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Abstract This literature review examines process, de-
sign, and cost issues related to using oxidation ponds for
wastewater treatment. Many of the topics have applications
at either full scale or in isolation for laboratory analysis.
Oxidation ponds have many advantages. The oxidation
pond treatment process is natural, because it uses mi-
croorganisms such as bacteria and algae. This makes the
method of treatment cost-effective in terms of its con-
struction, maintenance, and energy requirements. Oxida-
tion ponds are also productive, because it generates effluent
that can be used for other applications. Finally, oxidation
ponds can be considered a sustainable method for treatment
of wastewater.

Keywords Oxidation pond - Waste stabilization pond -
Tertiary treatment - Wastewater treatment - Sustainability
treatment

Introduction

Oxidation ponds, also known as waste stabilization ponds,
provide greater advantages over mechanically based units.

X Erick Butler
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A&M University, Canyon, TX 79016, USA

Department of Civil and Environmental Engineering,
Cleveland State University, Cleveland, OH 44115, USA
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Science and Technology, Hsin-chu 30401, Taiwan
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First, ponds can be described as self-sufficient treatment
units, because the efficacy of treatment is contingent upon
the maintenance of the overall microbial communities of
bacteria, viruses, fungi, and protozoa (Hosetti and Frost
1995), and the proper balance of organics, light, dissolved
oxygen, nutrients, algal presence (Amengual-Morro et al.
2012), and temperature. Because ponds are self-sufficient,
there is a reduction of operator responsibilities to manage
treatment, a reduction in labor costs, and an increase in the
potential fiscal returns from the tangible products generated
by the treatment unit (Hosetti and Frost 1998).

Second, ponds can be used for the purpose of ‘polishing,’
or providing additional treatment to what has been found
within conventional treatment methods (Veeresh et al.
2010). Various authors have conducted studies using
oxidation ponds and other treatment methods such as anae-
robic digestion (Gumisiriza et al. 2009), upflow anaerobic
sludge blanket (Mungraya and Kumar 2008), membranes
(Craggsetal. 2004), and reverse osmosis (Lado and Ben-Hur
2010). Third, ponds simplify the treatment process by re-
ducing the need for multiple treatment units. Finally,
oxidation ponds are a treatment process that can be used in
regions where treating wastewater using conventional
treatment methods is very expensive. Indeed, oxidation
ponds are commonly used in many regions around the world,
specifically in places with year-round mild to warm climates.
In many developing countries, effluent from waste stabi-
lization ponds has been reused in aquaculture and irrigation
applications. Melbourne, Australia, implements irrigation by
using sewage as early as the late-1890s. Latin American
countries began projects in the 1960s, while the United Na-
tions Development Programme (UNDP) Resource Recovery
Project and the Pan American Health Organization (PAHO)
have collaborated in research considering ponds for growing
fish (Shuval et al. 1986).
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Many European Mediterranean countries also use
oxidation ponds to treat municipal wastewaters. Forty-four
ponds have served European populations between 500 and
40,000. Specifically in France, 77 % of the ponds have
been employed to serve populations under 1000, although
the largest population served was a combined 14,000 from
the cities of Meze and Louipan, using a facultative pond
and a maturation pond system. Ponds are also being used in
countries such as Greece, Egypt, Algeria, Morocco, and
Tunisia (Mara and Pearson 1998). The additional advan-
tages and disadvantages are summarized in Table 1.

For these reasons, the oxidation pond provides an at-
tractive method of sustainable wastewater treatment with
the following caveats: operators should monitor the che-
mical and biological constituents within the system to en-
sure proper design parameters are met to correspond with
regulatory treatment efficiency standards (Hosetti and Frost
1998), especially if the effluent is to be reused.

While the authors’ research supports the use of oxida-
tion ponds, it makes no claim concerning the closely re-
lated lagoon. Waste stabilization and oxidation ponds are
synonymous, but oxidation ponds are different from la-
goons. Lagoons are single or multi-celled designed natural
wastewater treatment reservoirs that house diluted manure
for the purpose of removing organics and other constituents
by means of microorganisms or other biological processes.
Similar to waste stabilization ponds, lagoons can operate
under various conditions of dissolved oxygen depending on
the type of microorganisms that are present. However, la-
goons are more commonly affiliated with agricultural

Table 1 Advantages and disadvantages of waste stabilization ponds
(Mara et al. 1992)

Advantages Disadvantages

Easy to construct Requires a large land area

High BOD and TSS with
algae concentrations

Low cost

Low maintenance costs

Effluent does not require disinfection

Capable of handing a variety of
hydraulic loads

Ideal for small communities and also
tropical region

Completes sludge treatment

Handles varying wastewater types
(industrial or municipal)

BOD, fecal coliform, and helminth
removal is higher than by other
treatment methods

such as activated sludge, biological
filters, and rotational biological
contactors

BOD Biochemical oxygen demand, 7SS total suspended solids
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wastewater (Hamilton et al. 2006) and should not be con-
fused with oxidation ponds.

The purpose of this text is to review the significance of
oxidation ponds within wastewater treatment by discussing
the types, design considerations, and treatments that have
been completed by this particular method.

Types of oxidation ponds

There are four major types of oxidation ponds: aerobic
(high-rate), anaerobic, facultative, and maturation ponds.

Aerobic (high-rate) ponds

Aerobic ponds, also known as high-rate algal ponds, can
maintain dissolved oxygen throughout the 30—45 cm-deep
pond because of algal photosynthetic activity (USEPA
2011). Photosynthetic activity supplies oxygen during the
day, while at night the wind creates aeration due to the
shallow depth of the pond (Davis and Cornwell 2008).
Aerobic ponds are well known for having high biochemical
oxygen demand (BOD) removal potential and are ideal for
areas where the cost of land is not expensive. Other char-
acteristics of these ponds include a detention time of
2-6 days, a BOD loading rate between 112 and 225 kg/
1000 m* day, and a BOD removal efficiency of 95 %
(USEPA 2011).

Anaerobic ponds

Anaerobic ponds operate without the presence of dissolved
oxygen. Under methanogenic conditions, the major prod-
ucts are carbon dioxide and methane (Quiroga 2011).
Typically, these ponds are designed to have a depth of
2-5 m, with a detention time between 1 and 1.5 days, an
optimum pH less than 6.2, temperatures greater than 15 °C
(Kayombo et al. 2010), and an organic loading rate of
3000 kg ha/day (Quiroga 2011; Kayombo et al. 2010).
Anaerobic ponds can remove 60 % BOD. However, this
efficiency is climate dependent (USEPA 2011). The driv-
ing force behind treatment is sedimentation. Helminths
settle to the bottom of the pond, and bacteria and viruses
are removed by attaching to settling solids within the pond
or die with the loss of available food or by the presence of
predators. In practice, anaerobic ponds are usually incor-
porated alongside facultative ponds (Martinez et al. 2014).

Facultative ponds
A facultative pond is a treatment unit with anaerobic and

aerobic conditions. A typical pond is divided into an
aerobic surface region consisting of bacteria and algae, an
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anaerobic bottom region, consisting of anaerobic bacteria,
and a region in between anaerobic and aerobic conditions
where bacteria can thrive in both conditions (Kayombo
et al. 2010; Joint Departments of the Army, the Navy, and
the Air Force 1988). If used in series, effluent from a
previously treated source enters the pond (Quiroga 2011;
Kayombo et al. 2010). Facultative ponds treat BOD,
typically within a range of 100400 kg BOD/ha/day, by
removing BOD by 95 %. Because facultative ponds em-
ploy algae as decomposers, the treatment time can range
between 2 and 3 weeks, which is attributed to the photo-
synthetic processes that occur within the unit. A facultative
pond on average has a depth of 1-2 m (Kayombo et al.
2010).

Maturation ponds

Similar to facultative ponds, maturation ponds use algae as
a primary driving force in the treatment. Nevertheless,
while facultative ponds typically treat BOD, maturation
ponds remove fecal coliform, pathogens, and nutrients
(Cinara 2004). In comparison with the other pond types,
the characteristics of the maturation pond include a depth
range between 1 and 1.15 m (Kayombo et al. 2010), which
makes it shallower than all of the ponds besides the aero-
bic. Generally, maturation ponds maintain anaerobic con-
ditions (Martinez et al. 2014).

Arrangement of ponds

Treatment by waste stabilization ponds occurs by using a
single pond to handle treatment or by a multiple pond
system. Figures 1, 2, 3, 4, and 5 depict a multiple pond
system in Wellington, Texas, a small town in the Texas
Panhandle. The system treats the town’s wastewater which
is used for irrigation (Fig. 6). There are two arrangements
for a multiple pond system—series and parallel. In the
series arrangement, wastewater is treated in the initial and
subsequent ponds and then polished in the final pond. On
the contrary, wastewater flow is evenly divided in the
parallel pond arrangement. The USEPA states that waste-
water flow division normally occurs in the first two waste
stabilization ponds (USEPA 2011).

Each multiple pond arrangement has its benefits and
therefore an operator can change the pond arrangement
depending on the situation. For example, ponds operating
in parallel prevent interruption of treatment during the
cooler months of the year. This is when a pond can expe-
rience low biological activity. Low biological activity can
create anaerobic conditions within a pond. In addition, the
application of ponds in parallel can reduce problems re-
lated to periodic low dissolved oxygen concentrations,
particularly in the morning hours (USEPA 2011). Also,
Mara and Pearson (1998) recommend this arrangement
when the population of the city reaches 10,000. On the

Fig. 1 A multiple pond treatment system in Wellington, TX, USA. The pond system consists of a facultative lagoon (/) and three oxidation

ponds (2—4) (Google Map 2014)
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Fig. 2 Facultative lagoon in the treatment system in Wellington, TX, USA. Photograph taken by the author

Fig. 3 Oxidation pond 1 in the treatment system in Wellington, TX, USA. Photograph taken by the author
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Fig. 4 Oxidation pond 2 in the treatment system in Wellington, TX, USA. Photograph taken by the author

Fig. 5 Oxidation pond 3 in the treatment system in Wellington, TX, USA. Photograph taken by the author
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Fig. 6 Central pivot irrigation system directly applies effluent from the pond system in Wellington, TX, USA. Photograph taken by the author

other hand, ponds in series are ideal during the summer
months and also during periods of low biological loading
(USEPA 2011). Nevertheless, the choice of applying
multiple ponds can be beneficial for treatment as compared
to a single pond arrangement.

Design of oxidation ponds

Oxidation ponds are designed to function as either completely
stirred or plug flow reactors, but mass transport mechanisms
have a greater impact than the type of reactor model chosen.
There are four major mass transport mechanisms acting in
oxidation ponds—diffusion, advection, gravity, and inter-
ception. The mechanism(s) observed are contingent on the
type of wastewater treated (Pefia and Mara 2003).

There are many methods available for the design of
waste stabilization ponds. For example, facultative pond
design can use the areal loading rate, Gloyna equation, plug
flow model, Marais and Shaw model, and the Thirumurthi
application. The design equations for each procedure to-
gether with design limitations are shown below.

Areal loading rate
The areal loading rate design procedure optimizes an or-

ganic loading rate into a waste stabilization pond by
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examining various factors such as the volumetric loading,
organic constituents within the wastewater, the ability of
algae to use sunlight to grow and supply oxygen, and BOD
loading per unit area (USEPA 1983). Climate impacts the
BOD loading rate, as the loading rate is directly related to
the ability of a pond to avoid becoming anaerobic (Gloyna
1971). The areal loading rate procedure limits BODs
loading rates between 11 and 22 kg/ha/day when the
temperature is below 0 °C and a hydraulic detention time
between 120 and 180 days (Gloyna 1971; USEPA 2011),
as opposed to tropical climates which can handle higher
BODs loading rates. Therefore, the use of areal loading rate
is climate dependent and may not be as predictable as other
methods.

Gloyna equation

Authors Hermann and Gloyna attempted to address the
limitations of the areal rate procedure with a method of
determining the volume of a waste stabilization pond that
would maintain a high BOD removal (80-90 %) despite
the change in temperatures (Marais 1966). The authors
state that if the average coldest water temperature of the
year is known along with a loading factor based on the
product of the total population and waste per capita, the
volume of the pond can be determined graphically. The
procedure is as follows. The design engineer begins by
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computing the loading factor. Because the graph consists of
lines representing water temperatures, the engineer would
find the computed loading factor on the abscissa, move
vertically toward the average coldest temperature line, and
read the volume on the ordinate. After selecting the vol-
ume, the depth was found using a table of recommended
depths (Gloyna 1971).

Gloyna further expanded on this to create an empirical
equation that summarizes the relationship between pond
volume, BOD concentration, and flow rate (Finney and
Middlebrooks 1980):

V=35x1070L, (@‘35*”)].‘)", (1)

where V is the pond volume, m> ; O the influent flow rate,
I/day; L, the ultimate BOD or COD, mg/L; © the tem-
perature coefficient; T the pond temperature, Celsius; f the
algal toxicity factor (1.0 for domestic and industrial
wastes); f the sulfide oxygen demand (1.0 for SO, con-
centration less than 500 mg/L).

In addition, Gloyna attempted to adjust for sunlight by
multiplying the computed volume from Eq. (1) and the
quotient of solar radiation in the area and the solar ra-
diation found in the southwest.

However, there are several limitations within the Gloyna
equation. Finney and Middlebrooks argued that the use of
Gloyna’s equation cannot be applied to all ponds, because
it does not always correctly predict pond depths or BOD
removal efficiencies. The authors also mention that the
sunlight correction can have more of an impact on the
volume than the other variables in the equation (Finney and
Middlebrooks 1980). In addition, Marais (1966) concluded
that the sizing of ponds by Gloyna’s equation results in the
design of smaller ponds in series, rather than using one
larger pond to meet the same treatment objective.

Plug flow model

The plug flow model, derived from first-order kinetics,
considers not only the BODs concentration, but also the
rate reaction rate (k,). The &, is chosen based on the BOD5
loading rate and the pond temperature. Table 2 provides
the k, based on BODs loading rate at 20 °C (USEAP

Table 2 BODs loading rate based on k;, at 20 °C (USEPA 1983)

BODjs loading rate (kg/ha/d) kps, (dfl)
22 0.045
45 0.071
67 0.083
90 0.096
112 0.129

1983). The plug flow model is presented in Eq. (2) at a
temperature of 20 °C (USEPA 1983):

Ce/Co = e ™', (2)

where C, is the effluent BOD5 concentration, mg/L; C, the
influent BOD5 concentration, mg/L; e the base of natural
logarithm, 2.7183; k, the plug flow first-order reaction rate,
day™'; 1 the hydraulic resident time in each pond, days.

To use the plug flow model at other temperatures, a
subsequent equation is required. Equation (3) converts the
temperature from 20° to the desired temperature (USEPA
1983):

ko, = kp,, (1.09)7 7%, (3)

where k. is the reaction rate at minimum operating water
temperature, day " kp,, the reaction rate at 20 °C; T the

minimum operating water temperature, °C.
Marais and Shaw

Marais and Shaw developed a pond equation that combines
both first-order kinetics and completely mixed conditions
(Crites et al. 2006). This can also be used by designers for
aerobic pond design (USEPA 2011; Crites et al. 2006):

Cn/Co = 1/(1 + kctn)na (4)

where C, is the effluent BODs concentration, mg/L; C, the
influent BOD5 concentration, mg/L; k. the complete-mix
flow first-order reaction rate, dayfl; t, the hydraulic resi-
dent time in each cell, days; n the number of equal-sized
pond cells in series.

The developed equation is based on the following as-
sumptions (Marais 1966; Finney and Middlebrooks 1980):

1. Assume that the pond is completely mixed, with no
changes in pond state.

2. Treat the pond effluent as equal to the influent under
equilibrium conditions, with slight variations of pol-
lutant concentration within the influent.

3. Pollution removal increases within a series of ponds
until reaching a desired removal rate.

4. BOD does not settle as sludge (Finney and Middle-
brooks 1980).

Thirumurthi application

Thirumurthi argued that Marais and Shaw’s assumption of
completely mixed conditions is not ideal for designing a
waste stabilization pond, but suggests using a chemical
reaction (Eq. 5) (Finney and Middlebrooks 1980; Thiru-

murthi 1974):
Ce/ci _ 4ael/2d/(1 + a)Zea/2d7(1 o a)ze*“/“, (5)

Disase cllod dyao .
KACST a,51é1)lg roglel @ Springer



38

Appl Water Sci (2017) 7:31-51

where C. is the effluent biochemical oxygen demand
(BOD), mg/L; C; is the influent BOD, mg/L; K is the first-
order BOD removal coefficient, dayfl; t is the mean de-
tention time, days; a = \/(l + 4Ktd); d = Dt/LZ; d is the
dimensionless dispersion number; D is the axial dispersion
coefficient, fc/h.

The thesis of this application is to focus on the first-
order BOD removal coefficient (K), making corrections
due to temperature, organic load, toxic contaminants, and
solar radiation (Thirumurthi 1974). Equation (6) summa-
rizes the factors that are associated with K (Finney and
Middlebrooks 1980; Thirumurthi 1974):

K = K3C1.CyCroy, (6)

where K is the first-order BOD removal coefficient, dayfl;

Kjg the BODs removal coefficient, day ™ . Cr. the correction
factor for temperature; C, the correction factor for organic
load; Cro, the correction factor for toxic chemicals.

Anaerobic pond design

Anaerobic pond design is contingent on the volumetric
loading rate into the pond. This is based on the water
temperature and hydraulic retention time. Table 3 provides
treatment efficiency based on major operating parameters.

Overall, there are different methods that can be utilized
to design a waste stabilization pond. Choosing the appro-
priate design technique requires careful consideration of
assumptions and limitations, pond type, and the wastewater
quality indicators that are desired to be analyzed and
removed.

Table 3 Operating parameters for anaerobic ponds (USEPA 2011)

Operation and design parameters
Operation parameters

The major operation parameters for oxidation ponds in-
clude light penetration, temperature, wind, pond geometry,
and oxygen concentration.

Light penetration

Light penetration affects the process of photosynthetic or-
ganisms utilizing sunlight to produce oxygen. Therefore,
recognizing such factors as an organism’s ability to absorb
light at given wavelengths (optimal wavelength range for
photosynthesis is between 400 and 700 nm), also known as
photosynthetic active radiation (PAR) (Curtis et al. 1994),
the presence of suspended material, and the climate and
geographic location of the pond (USEPA 2011) will assist
in providing a framework for evaluation during operation.
In addition, the natural scattering of light particles due to
water characteristics and the presence of microorganisms
can further impact the usefulness of light that enters into
the pond (Curtis et al. 1994).

Temperature

Since this is a natural treatment system, it is also important
to understand that the temperature cannot be regulated.
Rather, temperature analysis plays a significant role in
understanding the efficiency of the oxidation pond as a
treatment system, the control of nitrification (Kirby et al.
2009), methane production during anaerobic digestion

ALR BODs (kg/ha/d) Est. VLR (kg/1000 m3) Removal (%) Depth (m) HRT (day) References

Summer Winter Summer Winter Summer Winter

66.2 37.6 75 0.9-1.2 Parker (1970)

51.5 29.5 65 0.9-1.2 Parker (1970)

18.4 10.6 86 0.9-1.2 Parker (1970)

31.3 17.8 52 0.9-1.2 (Parker 1970)

103.0 73.6 58.9 42.1 89 60 0.9-1.2 (Parker 1970)

73.6 18.4 70 Oswald (1968)

165.6-220.8 124.2 83.0-110.6 62.3 60-70 0.9-1.5 2-5 Parker et al. (1959)
2.4-3.1 30-50 Eckenfelder et al. (1961)

36.8-110.4 8.2-22.2 15-160 Cooper (1968)

92.0 18.5 70 24-3.1 5 Oswald et al. (1967)
2.4-3.7 2(s) 5 (w) Malina and Rios (1976)

ALR BOD: areal loading rate BODs (kg/ha/d), Est. VLR estimated volumetric loading rate (kg/1000 m®), HRT hydraulic retention time (day).

This has been converted from English to SI units
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(Sukias and Craggs 2011), COD removal (Daviescolley
et al. 1995), the handling of heavy metals (Mona et al.
2011), bacteria growth (Halpern et al. 2009; Olaniran et al.
2001), and the influence of bacteria and algal presence on
pond productivity (Quiroga 2011).

One of the major ways that temperature impacts pond
productivity is during the summer and winter months,
when the surface water heated by the sunlight remains at
the top of the pond and cooler denser water is at the bot-
tom. The noticeable change in temperature with increasing
depth creates layers or ‘strata’, a phenomenon known as
stratification. Stratification is intensified in the winter
months when sheets of ice can form within the pond layers,
reducing light penetration and further water layer forma-
tion (USEPA 2011). Access to sunlight is limited during
both seasons producing anaerobic conditions (Marais
1966). Stratification limits the metabolism of algae and
aerobic bacteria in the pond.

Conversely, during the spring months, temperature dif-
ferences are lessened, and surface water and water at lower
depths will combine by mixing (USEPA 2011). Mixing
also causes turnover of sediments from the bottom of the
pond increasing the available suspended solids concentra-
tion to be removed by microorganisms (Finney and Mid-
dlebrooks 1980). Seasonal changes impact the water depth
through rainfall and evaporation (Hamilton et al. 2006).

Wind

Wind is important in preventing anaerobic conditions by
mixing warmer and cooler layers of water (USEPA 2011;
Marais 1966). This reduces the potential for stratification,
odors, and short-circuiting (USEPA 2011). However, the
effectiveness of wind energy is contingent on the tem-
perature of the pond, as the required energy to reduce 1° of
pond temperature increases with increasing temperature of
the pond (Marais 1966).

Wind patterns and wind speed control the overall re-
moval of bacteria. Various studies compare wind speeds,
direction, and also the implementation of baffles within the
simulated waste stabilization ponds. The factors related to
bacteria removal include the direction, speed of wind, and
the presence of baffles, particularly L-shaped baffles, where
winds blowing parallel to the inlet—outlet of the pond
produce poorer results as compared to the orthogonal ori-
entation of the pond. Nevertheless, the results may vary
with increasing wind speeds (Badrot-Nico et al. 2010).
Wind coupled with pond geometry can likewise have an
impact on treatment performance. For example, in the
aerobic layer of facultative ponds the presence of wind
leads to vertical mixing and the distribution of dissolved
oxygen, bacteria, algae, and BOD. This creates a quality
effluent. However, without the wind, algae create a 20 cm-

thick layer moving through 50 cm of the pond. This leads
to a variable quality effluent (Mara and Pearson 1998).

Pond geometry

Having analyzed two different pond types with varying
dimensions and depths, Pearson et al. (1995) confirmed that
pond geometry alone does not indicate a strong relationship
with treatment performance. Consequently, optimum
treatment can be achieved at low dimension ratios, along
with shallower pool depths. This can eliminate high con-
struction costs. While the pond geometry may not have
indicated an effect on a pond’s performance, Hamdan and
Mara’s comparison between horizontal and vertical pond
orientation for the treatment of total Kjeldahl nitrogen
(TKN) showed that the vertical-flow orientation has a
better treatment performance as compared to the horizontal
flow (Hamdan and Mara 2011).

In addition, Abbas et al. (2006) concluded that the di-
mensions of the waste stabilization pond affect the removal
of BODs. Their model, initiated from the conservation of
moment and mass equations solved by using Newton—
Raphson non-linear iterations, find increasing BODs re-
moval when the number of baffles was 2. High perfor-
mance is found regardless of the dimensions at four baffles
(peak performance recorded at a dimension ratio of 4,
BODs = 95.8 %), while low performance is seen at no
baffles (ranging from 16.1 to 21.6 %, from 1 to 4 dimen-
sion ratio). Therefore, pond geometry can monitor the ef-
ficiency of pollutant removal in a pond.

Design factors

Understanding design factors is important in controlling
pollutants such as BODs. There are many factors that affect
the efficiency of BODs removal in waste stabilization
ponds. These factors include raw wastewater strength,
food-to-microorganism ratio, organic loading rates, pH,
and hydraulic detention time (HRT).

Hydraulic retention time is important because it deter-
mines not only how long the wastewater remains within the
pond, but also the treatment efficiency. In general, the HRT
was found to be as low in literature as 18 h (Gumisiriza
et al. 2009) and as high as 300 days (Shpiner et al. 2007).
Various authors propose different HRT values because of
the type of wastewater treated and the type of pond treat-
ment applied. For example, 18 h is sufficient to treat fish-
processing wastewater by combining the oxidation pond
with anaerobic digestion (Gumisiriza et al. 2009), while
Quiroga (2011) recommends that the retention time for the
design of an anaerobic pond in Canada range between 2
and 5 days.
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The significance of the pH range becomes important
when taking into account the presence of microorganisms
and other biological species that are needed for the purpose
of enhancing treatment. The pH has been regulated for
optimum growth of algal species (Bhatnagar et al. 2010),
sulfate-reducing bacteria (Burns et al. 2012), macrophytes
(Kirby et al. 2009), and Salvinia rotundifolia (Banerjee and
Sarker 1997). For example, photosynthesis by algae in-
creases pH through the presence of hydroxide ions that are
formed by the use of carbon dioxide (USEPA 2011).
Various authors set the pH range as low as 35 (Burns et al.
2012), while the highest pH range is 4—11 (Bhatnagar et al.
2010).

While this text studies the aforementioned as the most
frequent parameters, other parameters may have an effect
on an oxidation pond’s performance, such as flow rate
(Kirby et al. 2009; Faleschini et al. 2012), volume (Fyfe
et al. 2007), and area (Craggs et al. 2003). However, there
are still other parameters that can be considered, but the
previously mentioned have been surveyed as having the
most effect on the overall treatment of wastewater within
oxidation ponds.

Wastewater characteristics

The characteristics of wastewater are very important when
determining the most efficient treatment system. Oxidation
ponds treat various wastewaters consisting of nitrogen and
phosphorus, heavy metals, organics, and pharmaceuticals.
The following includes the mechanisms involved in treat-
ing for these specific constituents, along with results that
have been outlined in the literature.

Nutrients

In the case of nitrogen, volatilization, specifically ammonia
volatilization, is the most common method applied
(USEPA 2011; Kayombo et al. 2010). Other methods for
reducing nitrogen include deposition, adsorption, nitrifica-
tion, and denitrification (USEPA 2011). On the other hand,
phosphorus treatment uses various processes such as pre-
cipitation, sedimentation, and uptake by algal biomass
(Kayombo et al. 2010). Nevertheless, oxidation ponds have
been effective in removing nutrients.

Nutrient removal is contingent upon the type of oxida-
tion pond (Kayombo et al. 2010). For example, Ke et al.
(2012) combined submerged macrophyte oxidation ponds
(SMOPs) and subsurface vertical-flow (SVFW) ponds to
treat particulate phosphorus (PP) and total dissolved
phosphorus (TDP). Garcia et al. (2002) combine two high-
rate oxidation ponds (HROPs) for phosphorus removal.
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Table 4 Treatment efficiencies of nutrients in oxidation ponds

Nutrient Efficiency HRT References
(%) (days)
Particulate phosphorus (PP) 82.9 3.5 Ke et al. (2012)
Total dissolved phosphorus
(TDP)
Phosphorus 43 10 Garcia et al.
(2002)
Phosphorus 32 3 Garcia et al.
(2002)
Total Kjeldahl nitrogen 41 Yeh et al.
(2010)
Ammonium 48 Yeh et al.
(2010)
Ammonia-N 99.5 39.5 Leite et al.
(2011)
Ammonia-N 65 Craggs et al.
(2012)
Dissolved reactive 19 Craggs et al.
phosphorus (2012)

Other treatment processes include a hybrid system
(oxidation pond, a two-stage surface wetland system, and
one subsurface-flow wetland) for the treatment of total
Kjeldahl nitrogen (TKN) and ammonium (Yeh et al. 2010),
four 3.09-ha high-rate algal ponds (HRAPs) treating am-
monia-N and dissolved reactive phosphorus (Craggs et al.
2012), high-rate pending (HRP) treatment system for ni-
trogen and phosphorus (Nurdogan and Oswald 1995), and
shallow waste ponds for removing ammonia in landfill
leachate (Leite et al. 2011). Tsalkatidou et al. (2013)
combined eight vertical construction wetlands, three fac-
ultative ponds, and aerobic and maturation ponds to treat
nutrient constituents such as nitrate-N, ammonia-N, and
total phosphorus. Table 4 summarizes the values for the
treatment efficiencies for each nutrient.

Heavy metals

Without proper treatment, heavy metals at high concen-
trations can significantly impact the environment and hu-
man health, causing damage to the colon, kidneys, skin,
and nervous, reproductive, and urinary systems, yet the
impact of a heavy metal is contingent on the type and
concentration (Ogunfowokan et al. 2008). Nevertheless,
oxidation ponds impact human health, causing damage to
the colon, kidneys, skin, and nervous, reproductive, and
urinary systems, yet the impact of a heavy metal is con-
tingent on the type and concentration (Ogunfowokan et al.
2008). Nevertheless, oxidation ponds can be utilized to
treat wastewater with heavy metals by reducing its con-
centration prior to discharge.
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Table 5 Treatment efficiencies of heavy metals in oxidation ponds

Heavy Wastewater Treatment References
metal efficiency (%)
ITron(II) Alkaline anthracite 99.7 Kirby et al. (2009)
mine waste
Cobalt (Co Textile mill 58-60 Mona et al. (2011)
10
Chromium
(Cr(VD)
Iron Acid mine drainage 95 Burns et al.
(2012)
Lead(II) Industrial 85-95 Banerjee and
wastewater Sarker (1997)
Nickel (Ni) Acid mine drainage 37-87 Kalin and
Aluminum 77-98 Chaves (2003)
(AD
Zinc (Zn) 74-82
Iron (Fe) 75-98
98 Batty et. al. (2008)
Chromium Kraft pulp and 41 Achoka (2002)
Copper paper mill 39 Achoka (2002)
Nickel 16 Achoka (2002)

Several studies have been done to examine the result of
oxidation ponds in treating heavy metals. Ali et al. (2011)
found that the effluent from treating heavy metals enhanced
the quality of soil and increased plant growth potential.
Other authors have considered the effects of heavy metal
removal in oxidation ponds. Table 5 summarizes the
treatment efficiency of heavy metals.

Organics

Organic removal can be accomplished using either anae-
robic or aerobic conditions. In aerobic conditions, organic
degradation is a two-stage process. During the first stage,
bacteria degrade organic matter into carbon dioxide, water,
phosphorus, and ammonia in the presence of oxygen. Next,
algae in the presence of light use carbon dioxide and water
from bacteria to produce oxygen, water, and new algae.
The cycle is repeated—oxygen from the second stage is
used by the bacteria to restart the first stage of organic
degradation. Under anaerobic conditions (commonly
known as anaerobic digestion), the process consists of
hydrolysis, acidogeneis, acetogenesis, and methanogenesis.
In anaerobic digestion, organic matter is degraded into
methane, carbon dioxide, and water (Arthur 1983). During
these processes, bacteria and algal biomass increase with
decreasing organic material.

Various authors report removal of various forms of or-
ganics by oxidation ponds—54 % removal of fluorescent
organic matter (Musikavong et al. 2007), 64.77 and

97.75 % of polycyclic biphenyls (PCBs) (Badawy et al.
2010), and 54 % of dissolved organic matter (Musikavong,
and Wattanachira 2007). The BOD removal efficiency is
dependent on numerous factors and can vary from ap-
proximately 81 % (Yeh et al. 2010), 50 % (Craggs et al.
2003), 50.3 % (Meneses et al. 2005), and others (Banerjee
and Sarker 1997; Faleschini et al. 2012; Mtethiwa et al.
2008; Sukias et al. 2001; Tanner and Sukias 2003; Abbasi
and Abbasi 2010). The BOD removal is not only dependent
on the type of oxidation pond, but on other factors such as
the environment (Mara and Pearson 1998).

Other applications

Oxidation pond treatment analysis has been made in other
applications. Spongberg et al. (2011) analyzed oxidation
pond treatment performance on pharmaceuticals such as
doxycyclines, salicylic acid, triclosan, and caffeine. Gomez
et al. (2007) observed 90-95 % removal of estrogenicity.
Ahmad et al. (2004) measured low concentrations of pes-
ticides such as heptachlor, dieldrin, and pp-
dichlorodiphenyltrichloroethane from oxidation pond
sludge samples. Khan et al. (2010) analyzed the growth of
sorghum using treated wastewater from oxidation ponds.

Pathogens

From a public health perspective, the overall effects of the
presence of pathogens must be taken into account. There are
several problematic pathogens such as bacteria, protozoa,
helminths, and viruses, which can cause various diseases
such as cholera, gastroenteritis, typhoid fever, dysentery, and
hepatitis (Parker 1970). The World Health Organization
(WHO) provides stringent requirements for effluent based on
the amount of pathogens present within the system. For ex-
ample, nematode discharge is limited to 1 egg/L into the
system (Mara and Pearson 1998). Human health impacts of
microorganisms such as chironomid eggs (Senderovich et al.
2008) have also been discussed for their potential effects on
public health and the environment. WHO discusses addi-
tional concerns for bacteriophage species, F-RNA, and so-
matic coliphages 10°-10* plaque-forming units/mL (Gino
et al. 2007), and somatic coliphage (phiX-174) and
F-specific RNA phage (MS2) (Benyahya et al. 1998).
Oxidation ponds are capable of treating pathogens as well.
There are several parameters that are necessary for treating
bacteria—time and temperature, pH, light intensity, and
dissolved concentration (Mara and Pearson 1998). Maiga
et al. (2009) found E. coli inactivation to be contingent on
sunlight, pH, and dissolved oxygen concentration. In addi-
tion, Reinoso and Becares (2008) observe that the prevalence
of sunlight reduces Cryptosporidium parvum by 40 %.
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Oxidation ponds can also reduce other pathogens such as
Campylobacter jejuni, Salmonella enterica, and E. coli
(Sinton et al. 2007), reducing salmonella in particular by
96.4 % (Gopo et al. 1997). Oxidation ponds can also remove
viruses (NoV), 47 % geogroup I (GI) and 67 % geogroup 11
(GII) (Da Silva et al. 2008).

Oxidation ponds can eliminate fecal coliform, fecal
enterococci, F™ coliphage, somatic coliphage, and Ascaris
eggs by using the four ponds (Nelson et al. 2004). A
treatment system consisting of activated sludge, extended
aeration, physical, chemical, and biological treatment
(BIOFORE), and oxidation ponds successfully removes
pathogens (Jamwal et al. 2009), while a pond and wetland
system minimizes bacteria by at least one log (Tanner and
Sukias 2003). Overall, oxidation ponds can remove
pathogens given that the detention time is between a few
days to several weeks (Gloyna 1971).

Algae

Algae are one of the more perennial driving forces with
respect to proper treatment within oxidation ponds and are
important because they are capable of taking up phos-
phates, carbon dioxide (CO,), and nitrogen compounds
such as ammonia and nitrates, incorporating these con-
stituents into algal biomass production. At the same time,
algae supply the oxygen necessary for heterotrophic bac-
teria to degrade organic material (USEPA 1983). Literature
describes that a strong algae presence is determined by
nutrients, temperatures, and sunlight. Sunlight is also
linked to dissolved oxygen concentration (mg/L) and can
predict photosynthetic activity.

There are various algal species utilized such as Ch-
lamydomonas and Euglena. Nevertheless, algae such as
Scenedesmus acutus within high-rate oxidation ponds
(HROPs)-sedimentation systems reduce TSS (Garcia et al.
2000), while algae species Chlorella vulgaris and Oscil-
latoria brevis are also effective in treatment (Tharavathi
and Hosetti 2003). In addition, microalgae treat polycyclic
aromatic hydrocarbons (PAHs), phenolics, and organic
solvents (Munoz and Guieysse 2006). Advanced oxidation
systems also use microalgae (Ahmad et al. 2004). Other
examples of algae species can include Phacus from the

Centrifugation

phylum Euglenophyta, Chlamydomonas, and Eudorina,
(Chlorophyta); Navicula and Cyclotella (Chrysophyta);
and Anabaena (Cyanophyta) (Mara and Pearson 1998).

Yet, there are limitations with algae. One of the biggest
known problems is finding algae following discharge from
the pond (USEPA 1983). Kaya et al. (2007) found that the
algae problem is related to high suspended solids (SS)
concentrations. Having observed these issues, the authors
find that using a laboratory-scale step feed dual treatment
(SFDT) and trickling filter (TF) as an addendum to the
oxidation ponds improves chlorophyll-a (Chl-a) from 89.4
to 97 %, as long as the hydraulic loading rate is 2 m’/
m” day. In this study, the TF alone removes 88 and 95 %
Chl-a. Besides the SS concentrations, additional problems
may include the clogging of the system when improperly
discharged (Arthur 1983).

Despite these limitations, algae grown within the pond
can be harvested (converted into biomass) for the purpose
of creating an alternative fuel source, provided that the
influent does not contain heavy metals. As a fuel source,
algae have many advantages—high productivity, short
growth time, low land requirements, and the formation of
lipids capable of being converted into fuels (Pittman et al.
2011). Studies show that lipids have a dry weight range
between 10 and 30 %, where the values can be contingent
on the type of wastewater and its associated concentrations
(Pittman et al. 2011; Rawat et al. 2011). Algal harvesting
creates biofuels such as gas or oil-based fuels, hydrogen
gas (Pittman et al. 2011), ethanol, biogas from methane for
electricity (Rawat et al. 2011), and biodiesel, a fuel that is
biodegradable, renewable, and low in CO, emissions
(Brennan and Owende 2010). Depending on the species,
the amount of gas production will vary. For example,
Chlorella vulgaris has a potential methane production be-
tween 0.6 and 0.8 L/g volatile suspended solids (VSS),
while Chlorella pyrenoidosa produces 0.8 L/g VSS. Other
algae species such as Scenedesmus obliquus ranged from
0.6 to 0.7 L/g VSS (Singh and Olsen 2011).

Biofuel formation from algae consists of two major
processes—conversion of algae into biomass, followed by
the formation of gas based on biochemical and thermo-
chemical processes (Pittman et al. 2011; Rawat et al.
2011). Figure 7 provides a process flow diagram of the
algal harvesting process. Conventional algal harvesting

Biochemical/

Flocculation

> Sedimentation

| Filtration

\4

Thermochemical Process

for Biofuel Production

Fig. 7 Conventional process flow diagram of algal harvesting process for biofuel production (adapted from Pittman et al. 2011; Rawat et al.

2011)
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Table 6 Thermochemical processes used in biomass conversion

Process Description Requirements
Gasification Formation of syngas or CO,, CHy,
combustible gas H,
Pyrolysis Biomass from charcoal, based on Oy/air (not
temperature required)
Liquefaction Breakdown of biomass by low Catalyst
temperature and high pressure
Transesterification Conversion of lipids into Alcohol,
biodiesel catalyst

Converts biomass into biofuel at Air
high temperatures

Combustion

Based on the descriptions recorded from Rawat et al. (2011)

begins with flocculation, or the neutralization of the
negatively charged algal constituents for the purpose of
aggregation (Pittman et al. 2011; Rawat et al. 2011).
Flocculation occurs by the use of alum (Pittman et al.
2011) or polymers (Rawat et al. 2011). Following floccu-
lation, biomass is then separated from algal cells and re-
covered by the use of either centrifugation or gravity
sedimentation. An additional biomass recovery procedure
consists of biomass attached onto constituents such as al-
ginates in a process known as immobilization (Pittman
et al. 2011; Rawat et al. 2011).

Following algal harvesting, the biomass undergoes ther-
mo or biochemical processes, converting biomass into bio-
fuels, where thermochemical processes can include
gasification, pyrolysis, liquefaction, and combustion, while
anaerobic digestion and fermentation encompass the major
biochemical processes (Pittman et al. 2011; Rawat et al.
2011). Table 6 describes some of the major thermochemical
processes that have been employed for biomass conversion.
Nonetheless, algal harvesting has several limitations.

First, the majority of the algae are unicellular and low in
density, making harvesting very expensive (Rawat et al.
2011; Brennan and Owende 2010). Second, several life
cycle assessments (LCAs) indicate that various setbacks
need to be addressed. An LCA completed by Campbell
et al. (2011) found that while biodiesel reduces greenhouse
gas emissions when compared with fossil fuel and canola-
based biodiesel production of 15 g/m* day and 30 g/
m? day, biodiesel is more expensive than fossil fuel and
canola-based fuels (Campbell et al. 2011). Singh and Olsen
(2011) concluded that biodiesel production has high elec-
tricity costs and water requirements—for every 1 kg of
biodiesel produced, 3726 kg of freshwater is required.
Algal harvesting also requires a supply of nitrogen, usually
from chemical fertilizers (Clarens et al. 2010), phosphorus,
potassium, and sulfur (Singh and Olsen 2011). Another
LCA finds that when comparing algae, corn, canola, and
switchgrass as a potential biofuel, algae have the highest

energy production, lowest land requirement, and eu-
trophication potential, but corn and switchgrass reduce
greenhouse gases more efficiently (Clarens et al. 2010).

On the other hand, there are ways to resolve these dif-
ficulties and continue using algae for biofuel production.
For example, if algae are grown within wastewater or
saltwater, water requirements are reduced to approximately
400 kg/1 kg of biodiesel, along with nutrients due to their
availability within wastewater (Singh and Olsen 2011;
Clarens et al. 2010). Still, future studies need to be con-
ducted to address many of the concerns that have been
mentioned in the various life cycle analyses, specifically
the costs associated with using algae biomass for the pur-
pose of forming biofuels.

A more recent application is the uptake of phosphorus
by algae within waste stabilization ponds. Phosphorus up-
take by microalgae is necessary, but only in limited
quantities. Nevertheless, there are some instances where
the uptake of phosphorus by microalgae is greater than
what is required for viability. This process is known as
luxury uptake. In luxury uptake, microalgae take available
phosphorus from the environment and store unused phos-
phorus as polyphosphate. The forms of polyphosphate
stored are either acid-soluble polyphosphate (ASP) or acid-
insoluble polyphosphate (AISP). Stored polyphosphates are
used in situations when phosphate concentrations are low.

Luxury uptake has been observed in natural environ-
ments. In literature, the authors evaluate luxury uptake on
three factors—phosphorus concentration, light intensity,
and temperature. Results from the study indicate that the
use of phosphorus concentration is contingent on the dif-
ference between batch and continuous reactors. Light in-
tensity and temperature affect the rate of polyphosphate
accumulation by algae. Full-scale waste stabilization ponds
validate the experiments. However, luxury uptake research
is still in infant stages. Questions such as determining the
effects of mixing and detention time on phosphorus uptake
and the optimum ideal phosphorus, bacteria, and algal
concentrations still need to be answered (Brown and
Shilton 2014).

Greenhouse gas emissions

Despite many advantages, waste stabilization ponds have
been linked with emitting greenhouse gases. There are
three recognized greenhouse gases—methane (CH,), car-
bon dioxide (CO,), and nitrous oxide (NO,) (Hernandez-
Paniagua et al. 2014; Khatiwada and Silveira 2011). In
general, wastewater treatment processes contribute to 5 %
of the greenhouse gas production in the world, where
anaerobic treatment methods are the most responsible
(Cakir and Stenstrom 2005). According to Hernandez-
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Paniagua et al. (2014), stabilization ponds typically emit
85 g/m? day of CO, and 86 g/m* day of CH,, with nitrous
oxide levels significantly lower. In fact, methane emissions
in a waste stabilization pond were reported to be twice as
high compared to activated sludge systems (Hernandez-
Paniagua et al. 2014).

At the aerobic layer near the surface of the pond,
methane will oxidize to CO,. However, it has been ob-
served that methane emissions are much higher in ponds as
compared to carbon dioxide (Silva et al. 2012). This has
been attributed to the fact that during photosynthesis algae,
use atmospheric carbon dioxide, raising the pH. At higher
pH levels, dissolved carbon dioxide is converted to car-
bonic acid and bicarbonates (Silva et al. 2012). Algae are
also responsible for biologically fixing carbon dioxide and
converting atmospheric carbon dioxide into a solid, thereby
reducing the emission of CO, (Shilton et al. 2008). Nev-
ertheless, the release of CO, into the atmosphere is still
dependent upon the pH value of the system.

While waste stabilization ponds are responsible for a
small portion of the world’s greenhouse gas emissions
(particularly methane), there is an opportunity for the gas,
commonly known as biogas, to be recovered and used as a
source of energy (Konate et al. 2013). While biogas pri-
marily consists of methane, it is also made up of carbon
dioxide, oxygen, and other gases (NIWA 2008). Never-
theless, methane is the main gas targeted when considering
biogas recovery. Biogas is formed either during anaerobic
digestion of organic compounds or the reduction of carbon
dioxide and hydrogen (El-Fadel and Massoud 2001). As a
viable energy option, it has been seen as being ideal for
electricity generation in a wastewater treatment plant as
natural gas, provided that it has undergone several treat-
ment processes (Craggs et al. 2014), or for heat and power
(NIWA 2008). If biogas is not recovered for energy, it can
be flared off or transitioned into an aerobic pond if a
multiple pond system exists (NIWA 2008).

The recovery of biogas is not a novel idea. As a matter
of fact, recovery of biogas in pond systems began ap-
pearing in peer-reviewed journals within animal waste
operations no later than the 1970s (Safley and Westerman
1988). Recently, authors have studied biogas recovery in
stabilization ponds from various types of wastewater. For
example, Park and Craggs (2007) found a mean areal
biogas production of 0.78 m*/m? day from piggery was-
tewater and 0.03 m*/m* day from dairy wastewater (Park
and Craggs 2007). Konate et al. (2013) recorded a mean
areal biogas production of 0.121 m/m? day from domestic
wastewater in an anaerobic pond. McGrath and Mason
(2004) observed biogas production between 0.002 and
0.039 m*/m? day in dairy wastewater. Heubeck and Craggs
(2010) found an average annual methane production rate of
0.263 m®> CHy/kg VSS,qdeq from a piggery pond.
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For a pond to be efficient in producing a substantial
amount of biogas to be recovered, several parameters must
be considered. Two of the most important parameters are
the ambient air and pond temperatures. It has been deter-
mined that there is a power law relationship between bio-
gas production and ambient temperature. This is expressed
in the following equation (McGrath and Mason 2004):

R = 1.241(T,)""%, (7)

where R is the areal biogas production (L/m? day) and T,
the ambient air temperature ( °C).

With regard to pond temperature, typical biogas pro-
duction in stabilization ponds occurs in the temperature
range between 10° and 30° where a linear relationship
exists between 10° and 20° (McGrath and Mason 2004).
Other parameters can include pond geometry (Konate et al.
2013), pH, retention time, treatment method, and mi-
croorganism presence (El-Fadel and Massoud 2001). BOD
and COD loading rate is also important as the production of
methane increases with increase in wastewater strength
(El-Fadel and Massoud 2001; Cakir and Stenstrom 2005).

The most efficient way found is to fully or partially
cover the pond surface with a material made usually of
high-density polyethylene (HDPE) or polypropylene (PP).
The pond cover serves as a way to capture the gas gener-
ated from anaerobic digestion. Covers are usually designed
to extend through the pond’s perimeter where it is either
placed in a trench or held in place by means of a concrete
slab. After the biogas is captured, it is collected by perfo-
rated pipes located below the cover. From the pipes, the
biogas is removed from the cover by a vacuum (e.g.,
centrifugal fan) (NIWA 2008). Several authors have
recorded the application of covers to capture biogas in
municipal wastewater treatment systems. DeGarie et al.
(2000) discussed the implementation of a three-layer cover
consisting of geomembrane, polyform, and HDPE in
Melbourne (Australia). The biogas cover was placed on the
anaerobic lagoons in the wastewater treatment plant. Shelef
and Azov (2000) constructed a waste stabilization pond
system in the Negev desert of Israel. The pond treatment
system consisted of anaerobic ponds, stabilization ponds,
rock filters, and stabilization reservoirs. The authors in-
cluded a cover on the anaerobic pond.

There are some points that need to be considered when
recovering biogas from a pond. One of the most important
is cost. The associated costs for biogas recovery include
construction costs of the pond, capital and operation and
maintenance costs for gas purification such as gas scrub-
bing, any capital and operation and maintenance costs to
apply biogas for other uses, and the cost for cover design
(Craggs 2004). Other potential design considerations in-
clude sludge management and the maintenance of a proper
organic removal with biogas recovery (DeGarie et al.
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2000). Optimizing the pH, nutrients, temperature, organic
loading, and retention time are also important because it
will assist in producing an effective biogas system
(Kaewmai et al. 2013). These and many other consid-
erations must be addressed when attempting to recover
biogas from a pond.

In summary, waste stabilization ponds are capable of
producing greenhouse gases, particularly methane. How-
ever, applying techniques such as pond covers can mitigate
the emission of greenhouse gases and provide a viable
source of energy.

Costs

The cost of an oxidation pond is contingent on the year and
the particular country where it is to be built. This is because
labor and material costs are not uniform around the world.
Nevertheless, there are various analyses available to de-
termine the feasibility of installing oxidation ponds. As
with any treatment project, the major costs are capital costs
(construction costs) and operation and maintenance (O&M)
costs. Examples of capital costs include construction, ad-
ministration/legal, land, structures, and architecture/engi-
neering (A/E) fees, while energy is the primary operation
and maintenance (O&M) cost. Cost data to build an
oxidation pond facility in the USA is presented below.
There are two heavily cited sources for construction
cost data in the USA—the Environmental Protection
Agency (EPA) and the World Bank. In 1978, the EPA
compiled construction costs based on data collected from
oxidation pond use in Kansas City/St. Joseph, Missouri.
The initial costs of an oxidation pond include 15 different
parameters. Results from the EPA study conclude that
oxidation ponds have a lower cost per capita as compared
to primary and secondary treatment when considering
populations between 100 and 100,000. The study also
finds that estimated capital costs ranged between $0.20
and $1.00/population equivalent/year (Gloyna 1971). Re-
cently, the EPA published updated construction cost data
for the year 2006. In this publication, the EPA states that
this data can be calculated for any US city. This is ac-
complished by multiplying the cost and the ratio of the
Engineering News Record Construction Cost (ENR CC)
index for a given city by the primary operation and
maintenance (O&M) cost. Cost data to build an oxidation
pond facility in the USA is presented below. The ENR
CC index is for Kansas City in 2006. The ENR CC in-
dexes are accessible at http://www.enr.com (USEPA
1983). In 1983, the World Bank published data comparing
the capital and operation and maintenance costs of
oxidation ponds with other natural treatment methods
such as aerated lagoons, oxidation ditches, and biological

Table 7 Capital and operation costs for natural wastewater treatment
methods (Arthur 1983; Varon and Mara 2004)

Treatment systems Capital costs Operational costs

(USS$, millions) (US$/capita)
Waste stabilization pond 5.7 0.2
Aerated lagoon system 7.0 1.2
Oxidation ditch system 4.8 1.4
Biological filter 7.8 0.8

filters. The study calculates capital costs by totaling the
land, earthworks, structure, and equipment costs (Arthur
1983). Results from this report estimate that the capital
costs of an oxidation pond totaled 7.3 million US$, while
annual operation costs were $50,000/year. Furthermore,
the report discovers that oxidation ponds have the lowest
capital and operational costs as compared to other natural
treatment methods (Arthur 1983; Varon and Mara 2004).
Table 7 provides an example of costs between the three
natural treatment methods.

On the other hand, the Water Environmental Federation
(WEF) published data to approximate the cost of an
oxidation pond for a residential area. The WEF conclude
that the size of the population appropriates the value of the
oxidation pond. For example, the $7.3 million dollar esti-
mate would be at the higher end of treatment for a
population of about 250,000. Considering that many
oxidation ponds would be used for smaller communities,
the total costs, including capital and operation and main-
tenance, can range between $316,400 for 20 homes and
$4.7 million for 200 homes (WEF 2010) or approximately
$2600-$7600 per home (USEPA 2002).

Modeling

When evaluating the performance of a waste stabilization
pond, it is imperative to consider additional factors that
impact the performance of the pond beyond the mere pa-
rameters that have been previously discussed. One of the
best ways to make the determinations is by using modeling
software. Although its popularity began in the mid-1990s,
computational fluid dynamics (CFD) has evolved parallel
to the advancement of computer technology. CFD models
the performance of the pond in removing nutrients, BOD,
sedimentation, and pathogens. CFD can vary with me-
teorological conditions, pond orientation, and design ad-
justments (Sah et al. 2012). CFD benefits the researcher
insomuch as he or she is able to determine how varying the
effects of conditions within waste stabilization ponds
would affect the performance of removing various con-
stituents. This is beneficial whenever the conditions are
unfavorable for sampling (Karteris et al. 2005).
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Various authors discuss the significance of the use of
CFD in its ability to analyze treatment performance. Wood
et al. (1995) initiated the use of CFD by using two-di-
mensional computational fluid dynamics (2-D CFD) mod-
els for the purpose of designing an optimum treatment
performance.

The attempt was to derive conclusions by trying to
transfer a three-dimensional entity into two-dimensional
space, without the consideration of the depth changes,
turbulence-caused mechanical aeration, and the non-
isothermal conditions that can potentially exist within a
pond under given circumstances. An additional study by
Wood et al. (1998) determined that the inlet geometry had
a major impact on the water flow, concluding that models
are capable of determining water flow effects by varying
different parameters. Also Olukanni and Ducoste (2011)
determined bacteria removal by using both 2-D CFD and
optimization. The authors analyzed baffle adjusted by
CFD, while optimization was used to determine the mini-
mal construction costs of waste stabilization ponds.

CFD can incorporate various parameters such as sludge
accumulation, temperature, and sunlight. Alvarado et al.
(2012) determined that sludge accumulation and settling of
sludge within waste stabilization ponds increases as water
moves away from the inlet and the velocity decreases.
Karteris et al. (2005) created a temperature model within a
covered anaerobic pond under unsteady state conditions.
Sweeney et al. (2007) analyzed the effects of the presence
of sunlight when considering the water quality between the
summer and winter months.

Recent investigations into CFD modeling have been
conducted to further improve the performance of waste
stabilization ponds. Alvarado et al. (2013) deduced the
appropriate number of aerators to achieve proper mixing
within a waste stabilization pond. The results from the
study are further supported by the use of tracer studies
completed on a full-scale waste stabilization pond.
Hadiyanto et al. (2013) analyzed the length-to-width
(L:W) ratio using dimensions from a currently operating
pond in the Netherlands to investigate power consump-
tion, dead zones, and large eddy formation. Also, the
authors not only incorporate a discussion on the rela-
tionship with velocity and shear stress, but include the
effects of shear stress and turbulence on the growth of
microorganisms and algae.

Martinez et al. (2014) compared traditional methods of
pond design with mathematical software (Matlab) to find a
cost-effective facultative pond that can reduce fecal coli-
form and BOD. The authors examine each method based
on the number of baffles and the hydraulic efficiency.
Results from the study conclude that the mathematical
model can reduce cost by 11 %, the area requirement by
18 %, and the hydraulic retention time by 19 days.

igllase clloll dvao .
KACST 3.0:50lq rog sl @ Springer

Lee and Cheong (2014) used numerical modeling to vary
the L:W ratio, pond shape, flow rate, and depth under constant
pressure and a steady state flow to understand its effects on
pond flow characteristics to treat acid mine drainage (AMD).
The authors found that the retention time in rectangular ponds
decreased with increasing elongation. Pond depth also has an
impact on the retention time. An optimum depth for a rect-
angular pond is 2 m given a pond area of 500 m>.

As seen within this section, modeling for waste stabi-
lization ponds has been conducted and improved to not only
consider specific individual constituents, but also model
various phenomena that can occur within the system. Yet,
various parameters are highlighted individually within
computation models. Currently, no published work has been
able to provide a complete profile of wastewater entering the
system or through multiple pond systems. With the constant
evolution of software, modeling waste stabilization ponds
could experience further advancement. Sah et al. (2012)
agreed with this sentiment. In addition, the authors recom-
mended that upto-date full-scale data should be available to
verify the accuracy of the models (Sah et al. 2012).

Oxidation ponds or waste stabilization ponds are a very
effective treatment option not only as tertiary treatment,
but also in areas that are not capable of having conven-
tional domestic wastewater treatment or other techno-
logically advanced methods, as seen in Pena et al. (2002) in
Columbia. Yet, the design of an oxidation pond is con-
gruent to the location of the pond, as loading rates will vary
based on temperature and climate (Mara and Pearson 1998;
Gloyna 1971).

To ensure proper treatment, the operator must avoid the
possibility of effluent discharge that can contaminate the
environment or jeopardize public health. There are many
ways that these dangers can be avoided. First, maintain all
piping and other treatment unit equipment properly, along
with monitoring the conditions within the pond to provide
enclosure of treated waste without exposure to the external
environment or the formation of residuals. Second, evalu-
ate pathogen presence by taking samples. This will deter-
mine if the pond system is having issues. Finally, design
the pond system to produce the best efficiency based on the
given standards. Computer modeling provides an effective
way of confirming the best treatment necessary for the
given condition. If the efficiency cannot be met by one
pond, another alternative is to create a multiple-staged
treatment system of ponds, or include another method of
treatment for maximum results.

Computer modeling provides an effective way of con-
firming the best treatment necessary for the given condi-
tion. If the efficiency cannot be met by one pond, another
alternative is to create a multiple-staged treatment system
of ponds, or include another method of treatment for
maximum results.
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Conclusions

Waste stabilization ponds have demonstrated the capa-
bilities of being a viable treatment technology, specifically
in small communities and developing countries because of
their inexpensive maintenance and simple design. As the
worldwide water crisis increases, wastewater effluent
reuse, specifically from waste stabilization ponds in some
fashion, will continue to increase (Mara 2012).

Two recommendations will need to be considered for the
purpose of expanding this treatment technology. First, ree-
valuate how the treatment efficiency relates to the corre-
sponding treatment standards for the purpose of effluent
reuse. WHO has published guidelines for wastewater reuse
in a four-volume publication titled: Guidelines for the safe
use of wastewater, excreta and greywater in agriculture and
aquaculture (WHO 2006). This document outlines standards
that are necessary to ensure that the effluent from the pond is
suitable for use in these applications, a very important factor
in the current attempt to advocate pond wastewater as a vi-
able alternative. The efforts to implement WHO’s guidelines
will assure both citizens and governmental agencies that
human health and safety is a top priority. Modeling software
can be used as a tool that will provide the engineer an op-
portunity to design a pond that will comply with these
standards. Second, retrofit current infrastructure and add
stations for fuel production can provide a return on the in-
vestment when transitioning waste stabilization ponds for
use in larger communities. However, biofuel production will
depend on the economic viability of recovery. Despite many
technological advances, the main challenge is overcoming
the preference of using conventional treatment methods such
as activated sludge and trickling filters to comply with
treatment standards. Nevertheless, future research address-
ing the concerns with this section, along with those made
throughout the course of this text, may persuade designers
and treatment operators to reconsider their stance of
minimizing the use of oxidation ponds.
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