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Abstract 

Application of waste stabilization ponds (WSP) in wastewater treatment in the tropical regions is primarily due to their 

affordability and relatively high treatment performance. Monitoring of 2-year nitrogen removal behavior in Kibendera WSP in 

Ruiru, Kenya, was undertaken between January 2021 and December 2022. The experimental work determined the 

concentrations and removal efficiencies of Ammonia, Nitrate, Nitrite, Organic Nitrogen and Total Nitrogen. Standard Methods 

for the examination of water and wastewater determined Nitrogen and Dissolved Oxygen (DO) concentrations. Based on the 

experimental data obtained, mass balance reaction rate models characterized the nitrogen transformation and removal behavior 

in the WSP. Whereas model calibration was achieved using observed data from January to December 2021, model validation 

was achieved using observed data from January to December 2022. Ammonia volatilization, sedimentation, mineralization, 

nitrification, denitrification and microbial ammonia uptake were the possible transformation and removal pathways. Whereas 

ammonia volatilization contributed the least to the overall nitrogen removal (0.01-0.02 mg/L.d), denitrification contributed the 

most (2.12-14.67 mg/L.d). Low DO levels and high ammonia concentrations were responsible for low nitrification rates and 

high microbial ammonia uptake respectively. Comparison between experimental and modelled effluent concentrations yielded 

correlation coefficients (r) of 0.77 and 0.69 for ammonia and organic nitrogen respectively during the calibration period. The 

corresponding model validation r values were 0.74 and 0.93 respectively. The good agreement between the model output and 

observed effluent concentrations implies that nitrogen removal prediction and optimization is possible. External aeration to 

spike DO concentration levels is necessary to enhance the long-term nitrification rates. 
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1. Introduction 

Application of biological wastewater treatment technologies 

such as septic tanks, aerated lagoons, trickling filters and waste 

stabilization ponds (WSP) in tropical developing countries 

owes to the fact that they are affordable. In addition, their high 

sewage treatment performance attributed to relatively high 

temperatures experienced throughout the year renders them 

appropriate in wastewater management [1, 2]. Temperature 

enhanced biological processes include nitrifica-

tion-denitrification, biological phosphorus removal and 

breakdown of organic matter. The preference and subsequent 

adoption of WSP as reliable wastewater treatment technology 

in Kenya is obvious as 55% of the available wastewater treat-

ment plants are WSP [3]. Nevertheless, the performance of 

these systems in conformity with local effluent guideline values 

remains unsatisfactory. This is attributed to the fact that some 

of the WSP are either operating beyond their hydraulic design 

capacities or are non-resilient and incapable of withstanding 

shock loadings introduced at their intake points by privately 

owned sewage exhausters [4]. Devastating concentration vari-

ations caused by shock loadings have not only been responsible 

for overwhelming and upsetting the microbial populations in 

the ponds but have also resulted in non-compliant effluent 

based on the National Environmental Management Authority 

Standards [4, 5]. The consequence has been deteriorating 

wastewater treatment performance, posing a threat to their 

long-term sustainability in wastewater treatment. 

The deteriorating performance has been responsible for 

discharge of nitrogen containing wastewater into natural 

waters as optimization of nitrification and denitrification 

processes is not achieved [6-8]. Whereas nitrification is re-

sponsible for transformation of ammonia to nitrate, denitrifi-

cation is an anaerobic process where nitrate transforms to 

nitrogen gas. Nitrification is characterized by two stepwise 

reactions namely ammonia oxidation and nitrite oxidation [9]. 

The effectiveness of biological nitrification and denitrifica-

tion in nitrogen removal has been questionable due to the high 

oxygen and external carbon source requirements [10-12]. In 

addition to nitrification-denitrification, other nitrogen re-

moval pathways are sedimentation of organic nitrogen, uptake 

by algae and ammonia volatilization [13-16]. Whereas some 

studies have revealed that nitrification denitrification is the 

major nitrogen removal pathway [16, 17], others have as-

serted that sedimentation of organic nitrogen is the main 

nitrogen removal pathway [14, 15]. 

Modeling achieves complete evaluation of WSP perfor-

mance in terms of nitrogen removal prediction under varying 

operating and shock loading conditions. Mathematical model-

ing methods have been found suitable for the analysis of ni-

trogen removal (Mayo 2013; Mukhtar et. al., 2017). Although 

studies have been conducted to investigate sewage treatment 

performance of WSP in Kenya [4, 19, 20], their ability to 

withstand hydraulic shocks and daily influent concentration 

variations remains unaddressed in available literature. There-

fore, modeling nitrogen removal using available data would 

guarantee short term and long-term WSP performance. 

The Kibendera Waste Stabilization Ponds have been in 

operation for the last six years. Although, several system 

performance studies have been carried out previously [4, 21], 

modeling studies to analyze nitrogen removal behavior are yet 

to be conducted and scientifically documented. In this regard, 

conducting such a study would not only form the basis for 

nitrogen removal optimization but also a scientific blueprint 

for possible replication in other WSP in Kenya. This study 

therefore aimed to: 

1. Determine the concentrations and removal efficiencies 

of different nitrogen fractions (Total Nitrogen, Ammo-

nia, Nitrate, Nitrite and Organic Nitrogen) in the 

Kibendera WSP over the 2021-2022 period. 

2. Model nitrogen transformation and removal using var-

ious mass balance reaction rate models. 

2. Materials and Methods 

2.1. Description of Waste Stabilization Ponds 

The Kibendera WSP commissioned in 2017 and serving the 

entire Ruiru sub-county’s population, covers a net area of 12.6 

ha. Its 4-train design configuration is characterized by four (4) 

Anaerobic, four (4) Primary Facultative, four (4) Secondary 

Facultative, two (2) First Maturation and two (2) Second 

Maturation ponds as shown in Figure 1. Sewage from sec-

ondary facultative ponds A and B drains into First Maturation 

A. On the other hand, that from secondary facultative ponds C 

and D drains into First Maturation B. Whereas the dry weather 

flow design flow capacity for each train is 2,625m
3
 per day, 

that of the entire system is 10,500m
3
/day. In addition, the 

system is characterized by an average hydraulic retention time 

(HRT) of 20 days (Table 1). 

Table 1. Design parameters for the Kibendera WSP. 

Ponds Depth (m)  HRT (Days) Surface Area (m2) Volume (m3) 

Anaerobic 4 1 5,500 22,000 

Facultative 1.75 9 55,600 97,300 
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Ponds Depth (m)  HRT (Days) Surface Area (m2) Volume (m3) 

First Maturation 1.50 5 32,300 48,450 

Second Maturation 1.50 5 32,300 48,450 

TOTAL  20  216,200 

 
Figure 1. Schematic of the Kibendera WSP. 

2.2. Flow Data 

The average inflow and outflow data over the period of 

study was obtained by reading the Parshall flume head read-

ings both at the intake and effluent points and computing the 

discharge using Equation 1 

𝑄 = 𝐶(𝐻)𝑛                    (1) 

Where; Q = Discharge (m
3
/day); H = Head (m); C = 1.612; 

n =1.578 (C is the free-flow coefficient and n is the exponent 

coefficient of the Parshall flume) 

2.3. Sampling and Analytical Methods 

Daily influent and effluent grab samples collected at 8.00 

a.m., and 4 p.m. were analyzed in the wastewater laboratory 

within the treatment plant. Standard Methods for the Exami-

nation of Water and Wastewater procedures [22] were applied 

for the analysis of total nitrogen and all the inorganic nitrogen 

fractions (ammonia, nitrate and nitrite). Organic Nitrogen was 

empirically derived using Equation 2. Dissolved oxygen (DO) 

concentrations were obtained in situ using a portable HACH 

dissolved oxygen/ pH meter. 

𝑂𝑟𝑔𝑎𝑛𝑖𝑐 𝑁𝑖𝑡𝑟𝑜𝑔𝑒𝑛 (𝑂𝑁) = 𝑇𝑜𝑡𝑎𝑙 𝑁𝑖𝑡𝑟𝑜𝑔𝑒𝑛 − (𝐴𝑚𝑚𝑜𝑛𝑖𝑎 + 𝑁𝑖𝑡𝑟𝑎𝑡𝑒 + 𝑁𝑖𝑡𝑟𝑖𝑡𝑒)              (2) 

2.4. System’s Treatment Efficiency 

The overall system efficiency was obtained using Equation 3 calculated as: 

𝑆𝑦𝑠𝑡𝑒𝑚 𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) =
𝐼𝑛𝑓𝑙𝑢𝑒𝑛𝑡(𝐶𝑖)−𝐸𝑓𝑓𝑙𝑢𝑒𝑛𝑡 (𝐶𝑒)

𝐼𝑛𝑓𝑙𝑢𝑒𝑛𝑡 (𝐶𝑖)
𝑥100                     (3) 

Where; 

Influent (Ci) = Influent concentration 

Effluent (Ce) = Effluent concentration 

2.5. Modeling Nitrogen Transformation and 

Removal 

The conceptual model represented by Figure 2 summarizes 

the various nitrogen fractions modeled in the study as well as 

their corresponding transformation and removal pathways. 

Model calibration and validation were achieved by splitting 

the data set into two sets. Model calibration was realized from 

January-December 2021 data while model validation was 

realized from January-December 2022 data. 
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Figure 2. Nitrogen transformation and removal pathways [23]. 

Nitrogen removal model was developed and calibrated using the following set of equations 

𝑑(𝑂𝑟𝑔−𝑁)

𝑑𝑡
=

𝑄𝑖𝑛

𝑉
(𝑂𝑟𝑔 − 𝑁)𝑖𝑛 −

𝑄𝑜𝑢𝑡

𝑉
(𝑂𝑟𝑔 − 𝑁)𝑜𝑢𝑡 − 𝑟𝑚 − 𝑟𝑠 + 𝑟𝐴 + 𝑟𝐵                         (4) 

𝑑(𝑁𝐻3−𝑁)

𝑑𝑡
=

𝑄𝑖𝑛

𝑉
(𝑁𝐻3 − 𝑁)𝑖𝑛 −

𝑄𝑜𝑢𝑡

𝑉
(𝑁𝐻3 − 𝑁)𝑜𝑢𝑡 − 𝑟𝐵 + 𝑟𝑚 − 𝑟𝑉 − 𝑟𝑛                         (5) 

𝑑(𝑁𝑂3−𝑁)

𝑑𝑡
=

𝑄𝑖𝑛

𝑉
(𝑁𝑂3 − 𝑁)𝑖𝑛 −

𝑄𝑜𝑢𝑡

𝑉
(𝑁𝑂3 − 𝑁)𝑜𝑢𝑡 + 𝑟𝑛 − 𝑟𝐴 − 𝑟𝑑                           (6) 

Where, Qin = Influent flow rate in m
3
/day; Qout= Effluent 

flow rate in m
3
/day. rn = Nitrification rate, (mg/L.d); rd = De-

nitrification rate, (mg/L.d); rm= Mineralization rate, (mg/L.day); 

rs = Net loss of organic nitrogen through sediments, (mg/L.d); 

rv = Volatilization rate, (mg/L.d); rB = Uptake rate of NH3-N by 

micro-organisms, (mg /L.d); rA = Uptake rate of NO3-N by 

micro-organisms (mg/L.d), d=depth of the pond (m). 

The rates for mineralization, nitrification, denitrification, 

ammonia volatilization, sedimentation of organic nitrogen 

and growth of microorganisms A and B are summarized in 

equations 7, 8, 12, 13, 14, 15 and 16. The process rates were 

later used to estimate the organic nitrogen and ammonia 

effluent concentrations based on Equations 4 and 5. 

𝑟𝑚 = 0.002𝑇 ∗ 𝑂𝑟𝑔 − 𝑁              (7) 

𝑟𝑛 =
𝑈𝑛

𝑌𝑛
( 

𝑁𝐻3−𝑁

𝐾1+ 𝑁𝐻3−𝑁
) 𝑥 ( 

𝐷𝑂

𝐾2+ DO
) x𝐶𝑇x𝐶𝑃𝐻       (8) 

Where,  𝑈𝑛,  𝑛, DO, K2 represent the nitrosomonas maximum 

growth rate (0.008 day
-1

), nitrosomonas yield coefficient (0.13), 

dissolved oxygen concentrations and oxygen nitrosomonas half 

saturation (assumed to be 1.3 mg/l) respectively. In cases where 

pH ≥ 7.2, 𝐶𝑃𝐻 = 1 while where pH < 7.2, the existence of free 

ammonia inhibits the growth of nitrifying bacteria. Hence the 

correction for the nitrification rate is expressed as 

𝐶𝑝𝐻 = 1 − 0.833(7.2 − 𝑝𝐻)             (9) 

𝐾1 =  10(0.051(𝑇−1.58))              (10) 

𝐶𝑇 = 𝑒∝(𝑇−𝑇0)                  (11) 

Where, To is the reference temperature and α is an empirical 

constant. The assumed respective values for To and α were 

15°C and 0.098/°C [17]. Denitrification rate, rd was obtained 

using Equation 12. 

𝑟𝑑 = 𝑅220𝜃
(𝑇−20) 𝑁𝑂3 −𝑁          (12) 

Where, θ and R220 are the Arrhenius constant (1.02< θ<1.09) 

and denitrification constant (0 <R220 <1) respectively. 

Whereas the rate of ammonia (NH3-N) volatilization was 

estimated using Equation 13, that of net loss of nitrogen to the 

sediments was represented by Equation 14. 

𝑟𝑣 = 0.0566 ∗  𝐸𝑥𝑝(0.13(𝑇 − 20)) ( 
𝑁𝐻3−𝑁

10(10.05−0.032𝑇− 𝑝𝐻) 
) (13) 

𝑟𝑠 = 𝑅𝑠 ∗ 𝑂𝑟𝑔 − 𝑁                 (14) 

Growth of organisms A and B representing the uptake of 

nitrate and ammonia fractions respectively by microbial 

populations was modeled using the Monod Kinetics as sum-

marized by Equations 16 and 17. However, considering the 

high abundance of ammonia over nitrate in the sewage, pref-

erential uptake of ammonia was considered over that of nitrate. 

This was due to the high ammonia abundance as well as the 
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high preference of ammonia over nitrate for cell synthesis 

[15]. Consequently, the uptake of nitrate by microorganisms 

was not considered further. 

𝑟𝐴 = µ𝑚𝑎𝑥20𝜃
(𝑇−20)  ( 

𝑁𝑂3−𝑁

𝐾4+ 𝑁𝑂3−𝑁
)  𝑂𝑟𝑔 − 𝑁 ∗ 𝑃1     (15) 

𝑟𝐵 = µ𝑚𝑎𝑥20𝜃
(𝑇−20)  ( 

𝑁𝐻3−𝑁

𝐾3+ 𝑁𝐻3−𝑁
)  𝑂𝑟𝑔 − 𝑁 ∗ 𝑃2     (16) 

3. Results and Discussion 

3.1. Effect of Flow Rate on Nitrogen Removal 

The mean monthly flow rates over the study period are 

shown in Figure 3. A previous study on the WSP revealed that 

the removal efficiency for nitrate and nitrite decreased with 

increased flow rate [4]. 

 
Figure 3. Mean monthly sewage influent flow rate. 

From Figure 3, highest flow rates of 21,054 m
3
/day and 

14,065 m
3
/day were observed in April 2021 and 2022 re-

spectively. The high flow rates were attributed to storm water 

intrusion of the ponds caused by long rains experienced 

during the period. Relatively higher flow rates were also 

observed during the short rainy months of November (11,091 

and 12,602 m
3
/day) and December (17,383 and 6,879 m

3
/day). 

The results were consistent with previous studies that showed 

high flow rates in wastewater treatment plants during the wet 

seasons [4, 24, 25]. The relationship between flow rate and the 

removal of various nitrogen fractions investigated by regres-

sion analysis, revealed no correlation between the flow rate 

and nitrogen removal rates (0.048<R
2
<0.126). 

3.2. Dissolved Oxygen Concentrations 

The dissolved oxygen (DO) concentration levels in the in-

fluent, Anaerobic (AP), Primary Facultative (PF), Secondary 

Facultative (SF), First Maturation (FM) and Second Matura-

tion (SM) ponds are as shown in Figure 4. 

 
Figure 4. Mean monthly DO levels in the various ponds within the system. 
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From Figure 4, least and highest DO concentrations were 

observed in the anaerobic (AP) and secondary maturation 

(SM) ponds. Anaerobic ponds receive sewage with very high 

organic loading compared to the oxygen entering the ponds. 

In addition, the high organic loading is responsible for de-

pleting the available dissolved oxygen. Based on this fact, low 

DO concentrations (0.1-0.7 mg/L) observed in the anaerobic 

ponds were expected [26, 27]. On the other hand, the shallow 

maturation ponds permitted surface transfer of atmospheric 

oxygen into the sewage to realize higher DO levels (0.7- 2.8 

mg/L). However, the DO values were relatively lower to those 

observed in the Dandora Waste Stabilization Ponds, where the 

range was from 2.66 to 19.77 mg/L [5]. Based on Figure 4, 

moderate DO concentrations (0.1-1.2 mg/L) observed in the 

primary and secondary facultative ponds were relatively 

lower to those observed in the Dandora WSP (0.79-14.05 

mg/L). DO in the facultative ponds was a result of symbiotic 

consumption of carbon dioxide and release of oxygen by the 

algal population within the ponds, that developed and pro-

duced oxygen in excess of their own requirements. This 

played a crucial role in breaking down organic matter in the 

sewage. Wind effect also contributed to the marginal increase 

of oxygen levels in the P.F. and S.F ponds [28]. Considering 

that bacteria uses oxygen to break down the organic matter in 

the sewage, the DO values observed were low to guarantee 

significant nitrogen transformation and removal [28]. 

3.3. Nitrogen Concentrations and Removal 

The concentrations and removal rates for various nitrogen 

fractions are represented in Figures 5, 6, 7, 8 and 9. 

 
Figure 5. Ammonia concentrations and removal rates. 

 
Figure 6. Nitrate concentration and removal rates. 
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Figure 7. Nitrite concentrations and removal rates. 

 
Figure 8. Organic Nitrogen concentrations and removal rates. 

 
Figure 9. Total Nitrogen concentrations and removal rates. 

From Figure 5, highest and least ammonia influent con-

centrations of 62.8 mg/L and 20 mg/L respectively were 

observed in July 2021 and May 2022 respectively. Least 

Organic Nitrogen and Total Nitrogen concentrations of 12.9 
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mg/L and 39.6 mg/L respectively (Figures 8 & 9) also char-

acterized the latter period. The observed concentrations were 

as a result of dilution effect caused by the increased flow rate 

recorded during the period (Figure 3). Similarly, storm water 

dilution was responsible for the least nitrate influent concen-

tration of 1.5 mg/L observed in April 2021. The effect of 

dilution on sewage concentration was previously studied [24, 

25]. Nitrite influent concentration values remained low 

throughout the study period (0.01-0.19 mg/L). Previous 

studies were also characterized with very low NO2
-
 concen-

trations (0.001<Nitrite< 1 mg/L) [29, 30]. 

From Figures 5, 8 & 9 least effluent concentrations of 9.8, 

4.1 and 15.1 mg/L were observed for ammonia, organic 

nitrogen and total nitrogen respectively in April 2021. Sew-

age dilution was responsible for the low effluent concentra-

tions observed during the period [25, 31, 32]. On the other 

hand, highest ammonia, organic nitrogen and total nitrogen 

effluent concentrations of 47.3, 22.2 and 72.8 mg/L respec-

tively were observed in August 2021. The high concentrations 

observed during the dry month of August reveals the system’s 

non-resilience to high variations in influent concentrations. 

Shock loads resulting in highest influent concentrations in 

July 2021 (Ammonia- 62.8, Organic Nitrogen- 57.9 and Total 

Nitrogen-124.3 mg/L) were responsible for the high effluent 

values in July and August 2021.The shock loads were as a 

result of external discharges from the privately owned sewage 

exhausters [4]. Preferential oxidation of ammonia that hin-

dered denitrification was responsible for the highest nitrate 

effluent concentration of 3.4 mg/L observed in July 2021 and 

May 2022. In July 2021, an influent ammonia concentration 

of 62.8mg/L observed favored the activity of ammonia oxi-

dizing bacteria (AOB) hence limiting the activity of denitri-

fying bacteria [33]. 

Based on Equation 3, the mean monthly removal efficiencies 

were obtained and summarized in Figures 5, 6, 7, 8 and 9. 

Highest removal efficiencies of 64.3%, 83.7% and 72.3% for 

Ammonia, Organic Nitrogen and Total Nitrogen respectively 

were observed in April 2021 under a flow rate of 21,054 m
3
/day 

(Figure 3). High dilution of the sewage due to storm water 

intrusion was responsible for this observation. Highest nitrate 

and nitrite removal efficiencies of 92.4% and 80% respectively 

were observed in February 2021 and February 2022. This was 

indicative of the fact that the denitrification process was opti-

mal under dry weather flow conditions. The highest removal 

efficiencies observed were a result of low dilution effect, re-

duced storm water intrusion into the WSP and long retention 

time that favored the denitrification processes. The relationship 

between influent concentrations, effluent concentrations and 

removal efficiencies was conducted to determine the R
2
 values. 

The relationship between influent and effluent concentrations 

yielded R
2
 values of 0.709, 0.022, 0.628, 0.601 and 0.709 for 

ammonia, nitrate, nitrite, organic nitrogen and total nitrogen 

respectively. Increased influent concentrations translated to 

increased effluent concentrations, an indication of the system’s 

non-resilience in attenuating spiked influent concentrations 

hence the spiked effluent concentrations. The corresponding R
2
 

values between influent concentrations and removal rates were 

0.077, 0.598, 0.013, 0.065 and 0.085 respectively. The high R
2
 

value observed for nitrate (0.598) was consistent with a previ-

ous study [34], where high influent nitrate concentrations under 

long HRT contributed to high nitrate removal rates and reduced 

nitrite concentrations. This was due to dissimilatory ni-

trate-to-ammonia process, explaining the low R
2
 values for 

nitrite and ammonia. 

3.4. Modeling Nitrogen Removal 

The major nitrogen removal pathways; volatilization, miner-

alization, sedimentation of organic nitrogen, denitrification, 

nitrification and ammonium uptake as well as their correspond-

ing rates are shown in Figure 10. The contribution of each pro-

cess in the overall nitrogen removal is summarized in Table 2. 

 
Figure 10. Nitrogen removal and transformation process rates. 
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Table 2. Percent Contribution for nitrogen removal and transfor-

mation processes. 

Process % Removal Contribution 

Volatilization 0% 

Mineralization 4− 12%  

Sedimentation 12− 25%  

Nitrification 4− 8%  

Denitrification 16− 55%  

Microbial ammonia uptake 21−54% 

From Figure 10, ammonia volatilization was the lowest 

compared to the other processes (0.01-0.02 mg/L.d) with a 

very insignificant contribution to the overall nitrogen removal 

(Table 2). This was consistent with previous studies that 

observed very low ammonia volatilization rates [17, 35]. The 

studies observed that loss by volatilization is more likely at 

higher pH (pH>12) since all the ammonia present in the 

sewage is converted into ammonia gas. The observed pH 

values (6.5 - 8.5) in Kibendera WSP were inadequate to 

realize high volatilization rates. 

The corresponding rates of mineralization, sedimentation, 

nitrification, denitrification and microbial ammonia uptake 

were 0.65-2.9, 1.29-5.79, 0.62-1.93, 0.31-2.33, 1.98-14.67 

and 4.77-8.16 mg/L.d respectively. Whereas mineralization 

realized the transformation of organic nitrogen to ammonia, 

nitrification realized the biological oxidation of ammonia to 

nitrate. The sedimentation of non-biodegradable organic 

nitrogen was also another pathway through which organic 

nitrogen was removed from the WSP. Previous studies have 

reported sedimentation coefficient values ranging between 

0.001 to 0.1 [36, 37].The higher sedimentation values ob-

served in the Kibendera WSP are attributed to high settling 

velocities of suspended solids observed in a previous study 

conducted on the same system [21]. In addition, the long 

retention time (Table 1) enhanced the sedimentation of 

non-biodegradable organic nitrogen. Previous research 

observed that settling of biodegradable organic nitrogen into 

sediments in the ponds is a permanent organic nitrogen 

removal pathway [38, 39]. Denitrification and microbial 

ammonia uptake contributed the highest nitrogen removal as 

summarized in Table 2. The contribution of algae in ammo-

nia uptake in WSP is available in previous research [36, 40]. 

Low nitrification rates observed were attributed to very low 

DO concentrations observed over the study period (0.1-2.8 

mg/L). Complete nitrification is possible under high DO 

conditions as 1 milligram (mg) of ammonia requires 4.57 mg 

of dissolved oxygen to be fully oxidized to nitrate [28]. In 

cases where the dissolved oxygen of sewage is low, nitrate 

becomes the electron acceptor thus enhancing the oxidation 

of ammonia. However, in this study, high ammonia influent 

concentrations (20-62.8 mg/L) compared to nitrate influent 

concentrations (1.5-11.2 mg/L) failed to realize significant 

ammonia oxidation. Hence the high ammonia presence 

resulted in a high ammonia preference for cell synthesis [15]. 

The calibration parameter values are summarized in Table 3. 

Table 3. Model calibration parameter values. 

Parameter Description Literature Value Calibrated Value Reference 

θ Arrhenius constant 1.01 to 1.09 1.08 [41] 

Rs ON. Sedimentation 0.001-0.1 0.1 [42] 

constant (d−1)     

K1 Nitrosom. half sat. 0.3-1.3 1.17 [43] 

 const. (mg/L)    

K2 Oxygen. Nitrosom. 1.3 1.3 [17] 

half sat. const. (mg/L)     

K3 Ammonia. half sat. 18 9.1 [44] 

 const. (mg/L)    

R20 denitrification constant (d−1) 0.0-1.0 0.9 [42] 

Yn Yield coeff. Nitrosom. 0.03-0.13 0.13 [45] 

 (VSS/mg N)    

µn Nitrosom. growth rate (d−1) 0-0.008 0.008 [17] 
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Parameter Description Literature Value Calibrated Value Reference 

µmax maximum growth rate 0.1 to 0.77 0.77 [17] 

at 20◦C (d−1)     

Table 4. Calibration and validation results for measured and estimated concentrations. 

Nitrogen Fraction  Correlation Coefficient (r) 

 Calibration  Validation 

Ammonia 0.78 0.74 

Organic Nitrogen 0.69 0.93 

 

 
Figure 11. Experimental and Model Effluent Concentrations. 

From Table 3, observations made show that many of the 

parameters resembled or were within the range of values 

obtained by other researchers. The high preference for am-

monia for cell synthesis and dissimilatory nitrate-to-ammonia 

process may be responsible for the lower K3 value observed. 

Based on Equations 4 and 5, estimated ammonia and organic 

nitrogen effluent concentrations were compared with exper-

imental data (Figure 11). The estimated values for the mod-

eled organic nitrogen and ammonia nitrogen agreed well with 

the experimental values. Table 4 shows the calibration and 
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validation results for estimated concentrations with measured 

ammonia and organic nitrogen concentrations. The high r 

values indicate that modelled concentrations were close to 

their corresponding observed concentrations for both calibra-

tion and validation periods. The values were consistent with 

those observed in previous studies [17, 18]. Considering that 

experimental data was collected under uncontrolled envi-

ronmental, chemical and physical conditions, the agreement 

between the model output and the observed effluent concen-

trations is reasonably good. 

4. Conclusion 

Nitrogen transformation and removal characteristics in 

Kibendera WSP were investigated in 2021 and 2022. The 

study involved both experimental and modeling work to 

determine effluent characteristics and removal rates for 

Ammonia, Nitrate, Organic Nitrogen, Nitrite and Total 

Nitrogen. The experimental data obtained modeled the 

nitrogen transformation and removal through ammonia 

volatilization, sedimentation of non-biodegradable organic 

nitrogen, mineralization, nitrification denitrification as well 

as microbial ammonia uptake. Mass balance reaction rate 

models estimated process removal rates. The experimental 

data revealed highest removal efficiencies of 64.3%, 83.7%, 

92.4%, 80% and 72.3% for Ammonia, Organic Nitrogen, 

Nitrate, Nitrite and Total Nitrogen respectively. Dilution 

effect due to storm water intrusion into the ponds as evi-

denced by lower influent and effluent concentrations was 

observed during the rainy months of April, May, November 

and December. Ammonia volatilization (0.01mg/L.d) and 

denitrification (14.67 mg/L.d) contributed to the least and 

highest nitrogen removal respectively. High ammonia 

presence over nitrate favored preferential microbial ammo-

nia uptake over nitrate uptake. In addition, low DO levels 

(0.1-2.8 mg/L) were insufficient to fully oxidize the ammo-

nia present in the sewage, hence very low nitrification rates 

(0.62-1.93 mg/L.d). Model calibration results yielded cor-

relation coefficients (r) of 0.77 and 0.69 for ammonia and 

organic nitrogen respectively. The corresponding correlation 

coefficients during model validation were 0.69 and 0.93 

respectively. The good agreement between experimental and 

modelled effluent concentrations renders the model useful to 

predict and optimize nitrogen removal from the Kibendera 

WSP. Providing external aeration to spike DO levels in the 

ponds is urgent to enhance nitrification process. 
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