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2-D modeling to understand the design configuration and flow dynamics of 44 

Pond-In-Pond (PIP) wastewater treatment system for reuse 45 

 46 

Abstract 47 

Water reuse for irrigation is increasingly recognized as an essential and economical 48 

strategy in areas with water scarcity. A simple, low cost, low-maintenance, and highly 49 

efficient Pond-In-Pond (PIP) treatment system can be used for wastewater reuse. PIP is a 50 

treatment technology in which two types of ponds -- anaerobic and aerobic -- are combined 51 

into a single pond and consists of a deeper inner section entirely submerged within the 52 

outer pond. Previous studies on PIPs and PIP-like systems have reinforced the potential for 53 

reuse through promising performance results with BOD removal over 80% and a reduction 54 

in land area requirements by approximately 40%. Yet, no prior efforts have been made to 55 

understand the performance mechanism of such systems. This study makes use of two, 2-D 56 

modeling tools in developing a fundamental understanding of PIP flow dynamics and the 57 

expected performance. The modeling results showed that the PIP configuration offers 58 

improved flow-diversion along with reduced flow velocity. Additionally, the PIP retained 59 

approximately 17% more (p<0.05) particles than the traditional pond with most of the 60 

particles concentrated within the inner pond. Lower velocity and the higher solids retention 61 

in the PIP thus allowed for better treatment performance compared to traditional ponds. 62 

The findings from this study can be used as preliminary data for future in-depth 63 

investigations of the PIP system leading toward effective and optimal designs. This will 64 

help address the major societal concern of water scarcity with low-cost and effective 65 

wastewater treatment. 66 

 67 

Keywords: wastewater reuse; irrigation; sustainability; pond-in-pond; pond configuration; 68 

2-D modeling 69 
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1. Introduction 70 

Wastewater is increasingly recognized as an important water, energy, and nutrient 71 

resource [1, 2, 3, 4]; reclamation and reuse of such water is much more economical than finding 72 

new sources of water [5, 6]. Reuse for irrigation is often viewed as a positive means of recycling 73 

water and offers two major benefits – 1) wastewater reuse improves the environment as it 74 

reduces the amount of waste (treated or untreated) discharged into water courses, and 2) 75 

conserves water resources by lowering the demand for freshwater [7, 8]. Also, the public tends to 76 

be more supportive when it comes to the reuse of water in irrigation rather than the reuse in 77 

households  [9, 10, 11]. Many sources of wastewater are readily available and are produced 78 

within close proximity of the crop production operations, thus potentially large volumes of water 79 

can be reused [12, 13]. If our crop production systems can adapt to using reclaimed water, we 80 

will be able to sustain and possibly increase crop production for a much longer time [14] while 81 

continuing to provide adequate potable water. 82 

For land application systems, the effluent quality is less stringent, usually 2-3 times 83 

higher than that required for stream discharge [15, 16] thus, the need for expensive advanced 84 

wastewater treatment facilities can be diminished through reuse. Considering the reduced cost in 85 

treatment plant construction for reuse systems, billions more in capital costs could be saved in 86 

the future as the population continues to grow. Several feasibility studies [17, 18, 19, 20] have 87 

been completed to quantitatively evaluate economic, environmental and resource availability of 88 

water-reuse projects, and the results from such studies have concluded water reuse as a profitable 89 

option even under conservative measures. But only 6% in the US [21] and less than 3% globally 90 

[22] is reclaimed for beneficial use. This situation exists due to the perceived difficulty of 91 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 April 2021                   doi:10.20944/preprints202104.0709.v1

https://doi.org/10.20944/preprints202104.0709.v1


5 

 

reusing wastewater for agricultural purposes and the lack of a single best treatment technology of 92 

wastewater for reuse. 93 

1.1. Wastewater treatment systems 94 

Pond treatment systems have been widely used for treating wastewater because they are 95 

lower in capital construction costs as compared to conventional mechanical systems [23, 24, 25, 96 

26, 27]. Ponds used for treating municipal wastewater range from aerobic to facultative to 97 

anaerobic [28] and several procedures have been developed to design these various types of 98 

ponds [29, 30, 31, 32, 33, 34, 35]. Numerous studies [16, 36, 37] have been done on different 99 

pond systems and existing design criteria and their limitations. Many of these pond designs have 100 

been in existence for decades, yet there is a lack of design specifications with respect to pond 101 

performance.  Also, there exist strong contradictory viewpoints regarding pond dimensions as 102 

they relate to pond performance [16]. This clearly illustrates that existing knowledge on the 103 

design of ponds is inadequate and that more research is required to develop an effective pond 104 

design procedure.  105 

One of the potentially viable and sustainable treatment technologies could be a simple, 106 

low-cost, and low-maintenance natural treatment system known as Pond-In-Pond (PIP). The PIP 107 

is a treatment technology in which the two types of ponds--anaerobic and aerobic--are combined 108 

into a single pond [16, 28, 38]. The PIP system combines the functionality of two different ponds 109 

and provides more efficient conversion of wastewater, including high-strength waste, to end 110 

products through the synergistic relationships of the various microorganisms’ present. The 111 

deeper pond submerged inside the outer shallower pond provides the anaerobic environment 112 

required for more complete conversion of complex organic matter. The outer pond with an 113 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 April 2021                   doi:10.20944/preprints202104.0709.v1

https://doi.org/10.20944/preprints202104.0709.v1


6 

 

aerobic surface helps control the odor and allows for aerobic digestion of the volatile fatty acids 114 

produced by the anaerobic process. The previous study by the authors [16] provides a detailed 115 

discussion of the need for the PIP; and their later article [39] evaluates the applicability of the 116 

PIP for effluent reuse in irrigation through analysis of performance data for ponds with similar 117 

configurations.  118 

1.2. Pond-In-Pond 119 

The initial concept of the PIP was first considered by Stone [40] in which a small, deeper 120 

sub-basin was placed within one corner of a much larger basin. This concept was further 121 

advanced by Oswald [38] when he not only placed the deeper section within a larger outer pond, 122 

but the inner pond had berms added for confining the influent to a small section of the overall 123 

pond. Other researchers [28, 41, 42] later adopted the system for treating various types of 124 

wastewater ranging from municipal to industrial to animal waste. Thus, far, the concept of the 125 

PIP system has been practiced in multiple locations in USA and some other nations such as 126 

India, New Zealand, Australia, and Ethiopia [36].  127 

The PIP concept has been adopted for multiple purposes such as stream discharge, energy 128 

and nutrient recovery, and reuse of effluent on land application sites. Evaluation of existing PIP 129 

and PIP-like systems shows an average BOD removal above 80% while reducing the land area 130 

requirements for the pond by approximately 40% [39]. Yet, there has not been significant 131 

progress in the identifying design characteristics or configuration of such systems. The latest 132 

advances in pond design have been the use of mechanistic modeling tools to describe the process 133 

[43, 44, 45, 46, 47]. The use of mechanistic models on traditional pond systems have helped 134 

design engineers better understand the flow dynamics and the effects of pond configuration on 135 
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the treatment performance [48, 49, 50] .  136 

Proper understanding and knowledge of the design configuration and flow dynamics of 137 

the PIP will aid in addressing the existing knowledge gap on the PIP. The objective of this 138 

research, therefore, is to evaluate the configuration of the PIP to provide basic guidelines for 139 

selecting design parameters for such ponds. Additionally, this research aims to simulate the 140 

effects of having a deeper basin inside a larger, shallower basin through mechanistic analysis on 141 

the PIP configuration. The modeling results will contribute to the understanding of the flow 142 

behavior, velocity pattern, and particle distribution in the PIP thus providing a fundamental 143 

understanding of why the PIP configuration offered better performance compared to traditional 144 

ponds. To the authors’ knowledge, this study is the first attempt to investigate the PIP systems 145 

using the 2-D modeling approach.  146 

2. Pond-In-Pond design parameters 147 

Oswald [51] adopted the idea of the PIP and introduced a preliminary design guideline. 148 

The PIP consists of an inner deeper section as an isolated volume where wastewater solids are 149 

collected and remain allowing for more complete degradation of the complex organic matter. 150 

One of the simplest design techniques is the septic tank criteria. The inner pond must be sized to 151 

have a minimum of 2 days hydraulic retention time. The outer pond is designed with a minimum 152 

retention time of 15 to, preferably, 20 days [51], with longer retention times used as the climate 153 

changes from warmer to colder temperatures. 154 

Another design technique proposed is the anaerobic loading criteria [51]. This approach 155 

takes into consideration the volume for non-degradable materials and grit volume in the inner 156 

pond. The maximum permissible organic loading into the ponds is determined based on the 157 
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percentage of solids in the sludge. The volume of the inner pond is the sum of volume required 158 

for settleable solids, inert ash volume, and grit volume for the estimated service life of the pond. 159 

The outer pond is designed similarly to the septic tank approach. Figure 1 shows the plan and 160 

sectional view for the PIP system including some basic design configuration parameters.  161 

 162 

Figure 1: Plan (top) and profile (bottom) of a PIP system (Depths shown are relative) 163 

2.1. Pond configuration 164 

In general, the inner pond is typically designed for a 2-day retention time and with a volume 165 

adequate for holding settleable solids, inert ash volume and grit volume for the estimated service 166 

life of the pond. Whereas the outer pond is typically designed for a retention time of 10 to 20 167 

times the inner pond retention time, with larger values for cold regions [51].  168 
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The inner pond can be of any shape depending on the site conditions. However, based on 169 

the design guideline for clarifiers, frusto-conical shapes with sloping sides may provide 170 

additional performance benefits [52]. The slope helps reduce the up-flow velocity as the 171 

wastewater rises in the pond thus promoting separation of finer solids. The solids then 172 

agglomerate and fall to the bottom of pond and undergoes anaerobic degradation. In addition, the 173 

reduced bottom area concentrates and reduces the volume of sludge handling thereby reducing 174 

the disposal and handling costs [53]. 175 

The top surface area for the inner pond is kept small enough, typically 0.1 to 0.16 176 

hectares (0.25 – 0.4 acres), to prevent mixing. The up-flow velocity is typically kept under 2 177 

m/day (6 ft/day) to optimize sedimentation and to prevent most helminth ova and ova cyst from 178 

leaving the inner pond [51]. Additionally, the inner pond includes a berm at the top on all sides. 179 

These berms act as a barrier to the mixing of the contents of the inner pond that can be caused by 180 

seasonal temperature stratification of the water and subsequent wind. Further, these berms serve 181 

as a baffle and provides flow diversion thus reducing short-circuiting. The change in direction 182 

due to the berms separates the larger mass of sludge flow by inertia similar to that in a clarifier 183 

[52]. The pond area and height for these barriers, however, depends on the prevalent wind 184 

velocity in the region and can vary.  185 

2.2. Pond depth and orientation 186 

The existing PIP systems typically have depths between 4 m (13 ft) to more than 6 m (20 ft) for 187 

the inner pond and about 3 to 5 m (9 to 15 ft) for the outer pond [16, 28, 39, 42]. In addition to 188 

more complete degradation of organic matter, the increased depth also provides better control of 189 

vegetation and better inhibition of insect breeding. Ponds with shallow depths (<6 ft) have high 190 
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risk of nuisance and odor problems [54]. The increased pond depth allows for a reduction in the 191 

area required for wastewater treatment thus reducing the land area requirements and the capital 192 

cost for the system. There exists a strong contradiction on optimal depth for such systems, 193 

specifically the inner pond, and a study by the EPA [36] on pond design for the last few decades 194 

shows an increasing trend in the adopted depths from about 3 - 4 m (9 – 13 ft) to about 6 - 7 m 195 

(19 - 23 ft) in recent years. 196 

The aspect ratio of the pond is often 3:1 for the length: width. This ratio, however, largely 197 

depends on the site conditions and can vary accordingly. The inner pond is preferably located on 198 

the downwind side of the predominate wind rose for two major reasons – 1) to prevent short-199 

circuiting of the influent and 2) to push the floatable materials away from the outlet. The other 200 

important factor in pond design is the location of inlets and outlets and they should be placed to 201 

avoid the short-circuiting of the influent. The recommended effluent pipe location is 0.5 to 1 m 202 

(2 - 3 ft) below the water surface to avoid discharge of floatable material in the effluent while the 203 

influent is introduced into the inner pond 1 to 1.5 m (3 - 5 ft) off the bottom with a concrete pad 204 

beneath to prevent erosion of the soil and promote mixing. Gentle mixing of the influent (near 205 

the bottom) encourages flocculation of very fine particles [55] and prevents fine solids from 206 

escaping into the outer pond. 207 

3. Mechanistic analysis of PIP configuration 208 

The effects of having a deeper basin inside a larger basin was evaluated using 2-D 209 

modeling simulation tool. To confirm the validity of the modeling results, the simulation was 210 

performed using two different modeling tools – 1) SToRM (System for Transport and River 211 

Modeling), available in iRIC [56] and 2) TELEMAC-2D available as a solver package in 212 
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TELEMAC-MASCARET [57]. The SToRM model offers improved visualization capabilities 213 

while the TELEMAC-2D is best known for its increased compatibility in parameter definition. 214 

Both models use the two-dimensional, depth-averaged equations, also referred to as the shallow 215 

water equations (SWEs), to simulate surface waters [57, 58]. Depth averaged modeling has been 216 

widely used in rivers, lakes, estuaries, and coastal flows, and has been shown to effectively predict 217 

flow features.  218 

3.1. Model Development 219 

To comply with the boundary definitions required by the 2-D modeling, the inner pond of 220 

the PIP was located at the influent edge such that water flows directly into the inner pond and 221 

overflows to the outer pond (Figure 2) compared to the configuration shown in Figure 1. The 222 

depths for inner and outer pond sections in the PIP modelled were kept as 6m (20 ft) and 3m (10 223 

ft), respectively. The straight-sided berm around the inner pond was designed at a height of 1.5 m. 224 

The influent was fed into the inner pond while the outlet was located at the opposite side of the outer 225 

pond. In comparison, the traditional pond was provided with a uniform depth of 3 m (10 ft), and the 226 

inlet/outlet were located at two opposite ends of the pond (Figure 2).  227 

For all the simulations, a constant discharge of 10 m3/s was used as an inflow boundary 228 

condition, and a fixed stage of 6 m (20 ft) was used as the outflow boundary condition. The 229 

cross-sectional areas for inlet and outlet were approximately 5 m2 [5 m width with 1 m of water 230 

depth] resulting in an approximate mean inlet velocity of 2 m/s. Figure 2 shows the water depths 231 

for the PIP and traditional pond.  232 
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  233 

Figure 2: Water depths for the PIP (top) and traditional pond (bottom) 234 

3.2. Results and discussion 235 

3.2.1. Velocity Profile 236 

Figure 3 illustrates the velocity magnitude for both the PIP and traditional pond 237 

configurations. In the PIP, the higher incoming velocity is dissipated within the inner pond with 238 

significantly reduced velocity in the outer pond as energy is lost when water flows from inlet into 239 

the deeper basin and then upward toward the shallow region. The rapid change of flow rate from 240 

the inlet into the inner basin and the existence of the berms around the inner basin increase the 241 

energy dissipation due to irregular circulation created by velocity jets throughout the inner basin 242 

[59, 60]. As a result, the velocity of the water is reduced significantly with better balanced and 243 

more stable flow moving into the outer shallow region of the PIP [61]. Such distribution of 244 

velocity in the PIP contributes to the higher settling of suspended particles. Conversely, within 245 
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the traditional pond, the incoming higher velocity is propagated over a longer distance with 246 

nothing causing a shift in the momentum, thus maintaining a higher velocity of flow toward the 247 

outlet [60]. The higher velocity leads to increased particles exiting from the outlet before they 248 

can settle. Additionally, a similar run was performed for the traditional pond with a uniform 249 

depth of 6 m to evaluate the effects of difference in volume (though negligible as compared to 250 

the pond area) between the PIP and the 3 m deep conventional pond. No difference in the flow 251 

pattern was observed and the incoming higher velocity dispersed along the pond length as in the 252 

pond with a 3 m depth. The results further confirms that the flow dynamics and the reduced 253 

velocity in the PIP is primarily due to the configuration of the PIP rather than the increased depth 254 

alone. 255 
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     256 

Figure 3: Velocity profile plot from SToRM simulation for PIP system (top) and traditional basin 257 

(bottom)  258 

A similar velocity profile was obtained using the TELEMAC-2D simulation as shown in 259 

Figure 4. Both modeling tools provided similar results with similar velocity profiles and 260 

magnitude as can be seen from Figures 3 and 4. As these modeling tools have been used for the 261 

first time in simulating pond-like structures, the two models were used to verify the results. The 262 

confirmatory results from both models validate the accuracy and reliability of each of the models 263 

for application in future studies on pond systems. Comparisons between two models at different 264 

simulation times are provided as supplementary figures in Appendix A (Figure A1 and Figure 265 

A2). The supplementary file consists of velocity profile plots for SToRM and TELEMAC-2D 266 
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runs at different simulation times where similar transient flows can be observed throughout the 267 

entire simulation period. 268 

   269 

Figure 4: Velocity profile plot from TELEMAC -2D simulation for PIP system (top) and 270 

traditional basin (bottom)  271 

Figure 5 shows the corresponding velocity vectors (direction of flow) for the PIP and the 272 

traditional pond. The flow is channelized in the traditional pond and it is also observed that the 273 

higher velocity in the traditional pond caused the shift of flow toward one edge of the pond 274 

creating a rotational movement at the corner of the pond. As high velocity water moves from 275 

larger pond area to the small cross-section at the outlet, not all flow can change the direction to 276 

exit from the outlet. The flow thus gets diverted back to the entrance of the pond following the 277 

path of least resistance (toward one of the edges) in order to increase its specific energy thereby 278 
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allowing the incoming flow to pass through the outlet. This diversion causes water circulation 279 

through the pond to the inlet forcing the flow jet to bend toward the edge. Bending of flow 280 

creates the vortex at the corner of the pond. Such areas will reduce the effective treatment 281 

volume of the pond inhibiting the pond performance due to suspension of the particles caused by 282 

vortices. Whereas the flow in the PIP is more uniformly distributed in the outer pond with 283 

minimal disturbance as it exits with much lower velocity from the inner pond.  284 

 285 

Figure 5: Velocity vector plot from SToRM simulation for PIP system (top) and traditional basin 286 

(bottom) 287 

3.2.2. Particle Profile 288 

Next particle movement and distribution within the pond was observed using the particle 289 

tracking visualization in the SToRM modeling. Equal numbers of particles (illustration presented 290 

for 10 particles) were introduced into both ponds. At every time-step, the same number of new 291 

particles continued being added into the ponds. Figure 6 illustrates the distribution of particles in 292 
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the PIP vs. traditional pond at different simulation times.  In the traditional pond, the particles are 293 

carried away by the high velocity, and the particles reach the outlet much faster. Whereas, in the 294 

PIP, most of the particles are confined within the inner pond and only few particles make their 295 

way out. Additionally, the reduced velocity in the outer pond of the PIP inhibits particle 296 

movement toward the outlet; and thus the particles tend to settle to the bottom of the pond.  297 

Figure 6a and Figure 6b shows the introduction of particles in the pond. The particles are 298 

introduced at the exact same location for both the ponds. After 5 minutes, the particles in the 299 

traditional pond have already traveled over half the length of the pond (Figure 6c), whereas in 300 

the PIP, the particles have just moved into the outer pond (Figure 6d). At around 16 minutes, the 301 

particles in the traditional pond can be seen at the outlet with some particles exiting from the 302 

pond (Figure 6e). Whereas, at the corresponding time, the particles in the PIP have just traveled 303 

half of the pond length (Figure 6f).  It took almost twice the time (approximately 29 minutes) for 304 

the particles in the PIP to reach the outlet (Figure 6h) compared to the flow in the traditional 305 

pond. Lastly, at the end of the simulation, the traditional pond has particles distributed 306 

throughout the pond but with a higher concentration near the outlet and in the circular zone near 307 

the inlet (Figure 6i). On the other hand, in the PIP, few particles can be observed at the outlet and 308 

most particles are concentrated inside the inner pond (Figure 6j). 309 

The particles count at each time-step was exported from the SToRM model. The exported 310 

files consisted of a unique location for each particle along with the total particle count that 311 

remained within the pond at a given time-step. Four different cases were used for this analysis 312 

where 5, 10, 15 and 25 particles were introduced into the pond. A statistically significant 313 

difference (p<0.05) in particle retention was observed. In all four cases, it was observed that 16-314 
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18% more particles were retained within the PIP as compared to the traditional pond as shown in 315 

Table 1. Based on the higher percentage of retained particles and the reduced velocity in the PIP, 316 

it can be assumed that the PIP offers higher potential for particle settlement and, thus, additional 317 

treatment. The retention of the particles, however, cannot be considered as settling of the 318 

particles in this 2-D simulation.  319 

 

 
(a, t = 30 s) 

 

 
(b, t = 30 s) 

 

 
(c, t = 300 s) 

 

 
 

(d, t = 300 s) 

 

 
(e, t = 1000 s) 

 

 
(f, t = 1000 s) 
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(g, t = 1710 s) 

 

 
(h, t =1710 s) 

 

 
(i, t = 3600 s) 

 

 
(j, t = 3600 s) 

Figure 6: Particle distribution in traditional pond (left) vs. PIP (right) using the SToRM model. 320 
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Table 1: Summary of particles-in and particles retention in the traditional pond vs. PIP 335 

   Traditional Pond  Pond-In-Pond  

Particles-in 

at each 

time step 

No. of 

time-

steps 

Total 

particles-

in 

Particles 

retained 

Particles 

retained 

% 

 Particles 

retained 

Particles 

retained 

% 

% 

Increase 

in 

particles 

retention 

5 121 605 399 66  464 77 16 

10 121 1210 779 64  904 75 16 

15 121 1815 1145 63  1338 74 17 

25 121 3025 1935 64  2282 75 18 

 336 

4. Summary and conclusions 337 

While many attempts have been made to address the global issues of water shortages, few 338 

have considered integrating wastewater reuse and converting those water resources into a safe 339 

alternative to freshwater for agricultural irrigation. The integrated approach of natural 340 

wastewater treatment along with land application of treated wastewater effluent will provide the 341 

world with food while saving potable water for human consumption. Pond-In-Pond (PIP), a 342 

simple, low-cost, low-maintenance, and natural system, can provide the necessary level of 343 

treatment required for effluent reuse in agriculture. Previous studies on PIP-like configurations 344 

have shown the potential for reuse systems through promising performance results with BOD 345 

removal of over 80% and a 40% reduction in land area requirements.  346 

The results from the SToRM and TELEMAC-2D models showed that the PIP offers 347 

improved flow-diversion with a significantly reduced velocity throughout the pond. The velocity 348 

profile and the flow pattern suggest that the PIP configuration has a significant effect on the flow 349 
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dynamics within the pond and, thus, higher pond performance. The incoming velocity is mostly 350 

dissipated within the inner pond of the PIP, and the flow velocity is significantly reduced as it 351 

passes toward the outer region. Such reduced velocity inhibits the movement of the particles so 352 

more particles would be capable of settling in the PIP as compared to the traditional pond.  353 

Further, as observed from particle distribution plots, most of the particles in the PIP are 354 

trapped within the deeper, inner pond of the PIP with fewer particles in the outer region. The 355 

settled particles in the PIP undergo anaerobic decomposition under a prolonged solids retention 356 

time within the deeper basin of the PIP, thus providing more complete degradation of incoming 357 

organic matter.  358 

Modeling the flow dynamics of the PIP is an alternative to the costly field study of the 359 

system and can be used to determine a more optimal way to continue this analysis in a 3-D 360 

format. In addition, this modeling of the system will allow future research on field sites to be 361 

completed more efficiently by identifying specifically the critical components of the system to 362 

measure. All of this will then lead to applicable design approaches that can result in the lowest 363 

cost with the highest treatment efficiency, thus providing society with a system applicable to 364 

more sustainable water reuse.  365 

5. Future recommendations 366 

The 2-D modeling approach has recognized limitations, but it provided an initial understanding 367 

of why the PIP system performs better than traditional ponds. Future modeling of the PIP using 368 

3-D computational fluid dynamics is the next logical step in the process of developing an 369 

understanding of pond configuration effects on performance. These 3-D results will provide the 370 

necessary understanding of how to design the inner pond and the associated berms more 371 
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effectively. Next, the integration of the biokinetics of the treatment process has the potential to 372 

contribute to the development of appropriate design procedures for these ponds to be used in any 373 

location. Lastly, the integration of a decision-support tool to test strategies for multi-objective 374 

optimization will provide a design approach for specific situational needs. Overall, this type of 375 

modeling effort will provide a future in which communities can utilize a more sustainable 376 

approach to water treatment and reuse that is both environmentally friendly and energy efficient.  377 

 378 

 379 

 380 

 381 

 382 

 383 

 384 

 385 

 386 

 387 

 388 

 389 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 April 2021                   doi:10.20944/preprints202104.0709.v1

https://doi.org/10.20944/preprints202104.0709.v1


23 

 

CRediT authorship contribution statement 390 

Kushal Adhikari: Conceptualization, Methodology, Formal Analysis, Investigation, Writing - 391 

original draft, Writing - review & editing, Visualization. 392 

Clifford B. Fedler: Writing - review & editing, Supervision, Project administration. 393 

Alireza Asadi: Writing - review & editing, Validation, Formal Analysis. 394 

 395 

Acknowledgments 396 

The authors would like to thank the Department of Civil, Environmental and Construction 397 

Engineering at Texas Tech University for its assistantship support for this research. And our 398 

sincere thanks to Dr. Theodore Cleveland, Associate Professor in the Department of Civil, 399 

Environmental and Construction Engineering at Texas Tech University, for his support with the 400 

modeling efforts. 401 

Author Agreement/Declaration 402 

All authors have seen and approved the final version of the manuscript being submitted. They 403 

warrant that the article is the authors' original work, has not received prior publication, and is not 404 

under consideration for publication elsewhere. 405 

Declaration of Interest 406 

The authors declare that they have no known competing financial interests or personal 407 

relationships that could have appeared to influence the work reported in this paper. 408 

Funding Source Declaration 409 

This study did not receive any funding or research grants. 410 

Permission Note 411 

The manuscript does not have any content that needs permission from the published property.  412 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 April 2021                   doi:10.20944/preprints202104.0709.v1

https://doi.org/10.20944/preprints202104.0709.v1


24 

 

Data Availability Statement 413 

The data used in this study can be made available through contact to corresponding author. 414 

Disclosure Statement 415 

No potential conflict of interest was reported by the authors. 416 

 417 

 418 

References 419 

 420 

[1]  Tee, P. F., Abdullah, M. O., Tan, I. A. W., Rashid, N. K. A., Amin, M. A. M., Nolasco-

Hipolito, C., & Bujang, K. , “Review on hybrid energy systems for wastewater treatment 

and bio-energy production.,” Renewable and Sustainable Energy Reviews, , pp. 54, 235-

246, 2016.  

[2]  Batstone, D.J., Hülsen, T., Mehta, C.M., Keller, “Platforms for energy and nutrient 

recovery from domestic wastewater: A review.,” Chemosphere, pp. 140, 2–11., 2015.  

[3]  Biswas, A., Mailapalli, D. R., & Raghuwanshi, N. S., “Treated municipal wastewater to 

fulfil crop water footprints and irrigation demand–a review.,” Water Supply, 2021.  

[4]  Ahmad, A., Abdullah, S. R. S., Hasan, H. A., Othman, A. R., & Ismail, N. I. , “Aquaculture 

industry: Supply and demand, best practices, effluent and its current issues and treatment 

technology.,” Journal of Environmental Management, , pp. 287, 112271., 2021.  

[5]  G. Tracy Mehan, III, “Scientific American,” 12 11 2019. [Online]. Available: 

https://blogs.scientificamerican.com/observations/the-epa-says-we-need-to-reuse-

wastewater/. [Accessed 23 11 2019]. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 April 2021                   doi:10.20944/preprints202104.0709.v1

https://doi.org/10.20944/preprints202104.0709.v1


25 

 

[6]  Asano, T., & Mills, R. A., , ““ Planning and analysis for water reuse projects.,” J,” ournal‐

American Water Works Association, ,, pp. 82(1), 38-47.,, 1990.  

[7]  Urkiaga, A., De las Fuentes, L., Bis, B., Chiru, E., Balasz, B., & Hernández, F., “ 

Development of analysis tools for social, economic and ecological effects of water reuse.,” 

Desalination, , pp. 218(1-3), 81-91., 2008.  

[8]  Khouri, N., Kalbermatten, J. M., & Bartone, C. R., Reuse of wastewater in agriculture: A 

guide for planners., UNDP-World Bank Water and Sanitation Program, World Bank., 

1994.  

[9]  Bruvold, W. H., “Public opinion on water reuse options.,” Journal of the Water Pollution 

Control Federation, , pp. 60(1), 45-49., 1988.  

[10]  Hartley, Troy W, Water Reuse: Understanding public perception and participation., Water 

Environment Research Foundation Virginia, 2003.  

[11]  Po, M., Nancarrow, B. E., & Kaercher, J. D., “Literature review of factors influencing 

public perceptions of water reuse,” Citeseer, 2003. 

[12]  Toze, S, “Reuse of effluent water-benefits and risks, new directions for a diverse planet.,” 

in 4th International Crop Science Congress, Brisbane, Australia., 2004.  

[13]  de Freitas Bueno, R., Mauricio Andrade, T., Kersul Faria, J., & Liduino, V. S., “ UASB 

TECHNOLOGY AND CONSTRUCTED WETLAND ALTERNATIVE TO SEWAGE 

TREATMENT OF SMALL COMMUNITIES.,” Environmental Engineering & 

Management Journal (EEMJ),, p. 19(7)., 2020.  

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 April 2021                   doi:10.20944/preprints202104.0709.v1

https://doi.org/10.20944/preprints202104.0709.v1


26 

 

[14]  Fedler, C. B., “Water Stewardship: A Sustainable Perspective for Agriculture.,” ASABE 

Paper Number: 1700805, Annual International Meeting (p. 1). American Society of 

Agricultural and Biological Engineers., 2017.  

[15]  Robert K. Bastian, na. [Online]. Available: 

https://www.epa.gov/sites/production/files/2016-11/documents/9-bob_bastian.pdf. 

[Accessed 22 11 2019]. 

[16]  Adhikari K, & Fedler CB,, “Pond-In-Pond: An alternative system forwastewater treatment 

for reuse,” Journal of Environmental Chemical Engineering, 2020.  

[17]  Kfouri, C., “Water reuse cost-benefit analysis: the Morocco example.,” 2009. [Online]. 

Available: http://siteresources.worldbank.org/EXTWAT/Resources/4602122-

1213366294492/5106220-1234469721549/34.2_Water_Reuse_Presentation_Kfouri.pdf. 

[Accessed 23 11 2019]. 

[18]  Molinos-Senante, M., Hernández-Sancho, F., & Sala-Garrido, R. , “ Economic feasibility 

study for wastewater treatment: A cost–benefit analysis.,” Science of the Total 

Environment, , pp. 408(20), 4396-4402., 2010.  

[19]  Molinos-Senante, M., Hernández-Sancho, F., & Sala-Garrido, R., “ Cost–benefit analysis 

of water-reuse projects for environmental purposes: A case study for Spanish wastewater 

treatment plants.,” Journal of environmental management, , pp. 92(12), 3091-3097., 2011.  

[20]  Arborea, S., Giannoccaro, G., de Gennaro, B., Iacobellis, V., & Piccinni, A. , “Cost–benefit 

analysis of wastewater reuse in puglia, southern italy.,” Water, , pp. 9(3), 175., 2017.  

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 April 2021                   doi:10.20944/preprints202104.0709.v1

https://doi.org/10.20944/preprints202104.0709.v1


27 

 

[21]  “FAO,” AQUASTAT Main Database, Food and Agriculture Organization of the United 

Nations (FAO), 2008. [Online]. Available: 

http://www.fao.org/nr/water/aquastat/didyouknow/index.stm. [Accessed 2018]. 

[22]  “FAO,” AQUASTAT Main Database, Food and Agriculture Organization of the United 

Nations (FAO)., 2016. [Online]. Available: 

http://www.fao.org/nr/water/aquastat/data/query/index.html?lang=en. [Accessed 2018]. 

[23]  Van Note Robert, H., “A guide to the selection of cost-effective wastewater treatment 

systems [sewage disposal; water treatment plants].,” US Environmental Protection Agecny. 

, 1975. 

[24]  Batchelor, A., Bocarro, R., & Pybus, P. J. , “ Low-cost and low-energy wastewater 

treatment systems: A South African perspective.,” Water Science and Technology, , pp. 

24(5), 241-246., 1991.  

[25]  Xian-Wen, L. , , ““Technical economic analysis of stabilization ponds.,”,” Water Science 

and Technology, , , pp. 31(12), 103-110,, 1995.  

[26]  Isosaari, P., Hermanowicz, S. W., & Rubin, Y., “Sustainable natural systems for treatment 

and disposal of food processing wastewater.,” Critical Reviews in Environmental Science 

and Technology, , , pp. pp. 40(7), 662-697, 2010.  

[27]  Achag, B., Mouhanni, H., & Bendou, A. , “Hydro-biological characterization and 

efficiency of natural waste stabilization ponds in a desert climate (city of Assa, Southern 

Morocco).,” Journal of Water Supply: Research and Technology-Aqua., 2021.  

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 April 2021                   doi:10.20944/preprints202104.0709.v1

https://doi.org/10.20944/preprints202104.0709.v1


28 

 

[28]  Fedler, CB and Wheeler, DA, “Integrated Facultative Ponds: Their use for Wastewater 

Treatment Prior to Reuse.,” Australian Waste Water Association Incorporated, Artarmon, 

NSW, pp. 217-223, 1997.  

[29]  Canter, LW and Englande Jr, AJ,, ““States' design criteria for waste stabilization ponds,”,” 

Water Pollution Control Federation, , pp. 1840--1847, 1970.  

[30]  Marais, GVR and Shaw, VA, “A rational theory for the design of sewage stabilization 

ponds in Central and South Africa.,” Civil Engineering= Siviele Ingenieurswese, pp. 3(11), 

205-227., 1961.  

[31]  Thirumurthi, Dhandapani, “Design Criteria for Waste Stabilisation Ponds,” Water 

Pollution Control Federrtion, pp. 46(9) 2094-2106, 1974.  

[32]  Wehner, J. F., & Wilhelm, R. H., “Boundary conditions of flow reactor,” Chemical 

Engineering Science, vol. 50, no. 24, pp. 89-93, 1956.  

[33]  McGarry, MG and Pescod, MB, , “Stabilisation pond design criteria for tropical Asia,”, 

1970.  

[34]  Gloyna, “Facultative waste stabilization pond design.,” in Ponds as a Wastewater 

Treatment Alternative, Water Resources Symposium, Austin, 1976.  

[35]  Larsen, Thomas B, A dimensionlessdesign equation for sewage lagoons, 1975.  

[36]  EPA, “Principles of Design and Operations rinciples of Design and Operations o of 

Wastewater Treatment Pond Systems f Wastewater Treatment Pond Systems f for Plant 

Operators, Engineers, and Managers,” Office of Research and Development U.S. 

Environmental Protection Agency, Cincinnati, Ohio, 2011. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 April 2021                   doi:10.20944/preprints202104.0709.v1

https://doi.org/10.20944/preprints202104.0709.v1


29 

 

[37]  Ho, L. T., Van Echelpoel, W., & Goethals, P. L. , “Design of waste stabilization pond 

systems: A review,” Water Research, pp. 236-248, 2017.  

[38]  Oswald, William J, “Advances in Anaerobic Pond Systems Design,” 1968.  

[39]  Adhikari K, & Fedler CB, “Water Sustainability Using Pond-In-Pond Wastewater 

Treatment System: Case Studies,,” Journal of Water Process Engineering, vol. 36, 2020.  

[40]  Stone, RF., “Waste Stabilisation Basins for a Desert Sewage Treatment Plant.,” Civil 

Engineering, vol. 30, no. 3, pp. 158-160, 1960.  

[41]  Dinges, Ray, Natural Systems for Water Pollution Control., New York, NY.: Van Nostrand 

Reinhold Company, 1982.  

[42]  Tadesse, I., Green, F. B., & Puhakka, J. A. , “Seasonal and diurnal variations of 

temperature, pH and dissolved oxygen in advanced integrated wastewater pond system® 

treating tannery effluent.,” Water research, , pp. 38(3), 645-654., 2004.  

[43]  Wood, M.G., Greenfield, P.F., Howes, T., Johns, M.R., Keller, J.,, “Computational fluid 

dynamic modelling of wastewater ponds to improve design.,” Water Science and 

Technology, vol. 31, pp. 111-118, 1995.  

[44]  Salter, H.E., Ta, C.T., Ouki, S.K., Williams, S.C, ““Three-dimensional computational fluid 

dynamic modelling of a facultative lagoon,”,” Water Science and Technology, , pp. vol. 42, 

no. 10-11, pp. 335-342,, 2000. .  

[45]  Shilton, A., “Potential application of computational fluid dynamics to pond design,” Water 

Science and Technology, vol. 42, no. 10-11, pp. 327-334, 2000.  

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 April 2021                   doi:10.20944/preprints202104.0709.v1

https://doi.org/10.20944/preprints202104.0709.v1


30 

 

[46]  Fritz, J. J., Middleton, A. C., & Meredith, D. D. , , ““Dynamic Process Modeling of 

Wastewater Stabilization Ponds,”,” Water Pollution Control Federation, , pp. 2724-2743, , 

1979.  

[47]  Sah, L., Rousseau, D. P., Hooijmans, C. M., & Lens, P. N. ,, “ “3D model for a secondary 

facultative pond,”,” Ecological Modelling, , pp. vol. 222, no. 9, pp. 1592-1603, , 2011. .  

[48]  Shilton, A., & Harrison, J., “Development of guidelines for improved hydraulic design of 

waste stabilisation ponds,” Water Science and Technology, pp. 48 (2): 173-180, 2003.  

[49]  Karteris A.. Papadopoulos A., G. Balafoutas G., “Modeling the Temperature Pattern of a 

Covered Anaerobic Pond with Computational Fluid Dynamics,” Water, Air, and Soil 

Pollution, vol. 162, no. 1-4, pp. 107-125, 2005.  

[50]  Passos, R. G., von Sperling, M., & Ribeiro, T. B., “Hydrodynamic evaluation of a full-

scale facultative pond by computational fluid dynamics (CFD) and field measurements,” 

Water Science and Technology, pp. 70 (3): 569-575, 2014.  

[51]  Oswald, W. J., “A syllabus on advanced integrated pond systems.,” University of 

California, Berkeley., 1996.  

[52]  G. W. Smith, “Clarifier with overflow scum removal.”. Washington, DC: U.S. Patent and 

Trademark Office. Patent U.S. Patent No. 4,009,106., 22 Feb 1977. 

[53]  H. Elmi, “ "Circular gravity clarifier and method."”. Washington, DC: U.S. Patent and 

Trademark Office. Patent U.S. Patent No. 5,362,407., 8 Nov 1994. 

[54]  Oswald, William J., “Feasibility Of Deep Ponds For The Dan Region Project,” California, 

1964. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 April 2021                   doi:10.20944/preprints202104.0709.v1

https://doi.org/10.20944/preprints202104.0709.v1


31 

 

[55]  G. F. Jackson, “Gravity clarifier.”. Washington, DC: U.S. Patent and Trademark Office. 

Patent U.S. Patent No. 3,965,013. , 22 June 1976. 

[56]  SToRM, “SToRM| Solvers| iRIC Software,” [Online]. Available: https://i-

ric.org/en/solvers/storm/. [Accessed 2020]. 

[57]  “open TELEMAC- MASCARET,” 2020. [Online]. Available: 

http://www.opentelemac.org/. [Accessed 12 8 2020]. 

[58]  iRIC, “iRIC,” 2020. [Online]. Available: https://i-ric.org/en/download/storm-solver-

manual/. [Accessed 12 9 2020]. 

[59]  Henderson, F. M. , “Chapter 3,” in Open channel flow., 1996, p. 66. 

[60]  Henderson, F. M. , “Chapter 6,” in Open channel flow., 1996, pp. 198-221. 

[61]  Chow, V. T., “Chapter 15,” in Open-channel hydraulics, McGraw-Hill civil engineering 

series, 1959, p. 393. 

 421 

 422 

 423 

 424 

 425 

 426 

 427 

 428 

 429 

 430 

 431 

 432 

 433 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 April 2021                   doi:10.20944/preprints202104.0709.v1

https://doi.org/10.20944/preprints202104.0709.v1


32 

 

APPENDIX A 434 

 435 

 

 

t = 30 s 

 

 

t = 30 s 

 

 

t = 300 s 

 

 

t = 300 s 

 

 

t = 1200 s 

 

 

 t = 1200 s 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 April 2021                   doi:10.20944/preprints202104.0709.v1

https://doi.org/10.20944/preprints202104.0709.v1


33 

 

 

 

 t = 2400 s 

 

 

t =2400 s 

 

 

t = 3600 s 

 

 

t = 3600  

 436 

 437 

Figure A1: Velocity profile plots for the PIP using SToRM (left) and TELEMAC-2D modeling 438 

tools (right) at different simulation times [the color legend is same as in the figures 439 

presented in the main text - Figure 3 for SToRM and Figure 4 for TELEMAC-2D]. 440 
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 449 

Figure A2: Velocity profile plots for the traditional pond using SToRM (left) and TELEMAC-450 

2D modeling tool (right) at different simulation times [the color legend is same as in the 451 

figures presented in the main text - Figure 3 for SToRM and Figure 4 for TELEMAC-452 

2D]. 453 
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