Review

The Belmont Valley integrated algae pond system in retrospect
Prudence M Mambo1, Dirk K Westensee1, Bongumusa M Zuma1 and A Keith Cowan1*
Institute for Environmental Biotechnology, Rhodes University (EBRU), Grahamstown, 6140, South Africa

1

ABSTRACT
Integrated Algae Pond Systems (IAPS) are a derivation of the Oswald-designed Algal Integrated Wastewater Pond Systems
(AIWPS®) and combine the use of anaerobic and aerobic bioprocesses to effect sewage treatment. IAPS technology
was introduced to South Africa in 1996 and a pilot plant designed and commissioned at the Belmont Valley WWTW
in Grahamstown. The system has been in continual use since implementation, and affords secondarily treated water
for reclamation according to its design specifications, which most closely resemble those of the AIWPS Advanced
Secondary Process. In this paper IAPS as a municipal sewage treatment technology is re-examined in relation to design
and operation, the underpinning biochemistry of nutrient removal by algae is described, and a retrospective is provided
on the demonstration system at the Belmont Valley WWTW. In addition to presenting details of the process flow,
several shortcomings and/or oversights are highlighted and, in particular, the need for an appropriate tertiary treatment
component. However, despite the use of IAPS for sewage treatment in many countries, this technology is still viewed with
some scepticism. Thus, a major purpose of this overview is to provide a synthesis of available information on IAPS and an
appraisal of its use for municipal sewage treatment.
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Innovation and advancement in the sector have proliferated
wastewater treatment works (WWTW) and new process technologies are regularly made available as strategies to improve
the management and remediation of wastewater (Bdour et
al., 2009). Even so, management of WWT and control of final
effluent quality/discharge is complex and some of the associated
challenges include land, capacity, operations, maintenance and
repair, technology developments, climate change, water course
accessibility, and sustainability (Muga and Mihelcic, 2008;
Gravelet-Blondin et al., 1997). These, coupled with available
financial resources, directly impact wastewater infrastructure
by influencing design, construction, operation, inspection,
maintenance, and the overall efficiency of the WWTW (Korf et
al., 1996). Since WWT is not a free-market enterprise in South
Africa, acceptable process technologies are viewed by many as
those that are either already optimised or can be immediately
optimised, and without consideration of additional energy and
monetary costs.
Wastewater treatment technologies currently deployed in
South Africa for the treatment of municipal sewage include
waste stabilisation ponds (WS) or oxidation ponds (OP),
activated sludge plants (AS), bio-filtration (BF), biological
nutrient removal (BNR), constructed wetlands (CW), and more
(Adewumi et al., 2010; Oller et al., 2011; Tomar and Suthar,
2011). South Africa has approximately 970 municipal WWTWs
which together treat an effluent stream of 7 589 000 kℓ·d-1 at an
operational cost in excess of ZAR3.5 billion per year. Regional
distribution of these WWTW according to size shows differences between the nine provinces:
• Gauteng Province has a relatively high number of medium
(2–10 Mℓ·d-1) and large (10–25 Mℓ·d-1) WWTWs, with fewer
micro (<0.5 Mℓ·d-1) and small size (0.5–2 Mℓ·d-1) plants.
• Eastern Cape, Northern Cape, Mpumalanga and Limpopo
provinces mainly have micro-size and small size plants.
• North West, KwaZulu-Natal and Free State have a wider
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Municipal sewage is an anthropogenically contaminated water
body or stream which varies significantly depending on its
origin and reaction to environmental influences, chiefly rainfall
and evaporation (Adewumi et al., 2010). Rainfall dilutes the
effluent and evaporation has a concentrating effect (Adewumi
et al., 2010; Ahmad et al., 2011). Origins of municipal wastewater may be inclusive of, but not limited to, households, industry
and agriculture (Bdour et al., 2009) and its source directly
impacts its composition. However, factors such as social behaviour, economics, type and number of industries, area, climate,
water consumption and the type and condition of the sewer
system all contribute significantly to sewage composition
(Sonune and Ghate, 2004; Su et al., 2012; Travis et al., 2012).
Municipal sewage may contain contaminants such as plastics,
rags, plant debris, pathogenic bacteria, fats, greases, nitrates,
phosphates, heavy metals, and other potentially hazardous
compounds (Sonune and Ghate, 2004; Ansa et al., 2012). Unless
removed or rendered harmless in the WWT process these can
adversely affect the environment. Thus, any remedial process
must achieve an appropriate concentration of minerals and
nutrients to avoid any acute or gradual influx into the environment of xenobiotics and toxic compounds (Lettinga, 1996;
Debelius et al., 2009; Sekomo et al., 2012). The South African
Government, through the Department of Water Affairs (DWA)
has therefore mandated the remediation of all effluent prior to
discharge to the environment to ensure that effluent streams
released by municipalities (and industries) comply and will not
be detrimental and/or damaging to the environment.

•

spread of WWTWs across all the plant size categories.
Western Cape has a spread of WWTW sizes similar to the
national situation.

Thus more than 80% of municipal WWTWs in South Africa
treat less than 10 Mℓ·d-1 and more than 50% of all WWTWs are
micro-sized, while the preferred technologies are WS and AS
at 41% and 35% respectively. Due to a paucity of information it
is not possible to determine what proportion of the estimated
total effluent stream (viz. 7 589 000 kℓ·d-1) is treated by each
technology. Suffice it to say, together with bio-filtration at 16%,
the range of WWT technologies commissioned by municipalities in South Africa is particularly narrow but distinctly
biological.
Biological remediation of wastewater has for many years
generally been favoured over conventional treatment techniques,
even in light of the major limitation which is sensitivity to toxic
components (Korf et al., 1996). Contemporary evaluation seems
to share this opinion and is based largely on the costs involved
in the construction and maintenance of biological treatment
facilities (Cisneros et al., 2011). Toxicity, while a potential hazard
to the microbial biocatalysts used in wastewater treatment, may
be attributed to content and composition and factors such as
shifts in pH and temperature (Muga and Mihelcic, 2008; Chan
et al., 2009). Typically, it is maintenance of optimum activity
of the biocatalysts that completely degrades organic pollutants
(Gori et al., 2011; Mo and Zang, 2012; Daelman et al., 2012) and
effects mineral and nutrient removal to yield a treated effluent
that can be discharged regardless of shock loads (Gori et al.,
2011; Rodriguez-Garcia et al., 2012).
The primary goal of the National Waste Management
Strategy (NWMS) is the achievement of the objectives of the
Waste Act (Act 59 of 2008) (Republic of South Africa, 2008),
which are, in summary: (i) minimising pollution, environmental degradation and the consumption of natural resources,
(ii) implementing the waste hierarchy, (iii) balancing the need
for ecologically sustainable development with economic and
social development, and (iv) promoting universal and affordable waste services (NWMS). Framed within the context
of the overall goals, approach and regulatory model of the
NWMS, the introduction of a new WWT technology requires
demonstration of proficiency, education, and increased awareness amongst all stakeholders including the public at large,
the three spheres of government, and the private sector. The
South African Government, parastatal and non-governmental
organisations and citizens share a common concern regarding the national crisis relating to small and medium municipal
WWTW, many of which are currently in a state of disrepair
and are blamed for disease outbreak and infant mortality. A
skills shortage, apparent lack of will to address these issues due
mainly to the high costs of infrastructure repair and upgrade,
and poor technology choices have not helped the situation.
While any and all exposure and attention to this problem is
real, there is the risk that efforts to mitigate the crisis will sow
seeds for a new one through inappropriate or unsustainable
technology choices. Population growth and migration patterns,
financial constraints at local government level, water shortages
in many areas, the shortage and cost of skilled personnel and
the cost of electricity, among others, all challenge this choice.
There are alternative technologies including algal ponding
systems (Horjus et al., 2010). But are these being adapted for
adoption in a changing South African scenario? (Laxton, 2010).
This paper presents an overview of Algal Integrated
Wastewater Pond Systems (AIWPS)/Integrated Algae Pond
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Systems (IAPS) as a municipal sewage treatment technology, a
retrospective on its introduction into the South African water
sector, and a summary of current knowledge about this bioprocess technology.
IAPS as a bioprocess technology for wastewater
treatment
Sewage treatment typically comprises 5 distinct phases.
Primary treatment involves removal of suspended solids.
Removal of dissolved biodegradable organic matter is a secondary treatment that reduces BOD to a level sufficient to prevent
oxygen depletion of the water body into which the effluent
flows. Nitrogen and phosphorus are removed by tertiary treatment to minimise growth of algae and other aquatic plants.
Removal of refractory organic compounds is achieved by quaternary treatment while quinary treatment removes dissolved
organics and salts including heavy metals. Successful waste
treatment technologies should be sustainable, support periurban primary industry such as agriculture, prevent exploitation of water reserves and other resources, and enhance the
quality of life of the community (Wang et al., 2012). Wastewater
treatment must be biologically/mechanically rigorous, ecologically sound and environmentally friendly (Golueke and
Oswald, 1963; Oswald, 1991, 1995) and the WWTW solid, able
to withstand the elements and require minimal maintenance
over an extended period of time (Wallis et al., 2008; González
et al., 2012). Thus, for an implemented technology to be considered a sustainable process its use should, over the medium- to
long-term, lower the overall cost without sacrificing reliability
and efficiency (Katukiza et al., 2012).
Waste stabilisation (WS) ponds are a technology used prolifically by South African municipalities. As stated by Oswald
(1995) ‘The greatest advantages of ponds are their simplicity,
economy, and reliability; their greatest drawbacks are their
high land use, their potential for odour, and their tendency
to eutrophy and fill in with sludge and to become less effective with age.’ Research to maintain the advantages of WS
ponds while mitigating the drawbacks resulted in the innovation known as the AIWPS (Oswald et al., 1957), which is still
utilised globally for the remediation of domestic wastewater
(Oswald, 1995; Green et al., 1995b; Craggs et al., 1996b; Craggs,
2005; Park et al., 2011a).
IAPS as a wastewater technology is a derivation of the
AIWPS. Focus was initially on the symbiotic relationship
between algae and bacteria in wastewater treatment (Oswald
et al., 1955). Later, the term photosynthetic oxygenation was
coined (Oswald et al., 1957) and used to describe the aeration
effect caused by algal activity on treated wastewater (Ludwig
et al., 1951, 1952; Oswald et al., 1953b, 1955). By 1957, Oswald
had established the High Rate Algae Oxidation Pond (HRAOP).
This algae-containing raceway amalgamated wastewater remediation via biological oxygenation and nutrient removal and led
eventually to the fully developed bioprocess system (Oswald et
al., 1957).
The system is designed to passively and biologically remediate domestic wastewater (Oswald, 1991). Based on studies at
St Helena and Hollister in California, Oswald concluded that
when properly designed systems were not only economical and
effective but attractive and problem free. Moreover, AIWPS was
deemed to provide for adequate, simple, and reliable wastewater
treatment and afford communities opportunities for reclamation and environmental enhancement.
There are several versions of AIWPS and these have been
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categorised into first-, second- and third-generation processes
depending on the quality of the final effluent required (Green,
1996). First=generation systems remediate domestic wastewater
to a standard suitable for discharge to the environment whereas
second- and third-generation AIWPS are self-sustaining and
allow for the harvesting of methane, reclamation of water and
in some cases harvesting of algae biomass (Green, 1996).
Like AIWPS, the IAPS relies on the combined activity of
methane fermentation and photosynthetic oxygenation by
algae coupled with biological oxidation in the high-rate ponds
to remediate domestic wastewater. Furthermore, it uses gravity, solar energy and biological activity to treat wastewater
(Downing et al., 2002) by processes that efficiently exploit the
natural functionality of anaerobic, facultative and aerobic
microorganisms within the system (Oswald, 1995; Craggs et
al., 1996a), which comprises an in-pond digester (IPD), an
advanced facultative pond (AFP), high-rate algae oxidation
ponds (HRAOP), algae settling ponds (ASP) and maturation ponds (MP). A high-quality tertiary treated water can be
reclaimed following filtration and UV sterilisation. As stated by
Oswald (1990) ‘when properly designed in appropriate locations, the systems virtually eliminate sludge disposal, minimise
power use, require less land than conventional ponds, and are
much more reliable and economical than mechanical systems
of equal capacity’. Thus, IAPS is not just an adaptation of
traditional pond systems but a design incorporating a series of
low-cost reactors. No sludge management is required and the
time in which sludge residues accumulate to require removal
and disposal is of the order of decades. Carbon is transformed
through two important mechanisms: methane fermentation
and biological assimilation by microalgae. The conversion of
waste organic solids to methane, nitrogen gas and carbon dioxide via methane fermentation and the assimilation of organic
and inorganic carbon into algal biomass via photosynthesis
provide the basis for primary, secondary, and tertiary treatment
(Green et al., 1995a).
IAPS design and operation
Primary treatment takes place in an advanced facultative pond
(AFP) which houses the in-pond anaerobic digester (IPD). The
IPD is the point of entry of raw wastewater into the system
and is responsible for the anaerobic decomposition of organic
matter (Oswald, 1995). A coupled IPD/AFP promotes the
deposition of organic material from suspension to facilitate
decomposition at the base of the pond (Oswald, 1995). After 30
years of operation in the United States, sludge removal from the
fermentation pits has yet to be conducted (Green et al., 1996;
Daelman et al., 2012; Katukiza et al., 2012). The AFP is designed
to reduce the BOD significantly and buffer the effluent prior to
transfer to high-rate algae oxidation ponds (HRAOPs), while
the aerobic surface layer of the pond neutralises odour-causing
compounds, e.g., hydrogen sulphide (Lettinga, 1996; Oswald,
1995; Green et al., 1996; Muga and Mihelcic, 2008).
Secondary treatment is carried out in HRAOPs operated
in series in which nutrients are extracted by a rapidly growing naturally occurring algae biomass. Algae photosynthesis
directly supplies aerobic heterotrophic bacteria with oxygen,
while the bacteria in turn oxidise recalcitrant material to
increase the nutrient load in solution. It is the assimilation of
waterborne nutrients such as nitrate, ammonium and phosphates, together with photosynthetic carbon reduction, that
drives algae growth and development. Typically, HRAOPs
are 0.1–0.5 m deep and the entire water column is oxygenated
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by both algae photosynthesis and paddlewheel mixing. The
paddlewheel pumps water at a specific linear velocity and the
action of the paddles on the water surface causes sufficient
turbulence to allow for the introduction of oxygen, and CO2,
from the outside air. Total oxygenation capacity of the pond
and the installed power of the paddlewheel give an oxygenation
efficiency of 15 kgO2·kW∙h-1, which is a factor of 10 better than
most mechanical aerators (Oswald, 1988; 1990). Thus, oxygenation capacity of HRAOPs can be contrasted with mechanical
aerators which rarely transfer oxygen from air to water at more
than 1 kg·kW∙h-1, indicating that photosynthetic oxygenation is
10–100 times more efficient as all energy is solar derived.
Although CO2 availability within wastewater treatment
HRAOPs depends primarily on the heterotrophic oxidation of
organic compounds by bacteria (Weissman and Goebel, 1987;
Oswald, 1988; Craggs, 2005), domestic sewage typically contains insufficient carbon to fully support optimal algal production (3–7 C:N ratio in sewage versus 6–15 C:N in algal biomass)
(Benemann et al., 2003). Recently it was shown that addition
of CO2 to wastewater HRAOPs enhanced algal productivity
by at least 30% (Park and Craggs, 2011b) and reduced nitrogen
loss by ammonia volatilisation providing more nitrogen for
recovery by assimilation into biomass (Park and Craggs, 2011).
Even so, unicellular green algae and cyanobacteria cultivated in
ambient air levels of CO2 develop a dissolved inorganic carbon
(DIC) concentrating mechanism (also called a CO2 concentrating mechanism or CCM) which is suppressed when cultured at
elevated CO2 and inhibited by O2 (Ghoshal and Goyal, 2001).
Similarly, denitrification and dissimilation, which converts
nitrate to nitrogen gas, only occur in the absence of oxygen
(Mitchell, 1974). In short, oxygen decreases the denitrification
rate even if denitrifiers possess aerobic denitrification ability
(Patureau et al., 1996). It might therefore be expected that the
very high oxygenation capacity of HRAOPs would limit both
growth of algae and denitrification. Although higher dissolved
oxygen does favour nitrification, denitrification (and nitrification) rates increase with increasing temperature and the diel
(i.e. during the adjoining dark period) loss of nitrogen via
denitrification for algae ponds appears to be 15–25% of total
influent nitrogen (Zimmo et al., 2004).
For growth, the mechanism by which inorganic carbon
species are taken up by algae involves the light-induced drawdown of inorganic carbon by photosynthetic carbon reduction
which maintains a concentration gradient between the external medium and the active site of the primary photosynthetic
enzyme, ribulose bisphosphate carboxylase oxygenase (Raven
and Hurd, 2012). CO2 reacts in water and equilibrium is established between CO2 and carbonic acid (H2CO3). The conversion of CO2 to H2CO3 is kinetically slow and at equilibrium
only a fraction of CO2 exists as H2CO3 with most remaining as
solvated molecular CO2. Carbonic acid dissociates in water in
two steps to produce carbonate anions as follows:
H2CO3 + H2O ↔ H3O+ + HCO3- (pKa1 at 25 °C = 6.37) and;
HCO3- + H2O ↔ H3O+ + CO32- (pKa2 at 25 °C = 10.25).
It is the formation of carbonate ions and their interaction with
cations that leads to deposition of insoluble metal carbonates
(e.g. CaCO3; MgCO3) and which provides an additional driving
force (Lide, 2006). Consequently, net photosynthetic rate of an
algae pond at optimal depth (0.3 m) and under optimal light
and temperature is almost always constant at approximately
10 t(C)∙ha–1∙y–1 over the course of a day, because any increase
in cell density, or decrease in photosynthetically active radiation, proportionately reduces the optimum pond depth and
vice versa (Grobbelaar, 2007; Ritchie and Larkum, 2013). Even
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so, continual gravitation of effluent from the first HRAOP, via
algae settling ponds (ASP), to the second HRAOP removes
some of the accumulated algae biomass (and residual bacteria) to mitigate substantive changes in optimum pond depth
thereby increasing nutrient abstraction efficiency (Oswald,
1995). In addition, sustained algae photosynthetic activity
coupled with nitrification and nitrate consumption leads to an
increase in medium pH. Most of the energy for nitrate assimilation arises from photosynthesis, photosynthesis is also reported
to be responsible for light regulation of nitrate reductase gene
expression and activity (Lillo et al., 1996; Oswald et al., 2001),
and linear electron flow and generation of reducing equivalents are promoted by photosystem 1 (PS l) light absorption
which is believed to facilitate reduction of assimilated nitrate
alongside CO2 (Sherameti et al., 2002). Thus, as long as nitrate is
abstracted, reduced to ammonium and the ammonium assimilated into amino nitrogen, a 1:1 alkalinisation in relation to
nitrate consumption is maintained (Ullrich and Novacky, 1990;
Mistrik and Ullrich, 1996; Ullrich et al., 1998).
Alkalinisation in the HRAOPs has been suggested as a
mechanism, separate from biological assimilation, to promote
removal of phosphate in the form of an insoluble hydroxyapatite. Thus, elevated pH (>10) can stimulate not only ammonia-N
removal from the HRAOP by ammonia volatilisation but phosphorus removal through phosphate precipitation with calcium,
magnesium and non-chelated ferric iron (García et al., 2000;
Craggs, 2005).
The above account on the biochemistry of nutrient abstraction and assimilation into biomass in HRAOPs has ignored,
for the sake of brevity, some critical environmental (light and
temperature), operational and other biological factors (zooplankton grazers and algal pathogens) that do impact wastewater treatment. However, this omission only serves to further
strengthen the assertion by Oswald (1990) that correct design,
locality and operation are paramount for successful implementation of this bioprocess technology. Secondary and tertiary
treatment of wastewater can be fully accounted for by passage
through a series of HRAOPs. Ideally suited to warm climates
in which high BOD removal capacity is easily realised, these
systems retain all of the advantages of WS ponds, and while
land requirements are substantially more than needed for AS
(not accounting for land used in sludge management), operational and capital costs have been estimated at half and one
fifth, respectively, of those required for AS (Park et al., 2011b;
Craggs et al., 2011).
The final reaction in the AIWPS/IAPS bioprocess is tertiary
treatment, usually achieved in a series of maturation ponds
(MP) or by filtration (e.g. slow sand filter). Maturation ponds
hold secondary treated effluent and are typically positioned
downstream from conventional treatment systems (Shillinglaw,
1977). The main function of maturation ponds is additional

polishing of the water to clean and remove any residual pathogens carried forward from the secondary treatment process
(Mara, 2005). Prevailing environmental conditions such as:
high pH, low temperature, high dissolved oxygen (DO) and
ultraviolet radiation are exploited (Von Sperling and De Lemos
Chernicharo, 2005) and usually 2 or 3 ponds are constructed
in series to provide the retention time (12 days) needed for
adequate pathogen removal. Maturation ponds provide little
or no biological stratification, have high algae diversity which
increases further across a pond series, and tend to be fully
oxygenated throughout the day providing ideal conditions for
faecal coliform/pathogen removal (Mara, 2005). A high pH
is found in maturation ponds which impacts faecal bacteria
mortality (Von Sperling, 2007) and enhances nitrogen removal
both by assimilation into biomass and loss via volatilisation
(Kayombo et al., 2005). In fact, ammonia removal in maturation ponds exceeds that of other tertiary treatment processes
(e.g. constructed wetland), and in a comparative assessment
was second only to aerated rock filtration (Johnson et al., 2007).
Quaternary and/or quinary treatment are not typically components of AIWPS/IAPS wastewater treatment systems and will
not be discussed here.
IAPS as a global wastewater treatment technology
During the past 6 decades IAPS have been successfully applied
in America, Australia, Belgium, Brazil, Canada, China,
Egypt, Ethiopia, France, Germany, India, Ireland, Israel, Italy,
Kuwait, Mexico, Morocco, New Zealand, The Netherlands,
Philippines, Portugal, Scotland, Singapore, South Africa, Spain,
Switzerland, Thailand, Vietnam and Zimbabwe (Oswald, 1995).
More recent deployments of this bioprocess technology are presented in Table 1. As a green technology, algae systems address
imperative issues such as global warming and climate change
(Wallis et al., 2008). Algae biomass generated by the remediation of wastewater serves as a carbon sink, thereby mitigating
the negative effects of CO2 as a greenhouse gas (Green et al.,
1995a), which may be used to justify the use of algae ponds as
a sustainable technology, economical and environmentally
friendly, which alleviates pressure on environmental water
reserves (Oswald, 1995). Furthermore, IAPS is a versatile and
passive bioprocess that can be used to remediate, in addition
to domestic sewage, brewery effluent, food processing waste,
industrial effluent and abattoir waste (Rose et al., 1996; Boshoff
et al., 2004; Van Hille et al., 1999).
Rhodes University commissioned and built an Oswalddesigned version of the AIWPS, the IAPS, specifically for
South African conditions. This pilot-scale demonstration is
located at the Belmont Valley WWTW where it receives and
treats a constant supply of raw domestic sewage extracted
from a splitter box immediately after the inlet works. A

TABLE 1
Examples of global deployment of IAPS since 2000
Country

Climate

Treatment

Performance

Deployed Reference

China
Monsoon
HRAOP (×2) Not disclosed
Morocco
Mediterranean HRAOP (×2) Not disclosed
New Zealand Temperate
HRAOP (×2) 100% faecal coliform disinfection
82-91% BOD, 64-67% NH4,14-24%
New Zealand Temperate
HRAOP (×4)
P, >99% coliform removal, pH 9.3
Spain
Mediterranean HRAOP (×2) Not disclosed
Sweden
Cold
HRAOP (×2) 97% BOD, 64% P, 90% N removal
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2002
2003
2001

Chen et al., 2003
El Hamouri et al., 2003
Craggs et al., 2003

2010

Broekhuizen et al., 2012

2006
2003

Garcia et al., 2006
Gröndlund et al., 2004
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Figure 1
Schematic illustrating the process
flow for the pilot IAPS designed,
constructed and operational
at the Belmont Valley WWTW,
Grahamstown. The system receives
80–100 m3 of raw sewage daily, after
screening and passage through a
grit/detritus channel (in duplicate
– one operating, one cleaning).
Effluent enters at the bottom of the
AFP some 6 m below water level.
AFP=Advanced Facultative Pond;
IPD=In-Pond Digester; HRP=High Rate
Pond; C/F=Coagulation/Flocculation;
ASP=Algae Settling Pond; SB=Splitter
Box; TTU=Tertiary Treatment Unit (e.g.
maturation pond, slow sand filter)

process flow illustrating the configuration for operation of the
Belmont Valley WWTW IAPS is presented in Fig. 1. The system has been in continuous operation since 1996 and receives
75 m3∙d-1 of raw sewage. It is apparent from the schematic
(Fig. 1) that any partially treated water and/or tertiary treated
water (i.e. suitable for reclamation) is returned to the Belmont
Valley WWTW. Thus, and due to research and development
needs and various logistical issues, no effluent from this demonstration system is discharged to environment. While this
IAPS is an operational, passive, sequential, sewage treatment
facility that functions virtually in perpetuity and without any
need for faecal sludge handling, the technology has yet to be
adopted by the wastewater sector for implementation nationally. The reasons for the status quo are unclear, but in part
may be due to ignorance about the technology, the perception
that the final effluent generated does not comply with standards set by DWA, a perceived skills shortage, and an apparent lack of will to address sewage treatment management
issues, due mainly to the high costs of infrastructure repair
and upgrade. This is in direct contrast with global sentiment
to IAPS/AIWPS technology which is currently in use in the
USA, India, New Zealand and many other countries (Table 1;
Benemann, 2010).
Criteria for the Belmont Valley IAPS for the treatment
of municipal sewage were as follows: capacity of 500 person
equivalents (PE) – based on an average water consumption and
disposal per capita of 150 ℓ∙d-1, the design flow was calculated
at 75 m3∙d-1. With an ultimate biochemical oxygen demand
(BODult) assumed to be 80 g BODult per person per day, an
organic loading to the system of 40 kg∙d-1 was determined (Rose
et al., 2002). It was postulated that the resultant treated effluent
would comply with environmental discharge (Rose et al., 2007).
To eliminate the need for faecal sludge handling and
disposal and to ensure complete breakdown of biodegradable
solids, the volumetric capacity of the IPD was designed at
0.45 m3 per capita, rather than the more conventional 0.3 m3
per capita. Thus, raw sewage, after screening, enters at least 6 m
below water level near the bottom of the IPD. A ‘berm’ wall
(1.5 m below water level) extends the IPD 1.5 m above the floor
of the AFP to direct gas flow and prevent any ingress of oxygenrich water. An upflow velocity of 1.0–1.5 m·d-1 in the IPD was
estimated as sufficient to allow solids to settle and parasites
(e.g. helminth ova, worms, etc.) to remain in the sludge layer.
With a volumetric capacity of 225 m3 hydraulic retention time
(HRT) in the IPD and at the designed flow is 3 d. By reducing
influent flow rate or increasing IPD volume it is possible to
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manage digestion to near completion. The overlying water of
the AFP contains an oxygen-rich layer near the surface which
is populated by algae which sequester many gases produced as a
consequence of anaerobic digestion. Even so, large emissions of
CO2 and CH4 from the surface area can be expected and methane production rates of 0.17 kg CH4·kg-1 BODwaste have been
modelled for anaerobic ponds fed municipal waste (DeGarie
et al., 2000; Van der Steen et al. 2003). Furthermore, about
3.3 m3∙capita-1·y-1 of CH4 is produced in real-scale ponds at a
daily sewage production of 100 g COD∙capita-1·d-1. While CO2
is the best studied and most known, CH4, which constitutes up
to 75% of the total gas emitted during anaerobic wastewater
treatment, is 25 times more potent as a greenhouse gas (Forster
et al., 2007; Daelman et al., 2012). Similarly nitrous oxide,
although emitted in relatively low amounts, is 300 times more
damaging than CO2 (Daelman et al., 2012; Strutt et al., 2008).
While, harvesting and/or recycling of these gases can potentially avert any detrimental impact (Oswald, 1995; Green et al.,
1995a), it is now understood that methane-oxidising bacteria
(MOB), a relatively common group of bacteria capable of utilising CH4 as their sole carbon and energy source if sufficient O2
is present, utilise in-pond algae-derived O2 to consume much of
the emitted CH4 before it reaches the atmosphere (Van der Ha
et al., 2011; authors’ unpublished data). Even so, only part of the
CH4 produced by methanogens is consumed by MOB before
it reaches the atmosphere and elementary extrapolation of
measured pond emissions still show a total loss of about
3 000 m3·y-1 CH4, equalling a yearly contribution of 55 ton CO2equivalents·y-1 or an emission of 0.98 kg·y-1 CH4 per inhabitant.
For the AFP, HRT was determined using a temperaturedependent first-order decay rate for residual BOD (Rose et al.,
2002) and for the Belmont Valley IAPS this is 20 days. Design
of the outer reaches of the AFP was also important to limit, if
not prevent, short-circuiting from the IPD overflow to the AFP
outlet, which is typically 0.5–1.0 m below water surface to avoid
skimming off of floating material and algae.
Effluent from the AFP is gravity fed to the first of 2
HRAOPs connected in series and with a combined HRT of
6 days, is subjected to photosynthetic oxygenation. High-rate
algae oxidation ponds are shallow, paddlewheel-driven, continuously mixed raceways that promote algae growth. High
photosynthetic rates elevate effluent pH (up to 11) and increase
the dissolved oxygen concentration (DO; up to 3 times saturation). Excess oxygen is consumed by heterotrophic bacteria
to degrade dissolved organic matter for assimilation by the
algae biomass. At elevated pH other mechanisms also operate
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to reduce the nutrient load, e.g. phosphate precipitation and
ammonia volatilisation.
Mixing, or turbulent flow, is essential to maintain optimum
conditions for maximum production of microalgae. Apart from
preventing thermal and oxygen stratification, paddlewheel
mixing maintains the surface velocity required, keeping the
algae and algal flocs suspended near the surface and within the
sunlight penetration depth. A channel velocity of 50 mm∙s-1 is
sufficient to prevent algae settling and eliminate stratification
but is very difficult to maintain due to frictional losses, especially in the bends. Thus, a linear velocity of 200–300 mm∙s-1
is routinely used although this increases the energy demand.
Power to drive the paddlewheels is a function of raceway
length, wetted area, method of construction and channel
velocity (note; friction increases as the square of the velocity
increases). For raceway mixing a paddlewheel is, possibly by far,
the most efficient means of consistently maintaining channel
velocity. Paddlewheels are essentially pumps and as such provide the power to overcome the static head required to override
frictional head loss in the raceway. Design and construction of
the volute and the pump (paddlewheel) is thus very important.
An 8-paddle configuration is sufficient to reduce shock on the
drive and mounting assembly. Even flow velocity around the
180° bends is achieved using flow rectifiers. Various flow rectifiers have been tested, teardrops, reverse teardrops, etc., and the
method determined as most successful is concentric semicircle
walls spaced 1 m apart. Biomass produced in the HRAOPs
must be removed prior to tertiary treatment or discharge of the
effluent and this is achieved using algae settling ponds (ASPs).
Algae in the effluent settle rapidly in a well-designed ASP and
a HRT of 0.5 d in this pond is sufficient for adequate settling.
Details of the design configuration and operation of this IAPS
are described elsewhere (Rose et al., 2002, 2007).
The pilot-scale IAPS described above was commissioned
at the Belmont Valley WWTW in Grahamstown in 1996, to
demonstrate and evaluate the performance of the system for
deployment as a green technology to address issues such as
climate change (Rose et al., 2002) and sustainable development
(Oswald et al., 1957). The costs associated with construction
and operation (including maintenance) of the IAPS were, at
the time, viewed as highly competitive (Rose et al., 2002). Job
creation was evidently possible (Rose et al., 2002; Harun et
al., 2010) while improved access to clean water was and still
is understood to stimulate social and economic development
(Oswald, 1995). An extended study to evaluate operation and
performance of this IAPS as a full municipal sewage treatment
system for South Africa was published in 2007 and revealed the
following:
• The system did not achieve the 75 mg∙ℓ-1 discharge standard
for CODt.
• Although a reduction in phosphate was observed, it was not
within the 10 mg∙ℓ-1 required for discharge.
• Residual ammonia levels exceeded the 3 mg∙ℓ-1 discharge
standard.
• Nitrate removal was at best erratic and at times nitrate
concentration increased (Rose et al., 2007).

these authors seemed more concerned with the performance
of each of the component parts of the IAPS and little emphasis
was placed on IAPS as a complete system for municipal sewage treatment. Consequently, much of the data is derived from
operation of only a single HRAOP and attempts to develop this
further as the ‘I-HRAP’ for use as a tertiary treatment unit.
A further concern with the studies described by Rose et al.
(2007) on the implementation and performance of the IAPS
for sewage treatment in South Africa is the absence of a final
polishing step. As discussed above, the original AIWPS was
designed to always include a polishing step comprising of either
a MP or similar which would allow the final effluent to meet the
specifications for discharge as required by DWA, except for the
presence of total coliforms which requires additional disinfection (e.g. chlorination, ozonation, UV-radiation, etc.). In fact,
a recent report on the operation of hectare-scale HRAOPs for
enhanced sewage treatment (Craggs et al., 2012) strongly advocates that additional treatment of the algae harvester effluent
is required to meet specific discharge standards. These authors
recommend the inclusion of one or a combination of MP and
UV treatment by storage prior to discharge or rock filtration
of the MP effluent or direct UV treatment if insufficient land
is available, and, if funds are available, membrane filtration to
achieve a high-quality final effluent for re-use. Without a final
polishing step, and as demonstrated in other studies, the COD
of the final effluent remains elevated resulting in the potential
that, if discharged, water from an IAPS will be detrimental to
any receiving water bodies (Park and Craggs, 2011). Thus, it is
surprising that the model proposed by Rose et al. (2007) to link
water treatment and job creation initiatives ‘which is dependent on the system to produce a water quality that at least meets
DWA irrigation water discharge standards’ was based on a ‘secondary treated’ water. Clearly, any considered implementation
of IAPS technology for treatment of municipal sewage must
include in the process design a final effluent polishing process.
Studies underway and funded by the Water Research
Commission are currently addressing the above issues in detail.
Furthermore, data on compliance of final water quality, following an 8-month extended study of the system for treatment
of municipal sewage, has been completed. Results show that
treated water from the IAPS is compliant with the discharge
limits for phosphate, ammonium-N and nitrate/nitrite-N, and
mean values were: 5.3 mg∙ℓ-1, 2.9 mg∙ℓ-1, and 12.4 mg∙ℓ-1, respectively. Chemical oxygen demand however fluctuated significantly and was dependent on full function of the IAPS. Mean
COD of the final treated water was 72.2 mg∙ℓ-1. Although, these
results suggest that the treated water discharged from this IAPS
operating under South African conditions meets the standard for discharge, mean TSS was routinely above the limit at
34.5±13 mg∙ℓ-1 and faecal coliforms were higher than expected.
Tertiary treatment, either by a maturation pond series, slow
sand filtration, or a controlled rock filter, ensured that the final
treated water from IAPS met the standards with CRF>SSF>MP
(Mambo et al., in press).

It is difficult to reference the data obtained from the IAPS at the
Belmont Valley WWTW (Rose et al., 2007) against results for
other systems due in part to incompleteness in mass balances
and the apparent lack of empirical values to describe the nutrient load in both the raw sewage influent as well as the residual
nutrient load in the final effluent (i.e. discharged from the final
ASP) following treatment by operation of the full system. Also,

Despite the oversights and shortcomings alluded to already,
IAPS is a technology that can be used to address some of the
current challenges associated with sewage treatment and
management in South Africa (Rose et al., 2002). Although there
may be reservations around the quality of the final effluent
from IAPS, current opinion is that these bioprocess systems are
more cost-competitive to design, construct and operate than
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conventional sewage treatment technologies (Rose et al., 2002).
Also, IAPS is a robust technology and is not energy demanding, thereby making sewage treatment sustainable and efficient
(Oswald, 1995).
No chemical dosing is required for disinfection or sludge
dewatering to improve the quality of the effluent generated by
the IAPS (Oswald, 1988). Thus remediation of a secondary toxic
sludge is not required (Lettinga, 1996) and the effluent generated can immediately be used for irrigation and aquaculture
(Oswald, 1991). While IAPS can apparently be configured to
generate a desired effluent quality depending on the degree of
water treatment required (Rose et al., 2002), major disadvantages include the large land areas required in comparison to
electrochemical treatment systems and reverse osmosis plants
(Craggs et al., 2012), and the over-reliance on bioflocculation
to remove algae from the final effluent. In addition, the higher
than desirable COD can potentially be detrimental to receiving water bodies (Park and Craggs, 2011). These concerns
aside, introduction of a more efficient system for separating
out the algae (e.g. drum filtration, dissolved air flotation) and
the implementation of a tertiary treatment step should allay
any further scepticism and is easily achieved either by extending the facility at the Belmont Valley WWTW or by building a
fully commercial system to allow for a thorough evaluation of
IAPS as a sewage treatment technology under South African
conditions.

CONCLUSION
The World Health Organisation estimated that in 2000 approximately 2.4 billion people did not have access to clean water
and sanitation, which led to 1.7 million preventable deaths.
Successful wastewater management reduces faecal-oral disease and environmental pollution caused by sewage (Cisneros,
2011). Furthermore, nearly 50% of the 7 billion people on Earth
live in water-stressed countries and it is crucial therefore that
sustainable water and wastewater management technologies
are implemented and practised. In view of the ever-increasing
cost of energy one candidate that deserves further scrutiny and
consideration, at least for waste-water management, is IAPS.
Optimal conditions for an IAPS include light, sufficient land
and warm temperatures. These conditions are in abundance
in southern Africa. What remains is derivation of a comprehensive dataset which analyses and evaluates this bioprocess
technology to provide authorities with the confidence needed
when deciding on the implementation of an appropriate treatment technology. Satisfactory remediation of municipal sewage
can reduce demand on potable water resources and reduce any
detrimental anthropogenic imprint on the environment.
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