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Introduction 

Many sewage treatment plants in sub-Saharan African countries 
become dysfunctional after a short period of time due to insufficient 
funds for operation and maintenance [1]. In Rwanda, 61% of the 
population had access to improved sanitation in 2011, compared to 
32% in 1990 [2]. The City of Kigali is growing rapidly at about 5% 
per annum, dramatically affecting the city landscape, with infrastruc-
ture now failing to cope with the loads imposed upon them. About 
83.3 of the households in Kigali have access to improved sanitation 
with the general picture as follows: flushing toilets 8.1%; pit latrines 
with constructed floor slab 75.2%; pit latrines without constructed 
floor slab 15.2%; and 1.5% with no access of any kind [3]. Only a 
small percentage of the residents in Kigali use conventional septic 
tanks, whilst less than 1% are connected to five small wastewater 
treatment plants, including the Nyarutarama natural wastewater 
treatment ponds. The configuration of the plant is innovative but its 
performance is not known. The plant’s effluent is discharged into an 
agricultural area where sugarcane, beans and sweet potatoes are 
cultivated. The main objective of this study was to assess the per-
formance of the individual treatment units of the Nyarutarama 
Wastewater Treatment Plant in terms of physico-chemical and bac-
teriological criteria. Specifically, the parameters monitored were 
temperature, pH, electrical conductivity (EC), total suspended solids 
(TSS), dissolved oxygen (DO), five-day biochemical oxygen de-
mand (BOD5), chemical oxygen demand (COD), total nitrogen (TN), 
total phosphorus (TP), ammonium-nitrogen (NH4-N), nitrate-

nitrogen (NO3-N), nitrite-nitrogen (NO2-N) & faecal coliforms (FC). 

Materials and Methods 

Description of the Study Area 

Fig-1 shows the location of the Nyarutarama Ponds in Kigali City, 

Rwanda. The Nyarutarama Ponds receive settled sewage from 483 
houses. The plant treats settled sewage from septic tanks and con-

sists of a primary pond which is 101 m in length, 66 m in width and 
1.5 m in depth (with portions of aerobic and anaerobic zones). The 

second pond is covered by water lettuce (Pistia stratiotes) and is 73 
m in length, 42 m in width and 1.2 m in depth. The third pond is a 

mixture of aquatic plants and free water surfaces with 67 m of 

length, 43 m of width and 0.9 m of depth (essentially a constructed 
wetland). Fig-2 shows the dimensions and layout of the ponds and 

how they are covered. At the inlet of the first pond, a flow measur-
ing device (Parshall Flume) was constructed. 

Sampling 

The sampling points were situated at the inlet, after the first pond, at 

the end of the water lettuce-covered pond and outflow of the con-
structed wetland [Fig-2]. 

The sampling was done for three months, from July to September 
2008. The parameters monitored are BOD5, COD, TP, TN, NH4-N, 

NO2-N, NO3-N, TSS, FC, DO, EC, pH, and temperature. The sam-
ples were collected and stored in 500 ml plastic bottles and placed 

on ice in cooler boxes. The samples were carefully preserved and 
analysed according to Standard Methods [4]. The DO, EC, pH, and 

temperature were measured in situ using HACH field testing kits. 
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Fig. 1- Map of Kigali City showing the location of sewage treatment 

plants and the Nyarutarama Ponds 

Fig. 2- Schematic diagram of the Nyarutarama Ponds, showing the 

layout, sampling points and some photos of the ponds. 

Flow Measurement 

The inflow to the ponds was determined by using a Parshall Flume. 
The head was measured continuously for one week at 30-minute 
intervals. The flow was calculated from Eq-1 for flow in a Parshall 

Flume as described by [5]. 

 Q = Chn      (1) 

where, Q = flow, m3/s; C = a constant = 1.403; n = coefficient de-

pending on shape, = 1.548; h = water head, m 

Data Analysis 

Data was analyzed for descriptive statistics using SPSS software in 
order to compare the removal efficiency of each unit. The results 
are presented in this paper as mean ± standard deviation. Results 

were compared with the Rwandan and European Union guidelines. 

Result 

Flow Measurement 

The flow in the Nyarutarama Ponds was monitored for a week in 
October 2008 and the results showed a mean value of 355±6 m3/d. 
Fig-3 shows the variation of flow in m3/d during that particular week. 
The maximum flow was observed on Sunday and the minimum on 
Thursday and this was attributed to variations in household activi-

ties which peak over weekends when most people are at home. 

Fig. 3- Daily inflows at Nyarutarama Ponds as measured in October 

2007 

Summary of Analytical Results 

The experimental results for the physico-chemical and bacteriologi-

cal analyses conducted in this study are summarised in Table-1.  

Table 1- Mean values and (±) standards deviation of physico-
chemical and bacteriological parameters monitored at Nyarutarama 

Ponds, July-October 2007 

Field Measurements of pH, Temperature and Electrical Con-
ductivity 

The pH variations were observed during sampling along the pond 
systems, with the effluent having a pH value of more than 7. The 
standard deviation did not show substantial fluctuations in pH. Sites 
2 and 3 had high values in comparison to Sites 1 and 4. This was 
expected since Ponds 2 and 3 were covered by floating aquatic 
plants and algae which would raise values of pH during the day due 
to photosynthetic activities. The mean temperature increased at 
Sites 2 and 3 due mainly to exposure to sunlight and decreased in 
the effluent with a mean of 24.3°C. The decrease was attributed to 
shading caused by the emergent plant species in the last pond. 
Electrical conductivity reduced by 85% in the final effluent. The 
comparison between EC results from Sites 3 and 4 showed an in-
crease in Site 4. The unexpected increase in conductivity at Site 4 
could be attributed to the concentration of wastewater after the loss 

of water through evapo-transpiration. 

Total Suspended Solids 

There were very high concentrations of TSS in raw sewage with 
very high fluctuations (526 ± 431) mg/L. In general, the third site 
showed higher concentration in TSS than in the second site and the 
fourth site. This is attributed to the nature of the pond which con-
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Parameter Site1 Site 2 Site 3 Site 4 

pH 7.5 ± 0.1 9.1 ± 0.7 9.7 ± 0.3 7.5 ± 0.2 

Temperature (°C) 24.4 ± 0.4 25.2 ± 0.2 25 ± 0.3 24.3 ± 0.8 

Conductivity (ms/cm) 919 ± 68 607 ± 44 528 ± 16 575 ± 32 

BOD5 (mg/L) 714 ± 457 140 ± 70 129 ± 43 38 ±14 

COD (mg/L) 1181 ± 314 250 ± 65 231 ± 27 61 ± 12 

NO2-N (mg/L) 0.027 ± 0.007 0.035 ± 0.008 0.007 ± 0.001 0.006 ± 0.001 

NO3-N (mg/L) 15.3 ± 3.5 11.6 ± 6.2 2.9 ± 1.1 2.3 ± 0.9 

NH4-N (mg/L) 20.1 ± 6.0 11.7 ± 2.7 6.5 ± 5.9 3.0 ± 1.4 

TN (mg/L) 35.4 ± 6.3 32.2 ± 9.7 36.0 ± 7.4 26.2 ± 3.7 

TP (mg/L) 11.8 ± 2.3 5.6 ±1.2 7.6 ± 3.5 3.0 ± 0.9 

TSS (mg/L) 526 ± 431.4 166.6 ± 120.7 207.0 ± 63.1 20.4 ± 8.9  

Faecal coliforms *103 
(cfu/100ml) 

58 ± 19.4 16.8 ± 2.9 7 ± 2.3 2.3 ± 0.2 
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tains high levels of suspended organic matter. The results show a 
mean TSS removal of 95% and the mean concentration of effluent 

was 20±8.9 mg/L. 

Organic Matter (COD and BOD5) 

The BOD5 concentration decreased along the course of the ponds, 
as expected. The final effluent quality was 61±12 mg/L COD and 
38±14 mg/L BOD5. The higher standard deviations of ±314 mg/L 
for COD and ±456 mg/L for BOD5 in comparison with the respective 
means were noticed in the settled sewage flowing into the first pond 
showing high variability in influent quality and the need for buffering. 

The overall percentage removal of BOD5 and COD was 95%.  

Nutrients 

Total Nitrogen and Total Phosphorus 

The total nitrogen removal followed the same pattern as that for 
total phosphorus. There seemed to be an increase in concentra-
tions in the water lettuce-covered pond for both parameters, sug-
gesting that the pond is retaining and accumulating nutrients. The 
mean effluent concentrations for TP and TN were 3.0 ± 0.9 mg/L 
and 26.2 ± 3.7 mg/L, respectively. The removal efficiencies for the 
same were respectively 83% and 25%, indicating poor plant perfor-
mance, especially for TN. It is possible that the aquatic weeds cover 
could be fixing nitrogen from the air, or simply that there is not 
enough conditions for nitrogen removal (ammonia volatilisation and 

denitrification). 

Ammonium, NH4-N 

Results for the mean concentration of ammonium-nitrogen show 
that the standard deviation was very high in the third site compared 
to other sites. This is attributed to changes in the environment 
(temperature) and ammonia volatilization and nitrification, which are 
related to changes in the pond coverage by the water lettuce. It was 
observed that there is no harvesting system for the macrophytes 

and sometimes the pond is completely covered whilst other times 
there is very little or no coverage. The overall mean percentage 
removal observed was 85% and the mean effluent concentration 
was 3.0 ± 1.4 mg/L. 

Nitrate-Nitrogen (NO3-N) and Nitrite Nitrogen (NO2-N) 

The increase in NO2-N in the first pond shows that significant nitrifi-
cation was taking place in this pond whilst in the subsequent ponds 
nitrification had decreased. However, this is not reflected by a cor-
responding increase in NO3-N concentration in the same pond. The 
pond had different zones of septic areas and algae-covered open 
spaces. It is possible that this zonation allowed for both nitrification 
and denitrification to take place considering also that the hydraulic 
retention time in the pond was calculated at 28 days for the first 
pond. 

Faecal Coliforms 

The faecal coliforms were expressed in colony forming units per 
100 ml. The coliform concentration were gradually decreasing until 
5.7*103, which is slightly more than 1,000 cfu/100ml recommended 
by WHO guidelines for restricted irrigation [6]. The mean removal 
efficiency for faecal coliforms was 96%. 

Analysis of Characteristics of the Treatment Ponds 

The details on the pollution loading of the treatment ponds including 
dimensions are shown in Table-2. This information is important for 
analysing the design and performance of the treatment systems 
and comparing this with other systems. The first part of the table 
gives general dimensions of the pond and characteristics of the 
flow. The second part gives, for each parameter, the nutrient load-
ing as kg/d, the surface loading as kg/m2/d, the volumetric loading 
as kg/m3.d and the amount of pollution load produced by one per-
son per day (unit load in g/cap.d. These are common design param-
eters in wastewater treatment [7]. 
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Table 2- Derived design data on the dimensions and loading of the plant based on results from this study 

    Primary Pond Lettuce-covered Pond Wetland-type Pond 

Daily flow, m3/d 355 HRT, d 28 HRT, d 10 HRT, d 7 

Population, # 2800 Surface area, m2 6666 Surface area, m2 3066 Surface area, m2 2868 

Unit flow, L/cap.d 127 Volume, m3 9999 Volume, m3 3679 Volume, m3 2580 

  Depth, m 1.5 Depth, m 1.2 Depth, m 0.9 

Parameter Type of loading             

BOD5  

Load, kg/d 253   50   46   

Surface loading, kg/m2.d 0.038   0.007   0.007   

Volumetric loading, kg/m3.d 0.025   0.005   0.005   

Unit load, g/cap.d 91           

COD  

Load, kg/d 419   89   82   

Surface loading, kg/m2.d 0.063   0.013   0.012   

Volumetric loading, kg/m3.d 0.042   0.009   0.008   

Unit load, g/cap.d 150           

TN  

Load, kg/d 12   11   13   

Surface loading, kg/m2.d 0.002   0.002   0.002   

Volumetric loading, kg/m3.d 0.001   0.001   0.001   

Unit load, g/cap.d 4.4           

TP  

Load, kg/d 4   2   3   

Surface loading, kg/m2.d 0.001   0   0   

Volumetric loading, kg/m3.d 0   0   0   

Unit load, g/cap.d 1.5           
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Discussion 

Flow Measurement 

The Nyarutarama wastewater treatment system received 355 m3/
day of wastewater, resulting in an overall hydraulic retention time of 
45 days. With a population of 2,800 and a surface area of 12,599 
m2, the pond area requirements are 4.5 m2/person. Natural 
wastewater treatment plants normally use an HRT > 20 days and 
area requirements of 2–5 m2/PE [7], indicating that the design of 

these ponds is within expected limits. 

Performance of the Primary Pond 

The removal efficiencies for the main sewage parameters from the 

primary pond are shown in Table-3. 

Table 3- Mean values of main sewage parameters normally moni-
tored at sewage treatment plants, showing removal efficiencies 
achieved in the primary pond at Nyarutarama 

The raw wastewater contained a mean concentration of 526 mg/L 
TSS while the primary pond effluent was 166 mg/L with the mean 
percentage removal of 68 %. The BOD5 decreased over the primary 
pond effluent from 714 ± 457 to 140 ± 70 mg/L. This reduction 
would be mainly due to anaerobic degradation and settlement in 
sludge formation. The COD also decreased. The mean BOD5/COD 
ratio for the primary pond was 0.56 and this means that a greater 
portion of the COD could be removed by biological treatment. Simi-
lar studies conducted by [8] on these ponds gave the BOD5/COD 
ratio of 0.45. The mean percentage removal of COD was 80%, 

which agrees with the design value for similar treatment units [9]. 

The total suspended solids removal in the primary pond showed a 
good removal efficiency of 68%. This could have been due to suffi-
cient hydraulic retention time of 28 days which gives more time for 
settling. The phosphorus removal in the primary pond was modest, 
with a mean removal efficiency of 53%. Faecal coliforms were sub-
stantially reduced in the primary pond; the percentage removal was 
71%. The die-off could be attributed to long hydraulic retention time 
which allows for enough time for pathogens to settle at the bottom 

of the pond and die off [8]. 

Performance of the Water Lettuce-covered Pond 

The removal efficiencies in the water lettuce-covered pond for the 

main sewage parameters are shown in Table-4. 

The mean pH was 9.7 ± 0.3. This was attributed to photosynthetic 
activities taking place during the day. Normally, in water lettuce-
covered ponds; pH decreases with the retention time [10]. During 
the course of the study, water lettuce was harvested by municipal 
authorities and then left to decompose on the embankments, from 
where it was washed back into the pond. A dense cover of water 
lettuce on the water surface could be the factor inhibiting oxygen 
from entering the water by diffusion from the air and photosynthetic 
production of oxygen by phytoplankton because of the poor light 
penetration. The water lettuce-covered pond functions like an an-

aerobic digester: the reactions, which take place in the intermediate 
zone of the pond, produce gases. According to [10], these gases 
attach to the TSS and are lifted to the surface, or they are trapped 
by the roots. BOD5 removal decreases in ponds covered with water 
lettuce because of the limited oxygen transfer into the water. It in-
creases with the concentration of nitrogen and can be hampered by 
a shortage of nitrogen. According to [10], the water hyacinth growth 
is optimal for N/P ratio comprised between 2.3 and 5. In Nyarutara-
ma ponds, the N/P ratio was 8.4. The negative removal efficiencies 

are due to the loss of water via evapotranspiration. 

Table 4- Mean values of main sewage parameters normally moni-
tored at sewage treatment plants, showing average removal effi-
ciencies achieved in the water lettuce-covered pond at Nyarutara-

ma 

Performance of the Constructed Wetland 

The removal efficiencies for the main sewage parameters for the 

constructed wetland are shown in Table-5. 

Table 5- Mean values of main sewage parameters monitored at 
sewage treatment plants, showing removal efficiencies achieved in 
the constructed wetland at Nyarutarama 

The passage of wastewater through the constructed wetland result-
ed in considerable improvement in water quality. The high TSS, 
nutrients and organic matter removal achieved by the third pond 
was consistent with reports for other constructed wetlands in litera-
ture [11]. A high reduction of faecal coliforms is normal for con-
structed wetlands, and nitrogen removal in this pond was also com-
parable with other wetlands [11]. The results from this study are in 
agreement with results reported in literature for TSS and phospho-
rus removal [14]. Nitrogen removal efficiency is within normal range 
[Table-6], although it seems there is an accumulation of organic 

material in the pond with the bulk of the nitrogen in particulate form. 

The removal of faecal coliforms in the water lettuce system and in 
the constructed wetland should be due to sedimentation at the bot-
tom of the ponds and photo oxidation as explained by Bolton and 
Greenway [1]. The mean percentage removal of 96% agrees with 

information in literature e.g. [11-13].  

Overall Performance of the Nyarutarama Ponds 

Table-7 shows the overall removal efficiency for the main sewage 
parameters normally monitored at sewage treatment plants. It also 
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Parameter Site 1 Site 2 Removal efficiency, % 

Hydraulic retention time, d  28  

BOD5 (mg/L) 714 140 80 

COD (mg/L) 1181 250 79 

TN (mg/L) 35 32.2 8 

TP (mg/L) 11.8 5.6 53 

TSS (mg/L) 526 166.6 68 

Faecal coliforms *103 (cfu/100ml) 58 16.8 71 

Parameter Site 2 Site 3 Removal efficiency, % 

Hydraulic retention time, d   10   

BOD5 (mg/L) 140 129 8 

COD (mg/L) 250 231 8 

TN (mg/L) 32.2 36 -12 

TP (mg/L) 5.6 7.6 -36 

TSS (mg/L) 166.6 207 -24 

Faecal coliforms *103 (cfu/100ml) 16.8 7 58 

Parameter Site 3 Site 4 Removal efficiency, % 

Hydraulic retention time, d   7   

BOD5 (mg/L) 129 38 70 

COD (mg/L) 231 61 73 

TN (mg/L) 36 26.2 27 

TP (mg/L) 7.6 3 60 

TSS (mg/L) 207 20.4 90 

Faecal coliforms *103 (cfu/100ml) 7 2.3 67 
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compares the final effluent with guidelines for discharge into a river 

or for irrigation. 

Table 6- Percentage reduction and expected effluent concentration 
for common contaminants in constructed wetland compared to 

Nyarutarama pond effluents. 

The overall removal efficiency for the main sewage monitoring pa-
rameters was satisfied except for the TN, which is very low (25%). 
Since NO2-N and NH4-N are low and TN is high, it is deduced that 
the bulk of the nitrogen is from suspended organic matter. The poor 
removal efficiency could also be due to the large population of 
ducks and other perching birds living in the constructed wetland. 
These could increase the organic nitrogen through their faecal drop-

pings into the pond [8,11]. The Rwandan guidelines for effluent 
discharge into a river are fairly new but it is shown in Table 7 that 
these are all met for the parameters studied. However, it should be 
noted that these guideline values are very conservative than the 
ones used in other countries [11]. Table-8 shows a comparison of 
the performance of the Nyarutarama Ponds to literature figures and 

it indicates that, overall, the performance is within expectations. 

Table 7- Overall-removal efficiency of main sewage parameters at 
Nyarutarama as normally monitored at sewage treatment plants, 
and comparison of effluent quality with relevant guidelines 
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 Parameter  

Literature Nyarutarama Ponds 

Expected 
Removal 
Efficiency 

Expected effluent 
Concentration 

Removal 
Efficiency at 
Nyarutarama 

Effluent Quality 
at Nyarutarama 

BOD5 70-90%   95% 38 mg/L 

TSS 51-98% 37-64 mg/L 90% 20.4 mg/L 

Nitrogen 12-96% 6.3-30 mg/L 27% 26.2 mg/L 

Phosphorus 12-91% 0.5-9.6 mg/L 83% 3 mg/L 

Source: Crites, et al [14] 

Parameter 
Influent 
Site 1 

Effluent 
Site 4 

Overall removal 
efficiency 

Allowable limit for 
effluent discharge into 

river in Rwanda * 

BOD5 (mg/L) 714 38 95% 50 

COD (mg/L) 1,181 61 95% 400 

TN (mg/L) 35 26.2 25% 30 

TP (mg/L) 11.8 3 83% 5 

TSS (mg/L) 526 20.4 96% 50 

Faecal coliforms 
*103 (cfu/100ml) 

58 2.3 96% 400 

*Source: Directives on Minimum Requirements for Liquid Waste Disposal and Treat-
ment, 2009 

Table 8- Treatment efficiency of Constructed Wetlands for various types of wastewater and configurations  

The Nyarutarama Pond system shows a greater potential as a via-

ble system for sewage treatment. Pollutant removal could be en-
hanced by proper management to control optimal harvesting, main-

taining macrophyte surface coverage, frequent desludging to re-
duce accumulation of pollutants, etc. Nitrogen removal could be 

improved by promoting separate zones for oxidation, ammonia 
volatilisation, and denitrification. A further study on nitrogen trans-

formations in such a system is therefore greatly recommended. The 
treatment plant should be properly fenced and manned by an at-

tendant. This would prevent outside interference from pedestrians, 
children and animal grazing. A private company or an individual 

could be assigned to carry out regular maintenance. At the time of 
the study there was hardly anyone responsible for this 

Conclusions 

From the results of this study, the following conclusions were 

drawn: 

 For the following parameters: BOD5, COD, TN, TP, TSS and 
Faecal coliforms the effluent met the Rwandan standards for 
effluent discharge into a river and the FAO effluent reuse in 

agriculture, despite low removal efficiency for total nitrogen 

which stood at 25%. 

 Removal efficiency of each pond is mainly moderate for almost 

all parameters except total nitrogen. 

 The water-lettuce coverage pond showed poor removal efficien-

cy for total nitrogen, total phosphorus and total suspended solid.  

Recommendations 

To ensure a reliable and sustainable management of Nyarutarama 

Ponds, the following actions are recommended: 

 The management of the ponds could be contracted out to en-
sure proper maintenance and operation of the ponds and their 

surroundings. 

 Installation of a system of removing screening and grit at inlet 
from the preliminary treatment processes in order to reduce the 
quantity of sludge accumulated in the primary pond and to pro-

tect the Parshall Flume. 

 Regular desludging and proper management of macrophytes 
coverage, including an optimal macrophyte harvesting regime, 

  Removal efficiencies, % 

Cases This study Case 1a Case 2b Case 3c Case 4d 

Parameter  Downstream of facultative pond Downstream of facultative pond Metallurgical industry effluent Treatment of storm-water General literature figures  

NH3-N, mg/L  77 -38.2 -49   

Org-N, mg/L  89.9    

NO3-N + NO2-N, mg/L  51.5 60-70 22  

TKN, mg/L   56.4  9 81 

TN, mg/L  25 56.2  16 30-90 

BOD5 , mg/L 95 82.2 77  60-96 

COD, mg/L 95  78  91.5 

TP, mg/L  83   12 78.5 

TSS, mg/L  96 91.5  9-46 89.5 

FC (CFU/100ml)  67 99.96   76 79-99.93 

dSource: Bastian & Hammer [18]; Reed and Brown [9]; Reed et al [20]. 
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is required to ensure their optimal growth and improved pollu-

tant removal efficiency. 

 Checking effluent quality regularly by routine analysis of key 
parameters, which are harmful to environment especially faecal 

coliforms, nutrients, chemical and biochemical oxygen demand. 
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