resulted in a set of SDGs to build on the achievements of the 
MDGs, included into a global development framework beyond 2015. In 
2014, the UN General Assembly Open Working Group (OWG) came up 
with 17 goals for the General Assembly’s approval in September 2015, 

and these became the new SDGs and the global development agenda 
spanning from 2015− 2030. Water and sanitation targets are part of Goal 
6 of an SDG that advocates for availability and sustainable management 
of water and sanitation services for all. 

Effective sanitation services (which entail adequate facilities that 
collect and treat municipal wastewater effectively) lead to significant 
reduction of health risks and protect the environment. Effective sani
tation services entail adequate facilities that collect and treat municipal 
wastewater effectively, and thus making sure human dignity is secured 
and health of the people is protected. Due to a myriad of problems (e.g., 
huge amounts of raw sewage have been spilling into one of the major 
rivers, the Vaal River; [8]), rural South Africa’s sanitation and waste
water treatment systems are largely malfunctioning, leading to some of 
the population without access to dignified and safe sanitation facilities. 
The households that have access to sanitation services such as conven
tional flush toilets connected to a public sewerage system or other 
functioning systems (e.g., a septic tank or a pit toilet with a ventilation 
pipe) are currently at about 82.2 %, with about 3.1 % without any 
sanitation facilities [2]. Most provinces in South Africa perform close to 
the national average in terms of provision of expected sanitation ser
vices, but the rural provinces of Limpopo and Mpumalanga are still far 
behind the rest. Overall, the survey carried out in 2017 indicates a sig
nificant (20 %) improvement since the survey that was carried out in 
2002, but do not show the state of the current available facilities and 
infrastructure for sanitation and wastewater treatment. The South Af
rican Institution of Civil Engineers [1] noted that, in urban areas of 
South Africa, the sanitation infrastructure (including wastewater sys
tems) is acceptable (but under extreme stress) in urban areas, while in 
rural areas where the majority of black people stay, the systems are 
collapsing and could potentially expose the public to health and safety 
hazards. 

As mentioned in earlier, the South African government developed 
the Green Drop Programme in 2008, which was used to provide an 
indication of the performance of wastewater treatment systems within 
the various municipalities. This programme facilitates compliance with 
nationally set regulatory objectives, and in the process ensuring that the 
wastewater treatment systems meet minimum required standards for 
protection of human and environmental health. The project has two 
elements: (i) Evaluation of the wastewater value chain (including 
sewerage reticulation, pumping requirements, wastewater treatment 
plant and effluent discharge to receiving water bodies), (ii) The cumu
lative risk assessment (mainly focuses on wastewater treatment) [2]. 
According to the Green Drop Report of 2013 [9], only 60 (7%) of South 
Africa’s 824 wastewater treatment facilities received clear Green Drop 
Certification. With regard to pollution loads, phosphorus (P) and ni
trogen (N) compounds are the two primary causes of eutrophication of 
surface waters. In an effort to combat this problem, the South African 
government department involved with Water & Sanitation is setting 
more stringent effluent requirements via treatment plant licensing for 
both inland and coastal regions. At the same time, many of South Afri
ca’s municipal treatment plants are approaching or have reached their 
design load capacity or are in fact overloaded. Many of these overloaded 
treatment systems have nutrient removal constraints. Most wastewater 
treatment and sanitation works do not consider the return of sludge li
quors back to the main plant for further treatment (nor do they have any 
side stream treatment processes/ technologies). Moreover, some of the 
plants that do recycle their dewatering liquors, do not have the required 
capacity to deal with these additional loads and flows [10]. Unsustain
able measures such as the dosing of costly chemicals (typically metal 
salts) for phosphate removal are typically applied at overloaded plants. 
The capital and operational costs for municipal wastewater treatment 
plants run into billions of Rand per annum. There is therefore an acute 
need to look at optimisation measures within treatment systems to 
reduce the nutrient loads on overloaded treatment plants in rural South 
Africa. 

Although the Green Drop figures are somewhat of a shocker in terms 
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of dysfunctionality of a large number of wastewater treatment works, 
global indicators suggest that South Africa fares better at wastewater 
treatment than it does in access to water and sanitation. The Environ
mental Performance Index [11] (EPI; provides performance indicators 
for environmental health and ecosystem vitality) out of 180 countries 
ranked in the EPI, South Africa is at position 50 for wastewater treat
ment and 13 for sanitation access. Various studies [1,10,9] report major 
factors responsible for the failing state of wastewater treatment facilities 
in South Africa and other such countries to go beyond lack of technical 
expertise for good design and system operation and to include corrup
tion, insufficient allocation of funds and poor compliance monitoring, 
among others. Such compromised wastewater treatment works release 
poor quality effluent water into various surface water bodies, leading to 
eutrophication of these water bodies [12] 

3. Wastewater management in rural South Africa 

Water pollution, and in particular, eutrophication of South Africa’s 
scarce water resources is a major concern due to the threat it poses to the 
nation’s water security. One of the major point sources of pollution loads 
on surface water resources are effluent streams from municipal waste
water treatment works. 

Historically, management of wastewater treatment systems has been 
characterised by a stepwise progression from solving sanitation prob
lems (this was the main focus at early phases of 20th Century) to the 
avoidance of eutrophication in receiving water bodies and nutrient re
covery/recycling (has been emphasized over the past 10 years) [13]. 
However, there are still many cities in developing countries with the 
problem of polluted water resources due to discharges of domestic and 
industrial wastes into receiving water bodies ([13,14]; Chowdhury & 
Mete., 2018). 

In many developing countries a large portion of the wastewater is 
solely taken through primary treatment and discharged without going 
through the required biological processes for removal of dissolved 
biodegradable organics and nutrients. Although some level of waste
water treatment is observed in South Africa, poor operation and main
tenance of the wastewater treatment facilities is the reason for discharge 
of poor quality effluents to various water bodies quality (Momba et al., 
2006; [14]). Therefore, a functional and sustainable wastewater man
agement scheme is necessary and should begin at the household level 
and is largely dependent on the human component, especially around 
the degree of acceptability for reuse of resources recovered from the 
waste [15]. Whilst highly efficient technologies are available, Nhapi and 
Gijzen [13] outline three steps towards a functional wastewater man
agement scheme (i) minimization of wastewater generation through 
drastic reduction in consumption of water and generation of waste (ii) 
direct treatment and optimal recycling of water and of nutrients at the 
smallest possible level (e.g., on-plot application) (iii) intervention to 
enhance the self-purification capacity of receiving water bodies. An 
example showcasing the implementation of this was the construction of 
six inlets and four outlet doors at the heavily polluted Bocana de la 
Virgen Bay, in Cartagena, Colombia, which allowed for the control of 
water inflows and effluent outflows by tidal pressure (Moor et al., 2002). 

Conventional wastewater treatment techniques (e.g., activated 
sludge for organic and nutrient removal, adsorption for removal of 
heavy metals, ozonation for removal of pathogens, etc) have been 
traditionally applied to remove pollutants [16]. All the methods and 
technologies have their own disadvantages such as consisting of com
plex processes and require large land areas, and they can carry high 
operation costs. According to Amoatey and Bani (2016), the biggest 
challenges of wastewater management are infrastructure, pollution of 
water sources, choice of appropriate technology, sludge production and 
reuse. Moreover, wastewater management though not technically 
difficult can sometimes be faced with socio-economic challenges 
(Amoatey and Bani, 2016). South Africa is still confronted with huge 
socio-economic challenges due to past political and socio-economic 

situation of the country. Despite the progress and general advance
ment in urban regions, the rural areas are less developed, with poor 
water and sanitation facilities. Diseases occasioned by usage of polluted 
water still have huge economic and social consequences for the people in 
rural regions with traditional communities heavily relying on this 
polluted water for drinking, agriculture and sometimes for small busi
nesses, like local restaurants, recreation facilities, processing of crops, 
production of food, etc. The lack of adequate education together with 
reduced financial capabilities with respect to implementation of water 
and sanitation facilities is still a challenge for many traditional rural 
communities. 

Therefore, considerations regarding the appropriateness of technol
ogies and other factors should be rooted in, firstly, if the technology 
(whether centralised or decentralised) is a priority for environmental 
and human health. Secondly, the technology should be low-costing, 
robust and require the least input of energy. Thirdly, the technology 
should have low complexity, easily maintained by the local community 
and should be able to recover resources. Lastly, the technology should be 
easy to upgrade with increased user demand or stricter effluent quality 
standards (Yadava and Singh, 2003). 

3.1. Energy 

According to SEA (2017) water supply and wastewater treatment 
systems in South Africa account for 25 % of all municipal energy con
sumptions and present the greatest energy saving opportunity. Energy 
(electricity) cost is the most significant cost in wastewater treatment 
plants in First World countries, as can be seen in Fig. 1, and with the 
electricity cost steadily increasing in South Africa, electricity costs are 
equally steadily becoming the most expensive part of running a waste
water treatment plant [17]. 

Musvoto & Ikumi [18] agreed with Scheepers & van de Merwe-Botha 
[17] as they also noticed that no significant focus had been placed on 
mitigating electricity cost increases at WRRFs in South Africa as these 
costs were low in the past. Moreover, it is pointed out that municipalities 
need to consider energy management as an intrinsic part of wastewater 
operations in order to remain sustainable, as ESKOM (Elek
trisiteitsvoorsieningskommissie, Government of South Africa) electricity 
rates are predicted to continue to sharply increase in the foreseeable 
future. 

According to Scheepers & van der Merwe-Botha [17], above 50 % of 
the energy usage in the South African water sector is from the treatment 
of wastewater and aeration uses the bulk of this energy (50–75 % - see 
Fig. 2). Various research studies in China ([19,20,21] to name a few) 
have made conclusions that agree with a report from 600 WWTPs 
elsewhere [22]. 

Various studies (Taricska et al., 2009, Liu and Liptak, 1997) have 
been done to determine the feasibility of energy recovery from waste 
treatment systems in South Africa. Burton et al. [23] reported about 

Fig. 1. Running cost of typical wastewater treatment plant [17]. The waste
water discharge fee can be thought of as similar to the Waste Discharge Charge 
System Levy in South Africa. 
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municipal wastewater treatment only plants (WWTPs) in South Africa 
with a combined energy potential of 1134 MJ/s were operating at 100 % 
capacity. An estimated 10,000 MWh can be recovered from the domestic 
and industrial wastewater sludge generated by a population of 48.5 
million in the whole of South Africa. According to Stafford et al. [24] the 
population generates 9.7 × 109 L/day of wastewater with a COD of 0.86 
g COD/L), which represented about 7% of Eskom electrical power 
supply in 2009 [23].The data generated in a case study by Swartz et al. 
[25] showed that a plant treating 450 ML/d requiring 8.0 MW energy, 
has the potential to generate 4.4 MW electrical energy. Ekama [26], 
using a mass balanced steady state model determined the energy 
recoverable from anaerobic digestion (using 15.1 kWh/kg CH4 and a 
thermal efficiency of 45 % and energy consumption to heat the AD at 30 
W/m[27] AD volume for a plant treating 15 ML/d of sewage (with 750 
mg COD/L organic strength), with pumping and aeration (2.5 kg 
O/kWh)) energy requirements for the energy consumption values. From 
this study, it is estimated that about 20 % of the energy used at the 
WWTP is recovered from the AD process. This value is less than that 
obtained by Swartz et al. [25] where potentially about 50 % of energy 
savings are noted from the overall adjustments in control methods, 
operational routines and maintenance for South African plants. Despite 
the energy recoverable being less than the consumed energy, the study 
by Swartz et al. [25] encourages the implementation of biogas energy 
production projects. In support, Gu et al. [28] notes that WWTPs which 
have pre-settling and a digester have the potential to consume 40 % less 
energy on average compared to one without these features. Following 
the recommendation of Swartz et al. [25], subsequent studies [29,30] 
were conducted focusing on biogas generation from anaerobic digestion 
waste sludge. One of these studies concluded that, application of biogas 
to energy is economically viable for large WRRFs, with influent flows 
above 15 ML/d, and would require long term investment, with viable 
returns possible over a 7–10-year period [29]. Moreover, although 71 % 
of WWTPs in South Africa have the capacity to generate energy, if 
advanced anaerobic digestion with combined heat and power (CHP) 
generation is implemented [29], opportunities for co-digestion of 
municipal sewage sludge and other biodegradable organics, such as food 
waste, should be explored [31]. There are various disposal routes, but 
anaerobic digestion appears to be a popular sludge management alter
native because of its ability to generate bioenergy by reducing sludge 
volumes to be disposed of [32]. Further studies towards optimised en
ergy recovery include investigations by Mills et al. [33]. In this study, 
Life Cycle Assessment (LCA) was used to evaluate the energy used and 
the energy that can be recovered from WWTPs products as a measure for 
their environmental and economic impacts. Five energy recovery con
figurations were considered, namely (i) conventional anaerobic diges
tion with Combined Heat and Power (CHP), (ii) Thermal Hydrolysis 
Process (THP) anaerobic digestion with CHP, (iii) biomethane grid 

injection from THP anaerobic digestion, (iv) THP anaerobic digestion 
with CHP followed by drying of the digested sludge to be used for the 
production of solid fuel, and (v) drying, followed by pyrolysis of THP 
anaerobically digested sludge and the use of biogas and pyrolysis gas in 
CHP. In this study, various factors that were both environmentally 
friendly and economically advantageous were considered to determine 
the process. The impacts deemed important for environmental analysis 
included (i) GWP – Global Warming Potential (excluding biogenic) 
(kgCO2 –Equiv.), (ii) POCP – Photo Ozone Creation Potential (kg Ethene 
– Equiv.), (iii) EP – Eutrophication Potential (kg Phosphate – Equiv.), 
(iv) AP – Acidification (kgSO2 – Equiv.), (v) ADP element – Abiotic 
Depletion (elements kg Sb – Equiv.) and (vi) ADP fossil – Abiotic 
Depletion (fossil MJ). For economic assessment the capital costs were 
calculated for each scenario according to common chemical engineering 
techniques presented by [34]), while the operating costs were calculated 
as shown in the work of Mills [35] Options (iv) and (v) performed the 
best with option (iv) being determined to be the most environmentally 
and economically viable. It is also determined that despite the financial 
appeal of bio-methane production for energy, it is not currently envi
ronment friendly, however Mills et al. [33] suggests that as the elec
tricity grid is decarbonised, the production of biomethane for injection 
in the electricity grid becomes more environmentally sustainable. 

All the above strategies and efforts to save energy at WWTPs are 
important, but these efforts should not be at the expense of effluent 
quality and human and environmental health. The investigation by 
Svardal and Kroiss [36] indicates that treated water has a far greater 
value as a potential fresh water source than the energy consumed in its 
treatment or the relatively small quantities of energy that can be 
recovered from it [37]. Further, in a comparative study by Ekama [38] it 
was shown that the carbon emissions by WWTPs (around 20 g 
CO2-C/person equivalent) are negligible relative to other human activ
ities. For example 20 g is 12 % of the 180 g CO2-C/(person.d) exhaled by 
a person with a 6300 kJ/d diet 50 % of the 40 g CO2-C/(person.d) 
generated to treat the wastewater at fossil fuel power stations, 1% of the 
2000 g CO2-C/(person.d) produced by motor vehicle driving at 30 
km/(person.d), 0.2 % of the 10,000 g CO2-C/(person.d) generated at 
fossil fuel power plants for utilisation as domestic electricity at 27 kW h/ 
(person.d) or 1.1 kW/person or 0.044 % of the 45,000 g CO2-C/(person. 
d) for total power consumption at 5 kW/person [37]. 

3.2. Water 

Since South Africa is currently considered a chronic water scarce 
country (500-1000 m3/person/annum) and moving towards absolute 
water scarcity (500 m3/person/annum), it would be advantageous to 
implement some form of wastewater re-use to assist in preventing a 
drought [39]. Nationally, effluent is most commonly simply discharged 
to a water body, with only 8.3 % of 824 WWTPs complying with effluent 
regulations [40]. Globally, many nations presently recycle less than 10 
% of their total wastewater effluent [41]; the most common form of 
wastewater reuse is through agriculture [42]. Considering increasing 
water scarcity and the cost associated with obtaining potable water 
through alternative means (such as desalination) it would be more 
profitable to at least apply wastewater effluent for agricultural reuse in 
order to decrease the amount of potable water being used. Other ways of 
water reuse include industrial reuse, urban reuse, and indirect and direct 
potable reuse. The different types of water reuse would have different 
water quality standards to be met. However, public perception and the 
potential health hazards associated with the reuse would suggest start
ing with non-potable reuse applications that do not include the use of 
reclaimed water on crops meant for food production. This could assist in 
alleviating the stress on potable water until public perception can be 
improved with time and all health hazards mitigated. Importantly, the 
labels implemented are significant towards perception, as farmers are 
more willing to use water for irrigation if it is labelled as recycled water 
instead of treated wastewater [43]. Other factors to consider in 

Fig. 2. Shares in electricity requirements for a typical activated sludge 
wastewater treatment plant (adapted from [18]). 
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wastewater reclamation include the feasibilities based on location of the 
wastewater treatment facility (regulations vary depending on locations, 
e.g., coastal versus inland; [44]) and the presence of toxic contaminants 
(generally due to industrial effluents), heavy metals, pathogens or 
micropollutants (such as pharmaceuticals and hormones). The removal 
of these compounds is becoming increasingly important for the envi
ronment sustainability and human health, because of the effects they 
have on reproductive systems, especially for water scarce regions such as 
South Africa that are beginning to rely on treated wastewater reclama
tion for potable reuse [45]. 

3.3. Nutrients 

With the rising demand for food supply, there is an increase in de
mand for nutrients (including nitrogen (N) and phosphorus (P)). Both N 
(required in reactive forms, i.e., ammonium, nitrate and nitrite) and P 
are usually present in municipal wastewaters and can be recovered in 
the waste treatment processes to promote their use in food production 
(plant growth), while ensuring that the WWTP effluents discharged to 
water bodies do not result in eutrophication. The P is predominantly 
obtained from phosphorus rock, a non-renewable, irreplaceable 
resource that may end up depleted in approximately 50–100 years [41, 
46,47]. Moreover, the phosphorus rock is geographically concentrated 
in few countries, requiring other countries to import most of their fer
tilizers. This significantly impacts the cost of food production and could 
create economic and political risks [41]. Various studies have been done 
to explore the opportunity for nutrient recovery from wastewater; via 
generation of N and P-rich sludge as fertilizers or soil conditioner, or 
recovery of N and P in the form of struvite (Ma et al. (2015). Vanrolle
ghem and Vaneeckhaute [48] have further discussed nutrient recovery 
from WRRFs to involve extraction techniques of (i) chemical crystal
lisation, (ii) gas stripping and absorption, (iii) acidic air scrubbing, (iv) 
membrane separation and (v) biomass production and harvest. 

Other technologies for nutrient recovery include the use of aquatic 
biomass such as microalgae and floating macrophytes for uptake of 
nutrients. For example, the harvested microalgae could then be used for 
livestock feed, biofuel production and fertilizer [49]. However, although 
these methods are cost efficient, there are some challenges experienced 
in harvesting the biomass for full scale nutrient accumulation [50]. 
Compared to these biological methods, chemical processes that allow for 
the recovery of nutrients in concentrated forms, such as controlled 
precipitation of struvite (MgNH4PO4⋅6H2O), have recently been more 
desirable due to the wider range of options for eventual reuse with lower 
risk of pathogens, easier transportation and proven energy efficiency 
(Theregodwa et al., 2019;[50]). 

Table 1 shows the potential amount of carbon (C), nitrogen (N) and 
phosphorus (P) produced in wastewater effluent in South Africa per year 
[51]. This gives an indication of the potential products that could be 

recovered to achieve a greater environmental and potentially economic 
benefit. In many countries, including South Africa, the recovered 
phosphorus prices (i.e., in forms such as struvite) cannot currently 
compete with mined phosphorus prices, however, it becomes more 
feasible in the long term when one accounts for the resources (energy, 
nitrogen, metals, minerals and water) that can be recovered concur
rently with phosphorus [41]. 

4. Integrated resource recovery 

The need for improved and sustainable infrastructure in the water 
and sanitation sector continues to intensify as the global population 
under water stressed conditions increases [13,52]. In many regions, 
these conditions are a result of continued mismanagement of water re
sources (i.e., with improvements needed towards decision making in the 
design, operation and maintenance of infrastructure used for provision 
of socially, economically and environmentally sustainable water and 
sanitation systems), because faults in the infrastructure (e.g., malfunc
tioning wastewater treatment plants and pipe leakages in the water and 
sewage reticulation networks due to under-investment in their mainte
nance and refurbishment) remain hidden, hence public outcry is often 
delayed until when too late. However, some intervention in the form of 
intensifying water pollution prevention programmes, introduction of 
technologies for affordable sanitation for industrial and domestic 
wastewater treatment, mitigation of the effects of groundwater 
contamination, monitoring systems and effective legal frameworks, is 
required to avoid the potential water shortage and city-wide wastewater 
accumulation that would result in threats to human health and envi
ronmental wellbeing [6]. Integrated Resource Recovery is a concept that 
is rooted in recovering valuable resources from waste. The emphasis of 
this concept lies on its ability to transform waste into resources through 
composting, recycling and bio digestion, thereby diverting municipal 
solid waste from landfills or open dump sites. The major focus of this 
concept is on collection and processing of waste and sale of the resources 
generated. Organic and inorganic waste, which typically comes from 
both private and public sectors respectively, serve as the inlet source of 
resource recovery [53]. Fig. 3 depicts the systematic interconnectedness 
that exist within various processes that are involved in the integrated 
resource recovery related to wastewater. There are other factors that 
influence the success of resource recovery and those factors include; 
stakeholders that range from wastewater treatment plant managers to 
investors and engineering modelling tools that would simulate the 
efficient running of the process and optimum production of energy. The 
capturing and reuse of nutrients, energy and water collected at waste
water treatment plants come with economic, environmental and social 
benefits. Methane-rich biogas can be utilized for heating buildings, and 
for plant processes. In addition, greenhouse gases causing climate 
change can be reduced through treating the organic fraction of waste, 
and inevitably there will be reduction of diseases from untreated waste 
[54,55]. 

In the context of wastewater treatment, integrated resource recovery 
involves connecting the wastewater treatment plants to unit operations 
beyond the fence of the WWTP, such that the source of pollutants to the 
plant and the fate of the products generated by the plant are included in 
the management and planning of the entire system for maximum benefit 
from the recovery of resources. Hence, the decisions made in the design 
and optimised operation of the WWTP and the connected unit opera
tions (i.e., the entire system) are influenced by the extent of environ
mental, social and economic progress that the recovered resources 
would promote. The decision-making processes that would allow for the 
transformation of wastewater treatment systems to water and resource 
recovery facilities that are socially inclusive, cost effective and envi
ronmentally sustainable, involves collaboration between a network of 
stakeholders including consulting engineers, municipal workers, re
searchers, and public health specialists. Mathematical models, primarily 
based on the Activated Sludge Model (ASM), could be used as tools in 

Table 1 
Annual production of C, N and P from the effluent of South African industries 
(adapted from [121]). The industries not listed in the table include distillery, 
edible oil, soft drinks, fishery and winery as their contribution was not found to 
be significant.  

Industry 
sector 

Mℓ effluent 
per year 

Estimated ton 
C / year 

Estimated ton 
N / year 

Estimated ton 
P / year 

Municipality 1,825,000 4,653,750 118,625 28,288 
Abattoir 

(poultry) 
5400 71,280 945 308 

Abattoir (red 
meat) 

8188 139,057 101 – 

Dairy 86,393 3.9 million 30,238 3456 
Brewing 8334 100,008 438 250 
Canning 1074 11,599 – – 
Pulp & Paper 339,300 967,005 3068 443 
Petroleum 77,380 1.83 million 3691 101 
Textiles 0.03 million 0.454 million 15 196  
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such instances to integrate the ideas that define strategy evaluation for 
recovery systems. However, since WRRFs are often operated under 
relatively stable conditions and not with the same dynamics as WTTPs, 
there is less need for dynamic models and stoichiometric models would 
be adequate enough. Dynamic modelling would be still useful for opti
mization, especially when accounting for the interaction of the recovery 
process with the rest of the wastewater treatment unit processes [56]. A 
detailed list of such existing modelling strategies can be found in the 
following section. 

Originally, the main concern behind the design and optimised 
operation of wastewater treatment systems was the struggle to meet the 
strict effluent discharge regulations required to protect regions’ water 
resources ([57]; Henze et al., 2008). Currently, there are global shifting 
paradigms (e.g., conventional treatment of wastewater towards a more 
productive recovery of resources [58] and from water-stressed cities to 
water-sensitive regions [59] that have necessitated re-thinking the 
incorporation of resources (mainly, water, nutrients (N) and (P) and 
energy) recovery in waste treatment processes. To ensure that solutions 
towards achievement of such sustainable water and resource recovery 
facilities (WRRFs) are holistic and based on scientifically sound princi
ples, tools (such as mathematical models) that provide expert informa
tion on the entire waste treatment systems can be used in their strategic 
evaluation. A list of potential products recovered from sewage municipal 

water (adopted from [60]) can be found in Table 2. 
Apart from what is mentioned in the table, a key benefit would be the 

lowered competition for freshwater, with the consideration of treated 
wastewater as an alternative source of water for use in different activ
ities. According to Qin et al. [61], about 80 % of the needed freshwater 
can be generated via optimised reuse strategies for treated wastewater 
[61]. Examples of popular reuse strategies for treated effluents from 
WWTPs include application for agriculture, use towards landscape irri
gation and also various applications in the industrial sector ([62]; [63]). 

In order to accomplish successful, economically and environmentally 
feasible resource recovery from wastewater, communication and 
collaboration will be required across disciplines that do not usually 
require dialogue between them. This includes farmers, public health 
officials, municipal and waste managers, water utilities, regulatory 
agencies, environmental authorities, planners and developers. Further, 
solutions to technological barriers are required [28]. Burton et al. [23] 
identifies the following technological barriers: (i) Technologies that 
have been implemented internationally but has not yet been imple
mented in South Africa and has its implementation hampered due to a 
lack of demonstration, (ii) The reliability of new technologies needs to 
be proven with time before it is trusted, (iii) New designs are not always 
appropriate for the local context of a developing country due to opera
tion and maintenance requirements, (iv) There is a lack of human re
sources required to fulfil maintenance requirements. Table 3 lists the 
possible sources of resource recovery (effluent water reuse, sludge 
disposal and mineral precipitates nitrogen recovery) and the various 
environmental and other considerations. 

Biogas can be used for energy supply (heating, hot water, supply 
warm air for drying). The use of biogas (see Table 4) as an energy supply 
does not add to carbon dioxide emissions into the atmosphere. The 
exhaust is clean and does not produce particles or odours. Furthermore, 
the use of biogas instead of fossil fuels makes industrial applications 
more sustainable [72]. The upgraded biogas (biomethane stripped 
mainly from hydrogen sulphide and carbon dioxide) increases the en
ergy content of the gas. This improved gas can be used as fuel for various 

Fig. 3. A conceptual framework for the integrated resource recovery based on wastewater.  

Table 2 
Motivation for resource recovery and the related activities where they can be 
used (adapted from [60]).  

Motivation Activity Innovation 

Increased revenues, Reduced costs 

Water reuse Industrial cooling 
Materials recovery Landscape irrigation 
Biosolids reuse N, P compounds 
Energy generation Bioplastics, Solid fuels, 

Energy recovery 
Photovoltaics 
Methane Hydrogen 
Heat recovery  
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Table 3 
Possible sources of resource recovery (effluent water reuse, sludge disposal and 
mineral precipitates nitrogen recovery) and the various environmental and 
related considerations (adapted from [122]).  

Effluent water reuse: Environmental and other considerations 

Resource Recovery 
Sources 

Environmental and other 
considerations 

References 

Discharge into nearby 
water body 

- Presence of nutrients 
indicates that the water is of 
more benefit for agricultural 
purposes than its discharge 
to receiving water bodies 
which could result in 
eutrophication. To avoid 
this, the water is to be 
treated to ensure that the 
effluent meets the required 
standards for discharge. 

Snel [64]; Jhansi and 
Mishra [65]; 

Swarts et al. (2016) ; 
Abdalrahmana et al. 
[66] 

Irrigation (Agricultural 
and landscape) 

- Poor water quality (i.e., 
high concentrations of 
unwanted constituents, 
including some salts) could 
affect the soils and crops or 
contaminate surface and 
groundwater if not managed 
correctly. Hence the 
effluents require 
characterisation to ensure 
that they shall not be 
detrimental for agricultural 
application.  
- Marketability of the crops 
may be influenced by the 
public perception. Further, 
there may be public health 
concerns due to the potential 
presence of pathogens in the 
reclaimed water. Hence 
waste-use projects would 
often require an awareness 
campaign to ensure that the 
public is educated on the 
processes used to ensure 
public health. 

Industrial recycling 
and reuse 

- Concerns that constituents 
present in reclaimed water 
(which could lead to scaling, 
corrosion, biological growth 
and fouling) and pathogens 
in cooling (which could be 
transmitted through the air 
and impact public health). 

Groundwater recharge 

- Toxicological effects of 
organic chemicals present 
together with other 
components such as 
dissolved solids, nitrates and 
pathogens in the reclaimed 
water need consideration, to 
avoid the contamination of 
aquifers used as potable 
water sources. The effluent 
from WWTPs often go 
through further treatment 
for example, ozonation of 
granular activated carbon 
treatment. 

Recreational or 
Environmental uses 

- Potential for eutrophication 
due to the presence of 
nitrogen and phosphorus. 
- Health concerns due to the 
presence of bacteria and 
viruses in the reclaimed 
water. 
To overcome these concerns, 
the effluent is characterised 
and may undergo further  

Table 3 (continued ) 

Effluent water reuse: Environmental and other considerations 

Resource Recovery 
Sources 

Environmental and other 
considerations 

References 

tertiary treatment where 
necessary. 

Non-potable urban 
uses 

- Public health concerns due 
to the potential for 
transmission of pathogens 
through aerosols 
- Water quality have an 
impact on scaling, corrosion, 
biological growth, and 
fouling may result in cross 
connection of potable and 
reclaimed water lines. Where 
the effluent quality is noted 
to have such potential, 
tertiary treatment processes 
are required for removal of 
pathogens, endocrine 
disruptors, softening and 
stabilisation. 

Potable reuse 

- Need to be aware of 
constituents (such as trace 
organic chemicals) in 
reclaimed water 
- Stricter quality standards 
for the water require more 
expensive processes 
- Public acceptance of the 
reclaimed water 

Sludge disposal: Environmental and other considerations 

Landfilling 

- Potential negative impact 
on environment due to 
presence of metals and other 
toxic materials and possible 
emission of carbon dioxide 
and methane. 

Nathanson [67]. 
- Economic burden from 
large transportation 
distances to landfills and the 
high fees for disposal. 
Hence landfilling should be 
considered when the other 
more environmentally 
friendly alternatives are not 
possible. 

Sludge Incineration 

- Potential air pollution 
requires consideration 

Nathanson [67] 

- It is an expensive method 
and has additional costs 
associated with the 
treatment of the incinerator 
exhaust gas to fulfil the Clean 
Air Act requirements. 

Land Application (full- 
scale composting 
facilities) 

- Sludge digested by an 
anaerobic digester becomes 
stable and harmless and can 
be used as (soil-conditioner) 
fertilizer or co-disposed, 
however, it cannot be used as 
fertilizer if it contains large 
amounts of undesirable 
constituents (e.g., heavy 
metals). 

Rothauge [68]; 
Nathanson [67]; Jhansi 
and Mishra [65]; 
Feachem et al. [ 
69]. 

- Large scale land application 
of sludge offers the 
opportunity to re-apply 
valuable organic matter to 
the soil and makes beneficial 
use of the nitrate and 
phosphate nutrients that are 
present in the sludge. 
- Municipalities may receive 
some return from the sale of 
sludge products. 

(continued on next page) 
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modes of transportation such as trucks, busses and cars. There is also an 
increasing interest in the use of compressed and liquified natural gas as 
fuel for heavy transport. The upgraded form of biogas is completely 
substitutable for its fossil fuel equivalent [72]. Several countries inject 
biomethane into the national transmission network for natural gas. This 
means that households, industries and vehicle fuel stations have access 
to this renewable gas, however, the gas in the grid is not homogeneous 
and has both renewable and fossil gas present [73]. 

Carbon dioxide is classified as a greenhouse gas and therefore its 
emission into the atmosphere is undesirable. In the South African 
context, there are limited documented cases of energy generation from 
waste [23] and the carbon dioxide generated is mostly being released 

into the atmosphere. Globally, the carbon dioxide emissions from 
WWTPs are mostly atmospheric and account for most of the carbon 
footprint of WWTPs. The more profitable option would be to decrease 
electricity costs by using the biogas produced to generate electricity 
and/ or heat. Without reuse, the carbon dioxide is simply released into 
the atmosphere, an especially undesirable destination considering it is a 
greenhouse gas. 

Although current models suggest that there is greater potential for 
energy recovery from methane than from hydrogen, technology such as 
fuel cells might make energy recovery from hydrogen more appealing 
[23]. It must be noted that the addition of hydrogen to a biogas plant 
would result in the biogas being transformed to almost 100 % methane 
due to the reaction of the hydrogen with the carbon dioxide [72]. Ni
trogen gas is released into the atmosphere; however, it is a valuable 
nutrient in agriculture and can be converted to fertilizer by the 
Haber-Bosch process, an energy intensive process [47]. With the in
crease of energy costs, greenhouse gas regulations, and strictness of 
effluent requirements, the interest in nitrogen recovery will increase 
[41]. 

5. Modelling approaches to resource recovery 

Resource recovery is a rapidly emerging research area, which pro
motes the development of several technologies that have the potential to 
extract different type of organics (e.g., those from food waste, agricul
tural waste, human or animal waste and bi-products of industrial pro
cesses – such as the fatty acids generated from coal to fuel processes), 
nutrients and/or energy from wastewater. Because the functions of 
future WRRFs stretch beyond simply meeting the effluent requirements 
(i.e., also includes optimization of products, such as water, energy and 
nutrients), a high level of accuracy in predicting system response is 
needed. Currently developed predictive WRRF mathematical models 
can play a crucial role in this paradigm shift, acting as tools to assist 
players in the sector in management of treatment systems, with a focus 
on reuse and recovery (Lizzaralde et al., 2018). 

Mathematical models, for given unit processes of the wastewater 
treatment system, function to virtually replicate the unit operation such 
that they can allow for a better understanding of the system processes 
and their impact on plant performance, hence providing guidance to
wards proficient system design and optimised operation ([26,82]; 
Ikumi, 2020). The virtual replication of the system processes is formu
lated using series of stoichiometric expressions (i.e., equations that show 
interaction between compounds) and kinetic expressions (process rates) 
that are integrated to mimic the wastewater treatment systems biolog
ical interactions, together with the chemical and physical processes 
(Billing and Dold, 1988). Empirical models are based on correlations 
between the system adjusted design and operating parameters and 
observed system responses, to recognize parameters essential for the 
process (i.e., observation when the mechanisms that drive the system 
responses are not known or are ignored). In contrast, mechanistic 
models incorporate conceptualised biological, physical and chemical 
mechanisms known to drive the system operation and performance [83]. 
Mechanistic models are generally more reliable than empirical models 
because of they contain scientifically sound approaches to connecting 
the input components to the predicted outputs. However, the applica
tion of empirical models is favoured for wastewater treatment plants, 
where the model has been finely calibrated against the specific system 
under observation. The calibration process is also used in generating 
some confidence in mechanistic models. This process includes ensuring 
that the sets of equations used to replicate the real system are 
mass-balanced and checking that model predictions are capable of 
matching measured experimental data for significant variables known to 
govern the system response (a sensitivity analysis is often used, espe
cially for complex models, to determine the important parameters that 
could be adjusted during calibration). 

When well calibrated against given systems, the mathematical 

Table 3 (continued ) 

Effluent water reuse: Environmental and other considerations 

Resource Recovery 
Sources 

Environmental and other 
considerations 

References 

- Potential health hazard, 
strict health and safety 
protocols have been put for 
protection of those involved 
in such processes. 

Mineral precipitates: Environmental and other considerations 

Phosphorus recovery 
(via mineral, e.g., 
struvite, 
precipitation) 

- Struvite contains less metal 
contaminants than 
conventional sludge. 

Yoshida et al. [70] ; Ali 
[71] ; Mayer et al. [41]. 

- Low solubility of struvite 
makes it appropriate for 
depot fertilizer that requires 
phosphorus to be released 
slowly due to the needs of 
the plants 
- Struvite as a fertilizer is 
more concentrated, comes in 
a dry form, does not require 
much processing, can be 
mixed with other fertilizers 
and can be stored for a longer 
time than other fertilizers. 
- Amorphous tricalcium 
phosphate precipitation: it 
could be used as a raw 
material, such as for the 
production of cattle food and 
phosphoric acid. 

Trace minerals: Environmental and other considerations 

Metals (including Mg, 
Na, Ca): 

- Presence of trace metals 
(Cd, Cr, Cu, Fe, Pb, Mn, Hg, 
Ni and Zn) are of importance 
in most waters. Many of the 
metals are labelled as 
priority pollutants, however, 
they are also a requirement 
for the growth of biological 
life to take place. 

Mayer et al. [41]. 

- Trace metals (Na, Ca, P, K, 
Mg, Fe, Al and Ti) are present 
in the greatest abundance in 
municipal wastewater 
sludge.  

Table 4 
A summary of possible applications of biogas in different areas obtained from 
WRRFs.  

Product Applications References 

Gaseous 
biomethane 

Heating buildings, Injection into natural 
gas pipeline, Agricultural fertilizer 

[72,74,73,75,76, 
77]. 

Liquid biofuel Liquid biofuel cells energy carrier, 
Biomethanol, Power generation 

[23,78,79]. 

Solid nano 
carbon 

Carbon based sustainable nanomaterials ([80]; Kampioti 
et al. [81]).  
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models could be used to generate critical data that is applicable towards 
long term strategic planning and management of various design and 
operational options for WRRFs, using a computers’ processing capacity. 

However, these predictive models need to evolve from focusing on 
the waste treatment processes into a more system-wide virtual config
uration that integrates the waste treatment systems with their pollutant 
sources (including various sanitation options) and considering the fate 
of products that are generated during treatment processes. These 
system-wide tools would not only need to be scientifically sound but 
should also incorporate decision making/strategy evaluation procedures 
that prioritise human and environmental health and consider socio- 
economic factors. Further, in the development of such tools the prefer
ence is to employ simpler models that could provide answers to complex 
problems rather than complex models to generate answers to problems 
that can be easily resolved [84]. Several plant-wide steady-state models 
such as the mass balance spreadsheet developed by Sötemann et al. [85] 
and Ekama [38] have been developed and are useful in the development 
of design and operation WWTP tools such as the approach of Wu [86] 
and Nsengiyumva et al. [84]. Similar progress has been made with more 
complex plant-wide dynamic simulation models that are capable of 
simulating WRRF systems (Barat et al., 2013; [87] and [88]). 

To ensure that these models are presented and evaluated in a more 
systematic and rigorous way further research has also been done by 
Lizarralde et al. [89] in the systematic integration of biochemical, 
chemical and physico-chemical models and the Benchmark Simulation 
Modelling (BSM) task group [90,91] that present a testing platform for 
plant-wide performance evaluation of operational/control strategies 
Numerous studies have been presented on the use of mathematical 
models to simulate strategies around design and operation of waste
water treatment systems, such as introduction of new technologies/ 
processes or improvements in the system configuration. Table 5 provides 
some recent examples, where models have been used to virtually 
replicate such strategies. 

The past decade has seen an increase in the use of models by 
wastewater treatment process utility staff (plant supervisors, engineers 
and operators) [96]. However, along with such development, there is a 
need for a new generation of (plant-wide) engineering tools to simulate 
resource recovery options before/after implementation [97]. Hence, 
there have been various increasingly sophisticated applications to allow 
for the transition of these tools towards WRRF modelling. These include 
simulating different strategies to nutrient (N and P) recovery, energy 
generation, greenhouse gas mitigation, biomass specialization for new 
conversion pathways. In many of these topics, there was an overarching 
challenge on how best to bridge the gap between the current modelling 
research findings and practical implementation (e.g., development of 
utilisable tools). This has given rise to various debates about the best 
way to improve model’s accuracy, where it is lacking in full scale sys
tems. Hence improvements to various existing bioprocess models have 
been done to ensure practicality in use for process control and system 
operation. Examples of such improvements include (i) integration of 
biological and physicochemical models to allow for virtual replication of 
nutrient recovery processes (i.e., including biological uptake, release 
and mineral precipitation (Ikumi and Ekama, 2019), (ii) integration of 
computational fluid dynamics (CFD) and biokinetic models to include 
the role of hydrodynamics in WRRF unit operations [98], (iii) improved 
gas-liquid mass transfer processes that can replicate oxygen transfer, 
energy use and greenhouse gas emissions, (iv) attempts to virtually 
replicate new resource recovery technologies such as AGS,THP [27], 
struvite PPT, partial nitrification/anammox [95] etc. and their inclusion 
to integrated system-wide models. Integration of established technolo
gies in novel process schemes (Wan et al., 2016; [99]). 

The practical application of these numerical models, by various re
searchers have demonstrated usefulness in optimising design and 
operation of WRRFs, with consideration to environmental and economic 
criteria. However, because the models employed are not generic and 
require adaptation to suit the scope and objectives of their application 

Table 5 
Examples of simulated strategies and applications of WRRFs.  

Technology Objective and key findings model used with 
references 

Flocculation addition 
(addition of chemical 
flocculant aluminium 
sulphate) 

Using the BSM2 P as a 
reference configuration, the 
BSM2 evaluation criteria 
such as effluent quality and 
cost indices (EQI and OCI), 
within a South African 
context were used to assess 
the impact of control 
strategies, in a comparative 
study which evaluated the 
implementation of a UCT- 
type biological nutrient 
removal system onto the 3- 
stage Bardenpho reactors. 
For both system 
configurations, two main 
strategies were included (i) 
dosage of volatile fatty acids 
to encourage biological P 
removal and (ii) eliminating 
the recycle of dewatering 
liquor back to the activated 
sludge system. The most 
effective plant configuration 
was extracted which 
produced the best effluent 
quality, while optimising 
operational costs. This was 
the UCT-type configuration 
without recycles from 
dewatering liquors. 

([92,93])’; 

PWM_SA model [87] 

Integrated Fixed-Film 
Activated Sludge 
System 

Addition of fixed media to 
activated sludge system 

[94]; 

The minimum required 
suspended medium solids 
retention time (SRT) for 
various temperatures for the 
design guideline models of 
ATV, against and the trends 
obtained from observed 
average nitrification 
performance of the IFAS 
plants are used to determine 
the parameters defining the 
growth rate of nitrifying 
organisms (i.e., the 
maximum specific growth 
rate of nitrifiers at 20 ◦C 
(μAm20) and temperature 
sensitivity coefficient (θμ)) 
when the nitrification 
equations based on the 
general kinetic model for 
activated sludge systems, 
termed UCTPHO. Hence the 
inclusion of fixed media (via 
IFAS) results in halving of 
the SRT, which ensures 
reduction in reactor volume 
requirements and reduced 
oxygen consumption 
(oxygen used for the 
endogenous respiration 
process of faster growing 
ordinary heterotrophic 
organisms (OHOs), in the AS 
system is less). 

PWSSM model Ekama 
[38] 

Membrane Biological 
Nutrient Removal 
System 

The steady state design 
model was extended to 
include reactor sizing 
requirements for the 
inclusion of membranes for 
solid/liquid separation. In 

([94]; 

MBR model Ramph. 

(continued on next page) 
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[100] further developments are necessary to allow for their uptake by 
end-users. Such developments included the preparation of data recon
ciliation and parameter estimation protocols (in cases where data is 
available) and statistical tools that could act as input generators, for 
instance where data availability is limited. For example, the probabi
listic fractionator of Brouckaert et al. [101] that combines available 
plant data with assumptions based on literature or local experience to 
estimate the wastewater composition. This minimizes the requirement 
for extensive additional measurements that would normally be required 
to characterize the wastewater for modelling purposes. Further possi
bilities include, conceptual frameworks for an online supervision and 
control of decision support system, which involve the incorporation of 
multiple sensor technology and artificial intelligent systems to work 
with the predictive capacity of simulation models. The sensors that 
measure different parameters at the influent to the treatment systems 
and in the reactors can be generate data to mathematical models, 
tailored to suit the configuration of the existing WRRF system and the 
consolidated sensor measurements are used by the model to calculate 
important variables that then need not be measured, in real time. This 
allows for the models to calculate predicted system responses to 
measured changes, hence provide early warnings that, where necessary 
would prompt control adjustments for the mitigation of risk. 

6. Challenges of wastewater resource recovery in rural South 
Africa 

South Africa, being a water-stressed country, has suffered a general 
threat to river health and over-exploitation of the national water system 
for years. Moreover, the lack of adequate sanitation infrastructure in the 
country’s rural communities has been steadily rising. This has resulted 
in rivers becoming increasingly contaminated with human waste and 
untreated effluent (i.e., raw sewage) being discharged into rivers [102]. 
Although sewerage networks and waste treatment plants are not very 
visible forms of infrastructure (with the sewage reticulation networks 
buried under roads and plants mostly located at the outskirts of regions) 
there is a major requirement for South African municipalities to address 
the backlog in service provision for the water and sanitation sector. 

Table 5 (continued ) 

Technology Objective and key findings model used with 
references 

this model it is observed that 
the reactor sizing depends 
mainly on the volume 
required to contain the 
membranes at low influent 
organic loads and the 
volume required to transfer 
the peak oxygen demand 
when the membrane 
scouring is limited. It was 
noted that the MBR systems 
could also be replicated in 
dynamic simulation models 
such as when sludge recycle, 
which would usually come 
from the secondary settling 
tank, is redirected back to 
the aerobic reactor. 

Nitrite Shunt and 
Anammox 

The process controls for this 
system include solids 
retention time (SRT), pH, 
dissolved oxygen, 
temperature, and nitrite 
concentration. 

([94]) 

The steady state mass 
balanced model was 
extended to include the 
growth of annamox bacteria 
in the N removal process. 
With the use of this model to 
predict the system 
performance, it was 
discovered that, if all the N 
removal takes place over 
nitrite instead of over 
nitrate, oxygen saving would 
be 25 % and the methanol 
savings would be 40 %. 
These considerable savings 
encourage further research 
to reduce the growth of NOB 
and increase the growth of 
anammox bacteria in N- 
removal activated sludge 
systems. 

extended PWSSM 
model of Ekama [38] to 
include the anammox 
processes. 

BABE (bio-augmentation 
batch enhanced) 
process 

The BABE process is useful to 
improve wastewater 
treatment via increased 
nitrification rates (hence 
lower system sludge age 
requirements to meet 
effluent quality standards). 
Reduced system sludge age 
is associated with reduced 
aeration costs (hence energy 
saving). 

Bott et al., 2013; [10]); 

The evaluation of various 
strategies was done using the 
benchmark simulation 
model (BSM) task group 
plant performance indices (i. 
e. effluent quality index 
(EQI) and operational cost 
index (OCI)) incorporated 
into the simplified steady- 
state full scale models to 
analyze case studies on 
South African plants. The 
integration of STP in the 
WWTPs layout results in 
better EQI and OCI. The 
composition of the DWL 
affects the choice of the STP 
to be used i.e. for DWL from 
an AD treating WAS that is 

the Plant Performance 
Evaluation tool (PPET; 
[84])  

Table 5 (continued ) 

Technology Objective and key findings model used with 
references 

not P rich the recommended 
side-stream treatment 
operation would be the 
BABE process rather than the 
struvite precipitation. 

Struvite crystallization A modified version of the 
Benchmark Simulation 
Model No. 2 (BSM2) was 
used as test platform was 
used to test the effects that 
control/operational 
strategies, including struvite 
precipitation may have on 
plant-wide phosphorus (P) 
transformations in 
wastewater treatment plants 
(WWTP). Model-based 
analysis shows that the 
combination of an 
ammonium and total 
suspended solids control 
strategies better adapts the 
system to influent dynamics, 
improves biological P 
removal potential (41 %), 
increases nitrification 
/denitrification efficiency 
(18 %) and reduces aeration 
energy (21 %). 

[95]  

M. Montwedi et al.                                                                                                                                                                                                                             



Journal of Water Process Engineering 40 (2021) 101978

11

Hence, with limited investment in new technologies and declining 
maintenance of existing ones, most rural municipalities do not have the 
required infrastructure to support resource recovery facilities (Bild, 
2016). Beyond poor infrastructure and mismanagement of resources, a 
major contributor to the water and sanitation problems in rural South 
Africa is the shortfall in human resource potential, for the various 
stake-holder levels up to and including the decision makers. Moreover, 
because various resource recovery activities rely heavily on operator 
skills (e.g., thermal combustion and bio-gasification), successful imple
mentation and regulation of resource recovery systems in rural South 
Africa would require awareness and proper training of the public and 
stakeholders to ensure growth of suitable expertise and practices (Flo
rin-Constantin and Mohammad, 2017). 

A major challenge in implementing resource recovery systems in the 
systems of water supply and sanitation that are most efficiently linked to 
resource recovery is the fact that they are not widely accepted by the 
public. The most common perception is that a sanitation system that is 
geared to maximum comfort and greatest distancing from the waste (i.e., 
fully flushed toilets linked to centralised wastewater treatment plants) is 
the solely acceptable and dignified form of sanitation, with most alter
native options being a temporary measure. Hence there is further need 
for proper and open communication with the public and stakeholders for 
awareness on the benefits of alternative systems that allow for resource 
recovery and to ensure that the alternative systems are improved in 
quality and comfort [103]. To provide structured incentives for waste 
reuse and resource recovery is of importance in South Africa, because 
the current alternative waste treatment and recovery options are limited 
and seem expensive to implement, relative to less environmentally 
friendly methods (e.g., use of landfills). With most recovered waste 
being under-priced, the costs of waste management are not fully 
appreciated by consumers and industry, and the private sector is slow to 
respond to the resource recovery opportunities. Further, the governance 
required to implement structured measures towards an enabling envi
ronment for resource recovery activities can be challenging, with the 
rapidly transforming rural and peri-urban socio-economic contexts. The 
increasing regulatory requirements in South Africa, over the past 
decade, to minimise environmental and human health impacts while 
promoting resource recovery, have resulted in difficulties to ensure 
compliance and profitable recovery of resources [104]. Additional dif
ficulties in resource recovery programmes have been the overlapping of 
roles and responsibilities taken by the formal municipal authorities and 
the more informal traditional regional authorities (e.g., municipalities 
that are obliged to provide water and sanitation services but not 
authorised to establish control over the systems). Hence, there is a 
requirement for efficient means of cooperation between municipalities 
and traditional authorities to allow for clear division of roles and co
ordination of governance, planning and implementation in the sector 
[103]. 

Efforts to minimise waste and promote resource recovery, revision of 
current water and sanitation systems will require innovation, not only 
on the technical aspects, but also in financial, social, cultural, environ
mental and governance aspects. Potential practices in rural areas would 
include utilisation of waste (human, agricultural, food, etc) for the 
preparation of animal fodder, briquetting, anaerobic digestions (to 
obtain biogas for cooking and other basic needs) and using locally 
treated water to support agricultural productivity. Such solutions are 
based on decentralisation but could be integrated into one rural waste to 
resource recovery complex [105]. Further, the provision of opportu
nities for these activities should be promoted through the development 
of adequate policies and regulations, useful partnerships between au
thorities and stakeholders, tax incentives and new financing mecha
nisms for capital investment in the required infrastructure and its 
maintenance. 

6.1. Supportive prospects for water and resource recovery facilities 

Overall, the outlook is positive for wastewater-based resource re
covery systems in rural South Africa. The ease of access to water quality 
monitoring, through modelling tools and the involvement of various 
stake holders, provides the necessary nourishment for successful 
implementation of full-scale projects. The challenge is to begin 
perceiving wastewater as a resource that requires management at 
various levels and to include the fate of the products generated from 
wastewater treatment systems as part of the decision-making processes 
for design and operation of WRRFs. Policies that could support such 
initiatives include those that:  

(i) Allow for re-introduction of recovered products from waste 
streams as end products that are safe to use (i.e., redefining waste 
as resource), through the standardization of these products and 
providing some legal certainty in the recyclable materials 
markets.  

(ii) Assurance of Environmental protection and human safety 
through policies that establish effective links between water, 
sanitation and resource recovery with the frameworks of national 
public health and environmental protection. Hence resource re
covery should not be at the expense of human or environmental 
health.  

(iii) Support the provision of free basic services for all of its citizens. 
This includes minimum access to water and sanitation services. 
The services should be covered within the entire city and should 
include all technical components required to be fully functional.  

(iv) Limit discharge of waste sludge to landfills (by specifying 
allowing only non- hazardous types wastes to be discharged at a 
given cost), incentivise reduction in wastewater discharge to 
receiving water bodies and encourage sludge and water reuse (e. 
g., in agriculture)  

(v) Encourage inclusive participation of all stakeholders (e.g., heads 
of local municipalities, system operators, producers, users, etc.), 
providing clear roles and mandates with allocation of required 
authority to fulfil given responsibilities, including cooperative 
mechanisms and best practices, where appropriate. 

Following this review future prospects in of this research, towards 
informed decision making for better design and operation of WRRFs 
include (i) Advancement of accurate, cost saving and efficient data 
generation collection techniques, (ii) promote the establishment of 
centralised virtual networks that would allow for water and wastewater 
analysis needs to be met, (iii) development of performance indices that 
evaluate entire water and sanitation systems including the fate of WRRF 
products, (iv) converting system-wide models to realistic tools that 
could be used in transforming WWTPs to WRRFs and (v) connecting 
enhanced data procurement methods to mathematical models that 
virtually replicate water and sanitation systems of given catchment 
areas in order to apply modelling tools for evaluation of system-wide 
strategies. 

7. Conclusions 

This review aims for the long-term impact of promoting the con
version of wastewater treatment systems in South Africa into low cost 
and environmentally sustainable water and resource recovery facilities 
of the future, especially in the rural areas.. Possible ways of resource 
recovery such as effluent water reuse, sludge disposal, mineral pre
cipitates (such as struvite) and nitrogen recovery have been explored.. 
The market potentials of recovered water, energy, fertilizer and other 
products are specific to a given region and depend on the volumes 
demanded, the quantities contained in wastewater streams and the re
covery yields obtainable. Mathematical tools that track material com
ponents through wastewater treatment systems, could be useful to 
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include the fate their generated products in decision-making processes 
to allow for conversion of WWTPs to WRRFs. 
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