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ABSTRACT 

This project presents how the wastewater is treated in Cusco – Peru, utilising practically new 

facilities (structures from 2014) that in the near future can surpass the discharge regulations. 

Moreover, treating only some parameters of wastewater effluents and leaving aside the 

treatment of the nutrients that contaminate the nearby rivers can produce algae growth and 

bad odours. Thus, the current discharge regulations do not contemplate the treatment of 

nutrients, or these have contradictions that generate gaps in the maximum permissible limits 

of the effluent parameters. In the present project, some processes are investigated to perform 

the treatment of nutrients biologically and to find a method that can use the existing trickling 

filters and would not incur higher operating costs. 

A novel process was found (AnoxAn), which uses the existing structures to treat nitrogen 

and phosphorus biologically; the retrofitting needs to be done in the primary settlers, 

adapting them into an internal mixture of anaerobic, anoxic and aerobic reactors. It is 

required to vary the volume of these facilities to find the best solution for the biological 

nutrient removal; where ammonia can be oxidised into nitrites, nitrates and nitrogen gas. 

Moreover, Phosphorus Accumulating Organisms can be promoted to release phosphates in 

the anaerobic zones and phosphates uptake in the aerobic zones. In addition, the old 

secondary clarifier can be used in the process to receive the effluent of the primary trickling 

filters and kick it back to the secondary trickling filters. Hence, the whole process can 

achieve biological nutrient removal within international discharge regulations. Additionally, 

some sensitivity analysis of the current process and the new suggested process can be 

provided to the operator of the wastewater treatment plant; with these analyses, an early 

initiation of the third stage – expansion of the mentioned facilities – can be proposed to avoid 

future environmental issues and surpassed the discharge regulations. 
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WORKING TERMINOLOGY 

GLOSSARY OF TERMS (WATER_ENVIRONMENT_FEDERATION, 2017, TCHOBANOGLOUS ET AL., 2014, 
LINDEBURG, 2014) 

Term Definition 

Trickling filter 

(TF) 

It is an aerobic tank that contains rock or plastic media where sewage 

is watered for the biological treat`ment process. This process is also 

known as attached-growth or fixed-film process. 

Eutrophication Over-fertilisation of receiving waters 

Anoxic process 

(AX) 

This process occurs when there is no oxygen available, so 

microorganisms use another source such as nitrate and nitrate to 

obtain energy - metabolic reactions (e.g. denitrification). 

Biochemical 

Oxygen Demand 

(BOD5) 

The BOD5 is the amount of oxygen measured for the biochemical 

oxidation of carbonaceous source in wastewater. It is a standard 

procedure measure in specified conditions such as temperature and 

time (five days). 

Chemical 

Oxygen Demand 

(COD) 

The COD is the amount of oxygen measured for the chemical 

oxidation of organic material in the wastewater. It is a two-hour 

standard test that uses inorganic dichromate or permanganate salts as 

oxidants. 

Total Suspended 

Solids (TSS) 

The TSS is the portion of the total solids that are retained on a sieve 

(specified pore size), then this portion is dried at 105°C to obtain the 

dried weight. 

Total organic 

carbon (TOC) 

In a wastewater sample is the quantity of carbon attached to organic 

compounds. The amount of TOC shows a way to evaluate the degree 

of organic pollution. 

Total oxygen 

demand (TOD) 

It is the measured oxidisable material in the wastewater. Using high-

temperature conditions to exhaust oxygen. 

Autotrophic 

bacteria 

The process of cell synthesis is done using inorganic carbon (CO2). 

(e.g. Anammox bacteria - Anaerobic ammonium oxidation). 

Heterotrophic 

bacteria 
The process of cell synthesis is done using organic carbon. 

Nitratation / 

Nitritation 

Biological oxidation process (BOP) where nitrite is oxidised to 

nitrate/ammonia is oxidised to nitrite. 
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Term Definition 

Nitrification 

BOP (second-step) where nitrogen (mostly in the form of ammonia) 

is oxidised to nitrite (Ammonia Oxidising Bacteria – AOB) and then 

to nitrate (Nitrate Oxidising Bacteria - NOB). 

Denitritation/ 

Denitrification 

A process where nitrite/nitrate is decreased to nitrogen gas and other 

nitrogen's gaseous end products. 

Phosphorus 

accumulating 

organisms 

(PAOs) 

Enhanced biological phosphorus removal process where 

heterotrophic bacteria storage high intracellular phosphorus. 

Simulation 

model 

Computational model (mathematical). It is a set of equations used to 

calculate the kinetics process and variations of sewage parameters. 

Analysing the performance of the model.  
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CHAPTER 1  

1. BACKGROUND 

Due to the eight Millennium Development Goals and subsequent Sustainable Development 

Goals proposed by the United Nations, Peru is making a great effort to accomplish them through 

investment in scholarships, research development, politics guidelines and public-private 

partnerships projects (INEI, Updated Set 2017). This research is focused on the sixth goal: 

Clean Water and Sanitation. 

Wastewater treatment plants (WWTPs) in Peru have several years of operation. Therefore, 

many of these plants are more than 30 years old. This case study of the WWTP in Cusco-Peru, 

had quite a few stages of design, construction and operation; the first stage was carried out in 

1985 when the wastewater treatment plant started its operation. This stage lasted almost 20 

years and problems were found; firstly, a deficient process that did not fulfil the discharge 

regulations (Appendix I); secondly, the growing population (population demographics, more 

than two times from 1985 to 2006 (INEI)) produced an increment in the flow rate of wastewater; 

thirdly, Peru - as part of the UN – had been committed to reach the goal 7C of the eight 

Millennium Development Goals. Hence, an upgrade project (second stage) was developed and 

approved in 2006, which had to be restructured in 2012 by Nippon Koei LAC & COSAPI S.A 

and financed by The Japan International Cooperation Agency – JICA – and the Peruvian 

Government (Takahashi and Gibu, Updated Jun 2016). Finally, the construction phase was 

completed in 2014 and began its operation the same year (El_Diario_del_Cusco, Published on 

Jun 30, 2014). 

After few years of operation of the second stage, some environmental issues occurred in the 

system such as eutrophication in the river due to nutrients in the effluent (Masco-Arriola, 

2017), surpassing the odour threshold; additionally, lack of knowledge related to the circular 

economy leads to inadequate management of biogas and biosolids. 

The problem of nutrients removal in the WWTP, indicated in the above paragraph, will be 

addressed in the subsequent investigation. Therefore, the next topic reports the issues from the 

design stage culminating in the operation of the WWTP. 

1.1.  Problem Description 

The design of the WWTP of Cusco was approved in 2006 (El_Diario_del_Cusco, Published on 

Jun 30, 2014), although, new discharge regulations for the nutrients in the effluents were 

adopted in 2008 and the threshold of some parameters (BOD5, COD and TSS) also changed in 
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2010 (both shown in Appendix I). Same parameters, in different years, had different values; 

showing inconsistency among them. For that reason, intermediate values were taken into 

account for the design of the plant. The facts mentioned above are shown in Table 1.1. 

TABLE 1.1 
SUMMARY DISCHARGE PARAMETERS 

Parameter Units 
Standard Water 

Quality Type 1A3 
(2008) 

Discharge 
regulation 

(2010) 

Design 
Values 
(2012) 

Average flow / 
Peak flow 

L/s -- -- 446/802 

BOD5 mg/L 10 100 30 
COD mg/L 30 200 90 
TSS mg/L - 150 30 
Faecal 
coliforms 

MPN*/100 
mL 

20000 10000 1000 

Oil and Grease mg/L 1 20 30 
Ammonia N mg/L 3.7 -- 30** 
Phosphorus 
(total 
Phosphate) 

mg/L 0.15 -- -- 

* Most Probable Number (MPN) ** Total Nitrogen  

Type 1A3: groundwater that could be treated with an advanced process. Discharge Regulations tables in Appendix I 

The WWTP was designed with the following stages of treatment (shown in Figure 1.1):  

 
FIGURE 1.1 LAYOUT OF THE WWTP. (ADAPTED FROM GOOGLE EARTH AND WWTP PROJECT) 

 

PRE-TREATMENT 

PRIMARY STAGE 

SECONDARY STAGE 

TERTIARY STAGE 
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 Pre-treatment Stage: It consists of the preliminary process that includes coarse and fine 

screens to retain coarse materials, then an aerated grit chamber to eliminate oil and grease 

and grit particles. 

 Primary Treatment Stage: The suspended solids of the flow are decanted in both Primary 

Settlers (PS). The liquid enters the PS vertically, and then through these, the liquid is 

separated from the suspended solids. 

 Secondary Treatment Stage: Also known as biological treatment (Tchobanoglous et al., 

2014). This stage is divided into two phases, one for liquids where the wastewater is treated 

aerobically by five trickling filters (three are primary and two are secondary), and then 

passing through two secondary clarifiers. The other phase is for solids, where solids go 

through two gravity sludge thickeners (dewatering process), the dewatered enter into an 

anaerobic bioreactor where is digested and produced biogas that is accumulated into a 

gasometer; culminating with a centrifuge process to obtain biosolids. 

 Tertiary treatment Stage: It is done by chlorinating the treated water for final disinfection 

and subsequent discharge to the Huatanay River. All the stages are shown in Figure 1.2. 

 
FIGURE 1.2 FLOW DIAGRAM OF THE WWTP - CUSCO 

The operation of the WWTP is being carried out with the parameters approved in 2010. In that 

discharge regulation’s document, the nutrients removal was not taken into account, that is why 

all measurements that are being developed by the WWTP operator do not take into 

consideration the phosphorus and nitrogen levels in the effluent which leads to the generation 

of eutrophication in the Huatanay river (Masco-Arriola, 2017). Regarding the discharge 

PRE-TREATMENT PRIMARY TREATMENT SECONDARY TREATMENT (BIOLOGICAL 
TREATMENT) 

TERTIARY TREATMENT 
DESINFECTION AND FINAL 

DISPOSAL 



4 

regulations (Table 1.1) an international threshold for the effluent nutrients will be considered 

for this research – TN = 15 mg/L, TP = 2 mg/L – (European_Union, 21 May 1991). 

As explained above, this WWTP works with Trickling Filters (liquid phase) and Anaerobic 

Reactors (solid phase) to treat the wastewater. Entailing that there is no process for nutrients 

removal (nitrogen and phosphorus). Hence, the main problem to be discussed, in this capstone 

project, is the new process configuration for the existing WWTP that would be able to remove 

nutrients without causing issues in other discharge regulation parameters. 

1.2.  Aim and Objectives 

This research aims to find an innovative process to remove the nutrients biologically 

(nitrogen and phosphorus) of the wastewater that is generated from approximately 400 000 

inhabitants of the city of Cusco. Hence, the following objectives need to be accomplished: 

a) Create a model of the actual wastewater treatment plant and simulate its processes. 

b) Check the designed life cycle and robustness of the actual WWTP. 

c) Find a method to retrofit the WWTP – based on Trickling Filters – into a Biological 

Nutrient Removal plant and to minimise the construction investment in new reactors. 

d) Create a simulation of the retrofitted WWTP in order to achieve the selected discharge 

regulation for TN and TP. 

e) Check the robustness of the retrofitted WWTP. 
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CHAPTER 2 

2. LITERATURE REVIEW 

This chapter will introduce the basic concepts related to Wastewater Engineering emphasising 

the concepts of biological nutrients removal using Trickling Filters for the secondary 

treatment stage. 

2.1. Nutrients 

These are assimilated substances for the growth of microorganisms, plants and animals. 

Among all nutrients, the primary ones in the WWTPs are Nitrogen and Phosphorus 

(Tchobanoglous et al., 2014, Water_Environment_Federation, 2017). For a suitable biological 

aerobic process in a WWTP, the minimum ratio for BOD5:N:P (100:5:1) is needed (Slade et 

al., 2011). 

2.1.1. Nitrogen: 

Nitrogen is a necessary element for the biological treatment of wastewater, due to its essential 

function in synthesising proteins. Minimum values of nitrogen must be ensured in the 

treatment of sewage (BOD5:N:P 100:5:1). However, high amounts of this element in the 

effluents can promote algae growth in the receiving surface water. Therefore, levels within 

the range established by local regulations must be maintained (Tchobanoglous et al., 2014). 

It is common to measure nitrogen in wastewater as ammonia (NH3), nitrate (NOଷ
ି), nitrite 

(NOଶ
ି), and the total Kjeldahl nitrogen to estimate the organic nitrogen (Morgan, 1998). These 

elements are reported within total nitrogen, as shown in Table 2.1. 

TABLE 2.1 
TOTAL NITROGEN REPORT (TCHOBANOGLOUS ET AL., 2014) 

Form of nitrogen Abbrev. Definition 
Ammonia gas NH3 NH3 
Ammonium ion NH4 NHସ

ା 
Total ammonia nitrogen TAN NH3 + NHସ

ା 
Nitrite NO2 NOଶ

ି 
Nitrate NO3 NOଷ

ି 
Total inorganic nitrogen TIN NH3 + NHସ

ା + NOଶ
ି + NOଷ

ି 
Total Kjeldahl nitrogen TKN Organic N + NH3 + NHସ

ା 

Organic nitrogen 
Organic 

N 
TKN - (NH3 + NHସ

ା) 

Total nitrogen TN Organic N + NH3 + ۶ۼ
ା + ۽ۼ

۽ۼ + ି
ି 

Depending on the pH of the sewage, it is possible to identify the state of ammonia. It can be 

found either as ammonium ion (aqueous solution) or ammonia gas (shown in Figure 2.1 Left). 
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Nitrogen in domestic wastewater is usually measured as TKN (organic nitrogen and 

ammonia). The untreated influent enters the WWTP with a typical amount of 40 mg/L for 

TKN (15 mg/L of organic nitrogen and 25 mg/L of ammonia). Throughout biological 

treatment, bacteria used approximately 20 % of the influent nitrogen to growth; when bacteria 

die either is consumed by other microorganisms (endogenous respiration) or this nitrogen 

finishes as sludge (Water_Environment_Federation, 2017). 

 
FIGURE 2.1 LEFT: DISTRIBUTION OF AMMONIA ACCORDING TO PH AND TEMPERATURE; RIGHT: SCHEMATIC 

OF NITRIFICATION-DENITRIFICATION PROCESS. SOURCE: (RIFFAT, 2013) 

The process where ammonia is oxidised to nitrite and then to nitrate is called nitrification. 

Then, an anaerobic heterotrophic process (denitrification) occurs when nitrates are converted 

to nitrogen gas (Figure 2.1 Right). Both nitrite and nitrate are water pollutants; being toxic to 

fish and causing illness in infants (methemoglobinemia) (Lindeburg, 2014, Tchobanoglous et 

al., 2014). 

2.1.2. Phosphorus: 

This element is presented in wastewater due to human waste and from detergents (synthetic 

wastes) (Riffat, 2013). Similar to Nitrogen, low quantities of Phosphorus are necessary for the 

reproduction of bacteria (BOD5:N:P 100:5:1). When the concentration of phosphorus exceeds 

0.015 mg/L, the growth of plants (algae) in the surface water is promoted that leads to 

eutrophication (Parsons and Smith, 2008, Qiu et al., 2015). 

In untreated municipal wastewater, the phosphorus concentration could be found in a range 

of 5-15 mg/L. In the primary settler, an approximate 10 % can be removed because that 

percentage of the total phosphorus is insoluble in the municipal wastewater (Lindeburg, 2014). 

Conservative measures of phosphorus in municipal wastewater have given the value of 3.7-
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11 mg/L, according to Tchobanoglous et al.; in contrast, Parsons and Smith have shown 6-8 

mg/L. 

On the other hand, phosphorus is a marketable fertiliser that could be obtained from processing 

wastewater (the circular economy). Moreover, taking into account that in the next one hundred 

years there will be problems for the production of phosphorus as shown in Figure 2.2; the 

removal and recycling of phosphorus are of vital importance in the treatment of sewage (Qiu 

et al., 2015). 

 
FIGURE 2.2 PEAK PHOSPHORUS CURVE INDICATING A PEAK IN PRODUCTION BY 2033. SOURCE: (QIU ET AL., 

2015) 

2.2. Nutrient Removal 

The removal of nutrients dates back more than a century when the Danish parliament decided 

to drastically reduce the Nitrogen and Phosphorus levels of wastewater discharged into surface 

water (Morgan, 1998). In recent decades, according to regulators in Europe and the USA, the 

excess of nutrients continues causing low water quality, the trend is to control the levels of 

Nitrogen and Phosphorus more severely (Lema and Suarez, 2017). 

For some ecoregions in the United States, the standard for nutrients discharge is lower than 

10 mg N/L and 1 mg P/L; a similar situation is occurring in Europe where the rules are quite 

strict, like the Helsinki region in Finland where the values are 4.5 mg N/L and 0.3 mg P/L. 

The challenge for designers is to find an equilibrium between environmental issues (nutrient 

removal, greenhouse gas emissions and effluent parameters), economic aspects (limit of 

technology and cost) and social stakeholders (Lema and Suarez, 2017). 

This tendency is quite similar in South America. In Peru, the Standard Water Quality and 

Discharge Regulations document (shown in Table 1.1) gives an idea about the permit limits 

of pollutants discharge in watersheds. Nevertheless, there are inconsistencies between these 

parameters; for that reason, the WWTP’s operators take into account the last one (Discharge 
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Regulations of 2010) that is not severe. In the coming years, this gap will be closed. Therefore, 

stakeholders need to know how to deal with this nutrient removal issue. 

2.2.1. Nutrient Removal by Air Stripping or Precipitation 

In the case of Nitrogen, air stripping or biological processing could be used to remove 

ammonia. In the first method, pH is increased to about ten by adding lime in the wastewater 

and ammonium ions change into ammonia gas. The process continues blowing air at high 

rates that strips the ammonia gas out of the wastewater; if necessary, recarbonation finalised 

the process (Lindeburg, 2014, Water_Environment_Federation, 2017). 

Another option to remove nutrients is by chemical precipitation that is the most commonly 

applied process for Phosphorous (Parsons and Smith, 2008). Frequently chemicals that are 

chosen might be aluminium sulphate, ferric chloride and lime depending on the phosphorous 

radical. Here are examples of literature showing different approaches; Parsons and Smith 

(2008) indicated that iron is preferred. Instead, Lindeburg (2014) argued that aluminium is 

desirable and do not generate additional precipitates such as lime. Regardless, all of them 

converged on downstream sludge issues such as less biogas production, dewatering, handling 

and the disposing of sludge. Qiu et al. (2015), suggested ferric-calcium complex precipitant 

as another method, understanding that ferric and calcium salt acting as single processes had 

“high treatment cost, low effluent pH and generated recycling of phosphorus problems” and 

“lead to an unacceptably high effluent pH of over 10” respectively. 

The last one needs further research to understand the consequence between organic fraction 

and phosphorus removal; similarly, more investigation is needed to know the consequences 

of using the sludge in agriculture or the industry. There are many options to remove nutrients 

from wastewater; some of them are still in research, but one that was tested already and 

showed decreasing in the operational cost is the Biological Nutrient Removal (Lema and 

Suarez, 2017); the section 2.2.2 will be delivered this type of nutrient removal. 

2.2.2. Biological Nutrient Removal 

Nowadays, there is a tremendous interest in enhancing the productivity of Biological Nutrient 

Removal (BNR) in WWTP while lowering the operational cost (Lema and Suarez, 2017). 

The conventional process to remove Nitrogen is to convert ammonia in nitrite and then into 

nitrate (nitrification), followed by the conversion of nitrate to nitrogen gas (denitrification) 

which is released to the atmosphere. The advanced process tries to short-cut nitrogen removal 

or through the nitrite pathway by nitritation/denitritation or anammox (deammonification) 

(Water_Environment_Federation, 2017, Lema and Suarez, 2017). These required appropriate 
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control in temperature and pH due to the presence of two groups of autotrophic bacteria 

(ammonia-oxidising and nitrate-oxidising bacteria) (Van Hulle et al., 2007). Furthermore, 

Anammox process (from nitrite and ammonium to nitrogen gas) needs further operation 

research due to its high inhibition to noxious compounds and issues in biomass growth rate 

result in kick-off process (Lema and Suarez, 2017). 

Table 2.2 shows the Stoichiometry and Kinetics rates of the biological nitrogen removal 

processes. 

TABLE 2.2 
STOICHIOMETRY AND MONO GROWTH KINETICS. ADAPTED FROM: (TCHOBANOGLOUS ET AL., 2014, 

WATER_ENVIRONMENT_FEDERATION, 2017, VAN HULLE ET AL., 2007) 

Process Stoichiometry Kinetics rates 

Nitritation (AOB) 
2 NHସ

ା + 3 O2 → 
2 NOଶି + 4 H+ + 2 

H2O 
ைߤ ൌ ௫,ைߤ ൬

ܵேு
ேுܭ  ܵேு

൰ቆ
ܵை

ை,ைܭ  ܵை
ቇ െ ܾை 

Nitratation (NOB)* 
2 NOଶି + O2 → 2 

NOଷ
ି 

ேைߤ ൌ ௫,ேைߤ ൬
ܵேை

ேைܭ  ܵேை
൰ቆ

ܵை
ை,ேைܭ  ܵை

ቇ െ ܾேை 

Nitrification (Total 
oxidation reaction) ** 

NHସ
ା + 2 O2 → 

NOଷି + 2 H+ + 
H2O 

Where: µAOB/NOB: specific growth rate AOB/NOB [d-1] 
µmax AOB/NOB: maximum specific growth rate AOB/NOB [d-1] 
b AOB/NOB: specific endogenous decay rate AOB/NOB [d-1] 

S NH/NO: NH4/NOଶ
ି concentration [mg/L] 

K NH/NO: half velocity coefficient for NHସ
ା/NOଶି [mg/L] 

So: DO concentration [mg/L] 
Ko, AOB/NOB: half velocity coefficient for DO for AOB/NOB 

[mg/L] 

Denitrification 

NOଷି + carbon + 
facultative 

bacteria → N2 + 
CO2 + H2O + 

OH¯ + new cells 

Specific denitrification rate (SDNR) [g NO3/g 
MLVSSꞏd] 

Preanoxic zones for domestic wastewater ≈ 0.04 to 0.25 
Postanoxic tanks (endogenous decay) ≈ 0.01 to 0.03; or 
5 to 10 times higher if supplemental substrate *** is 

added to the tank. 

Deammonification 
(Anammox bacteria) 

NHସ
ା + NOଶ

ି → 
N2 + 2 H2O 

0.06-0.07 d-1 **** 

* Optimal process: pH ≈ 6.5 to 8, Temperature ≈ 35 to 45 °C, respectively. 
** Design main issues: BOD, alkalinity (pH ≈ 7.5 to 8.0), temperature and potential for noxious compounds 
‘(solvent organic chemicals, amines, proteins, tannins, phenolic compounds, alcohol, cyanates, ethers, 
carbamates and benzene)’. Nitrifying organisms also need CO2 and phosphorus for cell growth. 
*** Methanol, acetate, ethanol, glycerin, corn syrup, brewery, distillery and food processing waste. 
**** Literature varies widely: 0.21 d-1 (30 °C) (Lotti et al., 2014); 0.55 to 3.38 d-1 (30 °C) (Loosdrecht et al., 
2016); 0.062 d-1 (38 °C) (Van Der Star et al., 2008). That is why Tchobanoglous et al. (2014) is chosen. 

 

Table 2.3 shows a comparison of capital and Operation & Maintenance (O&M) cost among 

the process mention above. 
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TABLE 2.3 
CONVENTIONAL AND ADVANCED BIOLOGICAL NUTRIENT REMOVAL COMPARISON (LEMA AND SUAREZ, 

2017) 

` 

Oxygen 
Requirements 

[kgO2 / 
kgNrem.] 

COD 
Consumption 

[kgCOD / 
kgNrem.] 

Sludge 
Produced 
[kgVSS / 
kgNrem.] 

Total 
Treatment 

Cost [€ / 
kgNrem.] 

Nitrification / 
denitrification 

4.33 2.86 1-1.2 3-5 

Nitritation / 
denitritation 

3.26 1.72 0.8-0.9 1.5-2.5 

Deammonification 1.71 0 <0.1 1-2 

The biological process to remove Phosphorus is also called enhanced biological phosphorus 

removal (EBPR). In contrast to chemical removal, this one reduces the operational cost (no 

use of reagents) and decreases the sludge production due to precipitants. The bacteria in charge 

to of EBPR process is named polyphosphate-accumulating organism (PAO could remove over 

80 % of biological phosphorus). The first environment (anaerobic contact zone) for PAO 

stimulate them to storage a high quantity of orthophosphate and grow. The next phase might 

be a nitrate-rich or an anoxic phase (Water_Environment_Federation, 2017, Lema and Suarez, 

2017, Tchobanoglous et al., 2014). This process is shown in Figure 2.3. 

 
FIGURE 2.3 BIOCHEMICAL MODEL FOR PHOSPHORUS RELEASE AND REMOVAL BY PAO - GENERIC EBPR 

PROCESS. ADAPTED FROM: (TCHOBANOGLOUS ET AL., 2014, WATER_ENVIRONMENT_FEDERATION, 2017, 
LOOSDRECHT ET AL., 2016) 
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One option to save on aeration, diminish the production of sludge, and minimise readily 

biodegradable COD demands is to combine the process of denitrification and Phosphorus 

removal. This process requires the reduction of nitrite less than 2.0 g/m3 (Tchobanoglous et 

al., 2014) in the influent to stop the generation of nitrous oxide (N2O greenhouse gas) and to 

increase Phosphorus removal (Lema and Suarez, 2017). 

An efficient operation process of EBPR needs to be monitored and account for the following 

parameters: Temperature, pH, carbon source and volatile fatty acids (VFA). The control of 

this parameters must be strict because of the dependency among these and PAO; If conditions 

change, other bacteria such as glycogen accumulation organism (GAO) would compete with 

PAO and obtain a higher growth rate (Lopez-Vazquez et al., 2009). Around 20 °C is the 

optimal temperature for PAO and its maximum specific growth is 0.95 d-1 at that temperature 

(Tchobanoglous et al., 2014). 

2.3. Process Configurations for Nitrogen and Phosphorus Removal 

At present, some plants function with BNR processes for both nutrients (Nitrogen and 

Phosphorus); reducing the cost of chemicals used for coagulation or flocculation. Nonetheless, 

the configurations of the plants are getting complex (nested) regarding recycle streams and to 

maintain different growing conditions for each organism in various stages of the process 

(Water_Environment_Federation, 2017). 

The Water Environment Federation (2017) classified the most commonly used processes 

configuration to remove nutrients as: 

2.3.1. Three-stage Phoredox A2/O process 

Anaerobic reactor – Anoxic reactor – Aerobic reactor with a recycle stream to the previous 

anoxic tank – Secondary Clarifier with partial recycles of Waste Activated Sludge to the first 

anaerobic tank. 

2.3.2. Five-stage Bardenpho process 

Anaerobic reactor – Anoxic reactor – Aerobic reactor with a recycle stream to the previous 

anoxic tank – Anoxic reactor – Aerobic reactor – Secondary Clarifier with partial recycle of 

Waste Activated Sludge to the first anaerobic tank. Illustrated in Figure 2.4. 
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FIGURE 2.4 MODIFIED BARDENPHO PROCESS. 

 

2.3.3. University of Cape Town (UCT) – Virginia Initiative Plant (VIP) [UCT – VIP 
Process] 

Anaerobic reactor – Anoxic reactor with a recycle stream to the previous anaerobic tank – 

Aerobic reactor with a recycle stream to the previous anoxic tank – Secondary Clarifier with 

partial recycles of Waste Activated Sludge to the first anoxic tank. 

2.3.4. Modified UCT 

Anaerobic reactor – Anoxic reactor with a recycle stream to the previous anaerobic tank – 

Anoxic reactor – Aerobic reactor with a recycle stream to the previous anoxic tank – 

Secondary Clarifier with partial recycles of Waste Activated Sludge to the first anoxic tank. 

Shown in Figure 2.5. 

2.3.5. Johannesburg and Modified Johannesburg Processes 

Anaerobic reactor – Anoxic reactor – Aerobic reactor with a recycle stream to the previous 

anoxic tank – Secondary Clarifier with partial recycle of Waste Activated Sludge to a second 

anoxic tank – Kick back to the first anaerobic tank. Shown in Figure 2.6. 
 

 
FIGURE 2.5 MODIFIED UCT 

 

Influent Anaerobic Aerobic Clarifier Effluent

Waste activated sludge (WAS)

Anoxic AerobicAnoxic

Influent Anaerobic Clarifier Effluent

Waste activated sludge (WAS)

Anoxic AerobicAnoxic
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FIGURE 2.6 JOHANNESBURG PROCESS 

 

Another way to fulfil the discharge regulations is to upgrade or retrofit an existing WWTP 

using BNR efficiently. An excellent example of that is Water 2020; its members are working 

on new technologies for side-stream and main-stream flows (Lema and Suarez, 2017). 

However, the majority of literature is based on the parameters of activated sludge and how to 

enhance its performance or retrofitting to BNR. That is why section 2.4 of this research is 

focused on upgrading or retrofitting Trickling Filters to obtain the BNR process within. 

2.4. Processes within Trickling Filters 

2.4.1. Background 

These structures exist since the late 19th century; its research started in 1887 at the Lawrence 

Experimental Station (Massachusetts-USA). The biological treatment takes place in an 

Attached Growth Processes (AGP) that generally occurs in a non-submerged fixed film 

biological reactor. This tank uses rock or plastic media (packing); the sewage is spread over 

this media and that is when the biological treatment starts. Whence, this process requires low 

maintenance because is simple and involves low-energy to work (Tchobanoglous et al., 2014, 

Morgan, 1998); moreover, it has a resistance to toxic and loads with high fluctuations (Daigger 

and Boltz, 2011). 

Further research of Trickling Filters (TF) divided AGP into five groups between aerobic 

process (AP) and activated sludge process (ASP) as shown in Table 2.4. 

TABLE 2.4 
GROUPS OF ATTACHED GROWTH PROCESSES FOR TRICKLING FILTERS 

Aerobic Process (AP) Activated Sludge Process (ASP) 

1. Non-submerged attached growth 
4. Sequential non-submerged 

attached growth 
2. Partially submerged attached growth 

5. with BioFilm carriers 
3. Submerged attached growth 

 

Influent Anaerobic Clarifier Effluent

Waste activated sludge (WAS)

Anoxic Aerobic

Anoxic
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These processes share similar characteristics such as bacteria population due to consumption 

of substrate occur on the fixed media, a secondary clarifier (SC) is needed after the TF, 

mechanical or natural ventilation (oxygen), the sewage needs to pass through the media 

surface area and a subchannel collects the treated effluent as shown in Figure 2.7 

(Tchobanoglous et al., 2014, Daigger and Boltz, 2011). Likewise, sharing particular issues 

such as odour, filter fly and snail’s proliferation; the last one causes clogging (Lindeburg, 

2014, Morgan, 1998, Daigger and Boltz, 2011). 

 
FIGURE 2.7 SCHEMATIC OF THE COMMON TRICKLING FILTER. FROM: 

HTTPS://WWW.REVOLVY.COM/PAGE/TRICKLING-FILTER 
 

For the aim of this project, let us focus on Aerobic Process within non-submerged attached 

growth because the WWTP of Cusco uses that type of secondary treatment. For this type of 

operation, the literature suggests the efficiencies illustrated in Table 2.5. 

TABLE 2.5 
PARAMETERS REMOVAL EFFICIENCY (LINDEBURG, 2014). 

Removing Efficiency [%] 
Suspended solids 70-90 
BOD5 65-85 
Microorganism 70-95 

 

Some designs incorporated a two-stage TF system to deal with higher BOD5 or nitrification. 

This TF process uses combined structures for BOD5 removal and nitrification and shows that 

nitrifying microorganisms will compete with the heterotrophic bacteria; the last one will 

proliferate because of its faster growth rate and higher biomass yield. The soluble BOD5 needs 

to be below 2 to 10 mg/L to the proliferation of nitrifying microorganisms. To improve the 

efficiency of 90% ammonia removal is required a low surface loading rate (2 kg BOD/m2ꞏd). 
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Literature also determined that the effects of DO concentration, on nitrification rates, are 

superior to temperatures fluctuations (Tchobanoglous et al., 2014, Morgan et al., 1999). 

Another way for nitrification in TF with plastic media is Tertiary Nitrification (TN). This 

process occurs afterwards the secondary treatment. Similar to the previous design, TN needs 

a minuscule amount of BOD to work correctly. Depending on the season, the level of 

ammonium could be less than 1 to 4 mg/L. The process needs some essential things to be 

considered during the design such as the packing form (media), forced draft air, hydraulic 

loading rates and recycle stream, and control of micro and macro-organisms (Daigger and 

Boltz, 2011, Tchobanoglous et al., 2014). 

A synergy, among new processes and existing ones of the WWTP, needs to be reached. For 

that purpose, the following successful cases are taken into account such as the retrofitting of 

Selfs Point’s WWTP to BNR in Tasmania (Morgan, 1998, Morgan et al., 1999); contemporary 

pilot (lab scale) and full-scale research of the state-of-the-art technologies and processes for 

treatment of municipal sewage (Hu et al., 2012); and the simulation of a WWTP in Spain to 

upgrade TF structures to BNR (Diez-Montero et al., 2019). The next topic is related to BNR 

in WWTP with Trickling Filters. 

2.4.2. External Nitrification Biological Nutrient Removal Activated Sludge 

The External Nitrification (EN) Biological Nutrient Removal Activated Sludge (ENBNRAS) 

system is comparable to the Biological Anoxic Phosphorus Removal (DEPHANOX) process 

when EN is required. Although, the ENBNRAS include a pre-anoxic tank between the 

secondary clarifier and the aerobic reactor (shown in Figure 2.8). 

In the ENBNRAS the sewage flow goes to the Primary Settler which has a recycle stream to 

do the fermentation of the primary sludge. The next process (pre-anoxic and anaerobic 

reactors) is for Biological Phosphorus Removal (BPR) first phase (PAOs stored phosphate). 

This stream passes through an internal settler that bypasses the EN and redirects the sludge to 

an anoxic zone; besides, the liquid goes to the EN for nitrification and its effluent is mixed 

with the sludge of the internal settler. This liquor then goes to the anoxic zone for 

denitrification. The last process occurs in an aerobic tank that strips the nitrogen gas, treats 

the residual COD and finalising the BPR (Hu et al., 2012). This process based on TF for EN 

has nested recycled stream that accomplishes the requirements of treating Nitrogen and 

Phosphorus biologically. 
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FIGURE 2.8 TOP: ENBNRAS PROCESS CONFIGURATION. TAKEN FROM: (HU ET AL., 2012); BOTTOM: 

ENBNRAS MODEL (BIOWIN). 
 

2.4.3. Anaerobic-Anoxic Reactor TFs and Clarifiers within a WWTP 

This configuration of WWTP works with the existing PS and retrofit it to obtain an anaerobic-

anoxic reactor, as shown in Figure 2.9. The modification of the PS into the new reactor is 

called AnoxAn process and is illustrated in Figure 2.10 (Diez-Montero et al., 2019). These 

processes held the BNR without building major structures, do not need the input of chemicals 

nor external carbon source, and preserve the TFs without modification. 

The upgraded reactor must run to offer a certain condition for denitrification and phosphate 

release. A central anaerobic section and an external anoxic compartment are contained in the 

new structure (Figure 2.10). Whilst, the TFs removes the residual organic matter (aerobic 

stage); also, phosphate uptake and nitrification process. The primary TF structures' functions 

are to remove organic matter and phosphate uptake; while, the process of the secondary TF is 

nitrification (Diez-Montero et al., 2019). 

Influent Anaerobic

Final Clarifier Effluent

Waste activated sludge (WAS)

Pre-anoxic AerobicMain anoxic
Primary Settler

Fermentation of PS

Internal Clarifier Nitrifying TF
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FIGURE 2.9 TOP: SCHEME OF THE EXISTING WWTP; BOTTOM: MODIFIED SCHEME OF THE WWTP (DIEZ-
MONTERO ET AL., 2019) 

 

 

FIGURE 2.10 ANOXAN PROCESS IN THE MODIFIED PS (DIEZ-MONTERO ET AL., 2019) 
 

The process begins when the wastewater flow (influent) goes to the anaerobic zone (inside the 

modified PS), and converged with the recycled sludge of the anoxic compartment. The 

produced stream (mixed liquor) goes through windows in the anaerobic zone's wall (upper 

part) to the anoxic zone. The anoxic compartment receives two streams; one from the 

secondary TF (nitrate-rich flow), and other from the (IS) intermediate settler’s recycled 

activated sludge. The outlet stream passes through lamellas (work as a clarification zone and 

also retain the biomass) to finally be collected by submerged tubes. This modified structure 

gives two alternate environments to bacteria; promoting the denitrifying PAO. Likewise, a 

percentage between 0 to 50 % of the anoxic zone's activated sludge might go to the primary 

TF to give the aerobic environment to the PAO (enhancing the phosphorus removal process). 

This aerobic zone could be taken into account inside the anoxic zone to achieved an EBPR; 

the literature suggests 9.8 % to 78.2 % of the anoxic zone volume (Diez-Montero et al., 2019). 
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CHAPTER 3 

3. METHODOLOGY 

3.1. Case Study 

Nitrogen and Phosphorus (nutrients) are polluting the downstream streams and catchments 

nearby Cusco’s WWTP. 

The methodology to address the problem of nutrients in wastewater was the simulation of the 

WWTP in different scenarios. These models were developed in the BioWin 5.3 software. 

There is another issue related to the processing capacity, as explained in section 1.1. in Table 

1.1 the design values of the flow rate of the WWTP, until 2022, were 446 L/s (38 534 m3/d 

average discharge) and 802 L/s (69 293 m3/d peak flow). The average influent now is 489 L/s 

(42 202 m3/d) putting the process to its limits. The growth of the population in Cusco is leading 

to press forward a new stage of the WWTP. 

The following sections show the process that was followed to obtain the different studied 

scenarios. 

3.2. Data collection and processing 

The first step of the investigation was the gathering of the characteristics of the WWTP of 

Cusco. Parallel with the collection of the mentioned data, Chapter 2 (Literature review) was 

developed, where the regulations for the discharges of wastewater into rivers are set out, as well 

as the environmental problems that this practice entails. 

For the modelling purpose, the dimensions and the operation scheme of the structures are 

needed. The public company SEDACUSCO provided these through its engineering, operation 

and maintenance office of the WWTP. These are detailed below. 

 Pre-treatment: This stage has an inlet channel, screening structure, and four parallel grit 

chambers with aerators, 

 Primary treatment stage (PT): This one has two Primary Settlers (PS): 

a. PS1: This one was retrofitted in 2014 of the very first wastewater treatment plant that 

was built in 1985. The diameter is 42 m and 3 m for height (Figure 3.1). 

b. PS2: The structure was built in 2014. The diameter is 26 m and 4.2 m for height 

(Figure 3.2). 
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FIGURE 3.1 PRIMARY SETTLER 1. D=42 M, H=3.0 M (UNSCALED) 

 
FIGURE 3.2 PRIMARY SETTLER 2. D=26 M, H=4.2 M (UNSCALED) 

 Secondary or biological treatment stage (BT): Here is where the wastewater is treated (a 

vital part of the process). The structures within this stage are three Primary Trickling Filters 

(PTF), two Secondary Trickling Filters (STF), and two Secondary Clarifiers (SC). 

a. PTF: These three constructions are similar in shape with a Diameter of 30 m and 3.65 

m of height (Figure 3.3). 

 
FIGURE 3.3 PRIMARY TRICKLING FILTER 1, 2 AND 3. D = 30 M, H = 3.65 M (UNSCALED)  

b. STF: Two structures with the same dimensions. The diameter of 22 m and a height of 

6.1 m (Figure 3.4). 

c. SC: Two units with the same geometry. The diameter of 35 m and a height of 4.8 m 

(Figure 3.5). 

 Tertiary treatment and disinfection (disposal of treated water to the mainstream): It has a 

chlorine chamber, a mixing structure, and a Parshall channel that discharge to an apron 

(concrete and riprap - protection structure). 
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FIGURE 3.4 SECONDARY TRICKLING FILTER 1 AND 2. D = 22 M, H = 6.1 M (UNSCALED) 

 
FIGURE 3.5 SECONDARY CLARIFIER 1 AND 2. D = 35 M, H = 4.8 M (UNSCALED) 

The characteristics of the structures that are required for modelling the WWTP are synthesised 

in Table 3.1. Technical structure drawings are shown in Appendix III. 

TABLE 3.1 
CHARACTERISTIC OF THE WWTP STRUCTURES 

Stage Structure Diameter [m] Height [m] Surface Area [m2] Volume [m3] 

PT PS 1 42 3.0 1385.4 4156.3 

PT PS 2 26 4.2 530.9 2229.9 

BT PTF 1, 2, 3 30 3.66 706.9 2580.0 

BT STF 1, 2 22 6.1 380.1 2318.8 

BT SC 1, 2, 35 4.8 962.1 4618.14 

The next step was to obtain the operational data of the WWTP. For that purpose, the 

governmental company in charge of the operation and maintenance processes provided the 

information and gave full permission to a third party (laboratory) to get samples of the 

wastewater. The raw data and its statistics are shown in Appendix IV. The consolidated 

operational values of BOD5, TN, TP, TSS and flow rate are shown in Table 3.2. This process 

is within the rule (BOD5:N:P = 100:5:1) for a proper biological aerobic treatment showed in 

section 2.1. The WWTP has the ratio of 100:11.4:1.6 for influent BOD5:N:P; 63:1 for BOD5:P; 

of 0.071 TKN/TCOD, and 0.009 for TP/TCOD. 
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TABLE 3.2 
EXISTING WWTP PARAMETERS (AVERAGE ANNUAL) 

Parameters unit Influent Effluent 

Flow rate  m3/d 42 202 41 607 

BOD5  mg/L 371.1 25.6 

COD mg/L 756.4 80.1 

pH   7.6 7.3 

TSS  mg/L 416.7 30.4 

Temperature °C 19.3 19.6 

TKN mg/L 42.4* 33.6* 

TP mg/L 5.9** -** 

* TN was not measured by SedaCusco. ** Unique value obtained 

for P in the influent, P was not measured by SedaCusco. 

 

3.3. Process description 

The raw data was received with different units. The shown data (Table 3.2) was normalised in 

order to ensure consistency. The software works with the SI units. 

The physical facilities arrangement of the existing WWTP gave the designers limitations to 

propose a different kind of secondary treatment. From the beginning of the operation in 1985, 

the biological stage was defined to work with TF (in that case with rock media type – Figure 

3.6). The upgraded WWTP finished in 2014 also took into account two stages of TF within its 

biological treatment; retrofitting some structures and leaving behind others such as the old TF 

that worked with rock media and a secondary clarifier. The wastewater treatment scheme of the 

existing WWTP is shown in Figure 3.7. 

 
FIGURE 3.6 OLD TRICKLING FILTER (ROCK MEDIA). THE PHOTO WAS TAKEN ON 2012 
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For those reasons, the constraint of this case study is the space within its layout design (shown 

in Appendix III Layout WWTP). 

 
FIGURE 3.7 EXISTING WWTP SCHEME 

Knowing the space constraints to biological treat the wastewater of the study case and analysing 

the possible solutions discussed in section 2.4. The one that fit the aim of nutrient removal 

without building new tanks or reactors is the AnoxAn process (discussed in section 2.4.3). 

Furthermore, this process does not involve chemicals addition or external carbon source. 

On the other hand, the existing WWTP (Figure 3.8 Top) does not have an intermediate clarifier 

that is needed in the AnoxAn process. The solution is to use the old secondary clarifier (OSC) 

that is located near the primary TF (Figure 3.8 bottom - details in Appendix III) to solve that 

issue. Some minor work is needed to connect the OSC to the new system. 

 
FIGURE 3.8 TOP: VIEW OF THE TFS AND SCS OF WWTP: BOTTOM: VIEW OF OSC (PHOTOS 2016) 
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The AnoxAn process needs the anaerobic-anoxic modified primary settler (MPS) to provide 

the bacteria with the conditions to realise phosphate and to hold the process of denitrification 

(consuming organic matter). Whilst, the primary and secondary TFs are going to work as 

aerobic reactors and the biomass hold there will consume the remaining substrate (PTFs), 

phosphate uptake and nitrification (STFs). 

The influent goes first to the anaerobic zone in the MPS, where it will form a mixed liquor with 

the activated sludge that is recycled from the anoxic zone. This liquor will flow to the anoxic 

zone through windows located at the top of the interior wall. Two other streams would be mixed 

in the anoxic zone, the first one is the nitrate-rich flow from the secondary TF and the other is 

from the retrofitted OSC. The effluent passes through lamellas to avoid the loss of biomass 

from the MPS. 

3.4. Modelling & Simulation 

Three models, two for the existing biological treatment of the WWTP and one model for BNR, 

were simulated in BioWin Process Simulator v5.3 (EnviroSim Associates Ltd., Ontario, 

Canada). The models' option used in all biological unit processes is BioWin integrated ASDM 

(General Activated Sludge/Anaerobic Digestion). The BioWim ASDM has over eighty process 

expressions and approximately fifty state variables. The biological process simulations use 

these expressions to define what is usually taking place in the WWTP. Further information 

related to these processes should be found in BioWin user manual (BioWin). 

The first two models had the same input data for the influent (Table 3.2), PSs (Ideal primary 

settling tank in BioWin), PTFs, STFs and SCs (Ideal clarifier) and the geometric parameters 

were taken from Table 3.1 and Table 3.3. The value 62.03 % TSS removal for the PS was taken 

from the raw data of the WWTP (Appendix IV). R. Diez-Montero et al. suggested to adjust 

some parameters to avoid over-optimistic result, these values are shown in Figure 3.9 (Diez-

Montero et al., 2019). Additional values of the influent were assumed from BioWin default 

parameters. 

 
FIGURE 3.9 MODEL PARAMETERS ADJUSTMENT (DIEZ-MONTERO ET AL., 2019) 

 



24 

3.4.1.  First model 

This model of the WWTP was developed with the same number of structures (parallel flows). 

It is common to design constructions that would work in parallel; the reason for this is to have 

a backup line of the process in case of maintenance, upgrading or retrofitting of structures. 

Illustrated in Figure 3.10. 

 
FIGURE 3.10 FIRST MODEL OF WWTP (PARALLEL FLOWS) 

 

3.4.2. Second model (Consolidated) 

The second model of the WWTP is a consolidated one. This scenario was built integrating 

paralleling structures, the analysis for the PSs, TFs and SCs was made to increase the 

performance of the software. Reducing the number of elements in the matrices; the software 

solved them in less time without compromising the results.  

In this model, the surface area of the parallel constructions is added to obtain a consolidated 

value, and take the average height of the structures. Table 3.3 summarises the obtained data 

(Table 3.1). This consolidated model is illustrated in Figure 3.11. 

TABLE 3.3 
CONSOLIDATED DATA FROM PARALLEL STRUCTURES 

Structure 
Average 

height [m] 

Consolidated 

surface area [m2] 

PS 3.6 1 916.3 

PTF 3.66 2 120.6 

STF 6.10 760.2 

SC 4.80 1 924.2 

Influent

Primary Settler 1

Primary Trickling filter 1

Sec Trickling filter 1
Secondary Clarifier 1

Sludge

Effluent

Primary Settler 2

Primary Trickling filter 2

Primary Trickling filter 3
Sec Trickling filter 2

Secondary Clarifier 2

Sludge
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FIGURE 3.11 CONSOLIDATED MODEL OF THE WWTP 

 

The values obtained from the two different models were similar as shown in Figure 3.12, further 

details are illustrated in CHAPTER 4 and Appendix V. The second model (consolidated one) 

has been validated with the results shown in the figure below. This model will be used from 

now on. 

 
FIGURE 3.12 SIMILAR EFFLUENT DATA OBTAINED FROM THE SIMULATION OF THE TWO MODELS 

(APPENDIX V) 

The consolidated model was created by simplifying the first model into one that works as a 

serial process (Water_Environment_Federation, 2014). This model was created anticipating 

that recycle streams of BNR for the retrofitted model are more complex to solve due to nested 

flows. 

Before modelling the retrofitted WWTP (third model), the consolidated model was tested to 

obtain its performance in twenty-five different scenarios. The first one was the base scenario 

(BS) and the flow rate (-10% to 61%), BOD5 (-10% to 20%), P (-20% to 20%) and N (-20% to 

20%) had six scenarios each. These setups showed a robust model. The processed data is 

shown in CHAPTER 4. 

   

Influent Primary Settler 
Primary Trickling filter

SecondaryTrickling filter

Secondary clarifier

Sludge

Effluent
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3.4.3. Third model (AnoxAn) 

The third model of the WWTP was developed using the AnoxAn process and represented the 

suggested retrofit for BNR. This model was built using the consolidated model as seed scenario 

without modifying its parameters nor the influent characteristics. 

Diez-Montero et al. suggested in their paper, the optimal percentages for the recycle streams 

and volume of the MPS: 

ꞏ The Sludge Bypass (SB) stream from the anoxic zone and Recycle Activated Sludge (RAS) 

from Intermediate Settler as the 30 % of the influent flow rate; 

ꞏ the anoxic recycle as two times the influent flow rate; 

ꞏ the nitrate recycle from STF as three times the influent flow rate; 

ꞏ and AV varies between 34 - 49 % of the total anoxic volume – these values are for the 

optimum scenario of the third model simulation –. 

The dimensions of the MPS in the WWTP of Cusco are 3026.9 m3 for the anaerobic volume 

and 3832.8 m3 for the anoxic and aerobic total volume. The characteristics of the MPS are 

summarised in Table 3.4 and Table 3.5. This model is shown in Figure 3.13. 

TABLE 3.4 
RECYCLE FLOWS 

Stream 
Percentage of 

influent [%] 

Optimal 

percentage of 

influent [%] 

Optimal 

flow rate 

[m3/d] 

Anoxic Recycle (AR) 200 200 84 404 

Sludge Bypass (SB) 0-50 30 12 661 

Recycle Activated Sludge (RAS) 0-50 30 12 661 

Nitrate Recycle (NR) 300 300 126 606 

 

TABLE 3.5 
PARAMETERS OF THE MODIFIED STRUCTURES 

Structure height [m] Volume [m3] 

MPS/Anaerobic 3.6 3 026.9 

MPS/Anoxic 3.6 1 978.9 - 2525.8 

MPS/Aerobic 3.6 1 307 - 1 854.0 

Intermediate Settler (IS) 3.0 4 871.5 
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FIGURE 3.13 ADAPTED ANOXAN PROCESS FOR CUSCO'S WWTP 

The retrofitted WWTP was tested in thirty different scenarios, being the first one for the base 

scenario; moreover, varying its flow rate in eleven setups (starting from -50% to 61%), and for 

BOD5 (-49% to 20%), P (-20% to 20%) and N (-20% to 20%) in six scenarios each; those results 

are presented in CHAPTER 4.
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CHAPTER 4 

4. RESULTS 

The secondary treatment stage (biological) of the WWTP was tested in different scenarios, 

using computational simulation. The existing biological process was consolidated in the second 

model; the first model and the consolidated one converged in results. The AnoxAn process 

showed satisfactory outputs compare to the discharge regulation. In the following sections, the 

results will be shown.  

4.1. First Model results 

This model of the WWTP was developed to show the completed process (parallel). Table 4.1 

and Figure 4.1 showed the obtained results of this first simulation of the wastewater treatment. 

The WWTP has a ratio of 100:11.4:1.6 for the influent BOD5:N:P. This ratio is a useful 

parameter to take into account for biological aerobic treatment; it indicates a suitable 

environment to treat nutrients biologically – the minimum ratio is 100:5:1 - (Slade et al., 2011). 

 

TABLE 4.1 
INPUT AND OUTPUT VALUES OF THE FIRST SIMULATION (DETAILS IN APPENDIX V) 

Elements 
Flow 

[m3/d] 

Total N 

[mg/L] 

Total P 

[mg/L] 
TSS [mg/L] 

Total BOD5 

[mg/L] 

Influent 42202.08 42.40 5.90 416.60 370.50 

PS1 20853.54 36.83 4.08 160.06 247.50 

PS2 20853.54 36.83 4.08 160.06 247.50 

PTF1 13902.36 36.77 4.08 236.20 190.13 

PTF2 13902.36 36.77 4.08 236.20 190.13 

STF1 20853.54 36.69 4.08 258.74 161.92 

STF2 20853.54 36.69 4.08 258.74 161.92 

SC1 20803.54 26.57 1.70 20.75 24.95 

SC2 20803.54 26.57 1.70 20.75 24.95 

Effluent 41607.08 26.57 1.70 20.75 24.95 
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FIGURE 4.1 FIRST MODEL - PARAMETERS CONCENTRATION IN THE INFLUENT, REACTORS AND EFFLUENT 

 

The output values are within the statistics – confidence level of 95% – of the real process (Table 

4.2 and Appendix IV). The influent value for P was obtained from the parameter reported in 

the contract of the second stage of the WWTP, and the influent TN was supposed to be equal 

to the influent TKN. Even though the concentration of TN was requested, SedaCusco had only 

the TKN values of six months because these effluent parameters (P and N) are not required in 

the discharge regulation. 

TABLE 4.2 
COMPARISON BETWEEN REAL AND SIMULATED INPUT AND OUTPUT PARAMETERS (CONFIDENCE LEVEL 95 %) 

Elements 
Flow 

[m3/d] 

Total N 

[mg/L] 

Total P 

[mg/L] 
TSS [mg/L] 

Total BOD5 

[mg/L] 

Real 

Influent 

42202 ± 

6532 

42.36 ± 

6.13 
5.90* 

416.68 ± 

94.64 

371.10 ± 

52.78 

Simulated 

Influent 
42202.08 42.40 5.90 416.60 370.50 

Real 

Effluent 

39072 ± 

6875 

No 

measured 

data ** 

No 

measured 

data ** 

30.38 ± 

15.96  

25.61 ±  

7.45 

Simulated 

Effluent 
41607.08 26.57 1.70 20.75 24.95 

* Unique value obtained for P (APPENDIX I). ** SedaCusco have not measured these values in the 

effluent (TN can be compared with TKN = 33.6 ± 5.3 mg/L) 

 

4.2. Consolidated model results 

The consolidated model was created by simplifying the first model into one that works as a 

serial process. The effluent values showed in Table 4.1 and Figure 4.1 are similar to the ones 
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shown in Table 4.3 and Figure 4.2; the consolidated model results and the first model outcomes 

converge. 

TABLE 4.3 
OUTPUT VALUES OF THE CONSOLIDATED SIMULATION (DETAILS IN APPENDIX V) 

Elements 
Flow 

[m3/d] 

Total N 

[mg/L] 

Total P 

[mg/L] 

TSS 

[mg/L] 

Total 

BOD5 

[mg/L] 

Influent 42202.08 42.40 5.90 416.60 370.50 

PSs 41707.08 36.83 4.08 160.06 247.50 

PTFs 41707.08 36.77 4.08 236.20 190.13 

STFs 41707.08 36.69 4.08 258.74 161.92 

SCs 41607.08 26.57 1.70 20.75 24.94 

Effluent 41607.08 26.57 1.70 20.75 24.94 

 
FIGURE 4.2 FIRST MODEL - PARAMETERS CONCENTRATION IN THE INFLUENT, REACTORS AND EFFLUENT 

 

4.2.1. Sensitivity analysis for the consolidated model 

A sensitivity analysis was made to validate this model (base scenario – 1), taking into account 

fluctuations in the influent wastewater stream, BOD5, TKN and P. Spreadsheets are detailed in 

Appendix VI. 

The results of the first six scenarios (2 to 7) are illustrated in Table 4.4 and Figure 4.3 and have 

shown that an increment in the flow rate above 9% generated an increment of BOD5, surpassing 

the maximum permissible limits – MPL - (BOD5 = 30 mg/L); moreover, TP and TN are 

increased by 11% and 2%, respectively. The peak flow (flow +60.9%) is the critical scenario, 

where an increment of 62%, 25% and 8% were found for BOD5, TP and TN, respectively. On 

the other hand, TSS decreased due to the sedimentation process. The fluctuation of the influent 

flow rate showed a linear response to the effluent TN, TP, TSS and BOD5. 
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TABLE 4.4 
SENSITIVITY ANALYSIS OF CONSOLIDATED MODEL – FLOW RATE FLUCTUATION 

Scenario Flow 

Flow 

rate 

[m3/d] 

TN 

[mg/L] 

TP 

[mg/L] 

TSS 

[mg/L] 

Total 

BOD5 

[mg/L] 

2 -10 % 37386.9 26.14 1.40 20.79 20.79 

3 -5 % 39497.0 26.35 1.55 20.79 22.66 

1 BS 41607.1 26.57 1.70 20.75 24.94 

4 +10 % 45827.3 26.99 1.91 20.59 30.32 

5 +15 % 47937.4 27.20 1.97 20.47 33.40 

6 +20 % 50047.5 27.41 2.02 20.34 36.70 

7 +60.9 % 68697.8 28.92 2.28 18.99 64.83 

 

 
FIGURE 4.3 FLOW RATE FLUCTUATION - CONSOLIDATED MODEL 

 

The effects of influent BOD5 fluctuations (six scenarios – 8 to 13) on the effluent parameters 

are shown in Table 4.5 and Figure 4.4. It was found that an increment above 7.21% in the inlet 

BOD5 generated an effluent BOD5 higher than the MPL. The adverse scenario (+20% influent 

BOD5) generated the following variations in the effluent 7%, -3%, 13% and 41 % of TP, TN, 

TSS and BOD5, respectively. The fluctuation of the influent BOD5 showed a linear response to 

the following effluent parameters TP, TSS and BOD5; on the other hand, an inverse correlation 

is presented, regarding the influent BOD5 and the effluent TN. 
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TABLE 4.5 
SENSITIVITY ANALYSIS OF CONSOLIDATED MODEL – BOD5 FLUCTUATION 

Scenario 
BOD5 

Fluctuations 

Influent 

BOD5 

[mg/L] 

TN 

[mg/L] 

TP 

[mg/L] 

TSS 

[mg/L] 

Total 

BOD5 

[mg/L] 

8 -10 % 333.0 27.11 1.56 18.99 19.48 

9 -5 % 351.7 26.85 1.60 19.86 22.00 

-- BS 370.5 26.57 1.70 20.75 24.94 

10 +5 % 389.1 26.32 1.78 21.60 28.29 

11 +10 % 407.5 26.10 1.80 22.42 32.15 

12 +15 % 426.6 25.92 1.81 23.22 36.89 

13 +20 %  445.0  25.77  1.82  23.94  42.23 

 

 
FIGURE 4.4 INFLUENT BOD5 FLUCTUATION - CONSOLIDATED MODEL 

 

The six setups (14 to 19) fluctuations of the TP were evaluated and their results are shown in 

Table 4.6 and Figure 4.5. The effluent TP showed variations of -56% to 27% when the influent 

TP was varied from -20% to 20%. The other parameters maintained their values in the evaluated 

scenarios, demonstrating that there is no correlation between the influent TP and the following 

effluent parameters TN, TSS and BOD5. 
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TABLE 4.6 
SENSITIVITY ANALYSIS OF CONSOLIDATED MODEL –TOTAL P FLUCTUATION 

Scenari

o 

TP 

Fluctuation 

Influent 

Total P 

[mg/L] 

TN 

[mg/L] 

TP 

[mg/L] 

TSS 

[mg/L] 

Total 

BOD5 

[mg/L] 

14 -20 % 4.72 26.57 1.09 20.73 24.99 

15 -10 % 5.31 26.57 1.39 20.74 24.96 

16 -5 % 5.61 26.57 1.55 20.75 24.95 

-- BS 5.90 26.57 1.70 20.75 24.94 

17 +5 % 6.20 26.57 1.86 20.75 24.94 

18 +10 % 6.49 26.57 2.02 20.75 24.94 

19 +20 %  7.08  26.57  2.33  20.75  24.93 

 

 
FIGURE 4.5 INFLUENT TOTAL P FLUCTUATION - CONSOLIDATED MODEL 

 

The six scenarios (20 to 25) showed in Table 4.7 and Figure 4.6 reflected the variation of the 

influent TKN. This parameter was changed from -20% to 20% obtaining a fluctuation of -38% 

to 21% for the effluent TN, respectively. The discharge parameters TP, TSS and BOD5 did not 

change in the evaluated setups; indicating that the mentioned effluent parameters did not 

correlate with the influent TKN. The effluent TN depicted a direct correlation with the influent 

TKN. 
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TABLE 4.7 
SENSITIVITY ANALYSIS OF CONSOLIDATED MODEL –TKN FLUCTUATION 

Scenario 
TKN 

Fluctuation 

Influent 

TKN 

[mg/L] 

TN 

[mg/L] 

TP 

[mg/L] 

TSS 

[mg/L] 

Total 

BOD5 

[mg/L] 

20 -20 % 33.92 19.3 1.7 20.75 24.96 

21 -10 % 38.16 22.93 1.7 20.75 24.95 

-- -5 % 40.28 24.75 1.7 20.75 24.95 

22 BS 42.40 26.57 1.7 20.75 24.94 

23 +5 % 44.52 28.39 1.7 20.75 24.94 

24 +10 % 46.64 30.20 1.7 20.75 24.94 

25 +20 %  50.88  33.84  1.7  20.75  24.93 

 

 
FIGURE 4.6 INFLUENT TKN FLUCTUATION - CONSOLIDATED MODEL 

 

4.3. Third model results (AnoxAn) 

The AnoxAn model was simulated in thirty different scenarios. The scenarios based on the 

Modified Primary Settler (MPS) without aerobic zone and with fluctuations of the SB (from 0 

to 50 % of the influent flow rate). These showed that the effluent BOD5 was reduced 

significantly when the Sludge Bypass (SB) was set to zero; TSS decreased abruptly due to the 

lamella action to retain biomass. The other simulations showed decrement values as far as -24% 

of effluent BOD5 when SB was set to 50% of the influent. A reasonable value that keeps a 

regular substrate and biomass is 30% of the influent flow rate. 
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The subsequent simulations included the AV and changed its volume from 34.1% to 75 % of 

the anoxic zone and the SB (from 25 % to 35 % the influent flow rate). There was a point, in 

each scenario, where the treatment of TP stopped; it was when the AV had values outside the 

range of 44.1% and 48.4% of the anoxic zone. In order to minimise the utilisation of oxygen, 

the lower percentage was taken as the optimum value. 

The values for the chosen scenario are: SB = 30% of the influent and volume AV of 44.1 % of 

the total anoxic volume; the other parameters were set as same as the consolidated model. The 

simulated parameters are shown in Table 4.8. 

TABLE 4.8 
OUTPUT VALUES OF THE ANOXAN MODEL (DETAILS IN APPENDIX V) 

Element 
Flow 

[m3/d] 

Ammonia 

[mg/L] 

Nitrate 

[mg/L] 

Nitrite 

[mg/L] 

Soluble 

PO4-P 

[mg/L] 

TSS 

[mg/L] 

BOD5 

[mg/L] 

Influent 42202.08 27.98 0 0 2.95 416.6 370.50 

Anaerobic 126606.24 17.58 0 0 4.87 14122.8 4833.81 

Anoxic 265972.24 12.74 0 0 4.88 20959.7 7107.12 

Aerobic 265972.24 9.80 0.16 0.15 0.46 20959.5 7084.74 

Lamella 168312.46 9.80 0.16 0.15 0.46 41.9 16.60 

PTF 180973.08 8.57 1.26 0.16 0.09 1504.1 507.37 

IS 168263.08 8.57 1.26 0.16 0.09 129.4 45.03 

STF 168263.08 7.83 1.98 0.18 0.05 128.9 43.84 

SC 41607.08 7.83 1.98 0.18 0.05 10.3 4.52 

Effluent 41607.08 7.83 1.98 0.18 0.05 10.3 4.52 
 

As expected, the concentration of ammonia was reduced in the MPS and converted into nitrite 

and nitrate; a nitrate-rich stream from the STF was kicked back to the anoxic zone (2AX) of the 

MPS; where it is reduced to nitrogen gas with the carbon source. These processes are depicted 

in Table 4.8, Figure 4.7 and Figure 4.8. 
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FIGURE 4.7 NITROGEN REMOVAL (1AN: ANAEROBIC, 2AX: ANOXIC AND 3AE: AEROBIC REACTORS) 

 
FIGURE 4.8 PRODUCTION AND REMOVAL RATES OF NITROGEN (1AN: ANAEROBIC, 2AX: ANOXIC AND 3AE: 

AEROBIC REACTORS) 
 

The PAOs behaviour are depicted in Figure 4.9. It is shown that the phosphate release took 

place in the MPS (1AN and 2AX) to continue the EBPR of phosphate uptake in the aerobic 

reactor (3AE), PTF and STF; it also illustrates the nitrogen oxidation stage. Hence, this process 

represented the BNR in the simulated WWTP. 

 
FIGURE 4.9 BIOLOGICAL NUTRIENTS REMOVAL (1AN: ANAEROBIC, 2AX: ANOXIC AND 3AE: AEROBIC 

REACTORS) 
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4.3.1. Sensitivity analysis for the AnoxAn model 

This section was prepared to analyse the sensitivity of the influent parameters of the model 

(base scenario – 1), fluctuating the influent wastewater stream, BOD5, P and TKN. Furthermore, 

the scenarios were simulated with the same values for AR, NR and reducing the amount of DO 

in the aerobic zone to control the operational cost of the biological process. For this reason, the 

selected combination of the anoxic zone (SB = 30%, AV = 44.1% Total anoxic-aerobic volume) 

was simulated in different DO scenarios. As explained by Diez-Montero et al. in their paper 

“Model-based evaluation of a trickling filter facility upgrade to biological nutrient removal”, 

there is a range of values for DO where the Biological Nutrient Removal (BNR) stopped; in 

this process, the range goes between 0.75 mg/L to 2 mg/L. Less than 0.75 mg/L of DO decreased 

the efficiency of BNR and surpassed the MPL of TN (15 mg/L). Hence, 1.75 mg/L of DO was 

selected to have a safety factor. Spreadsheets and additional tables are shown in APPENDIX 

VI. 

The results of the eleven first scenarios (2 to 12) for the AnoxAn process are shown in Table 

4.9. This table showed that an increment of more than 12% in the flow rate could stop the 

simulation process due to a low Hydraulic Retention Time (HRT less than 1 hour) of the 

modified structures. No biological process occurs with a low HRT because of a flushing process 

(the biomass does not have enough time to process the substrate). The ninth scenario was the 

critical one, where a 12% increased influent flow rate represented 8%, 5%, 7% and 7% 

increment of the effluent TN, TP, TSS and DBO5, respectively. The results showed a positive 

correlation between the fluctuation of the influent flow rate and the effluent TN, TP, TSS and 

DBO5 (Figure 4.10 and Table 4.9). 

 
FIGURE 4.10 ANOXAN MODEL - FLOW RATE FLUCTUATIONS 
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TABLE 4.9 
SENSITIVITY ANALYSIS OF ANOXAN MODEL – FLOW RATE FLUCTUATION 

Set-

up 

BOD5 

Fluctuat

ion 

Influent 

BOD5 

mg/L 

Ammonia 

mg/L 

Nitrate 

mg/L 

Nitrite 

mg/L 

TN 

mg/L 

TP 

mg/L 

TSS 

mg/L 

BOD5 

mg/L 

2 -50 % 20506 2.82 1.95 0.13 6.67 0.17 6.51 2.91 

3 -20 % 33167 5.84 2.10 0.17 10.00 0.19 9.01 3.94 

4 -10 % 37387 6.87 2.05 0.17 11.03 0.20 9.70 4.24 

5 -5 % 39497 7.37 2.02 0.18 11.50 0.20 10.02 4.38 

1 BS 41607 7.83 1.98 0.18 11.95 0.21 10.32 4.52 

6 +5 % 43817 8.28 1.94 0.18 12.37 0.21 10.62 4.65 

7 +10 % 45927 8.69 1.90 0.18 12.76 0.22 10.90 4.78 

8 +11 % 46349 8.77 1.89 0.18 12.83 0.22 10.95 4.80 

9 +12 % 46982 8.89 1.88 0.18 12.94 0.22 11.04 4.84 

10 +15 % 48037  NO SOLUTION FOUND 

11 +20 % 50147  NO SOLUTION FOUND 

12 +61 % 68798  NO SOLUTION FOUND 
 

The next scenarios (13 to 18) evaluated the reaction of the effluent parameters when the influent 

BOD5 were changed (Figure 4.11and Table 4.10). A positive fluctuation of BOD5 in the influent 

produces an increment in the effluent parameters (TP, TSS and BOD5 – positive correlation), 

but reducing the amount of the effluent TN (indirect correlation). A 20% increase of BOD5 

produced 45%, 12%, 14% and -25% of TP, TSS, BOD5 and TN, respectively. A variation below 

-20% of the influent BOD5 generated more than 15 mg N/L in the effluent, exceeding the MPL. 

 
FIGURE 4.11 INFLUENT BOD5 FLUCTUATIONS 
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TABLE 4.10 
SENSITIVITY ANALYSIS OF ANOXAN MODEL – BOD5 FLUCTUATION 

Set-

up 

BOD5 

Fluctuation 

Influent 

BOD5 

mg/L 

Ammonia 

mg/L 

Nitrate 

mg/L 

Nitrite 

mg/L 

TN 

mg/L 

TP 

mg/L 

TSS 

mg/L 

BOD5 

mg/L 

13 - 49% 189.3 10.40 4.86 0.28 17.18 2.41 6.40 2.36 

14 - 34% 245.8 10.91 3.13 0.25 16.05 0.41 7.84 3.11 

-- BS 370.5 7.83 1.98 0.18 11.95 0.21 10.32 4.52 

15 + 5% 389.1 7.33 1.81 0.17 11.29 0.23 10.69 4.7 

16 + 10% 407.5 6.86 1.65 0.16 10.68 0.26 11.04 4.87 

17 + 15% 426.6 6.42 1.48 0.16 10.08 0.31 11.40 5.06 

18 + 20% 445.0 6.00 1.33 0.15 9.54 0.38 11.75 5.23 

 

The simulated scenarios (19 to 24) evaluated the behaviour of the process when the influent TP 

fluctuated from -20 % to +20% (Shown in Table 4.11 and Figure 4.12). A reduction of TP in 

the influent generated an adverse environment for PAO, which leads to an increase in the 

amount of TP in the effluent. On the other hand, an increase of TP would keep a similar 

environment for PAO. A 20 % decreasing of TP in the influent produced an increment of 52% 

of TP in the effluent (indirect correlation). The other effluent characteristics remained similar 

when the influent TP changed in the mentioned scenarios. 

 

TABLE 4.11 
SENSITIVITY ANALYSIS OF ANOXAN MODEL – PHOSPHOROUS FLUCTUATION 

Set-

up 

TP 

Fluctuation 

Influent 

TP mg/L 

Ammonia 

mg/L 

Nitrate 

mg/L 

Nitrite 

mg/L 

TN 

mg/L 

TP 

mg/L 

TSS 

mg/L 

BOD5 

mg/L 

19 - 20 % 4.72 7.88 1.83 0.18 11.81 0.44 10.24 4.48 

20 - 10 % 5.31 7.80 1.92 0.18 11.83 0.27 10.30 4.50 

21 - 5 % 5.61 7.80 1.95 0.18 11.88 0.23 10.31 4.51 

-- BS 5.90 7.83 1.98 0.18 11.95 0.21 10.32 4.52 

22 +5 % 6.20 7.59 2.07 0.18 11.80 0.20 10.33 4.53 

23 +10 % 6.49 7.95 2.04 0.18 12.13 0.20 10.34 4.54 

24 +20 % 7.08 8.04 2.09 0.18 12.30 0.21 10.35 4.55 
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FIGURE 4.12 INFLUENT PHOSPHOROUS FLUCTUATION 

 

The next scenarios (25 to 30) showed the analysis for the influent TKN and how this variation 

could affect the effluent parameters (shown in Table 4.12 and Figure 4.13). The fluctuation of 

TKN in the influent produces increment in the TN of the effluent as displayed in the 30th 

scenario, where an increment of 20% in the influent TKN produced a variation of 56% in the 

effluent TN (direct correlation). The other parameters stayed similar to the base scenario, 

showing no correlation between them. Increasing more than 10% of the influent TKN affected 

the effluent TN, giving it a value higher than 15 mg/L (exceeding the MPL). 

 

TABLE 4.12 
SENSITIVITY ANALYSIS OF ANOXAN MODEL – TKN FLUCTUATION 

Set-

up 

TKN 

Fluctuation 

Influent 

TKN 

mg/L 

Ammonia 

mg/L 

Nitrate 

mg/L 

Nitrite 

mg/L 

TN 

mg/L 

TP 

mg/L 

TSS 

mg/L 

BOD5 

mg/L 

25 -20 % 33.92 3.86 1.20 0.14 6.98 0.21 10.31 4.51 

26 -10 % 38.16 5.59 1.64 0.16 9.25 0.21 10.32 4.52 

27 -5 % 40.28 6.63 1.82 0.17 10.54 0.21 10.32 4.52 

-- BS 42.40 7.83 1.98 0.18 11.95 0.21 10.32 4.52 

28 +5 % 44.52 8.85 2.18 0.19 13.22 0.21 10.33 4.52 

29 +10 % 46.64 11.43 2.02 0.20 15.62 0.20 10.39 4.47 

30 +20 % 50.88 13.94 2.37 0.21 18.65 0.21 10.33 4.52 
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FIGURE 4.13 INFLUENT TKN FLUCTUATION 
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CHAPTER 5 

5. DISCUSSION 

5.1. Current Process 

The Operation and Maintenance office of The Wastewater Treatment Plant of Cusco mentioned 

that the WWTP has a robust design and treatment process related to the discharge regulations 

of Peru. Regarding that affirmation, the obtained models were tested in different scenarios, as 

is explained in the following paragraphs. 

Slade et al. suggested the minimum ratio – BOD5:N:P = 100:5:1 – for a suitable biological 

aerobic process. This one was checked for the current process and the obtained ratio 

(100:11.4:1.6) is within the range to have a proper aerobic bacteria behaviour.  

The first simulation showed that the obtained effluent parameters converge to the raw data. 

Additionally, an adaptation method was utilised to convert the first model into the consolidated 

one. This method helps to minimise the mathematical processes within the iterations to solve 

the simulation. Thereby, both models showed the same parameters inside the biological 

treatment. This consolidated model displayed 20.75 mg TSS/L and 24.94 mgBOD5/L for the 

effluent, fulfilling the actual permissible limits of BOD5 and TSS (both 30 mg/L). The first 

objective of this research was reached with the simulation of the consolidated model. 

Previous versions of the Discharge Regulations set values of nutrients such as 3.7 mg/L for 

Ammonia N and 0.15 mg/L for total Phosphate. Nevertheless, recent documents do not take 

into account these values. Hence, for this research, the benchmark parameters are 15 mg/L for 

TN and 2 mg/L for TP (giving by European regulation Directive 91/271/EEC). Due to these 

fixed parameters, the consolidated model that had annual average values of 26.57 mg N/L and 

1.7 mg P/L for TN and TP, respectively; exceeded one of the maximum permissible limits 

(MPL). 

The sensitivity analysis reinforced what was explained in Section 3.1 of the Methodology, that 

the WWTP is working above its limits regarding the design (average flow rate of 38 534 m3/d 

and peak flow rate of 69 293 m3/d). Indeed, the WWTP showed to be robust and worked 9.5% 

(42 202 m3/d) above its designed average flow rate. Nevertheless, the sensitivity analysis 

demonstrated that the WWTP process is susceptible to fluctuations higher than 9% for the 

influent flow rate and 7% for the influent BOD5; giving results beyond the MPL for the effluent 

nutrients. This analysis also showed that the effluent nutrients (TP and TN) were sensitive to 
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fluctuations in the influent TP and TKN, respectively. Therefore, the second objective of this 

research was achieved with the results of the sensitivity analysis. 

This process is robust for the actual conditions and its wastewater treatment achieve the actual 

discharge regulations of Peru. The statement mentioned by the operator of the WWTP in the 

first paragraph of this section can be asseverated with the previous results. Hence, the first two 

objectives of this research were achieved with the BioWin simulation. However, a third stage 

of the WWTP needs to be designed and built to ensure the treatment of the future increased 

wastewater flow rate. This new stage has to take into account the BNR; the AnoxAn option is 

discussed in the following section. 

5.2. AnoxAn Process 

This process was chosen to retrofit the WWTP to a BNR plant because it will use the existing 

structures, change the PS into a mixed anaerobic, anoxic and aerobic reactor; and adapt the old 

existed secondary clarifier to receive the flow from the PTFs and kick it back to the STFs. The 

process works with ratios of 0.071 and 0.009 for influent TKN:TCOD and TP:TCOD, 

respectively (Diez-Montero et al., 2019); similar ratios (TKN/TCOD = 0.056 and TP:TCOD = 

0.008) were obtained for the current WWTP that worked for the AnoxAn process. Furthermore, 

the literature suggests the minimum ratio of 20:1 for BOD5:TP (Curtin et al., 2011) for PAOs 

appropriate environment and behaviour; the current WWTP has a higher ratio (63:1) which is 

useful for PAOs growth. Consequently, this method fulfils the statement of the third 

objective of this research. 

The scenarios based on the MPS without aerobic zone showed that the effluent BOD5 was 

reduced significantly when the SB was set to zero; the TSS declined due to the lamella function 

that retains biomass and suspended solids. A practical value for SB, as mentioned in the 

literature (Diez-Montero et al., 2019) that keeps a regular BOD5 (carbon source) and biomass, 

is 30% of the influent flow. These parameters are essential in this type of BNR. 

More scenarios were simulated varying the aerobic volumes (AV) within the anoxic zone. The 

range, where the treatment of TP occurred, was from 44.1% to 48.4% of the anoxic zone 

(outside this range no P was treated). In order to minimise the utilisation of oxygen, the rate of 

44.1% of the anoxic zone was taken as the optimum value for the AV. 

Using less DO in the aerobic zone can reduce the cost of the biological process. The simulation 

showed that less than 0.75 mg/L of DO in the AV could decrease the efficiency of BNR and 

surpassed the MPL of TN (15 mg/L). For this reason, the DO in the AV was set to 1.75 mg/L 
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to have a safety factor. Hence, the fourth objective was satisfied with the design and 

simulation of the AnoxAn process. 

The sensitivity analyses were conducted by changing the influent parameters such as flow rate, 

BOD5, TP and TKN. Similarly to the examination of the consolidated model, this simulation 

showed that this biological process is sensitive to more than 12 % increase in the average flow 

rate due to a low value of HRT (a value less than one hour generates an adverse environment 

to bacteria proliferation). Moreover, the MPL for the effluent TN is surpassed when the BOD5 

in the influent is more 15 % regarding its base scenario, or when the influent TKN went up 10% 

of its base scenario value. This process examination showed a robust design; therefore, the 

fifth objective was achieved with the sensitivity analysis of the AnoxAn process. 

The AnoxAn process worked as mention in the literature. The oxidising nitrogen processes 

were held in the anoxic zone, helped by the nitrate-rich stream that was kicked back from the 

STF. Furthermore, the behaviour of PAO showed that the phosphate release took place within 

the anaerobic and anoxic zones to continue the phosphate uptake in the aerobic reactor, PTF 

and STF. (completing the EBPR). Hence, this process represents the BNR in the simulated 

WWTP and achieves the main aim of this research. 

5.3. Error Analysis overview 

This research is based on mathematical simulations that run iterations of mass balance with 

nested streams; utilising statistical characteristics of wastewater based on monthly 

measurements. Two types of errors are considered in this research: 

5.3.1. Raw Data error 

The measurement of the concentration of phosphorous and nitrogen in the wastewater was an 

issue since the beginning of the research due to those nutrients are not in the Discharge 

Regulations. The concentration of TP was taken from the construction contract of the actual 

WWTP (Appendix I). The value of TN was assumed as equal to TKN in the influent; even 

though the concentration on TN was requested to SedaCusco, the sent values were TKN (6 

months). Two years data were utilised for the simulation because of the WWTP, in previous 

years, was in a commissioning phase. 

5.3.2. Systematic error 

The cause for this error is related to issues in the measurement equipment or gaps in the 

experiment design. 
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This error might appear if the laboratories do not calibrate their tools and equipment.  

The source code of the software might have some assumption or simplifications that the user 

does not take into account leading to systematic errors. Those are not realised in the simulation 

until an expert in the field analysis the results. However, some parameters (section 3.4) were 

adjusted to avoid over-optimistic outcomes, as was suggested in the literature (Diez-Montero 

et al., 2019). 

The first error could be absorbed by the sensitivity analysis; working with different scenarios 

and fluctuation of the influent parameters; however, it is still a data error. The second one is 

more difficult to reduce due to its nature. 

5.4. Future Research 

This research is focussed in the BNR in the liquid phase of the WWTP. A scaled model might 

be needed to test and validate the obtained result of the AnoxAn process. 

There are still some issues related to biosolids and biogas such as disposal of treated “dried 

cake” and burning of biogas. Furthermore, investigations on a small scale are suggesting that 

wastewater streams have a vast amount of potential energy. This one could be harvested using 

electrochemistry (Shizas and Bagley, 2004, Heidrich et al., 2011, Aquino Neto et al., 2018, Lu 

et al., 2018, Mohan et al., 2016). These are an enormous opportunity to further investigation, 

taking into account the circular economy and zero waste theory. 
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CHAPTER 6 

6. CONCLUSION 

Due to issues such as eutrophication and more strict discharge regulations, the retrofitting of 

Cusco’s Wastewater Treatment Plant to a Biological Nutrient Removal process is considered. 

This process was selected due to its low operational cost and the option for upgrading the 

existing structures, such as primary settlers and trickling filters, to reduce the construction 

footprint. Several simulations were run to characterise the current and the proposed WWTP. 

Models of the existing process were simulated to obtain mathematical representations that fulfil 

the biological treatment stage meticulously. A consolidated model was tested and effluent 

parameters values within the statistics of the real output stream’s characteristics of the process 

were obtained. The obtained data was the base scenario for the sensitivity analysis and it was 

found, as was mentioned by the WWTP operator, that future issues might occur if the flow rate 

is increased by ten per cent as the effluent’s parameters may exceed the discharge regulations. 

Thus, this may lead to environmental problems near the discharge area and monetary fines to 

the operator. The process is also sensitive to a nine per cent increase of the BOD5; hence, the 

influent for this WWTP may contain a low concentration of BOD5, such as that from municipal 

wastewater. 

Among the BNR processes, the AnoxAn one was selected because it would require an 

additional clarifier between two sequential trickling filters and a modified primary settler. The 

intermediate clarifier would be retrofitted from the 1985 existing structure. The process requires 

nested recycle streams that would promote the growth of different bacteria (PAO, AOB and 

NOB); these organisms can biological remove the nutrients. Various percentages of the recycle 

streams, aerobic volumes and DO were simulated, obtaining for this case study the following 

values SB of 30%, AV of 44.1% of the combined anoxic-aerobic zone and DO of 1.75 mg/L 

for the aerobic zone. This process is sensitive to a 12% increase in the flow rate due to the 

reduction of HRT below to one hour that would generate issues to the biomass growth; 

Moreover, the BOD5 and TKN fluctuations above 20% and 10%, respectively, would exceed 

the TN of the European discharge regulation that was taken as a benchmark (TN = 15 mg/L, 

TP = 2 mg/L). In this research, the errors generated by the data collection and the systematic 

error could not be decreased. 
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Appendix I 

PARAMETERS OF INFLUENT AND EFFLUENT OF WWTP 

 

FIGURE A 1 DBO5  BEFORE PROJECT – DIFFERENT LOCATIONS 
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FIGURE A 2 SST BEFORE PROJECT – DIFFERENT LOCATIONS 
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FIGURE A 3 PO4 BEFORE PROJECT – DIFFERENT LOCATIONS 
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FIGURE A 4 INFLUENT AND EFFLUENT DBO5 BEFORE THE PROJECT 
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Appendix II 

DISCHARGE REGULATIONS 

 

FIGURE A 5 STANDARD WATER CONSUMPTION QUALITY (MINAN, 2008)  
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FIGURE A 6 DISCHARGE REGULATION (MINAN, 2010) 
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FIGURE A 7 DESIGN PARAMETERS OF THE WWTP, CUSCO-PERU (2012) 
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Appendix III 

TECHNICAL DRAWINGS OF STRUCTURES 

 
FIGURE A 8 PRIMARY SETTER D = 26 M, H = 4.2 M 
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FIGURE A 9 PRIMARY SETTER D = 42 M, H = 3 M 
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FIGURE A 10 PRIMARY TRICKLING FILTER D = 30 M, H = 3.66 M 
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FIGURE A 11 SECONDARY TRICKLING FILTER D = 22 M, H = 6.1 M 
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FIGURE A 12 SECONDARY CLARIFIER D = 35 M, H = 4.8 M 
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FIGURE A 13 LAYOUT OF THE WASTEWATER TREATMENT PLANT 
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Appendix IV 

A. RAW DATA OF WWTP PROVIDED BY SEDACUSCO 
1. Aceites y Grasas: Oil and Grease 
2. Coliformes Fecales: Faecal coliforms 
3. Demanda Bioquímica de Oxígeno: Biochemical Oxygen Demand (BOD5) 
4. Demanda Química de Oxígeno: Chemical Oxygen Demand (COD) 
5. Solidos Suspendidos Totales: Total Suspended Solids 
6. NTK: TOTAL KJELDAHL NITROGEN 

 
FIGURE A 14 INFLUENT PARAMETERS (PART 1) 
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FIGURE A 15 INFLUENT PARAMETERS (PART 2) 
 



 

xvi 

 

FIGURE A 16 BIOSOLIDS AND BIOGAS PARAMETERS (PART 3) 
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FIGURE A 17 EFFLUENT PARAMETERS (PART 4) 
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1. Afluente: Influent 
2. Efluente Desarenador Aireado: 

Grit Chamber Effluent 
3. Sedimentador Primario: primary 

settler 
4. Cámara de Ingreso A Biofiltros: 

Tank before Biofilters. 
5. Filtro Percolador Primario (FPP): 

Primary Trickling Filter (PTF) 

6. Cámara de reunión de FPP: 
Mixer tank for FPP flow. 

7. Filtro Percolador Secundario 
(FPS): Secundary Trickling Filter 
(STF) 

8. Sedimentador Secundario: 
Secondary Clarifier. 

9. Cámara de contacto de cloro: 
Chlorine Mixing Tank. 

10. Efluente: Effluent. 
 

 

FIGURE A 18 TOTAL SUSPENDED SOLIDS 
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FIGURE A 19 OXYGEN DEMAND 
 

 

FIGURE A 20 BOD5 
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B. RAW DATA OF WWTP PROVIDED BY LABORATORY (APPROVED BY 
SEDACUSCO) 

1. Control De Calidad – Linea De Liquidos: Quality Control – Liquid Phase 

 

 

FIGURE A 21 BIOCHEMICAL OXYGEN DEMAND (BOD5) 
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FIGURE A 22 CHEMICAL OXYGEN DEMAND (COD) 
 

 

FIGURE A 23 TOTAL SUSPENDED SOLIDS 
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FIGURE A 24 FAECAL COLIFORMS 
 

 

FIGURE A 25 OIL AND GREASE 
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C. STATISTICS OF PARAMETERS OF THE WWTP 

 

 

 

Average Influent [m3/d]

Mean 42202.22

Standard Error 2666.46

Median 42800.4

Standard Deviation 6531.46

Minimum 32159.81

Maximum 49629.02

Sum 253213.34

Count 6

Sample [L/s] [m
3
/d] [L/s] [m

3
/d] Confidence Level(95.0%) 6854.351

Jan‐17 1 455.02 39313.73 391.35 33812.64

Feb‐17 2 450.91 38958.62 395.69 34187.62 Effluent [m3/d]

Mar‐17 3 372.22 32159.81 359.69 31077.22

Apr‐17 4 574.41 49629.02 553.85 47852.64 Mean 39071.52

May‐17 5 535.73 46287.07 506.73 43781.47 Standard Error 2806.51

Jun‐17 6 542.42 46865.09 505.99 43717.54 Median 38952.6

Standard Deviation 6874.51

Minimum 31077.22

Maximum 47852.64

Sum 234429.12

Count 6

Confidence Level(95.0%) 7214.355

Average influent Effluent

Influent TKN [mg/L]

Mean 42.36

Standard Error 2.50

Median 44.75

Influent Effluent Standard Deviation 6.13

Sample TKN [mg/L] TKN [mg/L] Minimum 34.5

Jan‐17 1 47 39.5 Maximum 47.5

Feb‐17 2 47.5 40.5 Sum 254.17

Mar‐17 3 47.5 31.5 Count 6

Apr‐17 4 42.5 33 Confidence Level(95.0%) 6.433

May‐17 5 35.17 27.8

Jun‐17 6 34.5 29.5 Effluent TKN [mg/L]

Mean 33.63

Standard Error 2.142

Median 32.25

Standard Deviation 5.25

Minimum 27.8

Maximum 40.5

Sum 201.8

Count 6

Confidence Level(95.0%) 5.506
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Influent Effluent

Sample BOD5 [mg/L] BOD5 [mg/L] 

Jan‐17 1 369.46 22.8 Influent BOD5  [mg/L]

Feb‐17 2 496.17 47.98

Mar‐17 3 329.29 19.3 Mean 398.09

Apr‐17 4 398.33 20.07 Standard Error 10.77

May‐17 5 367.53 17.58 Median 388.74

Jun‐17 6 357.6 11.92 Standard Deviation 52.784

Jul‐17 7 372.5 19.37 Minimum 329.29

Aug‐17 8 455.94 22.55 Maximum 496.17

Sep‐17 9 402.3 30.75 Sum 9554.06

Oct‐17 10 351.64 28.31 Count 24

Nov‐17 11 372.5 29.2 Confidence Level(95.0%) 22.289

Dec‐17 12 330.78 20.86

Jan‐18 13 365.1 35.2 Effluent BOD5  [mg/L] 

Feb‐18 14 400.45 32.2

Mar‐18 15 337.13 23.35 Mean 25.61

Apr‐18 16 388.28 18.8 Standard Error 1.52

May‐18 17 494.9 19.85 Median 23.98

Jun‐18 18 456.1 22.83 Standard Deviation 7.447

Jul‐18 19 329.73 30.5 Minimum 11.92

Aug‐18 20 415.85 32.38 Maximum 47.98

Sep‐18 21 461.43 25.45 Sum 614.65

Oct‐18 22 389.2 29.45 Count 24

Nov‐18 23 428 24.6 Confidence Level(95.0%) 3.145

Dec‐18 24 483.85 29.35

Influent Effluent

Sample TSS [mg/L] TSS [mg/L]

Jan‐17 1 372.5 36 Influent TSS [mg/L]

Feb‐17 2 239 31.72

Mar‐17 3 281 20.5 Mean 416.68

Apr‐17 4 340 16 Standard Error 19.32

May‐17 5 452 21 Median 418.75

Jun‐17 6 552.5 13.5 Standard Deviation 94.642

Jul‐17 7 427.5 4 Minimum 239

Aug‐17 8 456 6 Maximum 620

Sep‐17 9 437.5 22 Sum 10000.33

Oct‐17 10 325 24 Count 24

Nov‐17 11 295 27.33 Confidence Level(95.0%) 39.964

Dec‐17 12 358.33 26.43

Jan‐18 13 350 44 Effluent TSS [mg/L]

Feb‐18 14 507.5 35

Mar‐18 15 350 22 Mean 30.38

Apr‐18 16 447.5 44 Standard Error 3.26

May‐18 17 562.5 44 Median 26.880

Jun‐18 18 437.5 64 Standard Deviation 15.961

Jul‐18 19 410 23 Minimum 4

Aug‐18 20 540 71 Maximum 71

Sep‐18 21 620 44 Sum 729.23

Oct‐18 22 395 33.5 Count 24

Nov‐18 23 384 24 Confidence Level(95.0%) 6.740

Dec‐18 24 460 32.25
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Appendix V 

A. OUTPUT DATA 

 

FIGURE A 26 EFFLUENT RESULT OF THE FIRST MODEL OF THE EXISTING WWTP 
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FIGURE A 27 EFFLUENT RESULT OF THE SECOND MODEL (CONSOLIDATED) OF THE EXISTING WWTP 
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B. RESULTS 

 

FIGURE A 28 FIRST MODEL ALBUM 
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Appendix VI 

A. SENSITIVITY ANALYSIS – CONSOLIDATED MODEL 

 

 

Increasing/D

ecreasing Flow [m
3
/d] Flow [L/s]

HRT 

[vol/flow=

h]

Ammonia 

[mg/L] TKN mg/L Total N

Total P 

mg/L TSS mg/L Total COD mg/L Total BOD mg/L

001 Influent BASE SCENAR 42202.08 488.45 3.92 42.4 5.9 416.6 753.65 370.5

Effluent 41607.08 481.56 24.52 25.68 26.57 1.7 20.75 82.12 24.94

2 Influent 5% 44312.184 512.87 42.4 5.9 416.6 753.65 370.5

Effluent +5 Flow 41717.2 482.84 3.74 24.74 25.91 26.78 1.83 20.68 85.69 27.49

1% 1% 1% 7% 0% 9%

3 Influent 10% 46422.288 537.30 3.57 42.4 5.9 416.6 753.65 370.5

Effluent +10 Flow 45827.3 530.41 24.96 26.14 26.99 1.91 20.59 89.63 30.32

2% 2% 2% 11% ‐1% 18%

4 Influent 15% 48532.392 561.72 3.41 42.4 5.9 416.6 753.65 370.5

Effluent +15 Flow 47937.4 554.83 25.17 26.37 27.2 1.97 20.47 93.92 33.4

3% 3% 2% 14% ‐1% 25%

5 Influent 20% 50642.496 586.14 3.27 42.4 5.9 416.6 753.65 370.5

Effluent +20 Flow 50047.5 579.25 25.38 26.6 27.41 2.02 20.34 98.49 36.7

3% 3% 3% 16% ‐2% 32%

6 Influent 60.90% 69292.8 802.00 2.39 42.4 5.9 416.6 753.65 370.5

Effluent +60.9 Flow 68697.8 795.11 26.82 28.24 28.92 2.28 18.99 137.53 64.83

9% 9% 8% 25% ‐9% 62%

7 Influent ‐5% 40091.976 464.03 4.13 42.4 5.9 416.6 753.65 370.5

Effluent ‐5 Flow 39496.976 457.14 24.3 25.45 26.35 1.55 20.79 78.91 22.66

‐1% ‐1% ‐1% ‐10% 0% ‐10%

8 Influent ‐10% 37981.872 439.61 4.31 42.4 5.9 416.6 753.65 370.5

Effluent ‐10 Flow 37386.872 432.72 24.07 25.22 26.14 1.4 20.79 76.09 20.79

‐2% ‐2% ‐2% ‐21% 0% ‐20%

9 Influent ‐5% 42202.08 488.45 3.92 42.4 5.9 416.6 715.55 351.7

Effluent ‐5 BOD 41607.08 481.56 24.81 25.95 26.85 1.6 19.86 75.62 22

1% 1% 1% ‐6% ‐4% ‐13%

10 Influent ‐10% 42202.08 488.45 3.92 42.4 5.9 416.6 677.45 333.04

Effluent ‐10 BOD 41607.08 481.56 25.08 26.27 27.11 1.56 18.99 69.72 19.48

2% 2% 2% ‐9% ‐9% ‐28%

11 Influent 5% 42202.08 488.45 42.4 5.9 416.6 791.5 389.1

Effluent +5 BOD 41607.08 481.56 3.92 24.27 25.42 26.32 1.78 21.6 89.16 28.29

‐1% ‐1% ‐1% 4% 4% 12%

12 Influent 10% 42202.08 488.45 3.92 42.4 5.9 416.6 828.98 407.52

Effluent +10 BOD 41607.08 481.56 24.05 25.19 26.1 1.8 22.42 96.88 32.15

‐2% ‐2% ‐2% 6% 7% 22%

13 Influent 15% 42202.08 488.45 3.92 42.4 5.9 416.6 867.7 426.56

Effluent +15 BOD 41607.08 481.56 23.86 24.99 25.92 1.81 23.22 105.88 36.89

‐3% ‐3% ‐3% 6% 11% 32%

14 Influent 20% 42202.08 488.45 3.92 42.4 5.9 416.6 905.1 444.95

Effluent +20 BOD 41607.08 481.56 23.71 24.84 25.77 1.82 23.94 115.62 42.23

‐3% ‐3% ‐3% 7% 13% 41%

15 Influent 5% 42202.08 488.45 3.92 42.4 6.20 416.6 753.65 370.5

Effluent +5 P 41607.08 481.56 24.52 25.68 26.57 1.86 20.75 82.12 24.94

9%

16 Influent 10% 42202.08 488.45 3.92 42.4 6.49 416.6 753.65 370.5

Effluent +10 P 41607.08 481.56 24.52 25.68 26.57 2.02 20.75 82.11 24.93

16%

17 Influent 20% 42202.08 488.45 3.92 42.4 7.08 416.6 753.65 370.5

Effluent +20 P 41607.08 481.56 24.52 25.68 26.57 2.33 20.76 82.09 24.92

27%

18 Influent ‐5% 42202.08 488.45 3.92 42.4 5.61 416.6 753.65 370.5

Effluent ‐5 P 41607.08 481.56 24.52 25.68 26.57 1.55 20.75 82.14 24.95

‐10%

19 Influent ‐10% 42202.08 488.45 3.92 42.4 5.31 416.6 753.65 370.5

Effluent ‐10 P 41607.08 481.56 24.52 25.69 26.57 1.39 20.74 82.15 24.96

‐22%

20 Influent ‐20% 42202.08 488.45 3.92 42.4 4.72 416.6 753.65 370.5

Effluent ‐20 P 41607.08 481.56 24.52 25.69 26.57 1.09 20.73 82.19 24.99

‐56%



 

xxix 

 

 

B. AnoxAn – NO AEROBIC REACTOR SB = 0 - 50 % ANA = 3026.9 m3, TOTAL 
ANOXIC = 3832.8 m3; PTF-STF DO 3mg/L 

 

 

 

Increasing/D

ecreasing Flow [m
3
/d] Flow [L/s]

HRT 

[vol/flow=

h]

Ammonia 

[mg/L] TKN mg/L Total N

Total P 

mg/L TSS mg/L Total COD mg/L Total BOD mg/L

001 Influent BASE SCENAR 42202.08 488.45 3.92 42.4 5.9 416.6 753.65 370.5

Effluent 41607.08 481.56 24.52 25.68 26.57 1.7 20.75 82.12 24.94

21 Influent 5% 42202.08 488.45 3.92 44.52 5.90 416.6 753.65 370.5

Effluent +5 TKN 41607.08 481.56 26.28 27.49 28.39 1.7 20.75 82.12 24.94

7% 7% 6%

22 Influent 10% 42202.08 488.45 3.92 46.64 5.90 416.6 753.65 370.5

Effluent +10 TKN 41607.08 481.56 28.03 29.3 30.2 1.7 20.75 82.11 24.94

13% 12% 12%

23 Influent 20% 42202.08 488.45 3.92 50.88 5.90 416.6 753.65 370.5

Effluent +20 TKN 41607.08 481.56 31.55 32.92 33.84 1.7 20.75 82.11 24.93

22% 22% 21%

24 Influent ‐5% 42202.08 488.45 3.92 40.28 5.90 416.6 753.65 370.5

Effluent ‐5 TKN 41607.08 481.56 22.77 23.88 24.75 1.7 20.75 82.13 24.95

‐8% ‐8% ‐7%

25 Influent ‐10% 42202.08 488.45 3.92 38.16 5.90 416.6 753.65 370.5

Effluent ‐10 TKN 41607.08 481.56 21.01 22.07 22.93 1.7 20.75 82.14 24.95

‐17% ‐16% ‐16%

26 Influent ‐20% 42202.08 488.45 3.92 33.92 5.90 416.6 753.65 370.5

Effluent ‐20 TKN 41607.08 481.56 17.5 18.45 19.3 1.7 20.75 82.15 24.96

‐40% ‐39% ‐38%

Increasing/Decreasing

SB

Flow [m3/d] Flow [L/s]

HRT 

[vol/flow=

h]

Ammonia 

[mg/L]

Nitrate 

[mg/L]

Nitrite 

[mg/L] TKN mg/L Total N

Total P 

mg/L TSS mg/L Total COD mg/L Total BOD mg/L

001 Influent BASE SCENARIO 42202.08 488.45 3.92 ‐ ‐ ‐ 42.4 ‐ 5.9 416.6 753.65 370.5

Effluent DO TF = 3mg/L  41607.08 481.56 24.52 ‐ ‐‐ 25.68 26.57 1.7 20.75 82.12 24.94

2 Influent

NO AEROBIC REACTOR SB = 0 % 

ANA = 3026.9 M3, ANOXIC = 

3832.8 M3 PTF‐STF DO3mg/L

0.00 42202.08 488.45 1.72 ‐ ‐ ‐ 42.4 ‐ 5.9 416.6 753.65 370.5

Effluent 84899.16 84899.16 41607.08 481.56 2.18 24.89 0 0.07 26 26.12 1.45 0.93 48.93 6.47

1% 1% ‐2% ‐17% ‐2131% ‐285%

3 Influent

NO AEROBIC REACTOR SB = 5 % 

ANA = 3026.9 M3, ANOXIC = 

3832.8 M3 PTF‐STF DO3mg/L

2110.10 42202.08 488.45 1.72 ‐ ‐ ‐ 42.4 ‐ 5.9 416.6 753.65 370.5

Effluent 84899.16 87009.26 41607.08 481.56 2.18 25.29 0 0.01 26.43 26.58 1.45 3.85 56.13 10.83

3% 3% 0% ‐17% ‐439% ‐130%

4 Influent

NO AEROBIC REACTOR SB = 10 % 

ANA = 3026.9 M3, ANOXIC = 

3832.8 M3 PTF‐STF DO3mg/L

4220.21 42202.08 488.45 1.72 ‐ ‐ ‐ 42.4 ‐ 5.9 416.6 753.65 370.5

Effluent 84899.16 89119.37 41607.08 481.56 2.18 25.38 0 0 26.52 26.74 1.47 6.3 60.17 12.91

3% 3% 1% ‐16% ‐229% ‐93%

5 Influent

NO AEROBIC REACTOR SB = 20 % 

ANA = 3026.9 M3, ANOXIC = 

3832.8 M3 PTF‐STF DO3mg/L

8440.42 42202.08 488.45 1.72 ‐ ‐ ‐ 42.4 ‐ 5.9 416.6 753.65 370.5

Effluent 84899.16 93339.58 41607.08 481.56 2.18 25.21 0 0 26.35 26.7 1.5 10.19 65.41 15.39

3% 3% 0% ‐13% ‐104% ‐62%

6 Influent

NO AEROBIC REACTOR SB = 30 % 

ANA = 3026.9 M3, ANOXIC = 

3832.8 M3 PTF‐STF DO3mg/L

12660.62 42202.08 488.45 1.72 ‐ ‐ ‐ 42.4 ‐ 5.9 416.6 753.65 370.5

Effluent 84899.16 97559.78 41607.08 481.56 2.18 25.05 0 0 26.19 26.63 1.54 13.15 69.2 17.14

2% 2% 0% ‐10% ‐58% ‐46%

6 Influent

NO AEROBIC REACTOR SB = 40 % 

ANA = 3026.9 M3, ANOXIC = 

3832.8 M3 PTF‐STF DO3mg/L

16880.83 42202.08 488.45 1.72 ‐ ‐ ‐ 42.4 ‐ 5.9 416.6 753.65 370.5

Effluent 84899.16 101779.99 41607.08 481.56 2.18 25.16 0 0 26.29 26.81 1.57 15.39 72.93 18.98

3% 2% 1% ‐8% ‐35% ‐31%

7 Influent

NO AEROBIC REACTOR SB = 50 % 

ANA = 3026.9 M3, ANOXIC = 

3832.8 M3 PTF‐STF DO3mg/L

21101.04 42202.08 488.45 1.72 ‐ ‐ ‐ 42.4 ‐ 5.9 416.6 753.65 370.5

Effluent 84899.16 106000.20 41607.08 481.56 2.18 25.06 0 0 26.19 26.77 1.59 17.25 75.27 20.05

2% 2% 1% ‐7% ‐20% ‐24%



 

xxx 

C. AnoxAn –SB = 0 - 50 %, ANA = 3026.9 m3, ANOXIC = variable, AEROBIC = (34.1%-
75.0%) OF TOTAL ANOXIC (3832.8 m3); PTF-STF DO 3mg/L 
 SB = 25 %, ANA = 3026.9 m3, ANOXIC and AEROBIC = variables 

 

   

Increasing/Decreasing

SB

Flow [m3/d] Flow [L/s]

HRT 

[vol/flow=

h]

Ammonia 

[mg/L]

Nitrate 

[mg/L]

Nitrite 

[mg/L] TKN mg/L Total N

Total P 

mg/L TSS mg/L Total COD mg/L Total BOD mg/L

001 Influent BASE SCENARIO 42202.08 488.45 3.92 ‐ ‐ ‐ 42.4 ‐ 5.9 416.6 753.65 370.5

Effluent DO TF = 3mg/L  41607.08 481.56 24.52 ‐ ‐‐ 25.68 26.57 1.7 20.75 82.12 24.94

2 Influent

SB = 25 % ANA = 3026.9 M3, ANOXIC = 

2525.84 M3  AEROBIC = 1307 M3 

(34.1%) DO 2 mg/L AND PTF‐STF 

DO3mg/L

10550.52 42202.08 488.45 1.72 ‐ ‐ ‐ 42.4 ‐ 5.9 416.6 753.65 370.5

Effluent 84899.16 95449.68 41607.08 481.56 2.18

1.44

0.74

3 Influent

SB = 25 % ANA = 3026.9 M3, ANOXIC = 

2414.7 M3  AEROBIC = 1418.2 M3  

(37%) DO 2 mg/L AND PTF‐STF 

DO3mg/L

10550.52 42202.08 488.45 1.72 ‐ ‐ ‐ 42.4 ‐ 5.9 416.6 753.65 370.5

Effluent 84899.16 95449.68 41607.08 481.56 2.18

1.37

0.81

4 Influent

SB = 25 % ANA = 3026.9 M3, ANOXIC = 

2357.2 M3  AEROBIC = 1475.6 M3  

(38.5%) DO 2 mg/L AND PTF‐STF 

DO3mg/L

10550.52 42202.08 488.45 1.72 ‐ ‐ ‐ 42.4 ‐ 5.9 416.6 753.65 370.5

Effluent 84899.16 95449.68 41607.08 481.56 2.18

1.34

0.84

4 Influent

SB = 25 % ANA = 3026.9 M3, ANOXIC = 

2299.7 M3  AEROBIC = 1533.1 M3  

(40%) DO 2 mg/L AND PTF‐STF 

DO3mg/L

10550.52 42202.08 488.45 idem ‐ ‐ ‐ 42.4 ‐ 5.9 416.6 753.65 370.5

Effluent 84899.16 95449.68 41607.08 481.56 2.18

1.31

0.87

5 Influent

SB = 25 % ANA = 3026.9 M3, ANOXIC = 

2334.2 M3  AEROBIC = 1498.6 M3  

(39.1%) DO 2 mg/L AND PTF‐STF 

DO3mg/L

10550.52 42202.08 488.45 idem ‐ ‐ ‐ 42.4 ‐ 5.9 416.6 753.65 370.5

Effluent 84899.16 95449.68 41607.08 481.56 2.18 8.36 1.9 0.18 9.75 12.34 0.22 9.28 49.86 4.23

1.33 ‐193% ‐163% ‐115% ‐673% ‐124% ‐490%

0.85

6 Influent

ADDITIONAL SIMULATION 

SB = 25 % ANA = 3026.9 M3, ANOXIC = 

2223 M3  AEROBIC = 1609.8 M3  (42%) 

DO 2 mg/L AND PTF‐STF DO3mg/L

10550.52 42202.08 488.45 idem ‐ ‐ ‐ 42.4 ‐ 5.9 416.6 753.65 370.5

Effluent 84899.16 95449.68 41607.08 481.56 2.18 7.88 2.03 0.18 9.28 11.99 0.2 9.18 49.74 4.09

1.31 ‐211% ‐177% ‐122% ‐750% ‐126% ‐510%

0.87

7 Influent

SB = 25 % ANA = 3026.9 M3, ANOXIC = 

2142.6 M3  AEROBIC = 1690.3 M3  

(44.1%) DO 2 mg/L AND PTF‐STF 

DO3mg/L

10550.52 42202.08 488.45 idem ‐ ‐ ‐ 42.4 ‐ 5.9 416.6 753.65 370.5

Effluent 84899.16 95449.68 41607.08 481.56 2.18 7.54 2.12 0.18 8.94 11.74 0.19 9.12 49.66 4

1.22 ‐225% ‐187% ‐126% ‐795% ‐128% ‐524%

0.96

6 Influent

SB = 25 % ANA = 3026.9 M3, ANOXIC = 

1978.9 M3  AEROBIC = 1854.0 M3  

(48.37%) DO 2 mg/L AND PTF‐STF 

DO3mg/L

10550.52 42202.08 488.45 idem ‐ ‐ ‐ 42.4 ‐ 5.9 416.6 753.65 370.5

Effluent 84899.16 95449.68 41607.08 481.56 2.18 6.87 2.3 0.17 8.27 11.23 0.19 9.02 49.53 3.85

1.13 ‐257% ‐211% ‐137% ‐795% ‐130% ‐548%

1.05

7 Influent

SB = 25 % ANA = 3026.9 M3, ANOXIC = 

1782.3 M3  AEROBIC = 2050.6 M3  

(53.5%) DO 2 mg/L AND PTF‐STF 

DO3mg/L

10550.52 42202.08 488.45 idem ‐ ‐ ‐ 42.4 ‐ 5.9 416.6 753.65 370.5

Effluent 84899.16 95449.68 41607.08 481.56 2.18 6.08 2.5 0.17 7.48 10.63 0.19 8.91 49.4 3.71

1.01 ‐303% ‐243% ‐150% ‐795% ‐133% ‐572%

1.17

8 Influent

SB = 25 % ANA = 3026.9 M3, ANOXIC = 

1533.1 M3  AEROBIC = 2299.7 M3  

(60%) DO 2 mg/L AND PTF‐STF 

DO3mg/L

10550.52 42202.08 488.45 idem ‐ ‐ ‐ 42.4 ‐ 5.9 416.6 753.65 370.5

Effluent 84899.16 95449.68 41607.08 481.56 2.18 5.11 2.75 0.15 6.52 9.9 0.2 8.8 49.26 3.56

0.87 ‐380% ‐294% ‐168% ‐750% ‐136% ‐601%

1.31

9 Influent

SB = 25 % ANA = 3026.9 M3, ANOXIC = 

958.2 M3  AEROBIC = 2874.6 M3  

(75%) DO 2 mg/L AND PTF‐STF 

DO3mg/L

10550.52 42202.08 488.45 idem ‐ ‐ ‐ 42.4 ‐ 5.9 416.6 753.65 370.5

Effluent 84899.16 95449.68 41607.08 481.56 2.18 3.29 3.22 0.12 4.7 8.52 0.24 8.58 48.97 3.29

0.54 ‐645% ‐446% ‐212% ‐608% ‐142% ‐658%

1.63

NO SOLUTION FOUND

NO SOLUTION FOUND

NO SOLUTION FOUND

NO SOLUTION FOUND



 

xxxi 

 SB = 30 %, ANA = 3026.9 m3, ANOXIC and AEROBIC = variables 

 

 

 SB = 35 %, ANA = 3026.9 m3, ANOXIC and AEROBIC = variables 

 

Increasing/Decreasing

SB

Flow [m3/d] Flow [L/s]

HRT 

[vol/flow=

h]

Ammonia 

[mg/L]

Nitrate 

[mg/L]

Nitrite 

[mg/L] TKN mg/L Total N

Total P 

mg/L TSS mg/L Total COD mg/L Total BOD mg/L

001 Influent BASE SCENARIO 42202.08 488.45 3.92 ‐ ‐ ‐ 42.4 ‐ 5.9 416.6 753.65 370.5

Effluent DO TF = 3mg/L  41607.08 481.56 24.52 ‐ ‐‐ 25.68 26.57 1.7 20.75 82.12 24.94

10 Influent

SB = 30 % ANA = 3026.9 M3, ANOXIC = 

2357.2 M3  AEROBIC = 1475.6 M3  

(38.5%) DO 2 mg/L AND PTF‐STF 

DO3mg/L

12660.62 42202.08 488.45 idem ‐ ‐ ‐ 42.4 ‐ 5.9 416.6 753.65 370.5

Effluent 84899.16 97559.78 41607.08 481.56 2.18 8.69 1.77 0.18 10.08 12.59 0.29 10.53 51.05 4.8

1.34 ‐182% ‐155% ‐111% ‐486% ‐97% ‐420%

0.84

11 Influent

SB = 30 % ANA = 3026.9 M3, ANOXIC = 

2334.2 M3  AEROBIC = 1498.6 M3  

(39.1%) DO 2 mg/L AND PTF‐STF 

DO3mg/L

12660.62 42202.08 488.45 idem ‐ ‐ ‐ 42.4 ‐ 5.9 416.6 753.65 370.5

Effluent 84899.16 97559.78 41607.08 481.56 2.18

1.33

0.85

12 Influent

SB = 30 % ANA = 3026.9 M3, ANOXIC = 

2299.7 M3  AEROBIC = 1533.1 M3  

(40%) DO 2 mg/L AND PTF‐STF 

DO3mg/L

12660.62 42202.08 488.45 idem ‐ ‐ ‐ 42.4 ‐ 5.9 416.6 753.65 370.5

Effluent 84899.16 97559.78 41607.08 481.56 2.18

1.31

0.87

13 Influent

ADDITIONAL SIMULATION 

SB = 30 % ANA = 3026.9 M3, ANOXIC = 

2223 M3  AEROBIC = 1609.8 M3  (42%) 

DO 2 mg/L AND PTF‐STF DO3mg/L

12660.62 42202.08 488.45 idem ‐ ‐ ‐ 42.4 ‐ 5.9 416.6 753.65 370.5

Effluent 84899.16 97559.78 41607.08 481.56 2.18 8.1 1.93 0.18 9.5 12.17 0.22 10.38 50.88 4.6

1.31 ‐203% ‐170% ‐118% ‐673% ‐100% ‐442%

0.87

14 Influent

SB = 30 % ANA = 3026.9 M3, ANOXIC = 

2142.6 M3  AEROBIC = 1690.3 M3  

(44.1%) DO 2 mg/L AND PTF‐STF 

DO3mg/L

12660.62 42202.08 488.45 idem ‐ ‐ ‐ 42.4 ‐ 5.9 416.6 753.65 370.5

Effluent 84899.16 97559.78 41607.08 481.56 2.18 7.78 2.02 0.18 9.17 11.93 0.21 10.31 50.79 4.5

1.22 ‐215% ‐180% ‐123% ‐710% ‐101% ‐454%

0.96

15 Influent

SB = 30 % ANA = 3026.9 M3, ANOXIC = 

1978.9 M3  AEROBIC = 1854.0 M3  

(48.37%) DO 2 mg/L AND PTF‐STF 

DO3mg/L

12660.62 42202.08 488.45 idem ‐ ‐ ‐ 42.4 ‐ 5.9 416.6 753.65 370.5

Effluent 84899.16 97559.78 41607.08 481.56 2.18 7.13 2.19 0.17 8.53 11.45 0.2 10.19 50.61 4.33

1.13 ‐244% ‐201% ‐132% ‐750% ‐104% ‐476%

1.05

16 Influent

SB = 30 % ANA = 3026.9 M3, ANOXIC = 

1782.3 M3  AEROBIC = 2050.6 M3  

(53.5%) DO 2 mg/L AND PTF‐STF 

DO3mg/L

12660.62 42202.08 488.45 idem ‐ ‐ ‐ 42.4 ‐ 5.9 416.6 753.65 370.5

Effluent 84899.16 97559.78 41607.08 481.56 2.18 6.37 2.4 0.17 7.76 10.87 0.2 10.07 50.45 4.17

1.01 ‐285% ‐231% ‐144% ‐750% ‐106% ‐498%

1.17

17 Influent

SB = 30 % ANA = 3026.9 M3, ANOXIC = 

1533.1 M3  AEROBIC = 2299.7 M3  

(60%) DO 2 mg/L AND PTF‐STF 

DO3mg/L

12660.62 42202.08 488.45 idem ‐ ‐ ‐ 42.4 ‐ 5.9 416.6 753.65 370.5

Effluent 84899.16 97559.78 41607.08 481.56 2.18 5.42 2.64 0.16 6.82 10.15 0.2 9.94 50.27 4

0.87 ‐352% ‐277% ‐162% ‐750% ‐109% ‐524%

1.31

18 Influent

SB = 30 % ANA = 3026.9 M3, ANOXIC = 

958.2 M3  AEROBIC = 2874.6 M3  

(75%) DO 2 mg/L AND PTF‐STF 

DO3mg/L

12660.62 42202.08 488.45 idem ‐ ‐ ‐ 42.4 ‐ 5.9 416.6 753.65 370.5

Effluent 84899.16 97559.78 41607.08 481.56 2.18 3.58 3.11 0.13 4.97 8.74 0.24 9.7 49.93 3.7

0.54 ‐585% ‐417% ‐204% ‐608% ‐114% ‐574%

1.63

NO SOLUTION FOUND

NO SOLUTION FOUND

Increasing/Decreasing

SB

Flow [m3/d] Flow [L/s]

HRT 

[vol/flow=

h]

Ammonia 

[mg/L]

Nitrate 

[mg/L]

Nitrite 

[mg/L] TKN mg/L Total N

Total P 

mg/L TSS mg/L Total COD mg/L Total BOD mg/L

001 Influent BASE SCENARIO 42202.08 488.45 3.92 ‐ ‐ ‐ 42.4 ‐ 5.9 416.6 753.65 370.5

Effluent DO TF = 3mg/L  41607.08 481.56 24.52 ‐ ‐‐ 25.68 26.57 1.7 20.75 82.12 24.94

19 Influent

SB = 35 % ANA = 3026.9 M3, ANOXIC = 

2357.2 M3  AEROBIC = 1475.6 M3  

(38.5%) DO 2 mg/L AND PTF‐STF 

DO3mg/L

14770.73 42202.08 488.45 idem ‐ ‐ ‐ 42.4 ‐ 5.9 416.6 753.65 370.5

Effluent 84899.16 99669.89 41607.08 481.56 2.18

1.34

0.84

20 Influent

SB = 35 % ANA = 3026.9 M3, ANOXIC = 

2334.2 M3  AEROBIC = 1498.6 M3  

(39.1%) DO 2 mg/L AND PTF‐STF 

DO3mg/L

14770.73 42202.08 488.45 idem ‐ ‐ ‐ 42.4 ‐ 5.9 416.6 753.65 370.5

Effluent 84899.16 99669.89 41607.08 481.56 2.18

1.33

0.85

21 Influent

SB = 35 % ANA = 3026.9 M3, ANOXIC = 

2299.7 M3  AEROBIC = 1533.1 M3  

(40%) DO 2 mg/L AND PTF‐STF 

DO3mg/L

14770.73 42202.08 488.45 idem ‐ ‐ ‐ 42.4 ‐ 5.9 416.6 753.65 370.5

Effluent 84899.16 99669.89 41607.08 481.56 2.18

1.31

0.87

22 Influent

ADDITIONAL SIMULATION 

SB = 35 % ANA = 3026.9 M3, ANOXIC = 

2223 M3  AEROBIC = 1609.8 M3  (42%) 

DO 2 mg/L AND PTF‐STF DO3mg/L

14770.73 42202.08 488.45 idem ‐ ‐ ‐ 42.4 ‐ 5.9 416.6 753.65 370.5

Effluent 84899.16 99669.89 41607.08 481.56 2.18 8.31 1.84 0.18 9.69 12.33 0.25 11.48 51.94 5.08

1.31 ‐195% ‐165% ‐115% ‐580% ‐81% ‐391%

NO SOLUTION FOUND

NO SOLUTION FOUND

NO SOLUTION FOUND
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D. SB = RAS = 30 % ANA = 3026.9 m3, ANOXIC = 2142.6 m3, AEROBIC = 1690.3 m3 
(44.1%) DOAEROBICREACTOR = VARIABLE, DOPTF-STF 3mg/L 

 

 

   

0.87

23 Influent

SB = 35 % ANA = 3026.9 M3, ANOXIC = 

2142.6 M3  AEROBIC = 1690.3 M3  

(44.1%) DO 2 mg/L AND PTF‐STF 

DO3mg/L

14770.73 42202.08 488.45 idem ‐ ‐ ‐ 42.4 ‐ 5.9 416.6 753.65 370.5

Effluent 84899.16 99669.89 41607.08 481.56 2.18 7.99 1.93 0.18 9.37 12.1 0.23 11.4 51.82 4.97

1.22 ‐207% ‐174% ‐120% ‐639% ‐82% ‐402%

0.96

24 Influent

SB = 35 % ANA = 3026.9 M3, ANOXIC = 

1978.9 M3  AEROBIC = 1854.0 M3  

(48.37%) DO 2 mg/L AND PTF‐STF 

DO3mg/L

14770.73 42202.08 488.45 idem ‐ ‐ ‐ 42.4 ‐ 5.9 416.6 753.65 370.5

Effluent 84899.16 99669.89 41607.08 481.56 2.18 7.37 2.1 0.17 8.75 11.64 0.21 11.26 51.62 4.78

1.13 ‐233% ‐193% ‐128% ‐710% ‐84% ‐422%

1.05

25 Influent

SB = 35 % ANA = 3026.9 M3, ANOXIC = 

1782.3 M3  AEROBIC = 2050.6 M3  

(53.5%) DO 2 mg/L AND PTF‐STF 

DO3mg/L

14562.48 41607.08 481.56 2.18 ‐ ‐ ‐ 9.4 ‐ 0.2 11.4 51.82 5.0

Effluent 83709.16 98271.64 41607.08 481.56 2.21 6.63 2.3 0.17 8.01 11.08 0.21 11.12 51.42 4.6

1.03 ‐270% ‐221% ‐140% ‐710% ‐87% ‐442%

1.18

26 Influent

SB = 35 % ANA = 3026.9 M3, ANOXIC = 

1533.1 M3  AEROBIC = 2299.7 M3  

(60%) DO 2 mg/L AND PTF‐STF 

DO3mg/L

14770.73 42202.08 488.45 idem ‐ ‐ ‐ 42.4 ‐ 5.9 416.6 753.65 370.5

Effluent 84899.16 99669.89 41607.08 481.56 2.18 5.71 2.53 0.16 7.09 10.39 0.21 10.98 51.21 4.41

0.87 ‐329% ‐262% ‐156% ‐710% ‐89% ‐466%

1.31

27 Influent

SB = 35 % ANA = 3026.9 M3, ANOXIC = 

958.2 M3  AEROBIC = 2874.6 M3  

(75%) DO 2 mg/L AND PTF‐STF 

DO3mg/L

14770.73 42202.08 488.45 idem ‐ ‐ ‐ 42.4 ‐ 5.9 416.6 753.65 370.5

Effluent 84899.16 99669.89 41607.08 481.56 2.18 6.53 2.08 0.16 7.8 10.65 1.45 10.93 51.34 4.06

0.54 ‐275% ‐229% ‐149% ‐17% ‐90% ‐514%

1.63

Increasing/Decreasing

SB

Flow [m3/d] Flow [L/s]

HRT 

[vol/flow=

h]

Ammonia 

[mg/L]

Nitrate 

[mg/L]

Nitrite 

[mg/L] TKN mg/L Total N

Total P 

mg/L TSS mg/L Total COD mg/L Total BOD mg/L

001 Influent BASE SCENARIO 42202.08 488.45 3.92 ‐ ‐ ‐ 42.4 ‐ 5.9 416.6 753.65 370.5

Effluent DO TF = 3mg/L  41607.08 481.56 24.52 ‐ ‐‐ 25.68 26.57 1.7 20.75 82.12 24.94

SB = RAS = 30 % ANA = 3026.9 M3, ANOXIC = 2142.6 M3  AEROBIC = 1690.3 M3  (44.1%) PTF‐STF DO3mg/L

2 Effluent DO AEROBIC REACTOR = 0.01 mg/L 12482.12 41607.08 481.56 25.02 0 0 26.15 26.6 1.22 12.97 69.2 16.58

2% 2% 0% ‐39% ‐60% ‐19% ‐50%

3 Effluent DO AEROBIC REACTOR = 0.05  mg/L 41607.08 481.56 23.04 0.03 0.08 24.19 24.74 1.57 12.72 65.71 13.96

‐6% ‐6% ‐7% ‐8% ‐63% ‐25% ‐79%

4 Effluent DO AEROBIC REACTOR = 0.1  mg/L 41607.08 481.56 18.68 0.29 0.13 19.93 20.86 1.64 12.18 57.12 9.1

‐31% ‐29% ‐27% ‐4% ‐70% ‐44% ‐174%

5 Effluent DO AEROBIC REACTOR = 0.15 mg/L 41607.08 481.56 14.91 0.72 0.17 16.27 17.7 0.94 11.47 53.94 6.81

‐64% ‐58% ‐50% ‐81% ‐81% ‐52% ‐266%

6 Effluent DO AEROBIC REACTOR = 0.20  mg/L 41607.08 481.56

7 Effluent DO AEROBIC REACTOR = 0.50  mg/L 41607.08 481.56

8 Effluent DO AEROBIC REACTOR = .75  mg/L 41607.08 481.56 8.76 1.66 0.19 10.15 12.57 0.22 10.41 51.16 4.71

‐180% ‐153% ‐111% ‐673% ‐99% ‐61% ‐430%

9 Effluent DO AEROBIC REACTOR = 1  mg/L 41607.08 481.56 8.3 1.77 0.19 9.69 12.22 0.21 10.37 50.99 4.62

‐195% ‐165% ‐117% ‐710% ‐100% ‐61% ‐440%

10 Effluent DO AEROBIC REACTOR = 1.50  mg/L 41607.08 481.56 7.92 1.93 0.18 9.31 11.99 0.21 10.34 50.85 4.54

‐210% ‐176% ‐122% ‐710% ‐101% ‐61% ‐449%

11 Effluent DO AEROBIC REACTOR = 1.75  mg/L 41607.08 481.56 7.83 1.98 0.18 9.23 11.95 0.21 10.32 50.81 4.52

‐213% ‐178% ‐122% ‐710% ‐101% ‐62% ‐452%

12 Effluent DO AEROBIC REACTOR = 2  mg/L 41607.08 481.56 7.78 2.02 0.18 9.17 11.93 0.21 10.31 50.79 4.5

‐215% ‐180% ‐123% ‐710% ‐101% ‐62% ‐454%

NO SOLUTION FOUND 

NO SOLUTION FOUND 
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E. SENSITIVITY ANALISYS FOR (B = RAS = 30 % ANA = 3026.9 m3, ANOXIC = 
2142.6 m3, AEROBIC = 1690.3 m3 (44.1%) DOAEROBICREACTOR = 1.75 mg/L, DOPTF-
STF 3mg/L) 

 

Increasing/D

ecreasing Flow [m3/d] Flow [L/s]

Ammonia 

[mg/L]

Nitrate 

[mg/L]

Nitrite 

[mg/L] TKN mg/L Total N

Total P 

mg/L TSS mg/L Total BOD mg/L

1% 1% 1% 1% 1% 1% 5

001 Influent BASE SCENAR 42202.08 488.45 42.4 5.9 416.6 370.5

Effluent 41607.08 481.56 7.83 1.98 0.18 9.23 11.95 0.21 10.32 4.52

2 Influent 5% 44312 512.87 42.4 5.9 416.6 370.5

Effluent +5 Flow 43817 507.14 8.28 1.94 0.18 9.67 12.37 0.21 10.62 4.65

5% ‐2% 0% 5% 3% 0% 3% 3%

3 Influent 10% 46422 537.30 42.4 5.9 416.6 370.5

Effluent +10 Flow 45927 531.57 8.69 1.9 0.18 10.08 12.76 0.22 10.9 4.78

10% ‐4% 0% 8% 6% 5% 5% 5%

4 Influent 11% 46844 542.18 42.4 5.9 416.6 370.5

Effluent +11 Flow 46349 536.45 8.77 1.89 0.18 10.16 12.83 0.22 10.95 4.8

11% ‐5% 0% 9% 7% 5% 6% 6%

5 Influent 12.5% 47477 549.51 42.4 5.9 416.6 370.5

Effluent +12.5 Flow 46982 543.78 8.89 1.88 0.18 10.28 12.94 0.22 11.04 4.84

12% ‐5% 0% 10% 8% 5% 7% 7%

6 Influent 15% 48532 561.72 42.4 5.9 416.6 370.5

Effluent +15 Flow 48037 555.99

7 Influent 20% 50642 586.14 42.4 5.9 416.6 370.5

Effluent +20 Flow 50147 580.41

8 Influent 60.90% 69293 802.00 42.4 5.9 416.6 370.5

Effluent +60.9 Flow 68798 796.27

9 Influent ‐5% 40092 464.03 42.4 5.9 416.6 370.5

Effluent ‐5 Flow 39497 457.14 7.37 2.02 0.18 8.76 11.5 0.2 10.02 4.38

‐6% 2% 0% ‐5% ‐4% ‐5% ‐3% ‐3%

10 Influent ‐10% 37982 439.61 42.4 5.9 416.6 370.5

Effluent ‐10 Flow 37387 432.72 6.87 2.05 0.17 8.27 11.03 0.2 9.7 4.24

‐14% 3% ‐6% ‐12% ‐8% ‐5% ‐6% ‐7%

11 Influent ‐20% 33762 390.76 42.4 5.9 416.6 370.5

Effluent ‐20 Flow 33167 383.87 5.84 2.1 0.17 7.24 10 0.19 9.01 3.94

‐34% 6% ‐6% ‐27% ‐20% ‐11% ‐15% ‐15%

12 Influent ‐50% 21101 244.23 42.4 5.9 416.6 370.5

Effluent ‐50 Flow 20506 237.34 2.82 1.95 0.13 4.24 6.67 0.17 6.51 2.91

‐178% ‐2% ‐38% ‐118% ‐79% ‐24% ‐59% ‐55%

13 Influent ‐34% 42202.08 488.45 42.4 5.9 416.6 245.8

Effluent ‐34 BOD 41607.08 481.56 10.91 3.13 0.25 12.31 16.05 0.41 7.84 3.11

28% 37% 28% 25% 26% 49% ‐32% ‐45%

14 Influent ‐49% 42202.08 488.45 42.4 5.9 416.6 189.3

Effluent ‐49 BOD 41607.08 481.56 10.4 4.86 0.28 11.75 17.18 2.41 6.4 2.36

25% 59% 36% 21% 30% 91% ‐61% ‐92%

15 Influent 5% 42202.08 488.45 42.4 5.9 416.6 389.1

Effluent +5 BOD 41607.08 481.56 7.33 1.81 0.17 8.71 11.29 0.23 10.69 4.7

‐7% ‐9% ‐6% ‐6% ‐6% 9% 3% 4%

16 Influent 10% 42202.08 488.45 42.4 5.9 416.6 407.52

Effluent +10 BOD 41607.08 481.56 6.86 1.65 0.16 8.24 10.68 0.26 11.04 4.87

‐14% ‐20% ‐13% ‐12% ‐12% 19% 7% 7%

17 Influent 15% 42202.08 488.45 42.4 5.9 416.6 426.56

Effluent +15 BOD 41607.08 481.56 6.42 1.48 0.16 7.79 10.08 0.31 11.4 5.06

‐22% ‐34% ‐13% ‐18% ‐19% 32% 9% 11%

18 Influent 20% 42202.08 488.45 42.4 5.9 416.6 444.95

Effluent +20 BOD 41607.08 481.56 6 1.33 0.15 7.37 9.54 0.38 11.75 5.23

‐31% ‐49% ‐20% ‐25% ‐25% 45% 12% 14%

19 Influent 5% 42202.08 488.45 42.4 6.20 416.6 370.5

Effluent +5 P 41607.08 481.56 7.59 2.07 0.18 8.99 11.8 0.2 10.33 4.53

‐3% 4% 0% ‐3% ‐1% ‐5% 0% 0%

20 Influent 10% 42202.08 488.45 42.4 6.49 416.6 370.5

Effluent +10 P 41607.08 481.56 7.95 2.04 0.18 9.36 12.13 0.2 10.34 4.54

2% 3% 0% 1% 1% ‐5% 0% 0%

21 Influent 20% 42202.08 488.45 42.4 7.08 416.6 370.5

Effluent +20 P 41607.08 481.56 8.04 2.09 0.18 9.47 12.3 0.21 10.35 4.55

3% 5% 0% 3% 3% 0% 0% 1%

22 Influent ‐5% 42202.08 488.45 42.4 5.61 416.6 370.5

Effluent ‐5 P 41607.08 481.56 7.8 1.95 0.18 9.19 11.88 0.23 10.31 4.51

0% ‐2% 0% 0% ‐1% 9% 0% 0%

23 Influent ‐10% 42202.08 488.45 42.4 5.31 416.6 370.5

Effluent ‐10 P 41607.08 481.56 7.8 1.92 0.18 9.17 11.83 0.27 10.3 4.5

0% ‐3% 0% ‐1% ‐1% 22% 0% 0%

24 Influent ‐20% 42202.08 488.45 42.4 4.72 416.6 370.5

Effluent ‐20 P 41607.08 481.56 7.88 1.83 0.18 9.23 11.81 0.44 10.24 4.48

1% ‐8% 0% 0% ‐1% 52% ‐1% ‐1%

 NO SOLUTION FOUND

 NO SOLUTION FOUND

 NO SOLUTION FOUND
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F. RESULT TABLES (B = RAS = 30 % ANA = 3026.9 m3, ANOXIC = 2142.6 m3, 
AEROBIC = 1690.3 m3 (44.1%) DOAEROBICREACTOR = 1.75 mg/L, DOPTF-STF 3mg/L) 

 
FIGURE A 29 PROCESS OF PHOSPHORUS REMOVAL 

 

 

FIGURE A 30 TYPES OF BIOMASS IN REACTORS 
 

Increasing/D

ecreasing Flow [m3/d] Flow [L/s]

Ammonia 

[mg/L]

Nitrate 

[mg/L]

Nitrite 

[mg/L] TKN mg/L Total N

Total P 

mg/L TSS mg/L Total BOD mg/L

1% 1% 1% 1% 1% 1% 5

001 Influent BASE SCENAR 42202.08 488.45 42.4 5.9 416.6 370.5

Effluent 41607.08 481.56 7.83 1.98 0.18 9.23 11.95 0.21 10.32 4.52

25 Influent 5% 42202.08 488.45 44.52 5.90 416.6 370.5

Effluent +5 TKN 41607.08 481.56 8.85 2.18 0.19 10.29 13.22 0.21 10.33 4.52

12% 9% 5% 10% 10% 0% 0% 0%

26 Influent 10% 42202.08 488.45 46.64 5.90 416.6 370.5

Effluent +10 TKN 41607.08 481.56 11.43 2.02 0.2 12.84 15.62 0.2 10.39 4.47

31% 2% 10% 28% 23% ‐5% 1% ‐1%

27 Influent 20% 42202.08 488.45 50.88 5.90 416.6 370.5

Effluent +20 TKN 41607.08 481.56 13.94 2.37 0.21 15.5 18.65 0.21 10.33 4.52

44% 16% 14% 40% 36% 0% 0% 0%

28 Influent ‐5% 42202.08 488.45 40.28 5.90 416.6 370.5

Effluent ‐5 TKN 41607.08 481.56 6.63 1.82 0.17 7.98 10.54 0.21 10.32 4.52

‐18% ‐9% ‐6% ‐16% ‐13% 0% 0% 0%

29 Influent ‐10% 42202.08 488.45 38.16 5.90 416.6 370.5

Effluent ‐10 TKN 41607.08 481.56 5.59 1.64 0.16 6.89 9.25 0.21 10.32 4.52

‐40% ‐21% ‐13% ‐34% ‐29% 0% 0% 0%

30 Influent ‐20% 42202.08 488.45 33.92 5.90 416.6 370.5

Effluent ‐20 TKN 41607.08 481.56 3.86 1.2 0.14 5.08 6.98 0.21 10.31 4.51

‐103% ‐65% ‐29% ‐82% ‐71% 0% 0% 0%


