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Abstract

Eutrophication due to uncontrolled discharge of sewage water rich in nitrogen and phosphorous is one of the most significant
water quality problems world-wide. Nitrogen and phosphorous can be removed by activated sludge process, one of the widely
applied technologies among other conventional methods for municipal wastewater treatment. However, such technology
requires high capital and operational costs, making it unaffordable for many developing nations, including Ethiopia. This
study aimed to investigate the performance of two high rate algal ponds (HRAPs) in nitrogen and phosphorous removal from
primary settled municipal wastewater under high land tropical climate conditions in Addis Ababa. The experiment was run
under semi-continuous feed for 2 months at hydraulic retention times (HRT) ranging from 2 to 8 days and organic loading
rates ranging from 44.3 to 9.08 g COD/m*/day using two HRAPs 250 and 300 mm deep, respectively. In this experiment,
Chlorella sp., Chlamydomonas sp., and Scenedesmus sp. in the class of Chlorophyceae were identified as the dominant spe-
cies. The maximum TN and TP removal of 91.70 and 82.81% was achieved in the 300 mm deep HRAP during 8 and 6 day
HRT operations, respectively. Increased HRT and pond depth increased nutrient removal but high chlorophyll-a biomass
was observed in the 250 mm deep HRAP. Therefore, the 300 mm deep HRAP is promising for scaling up nutrient removal
from municipal wastewater at a daily average organic loading rate in the range of 14.3-15.33 g COD/m*/day or 10.34—11.46
g BOD5/m2/day and a 6 day HRT. We conclude that HRAP is a dependable approach to remediate nitrogen and phosphorous
from primary settled municipal wastewater in Addis Ababa climate with appropriate control of pond depth, organic loading
rates and HRT.
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Introduction lack of sanitation infrastructure, skill and knowledge of

wastewater treatment (De Troyer et al. 2016). As a result,

Sewage water treatment is a major challenge in developing
country due to the inadequacy of sanitation facilities (Wang
et al. 2014). In Ethiopia, the level of wastewater manage-
ment is low, even by sub-Saharan standards due to a general
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large volumes of untreated wastewater are discharged to the
environment every day. A survey by the Ministry of Water
Irrigation and Energy (MoWIE) showed that only 7.3% of all
sewage generated in Addis Ababa is treated to the secondary
level (MoWIE 2015). The release of untreated waste into
the ecosystem is an emerging threat for Ethiopia because
most of the population depends on fresh water resources for
its livelihood (Renuka et al. 2015). Furthermore, untreated
sewage provides a breeding ground for many disease causing
organisms, especially in urban areas.

Untreated wastewater contains high levels of organic
and inorganic pollutants and its discharge can damage the
receiving water in many forms, ranging from aesthetic
to physico-chemical characteristics (Chan et al. 2009).
Eutrophication due to uncontrolled discharge of sewage
water rich in nitrogen and phosphorous is one of the most
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serious water quality problems world-wide. In sewage
water, nitrogen exists mainly in the form of ammonia/
ammonium ion, nitrite and nitrate, whereas phospho-
rous occurs mainly as orthophosphates, polyphosphates
and organically bounded phosphates (Garcia et al. 2002;
Abdel-raouf 2012). High nitrogen level, in particular
nitrate in drinking water, can cause a number of human
health problems, such as methemoglobinemia in infants
and cancer in adults (Mayo and Hanai 2014). Likewise,
high ammonia concentration has a toxic effect on fish and
many other aquatic organisms. Furthermore, ammonia can
deplete dissolved oxygen concentration and can alter the
microbial community structure in the aquatic environment.

Nitrogen and phosphorous can be removed by the acti-
vated sludge process, one of the widely applied technologies
among conventional methods for municipal wastewater treat-
ment. However, there are a number of limiting factors asso-
ciated with such technology in developing nations, includ-
ing the difficulty to procure initial capital investments, lack
of reliable energy supplies, and lack of technical expertise,
all of which are expensive commodities in these countries
(Wang et al. 2014; Renuka et al. 2013; Olukanni and Ducoste
2011). Even after these technologies are built and put into
operation, the removal process of N and P requires continu-
ous chemical input, which is costly and in turn, produces
large volumes of sludge that must be disposed of, often a
tedious process (Olguin 2012). The algae-based wastewater
treatment process, on the other hand, represents a potential
alternative technology that has attracted considerable atten-
tion in recent years as a cost-effective and environmentally
compatible method (Pittman et al. 2011).

Microalgae utilize large amounts of carbon, nitrogen and
phosphorous for their growth and further store excess nutri-
ents within their cells for future use (Rawat et al. 2016).
This ability allows them to remove nutrients at high rates
when applied to wastewater treatment using semi-engineered
systems such as oxidation pond and facilitative ponds (Cai
et al. 2013). In addition, ammonia stripping and phosphate
precipitation due to increased pH account for substantial
amounts of nutrient removal, which is indirectly driven by
algal photosynthetic activity (Garcia 2000; Martinez et al.
2000). The most common use of microalgae in wastewater
treatment is in waste stabilization ponds (WSP) (Olukanni
and Ducoste 2011; Kaya et al. 2007). Although WSP can
reduce organic pollutants to acceptable levels at minimal
cost and maintenance, slow reaction rate, requirements for
large areas of land, inconsistent nutrient removal and high
algal seston concentration in the effluent are often prob-
lematic (Mayo and Hanai 2014; Davies-Colley et al. 1995).
These limitations may be attributed to non-optimal design
features of WSP to support intense algal growth (Olguin
2003). High rate algal pond systems (HRAPs) may over-
come reaction rate, increase treatment efficiency, reduce the
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size of the land area required and increase biomass produc-
tion due to their better aeration and mixing system (Cho
et al. 2017; Shen 2014).

HRAPs with shallow depth (0.2-0.5 m) with algal
cells kept in suspension by a paddlewheel mixing system
improved the removal of COD, suspended solids, and path-
ogens (Craggs et al. 2012). HRAPs are the most efficient
reactor system for maximum utilization of solar energy and
cost-effectiveness for commercial biomass production using
wastewater resources (Olguin 2012). While biofuel produc-
tion from microalgal biomass is being considered as the most
suitable energy alternative in the current economic climate,
a promising method of biofuel production from algal bio-
mass is cultivating algae in an efficient reactor using nutri-
ents from wastewater that ensure low cost treatments (Rawat
et al. 2013). HRAPs are efficient reactors currently available
for the dual applications of wastewater treatment and bio-
fuel production, and their use has increased during the last
few decades (Sutherland et al. 2014; Nurdogan and Oswald
1995). As in other pond systems, organic matter removal in
HRAP wastewater treatment systems is the result of algae/
bacteria symbiotic processes. Algal photosynthetic activity
supplies oxygen for organic matter oxidation by bacteria
and algae, in return, utilize CO, produced from bacterial
respiration for growth (Mun and Guieysse 2006). Further-
more, HRAP can provide consistent nutrient removal and
efficient natural disinfection of pathogens in WSP (Craggs
et al. 2012).

The performance of HRAP wastewater treatment is influ-
enced by a variety of factors, including temperature, solar
radiation, variable nutrient concentration and organic load-
ing rates (Larsdotter 2006; Grobbelaar 2010). These fac-
tors need to be optimized, otherwise they can alter physi-
cal, chemical and biological processes in the system and, in
turn, can compromise the development of microorganisms
involved in pollutant removal and thus ultimately affect treat-
ment efficiency (Assemany et al. 2015). However, negative
influences of many physical/chemical factors can be mini-
mized through modification of HRAP operational features,
such as organic loading rate, pond depth and hydraulic reten-
tion time (Sutherland et al. 2015). Pond depth influences
the physical, biological and hydrodynamic aspect of ponds.
According to Sutherland et al. (2014), the volume of waste-
water treated and the amount of light a microalgae receive
are largely determined by pond depth and other factors such
as biomass concentration and mixing regime. Furthermore,
the depth of ponds can also affect the treatment efficiency by
altering the synergetic balance between heterotrophic bacte-
ria and autotrophic microalgae through organic carbon and
oxygen exchanges (Lundquist et al. 2010).

Pond hydraulic retention time (HRT) is also an impor-
tant parameter of proper pond design of HRAP and ulti-
mately affects effluent quality and algal biomass production
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(Faleschini et al. 2012). Cromar and Fallowfield (1997)
observed that phosphorous removal in agricultural waste-
water increased from 69 to 93% in HRAP when HRT was
increased from 5 to 7 days. However, they found chloro-
phyll-a to decrease from 1.76 to 1.01 mg/l at 5 and 7 day
HRT, respectively. In another report, the removal of nitro-
gen from urban wastewater improved with increasing HRT
in pilot HRAP operated for 1 year at variable HRT and 11
to 25 °C temperature range (Garcia 2000). Although vari-
ous suggestions of HRT for HRAPs have been made (Rawat
et al. 2016), several studies recommended HRT in the range
of 3-10 days in different seasons and climatic conditions
(Olguin 2003; Nurdogan and Oswald 1995; Mehrabadi
et al. 2015). Depth, HRT and climate conditions also affect
organic loading rate, as the loading rate is directly related
to the ability of ponds to remain aerobic (Butler et al.
2017). According to USEPA (2011), HRT between 120 and
180 days are required for the BOD loading rate between
11 and 22 kg/ha/day, respectively, in winter at temperatures
below 0 °C to achieve 95% BOD; removal efficiency. This
shows that many of the factors affecting the performance
of HRAP are interrelated, suggesting that optimizing these
parameters is critically important.

Various studies have tested HRAPs for the treatment of
municipal, industrial and agricultural wastes (Park et al.
2011). Some studies have been carried out to optimize
HRAP performance for wastewater treatment focusing on
single operational feature such as depth, HRT, mixing sys-
tem and organic loading rate (Garcia 2000; Sutherland et al.
2014; Cromar and Fallowfield 1997). These studies exam-
ined operational and environmental conditions for maxi-
mum algal growth and productivity, which are fundamental
to the successful application of HRAP both for wastewater
treatment and biomass production for economic use. Other
factors in algal growth and productivity in HRAPs include
organic loading rate and others, all of which are affected by
weather conditions. Therefore, site specific studies under
variable operational conditions need to adjust design criteria
to local climate and weather conditions. Hence, this study
aimed to determine the performance of HRAPs for nitrogen
and phosphorous removal from primary settled municipal
wastewater using two pond depths with different HRT and
organic loading rate in the tropical highland climate of Addis
Ababa, Ethiopia.

Materials and Methods
Experimental Site and Wastewater Characteristics
Primary settled wastewater was used in the experiment. The

wastewater was primary sedimentation chamber wastewater
from a waste stabilization pond (WSP) located in Akaki/

Kaliti wastewater treatment station in the southern part of
Addis Ababa. The city is located at 2400-2500 m altitude
and sub-humid tropical highland climate. The Akaki/Kaliti
treatment system consists of two series of ponds, each con-
sisting of one facultative pond, one maturation pond and
two polishing ponds. The treatment plant receives daily
about 7600 m? of sewage water, which it discharges into the
Little Akaki River after approximately 30 day HRT. The
physico-chemical quality of the wastewater after primary
sedimentation used in this study is shown in Table 1. In
terms of organic content, the influent can be classified as
weak, medium and strong wastewater (Metcalf-eddy 2003).

Experimental Setup

In order to assess the treatment performance of the pilot
HRAPs as a function of depth and HRT, two similar HRAPs
at two different water depth (250 and 300 mm) and corre-
sponding working volume of 0.43 and 0.52 m* were con-
structed. The pilot unit ponds were constructed from locally
available materials with the following dimensions: width
0.6 m, length 1.8 m and illuminated surface area 2.0826 m>.
Two three-paddlewheels, each 0.28 m in diameter and made
from stainless steel, were locally constructed for mixing the
wastewater and mounted to a 4 m long metal shaft. The two
HRAPs were placed parallel to each other in a way that was
suitable for the movement of the water in the two ponds with
the metal shaft at the same rotational speed (Fig. 1). The
shaft was driven by a 0.1 kW electric motor with a speed
control to provide 0.2 m s~! horizontal water velocity. The
pond bottom was lined with plastic geomembrane to prevent
infiltration of wastewater.

Experimental HRAP Operation
The two HRAPs were operated under four different HRTs: 2,

4, 6 and 8 days. The range of the depth and HRT operational

Table 1 Physico-chemical characteristics of the wastewater used in
the study

Parameter (mg/l) n Average Standard Range
deviation
pH 24 7.26 1.38 6.63-8.06
TDS 24 398.32 82 340-422
TSS 24 260.45 122.8 128-312
TP 24 13.81 14 11.5-16
N 24 80.12 5.37 68.3-88.32
NH,-N 24 38.14 4.6 30.56-45.8
DRP 24 11.27 1.12 9.5-13.24
BOD; 24 266.49 39 246-285
COD 24 355.55 42.65 335-378
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Fig. 1 Layout of the two pilot
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parameters was chosen based on the recommendations by
various studies of HRAP reactors (Olguin 2003, 2012; Nur-
dogan and Oswald 1995; Mehrabadi et al. 2015). Initially,
both HRAPs were operated in batch mode for 10 days to
allow stabilization of algae in the ponds as described by
Kim et al. (2014), and then switched to semi-continuous
mode. The daily influent flow rate to maintain a semi-contin-
uous mode was calculated using working volume and HRT.
Accordingly, 215L, 108L, 72L, 54L in the 250 mm deep
and 258.4L, 130L, 86L, 65L in the 300 mm deep HRAP
were exchanged daily with algal culture during 2, 4, 6 and
8 day HRT operations, respectively. The corresponding aver-
age organic loading rates at each HRT based on the influent
wastewater characteristics are shown in Table 2.

Fresh wastewater after sedimentation in the primary sedi-
mentation chamber was pumped to a S00L tank installed
near the experimental facility. After taking a 250 ml sample
using a clean plastic bottle for laboratory analysis, respec-
tive prescribed volumes of wastewater were measured and
exchanged with equal volumes of culture during the semi-
continuous operation between 10:00 a.m. and 10:30 a.m.
every day. The experiment was run for 2 months from
March to April, 2016, approximately for 15 days under
each HRT. Before starting the semi-continuous experiment,
both HRAPs were pre-cultured with 10L of indigenous

wastewater containing the algae consortia Chlorella sp.,
Chlamydomonas sp. and Scenedesmus sp. obtained from the
effluent of a maturation pond and allowed to operate in batch
mode for 10 days to allow the stabilization of algae in the
pond. On the 10th day, the concentration of algal biomass
exceeded 1 g/l which, according to Kim et al. (2014), can be
acclimatized to the organic and nutrient loading rate during
continuous process treatment.

Experimental Control and Nutrient Measurements

Grab samples from each HRAP effluent were collected every
2 days for laboratory analysis of nutrients using 250 ml sam-
pling between 10:00 and 10:30 a.m. throughout the course
of the experiment. All nutrient samples were pre-filtered
through Whatman GF/C filters and the analytical method
was used for these parameter following standard procedures
outlined by the APHA (2005). Accordingly, orthophosphate
and TP were analyzed by the ascorbic acid method, nitrate
by the cadmium reduction method, and ammonia by the
ammonia salicylate method. Other physical parameters were
measured daily onsite; pH by (HI 9024 microcomputer pH
meter; HANNA instruments) TDS conductivity and salinity
by (SX713 Cond/TDS/Sal/Res meter; HANNA instruments)

Table2 Average organic and

; . . HRT Average organic and nutrient loading rates (g/mz/day)
nutrient loading rates in 2, 4, 6
and 8 day HRT operations 250 mm deep HRAP 300 mm deep HRAP
COD BOD TN TP COD BOD TN TP

2 36.83 27.53 3.82 1.19 44.27 33.09 4.59 1.43
4 18.52 13.66 2.04 0.56 22.29 16.44 245 0.68
6 12.40 9.15 1.39 0.38 14.81 10.93 1.66 0.46
8 9.08 6.87 0.89 0.29 10.92 8.27 1.08 0.35
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and dissolved oxygen by an oxygen meter (Co-411 ELMEI-
RON) throughout the experimental period.

Species and Chlorophyll Analysis

Three major algal species resident in the experimental ponds
were identified at the genius level with the help of an inverted
microscope (Leica model) equipped with a Leica microscopic
camera at a magnification of 400X using various identification
keys (2005). Chlorophyll-a was determined spectrophotometri-
cally according to the monochromatic method of Lorenzen
(APHA 2005). Then 150 ml of samples were filtered through
Whatman GF/F filters for the determination of total chl-a. Pig-
ments of cells retained on the filter papers were extracted in
90% acetone for 24 h in the dark at 4 °C after homogeniza-
tion. Chl-a concentration was determined using the following
formula by Lorenzen (1966):

Ch — a(mg/m’) = [26'7(E665b = Egs00) = (Bggsa — E750a)] LZ;CV
where V,=volume of extract in milliliters V =Filtered
volume in liter L = Cuvettes light-path in centimetres
E¢6s, = Optical density before acidification Eg4s, = Optical
density after acidification E45,, = Optical density for light
scattering before acidification E5,, = Optical density for
light scattering after acidification.

Finally, each analysis was made in triplicate. All data points
represent the mean of replicate measurements except where
noted. Finally, the percentage reduction was calculated based
on the following equation:

Influent concentration — effluent concentration

Data Analysis

The software package, SPSS Statistics 21 were used to
perform the statistical analysis. One-way analysis of vari-
ance (ANOVA) was used in the case of replicate measure-
ments. Paired ¢ test was used to evaluate the difference in
mean organic removal between the two treatments at 5
and 1% significant levels. Pearson correlation was used
to evaluate the relationship between variables. Microcal
origin (8.0) was used for data plotting and graphs.

Results and Discussion

Environmental Variables and Chlorophyll-a
Production

Culture pH, DO and chlorophyll-a production were posi-
tively correlated to HRT in both HRAPs. The pH values
increased to 9.02 and 8.97 from the same average initial
pH value of 6.73 in the 250 and 300 mm deep HRAPs
during the 9-day batch treatment period, respectively.
The maximum pH values tested were 9.34 and 9.16 dur-
ing 4-day HRT operation in the 250 and 300 mm depth
HRAPs, respectively. Maximum DO production of
10.08 mg/l in 250 mm deep HRAP and 12.01 mg/l in the
300 mm deep HRAP were observed during 6-day HRT
operation. The maximum chlorophyll-a levels in the 250
and 300 mm HRAPs were 2.91 and 2.76 mg/1 during 4-day

Removal efficien :( - -
Y influent concentration

) % 100.

Weather Condition

Daily solar radiation data were obtained from CAMS McLean
v2.7 Satellite model at 8.77565N and 38.85E in Addis Ababa,
Ethiopia (http://www.soda-pro.com/web-services/radiation/
cams-mcclear). Daily temperature data were provided from
the nearby meteorological station in Akaki/Kaliti. The mini-
mum and maximum daily solar radiation from March to April
was 7.46 and 8.35 kW/m?/day, respectively. The minimum and
maximum daily air temperature between March and April was
23 and 31 °C, respectively. March—May are the driest months
(spring season) in Addis Ababa. Review of a meteorologi-
cal record showed that the maximum solar irradiation and
temperatures occured during spring. The temperature and
radiation data recorded during the experimental period fall
in the favourable range for most microalgal species (Mun and
Guieysse 2006).

HRT operation, respectively.

While culture pH and DO were positively correlated
with HRT in both HRAPs, a different trend was observed
between pH and DO with respect to the operational depth.
Higher DO production was observed in the 300 mm HRAP
than the 250 mm HRAP, whereas higher pH values were
observed in the 250 mm HRAP than the 300 mm HRAP
(Table 3). This pattern may be explained in terms of car-
bon requirement, biomass concentration and pond depth.
High chlorophyll-a concentration was observed in the
250 mm deep HRAP, which means higher carbon require-
ment, but considering the absence of external carbon
addition, the available inorganic carbon from wastewa-
ter and paddling was more likely over consumed in the
shallow HRAP and the rise of culture pH due to organic
dissociation. Furthermore, higher chlorophyll concentra-
tions coupled with carbon limitation can reduce photo-
synthetic efficiency at least during some parts of the day
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and result in less cumulative DO production in shallow
ponds (Sutherland et al. 2014). In such case, deeper ponds
are more favorable to keeping the pH at moderate values,
which was also evidenced in our study with relatively low
pH values in the deep HRAP.

On the other hand, areal chlorophyll-a biomass pro-
ductivity increased with increasing pond depth after 2 day
HRT operation. This suggests that algal growth in 300 mm
HRAPs was less affected by inorganic carbon limitation due
to pond depth while algal growth in the shallow HRAP was
more constrained in spite of favorable mixing and light expo-
sure Sutherland et al. (2014). Inorganic carbon concentration
from wastewater was higher in the 300 mm HRAP since this
was directly linked to the influent flow rate. Chlorophyll-
a biomass of 2.6 mg/l in HRAP wastewater treatment was
also reported by Cromar and Fallowfield (1997). However,
they recorded a chlorophyll-a biomass of 3.49 mg/l when
operating the same HRAP with higher carbon loading than
in the present study. As discussed above, maintaining the
availability of excess inorganic carbon is often a challenge
in municipal wastewater algae cultivation as this limits algal
photosynthetic efficiency via chlorophyll productivity and
nutrient removal.

Effect of HRT on Nitrogen and Phosphorous
Removal

The average concentration of TN, TP, NH,—N and dis-
solved reactive phosphorous (DRP) with corresponding
removal efficiencies at each HRT operation are shown
in Table 4. There was a general increase in nitrogen and
phosphorous removal with increased HRT. TN removal
was significantly correlated with HRT during the 2 and
6-day operations. The concentration of ammonium was
reduced during 4-day HRT and remained low during 6
and 8-day HRT operations in both HRAPs (Fig. 2). TP
and phosphate removal were also positively correlated
with HRT during 2, 4 and 6-day operations of HRAPs.
However, the concentration of total phosphorous increased
during the 8-day HRT operation (Fig. 3). The slightly
higher concentration total phosphorous observed after the
system switched to 8 day HRT operation was probably
due to algae biomass respiration in the sediment resulted
in re-dissociation of phosphate back to the solution. A
past study has also observed similar phenomena in pilot
HRAPs operated for 1 year at HRT ranging from 3 to
10 days (Garcia et al. 2002).

Theoretically, a minimum of 4-day HRT should be used
to avoid washout according to the criteria HRT > ”AIOB,
where 1, is the growth of ammonium oxidizing bacteria
(USEPA 2011). Interestingly, the data from both HRAPs

Table 3 Average values of

Parameters HRT

pH, DO, temperature, solar

radiation, chlorophyll-a 250 mm deep HRAP 300 mm deep HRAP

production and areal biomass

productivity at different HRTs 2 4 6 8 2 4 6 8
pH 8.80 9.18 9.07 8.98 8.57 8.93 8.90 8.85
DO (mg/l) 9.23 10.23 10.16 9.60 9.50 10.09 11.57 10.73
Chlorophyll-a (mg/1) 1.64 2.51 2.82 2.77 1.30 222 2.62 2.57
Temperature (°C) 2633 2753  27.07 2792 2633 2753 27.07 27.92

Solar radiation (kW/mz.day) 7.88 7.96 8.07 8.11 7.88 7.96 8.07 8.11

Table 4 Average influent

! Parameter 250 mm deep HRAP 300 mm deep HRAP
concentration and removal
efficiencies HRT 2 4 6 8 2 4 6 8
TN (mg/l) Influent 7898 80.79 79.03 81.81 56.39 8450 89.09 91.79
Rem. eff (%) 64 81.8 85.38  89.23 56.39 8450 89.1 91.7
NH,-N (mg/l)  Influent 36.96 39.27 4029 34.56 36.96  39.27 4029 34.56
Rem. eff (%) 93.27 96.71 100 100 87.75 96.80 100 100
TP (mg/l) Influent 1424 1396 13.06 13.664 1424 1396 13.06 13.664
Rem. eff (%) 51.10 6226 77.81 7578 4192 66.10 82.81 76.85
DRP (mg/1) Influent 11.56 10.84 1240 11.11 11.56 10.84 1240 11.11
Remeff. (%) 4323 70.09 8737 76.85 4537 7727 9158 84.19
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in our experiment fit this condition very well during 4, 6
and 8 days HRT operations by using some constants from
other models such as, K, =0.74 mg/l and pyax =0.5/day
from activated sludge model (Henze et al. 2000), and

NH,-N )(Metcalf—eddy 2003). This shows

”AOB ”max NH N+k

that nitrification can possibly be performed after 4-day
HRT operations in both HRAPs in the presence of a suit-
able aerobic environment. We and others (Faleschini et al.
2012; Ahmad et al. 2011) reported that the intermediate
denitrification stage may be suppressed due to the preva-
lence of DO in the reactor and nitrates as a byproduct of
nitrification may be taken up by algae after 4 days

operations. This possibility is strengthened by the positive
correlation observed between chlorophyll-a biomass and
HRT during 6-day HRT operations despite the depletion
of NH,—N concentration early during 4-day HRT opera-
tion, in both HRPs. This phenomenon further indicates
that algae shifted the nutrient source to nitrate after 6-day
HRT following the near complete-exhaustion of NH,—N in
the system after 4-day HRT operations.

Furthermore, culture pH and biomass production corre-
lated with ammonia removal differently in the two HRAPs
at different HRT. During the 2-day HRT operation, ammo-
nia removal was negatively correlated in the 250 mm deep
HRAP (r=- 0.10) and positively in the 300 mm deep
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Table 5 Correlation between
environmental variables,

Environmental

Nutrient removal

variables

organic loading rates'(BODL Chl-a and organic 250 mm deep HRAP 300 mm deep HRAP
and CODL) and nutrient loading rates TN TP NH,-N  DRP TN TP NH,-N  DRP
removal 4 4
2 Day HRT
Chl-a 0.94 0.52 -0.1 0.95 0.94 0.75 0.64 0.64
DO 0.66 0.94 0.12 0.32 0.97 0.98 0.71 0.69
pH 0.93 0.56 0.53 0.61 0.73 0.81 0.96 0.37
BODL —-0.35 —0.58 —-0.11 —-0.23 —0.38 —-0.59 —0.56 —0.50
CODL 0.07 0.45 —0.45 0.01 —0.04 0.55 -0.5
4 Day HRT
Chl-a 0.96 0.72 0.86 0.7 0.91 0.90 0.48 0.96
DO —0.09 - 047 -0.5 —0.46 0.78 0.78 0.2 0.86
pH 0.05 0.17 0.29 0.42 —-0.23 —-0.20 —-0.77 —0.06
BODL —-0.28 —-0.79 —0.65 —-0.73 —0.64 —-0.73 —-0.27 —-0.70
CODL 0.08 0.16 0.18 —-0.17 0.09 —-0.03 —-0.25 0.14
6 Day HRT
Chl-a 0.61 0.83 —-0.34 0.83 0.8 0.87 0.67 —-043
DO 0.92 0.82 —0.38 0.36 —0.05 0.25 —0.67 —-0.85
pH —-0.23 —-0.12 0.97 - 045 -04 —-0.23 —0.88 - 041
BODL —-0.56 —-0.20 —-0.09 0.71 —-0.53 —-0.76 0.12 0.86
CODL 0.64 0.27 —-0.48 —-041 04 0.67 —-0.11 - 091

HRAPs (r=0.64) with chlorophyll-a production (Table 5).
But the culture pH was positively correlated with ammo-
nia removal in both HRAPs during this operation (r=0.53
in the 250 mm deep HRAP and r=0.96 in the 300 mm
deep HRAP). During 6-day HRT operation, the correlation
between ammonia removal and chlorophyll-a biomass pro-
duction was negative in the 250 mm deep HRAP (r=—- 0.34)
and positive in the 300 mm deep HRAP (r=0.67).

However, inverse relationships with chlorophyll-a bio-
mass (r=0.97 in the 250 mm and r=— 0.88 in the 300 mm
deep HRAP) were observed between culture pH and ammo-
nia removal in both HRAPs during the 6-days operation
period (Table 5). These observations indicate that algal
uptake may be dominant in nitrogen loss with some ammo-
nia volatilization. In addition, culture pH remained slightly
over 9 during the day time study period when there is an
equilibrium shift within ammonium ion to ammonia gas
(Nurdogan and Oswald 1995). Hence, taking into account
the presence of high temperatures in our case, ammonia can
be volatile and stripped from the solution by the paddle-
wheel mixing effect.

Phosphate removal was positively correlated with chlo-
rophyll-a biomass during 2, 4 and 6-day HRT operations
in both depth HRAPs except for a negative correlation
observed in the 300 mm deep HRAP during 6-day HRT
operation (Table 5). However, positive correlations between
culture pH and phosphate removal were observed only dur-
ing 2-day HRT operations in both the 300 mm deep HRAP
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and during 4-day HRT in the 250 mm deep HRAP. This pat-
tern may indicate that the dominant process for phosphorous
removal during 4 and 6-day HRT operations in both depth
HRAPs involves some phosphate precipitation during 2-day
HRT operations. Theoretically, at pH above 9.5 and high
dissolved oxygen concentrations, phosphate elimination in
wastewater is governed by precipitation (Cai et al. 2013).
This does not seem to be significant in our study because
the pH observed may not be sufficient to promote precipita-
tion of phosphorous. Although many factors influence the
dominance of the phosphorous removal mode, similar stud-
ies found that algal assimilation played a significant role in
HRAP efficiency (Kim et al. 2014; Ahmad et al. 2011).

Effect of Pond Depth on Nitrogen and Phosphorous
Removal

Although the removal of N and P improved with increas-
ing HRT, marginally higher removal rates were achieved in
the 300 mm deep HRAP than in the 250 mm deep HRAP
during the study period. This can be explained partly by
the higher photosynthetic rate in the shallow pond, which
raised pH and DO values (Fig. 3) and possibly resulted in
dissolved inorganic carbon depletion at early HRT in this
system. Under such conditions, greater depth may be suit-
able to sustain CO, in the water for relatively long times
before outgassing to the atmosphere attributing for better
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nutrient removal (Lundquist et al. 2010). Algal photosyn-
thetic uptake of N, P and inorganic carbon occurs in the
stoichiometric ratio C:N:P & 106:16:1 in nutrient unlimited
environments, much higher than the C/N ratio in municipal
wastewater (Hargreaves 2000).

The removal efficiencies of nutrients in wastewater treat-
ment HRAPSs observed in the present study were both similar
and different to other studies. de Godos et al. (2009) reported
88% mean removal of N over 3 months (July—September)
in a pilot HRAP treating diluted pig wastewater operated
at 10 day HRT comparable to the present study. A study in
Brazil reported an ammonia removal efficiency of 71% in
pilot HRAPs treating municipal wastewater receiving efflu-
ent from an UASB digester (Santiago et al. 2013). A pilot
HRAP operated for 1 year in an ambient environment in
Spain with mean monthly temperatures ranging from 11 to
25 °C achieved NH,—N removal efficiencies of 57 and 73%
at 4 and 7-day HRT using urban wastewater, respectively
(Garcia 2000). Removal efficiencies of NH,—N in the range
of 64-67% have been also reported in large-scale municipal
wastewater treatment HRAPs operated at 4 day HRT algal
assimilation was more dominant (Craggs et al. 2012).

Environmental Factors and HRAP Nutrient Removal

Various environmental factors, including temperature and
solar radiation, as well as environmental variables like pH,
and organic loading rate can affect nutrient removal and
biomass production in pond systems. Temperature and
solar radiation affect algal photosynthesis activity and then
culture pH, which influences nutrient removal (Assemany
et al. 2015). On the other hand, temperature and solar radia-
tion influence the organic loading rates and hence affect
HRAP operational and performance parameters (Cho et al.
2015, 2017). The average daily organic and nutrient load-
ing rates estimated for the present study based on influent

characteristics during 2, 4, 6 and 8-day HRT operations in
the two HRAPs are shown in Table 2.

Table 6 shows the Pearson correlation between air tem-
perature, surface loading and HRAP performance. Positive
correlation of temperature and solar radiation with both
chlorophyll-a biomass production and organic loading rate
were observed during 6-day HRT operation in both HRAPs.
During this HRT operation, the organic loading rate was also
positively correlated with chlorophyll-a biomass production
in the 300 mm deep HRAP and negatively correlated in the
250 mm deep HRAP (Table 6). Despite negative correlation
of solar radiation to biomass production during 2 and 4 day
HRT operations (Table 6), nutrient removal and chlorophyll-
a production continued increasing in the two HRAPs at 2, 4
and 6 day HRT operations. One plausible reason for obser-
vation is that algae grown at longer HRT is more efficient in
light conversion even with poor light penetration efficiency
due to biomass attenuation effects (Sutherland et al. 2015).

It has been stated that the rate of carbon consumption
can be determined from the rate of biomass production and
drives the CO, mass transfer gradient of air in photo biore-
actor treatment without carbon addition (Judd et al. 2015).
High chlorophyll-a biomass production rate and high pH
record observed in the shallow pond relative to the 300 mm
deep HRAPs together with the trends of pH correlation with
nutrient removal during 2, 4 and 6 day HRT operations in
250 mm deep HRAPs (Table 5) may partly hint the occur-
rence of higher surface renewal rate in the shallow HRAPs
than the 300 mm deep HRAPs. Considering better nutrient
removal in the 300 mm deep HRAP, at longer HRT nutrient
removal in shallow HRAPs more limited by availability of
light due to self-shading and inorganic carbon in the absence
of external aeration.

Organic loading rates in the range of 100-150 BOD; kg/
ha/day were recommended by Craggs et al. (2007) for such
systems. The magnitude of the organic loading rate using

Table 6 Correlation between environmental factors with nutrient removal and organic loading rates (BODL and CODL)

Env’tal factors  Nutrient removal and organic loading (g/m*day)

250 mm deep HRAP 300 mm deep HRAP
™N TP NH4-N DRP BODL CODL Chl-a TN TP NH4-N DRP BODL CODL Chl-a
2 Day HRT
Solar radiation —0.22 -0.33 052 -05 070 029 -040 -043 -058 002 -08 070 029 -025
Temp 0.08 —-0.01 -0.76 038 055 =062 037 031 0.09 -0.55 028 056 —-0.62 025
4 Day HRT
Solar radiation —-0.61 —047 -045 -0.14 008 -041 -0.65 —-0.73 —-0.64 —-055 -0.72 007 -041 -0.25
Temp 049 -0.17 0.1 0.05 0.65 0.34 053 -001 -009 04 -0.15 0.65 034 025
6 Day HRT
Solar radiation 0.81 091 -0.09 062 —-006 0.15 087 085 069 096 0.14 -0.05 0.15 0.7
Temp 095 076 —0.43 003 -062 0.82 0.5 072 086 046 -—0.64 —0.61 082 08
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6-day HRT falls in the author’s recommended range. The
concentrations of TN, TP, NH,~N, DPR and COD in the
effluent were well below the value of influent discharge
requirements in Ethiopia at 6-day HRT. However, the efflu-
ent BOD;5 at 6 HRT was 40 and 55% higher than the value
stipulated in Ethiopia in the 250 and 300 mm deep HRAPs,
respectively (data not shown). This is attributed to raw
wastewater strength used in the influent. At high organic
content, the pond may be converted into an anaerobic sys-
tem, suppress algal activity and ultimately reduce oxygen
availability for organic matter degradation by bacteria (But-
ler et al. 2017). Figure 4 shows that chlorophyll-a production
increased continuously during 2, 4 and 6-day HRT operation
but decreased during 8 day HRT operation in both HRAPs.

Taken together, this shows that an influent with an organic
loading rate (kg BODs/ha/day) of 91.5 and 109.3 can be
treated in 250 and 300 mm deep HRAPs at HRT of 6 days,
respectively, and may possibly give similar results if scaled
up wastewater treatment systems. Furthermore, 6-day HRT
can support the growth of ammonia oxidizing bacteria for
nitrification, which further improves the removal of nitrogen.
However, pre-treatment of the influent is necessary to reduce
the organic loading rate to the required level.

Species Diversity in HRAPs

A group of Chlorophyceae constituted by Chlamydomonas,
Chlorella and Scenedesmus sp., dominated the algal assem-
blage in both pilot HRAPs in the present study. These
algal species are known to be the 10 most pollution toler-
ant microalgae (de Godos et al. 2009). The dominance of

species can be determined by different factors, including
retention time, loading rate and environmental variables
such as incident surface radiation and temperature (Cro-
mar and Fallowfield 1997). Hydraulic retention time, mode
of operation and treatment depth were presumed to cause
changes in algal species diversity in treatment ponds in the
present study. However, no shift was observed in species
dominance associated with changes in environmental vari-
ables of the experimental setting. The shallow operational
depth and short circulation times of wastewater in the two
pilot HRAPs due to mixing frequency that made the cells
remain in suspension may have dominated other environ-
mental factors as well as prevented species changes. Keeping
the algae cells in suspension plays a critical role in maintain-
ing the dominance of a species in the pond (Reynolds 2012).

Conclusions

In this study the performance of two HRAPs of different
depth, operated under similar HRT for nitrogen and phos-
phorous removal from primary settled municipal wastewater.
The removal of nitrogen and phosphorous increased with
increasing HRT. However, the deeper pond was found to per-
form better in nutrient removal. This is attributed to the high
carbon utilization in the shallow pond as a result of high
level photosynthetic process. Considering TN, TP, NH,—N
and DPR removal, operating the deeper pond at 6 day HRT
can be taken as optimal HRT for large scale wastewater treat-
ment application with organic loading rate. Furthermore,
6 day HRT also fits well to the theoretical expectation of
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sludge retention time for the growth of nitrifying bacteria
in the system.

The production of biomass increased with increasing
HRT. A group of Chlorophyceae comprised of Chla-
mydomonas sp., Chlorella sp. and Scenedesmus sp., were
the dominant algal assemblage in both pilot HRAPs. The
overall results suggest that indigenous algae/bacteria con-
sortium in deeper HRAPs is a dependable approach for the
remediation of nitrogen and phosphorous from municipal
wastewater under the climatic conditions of Addis Ababa.
However, the influent needs to be pre-treated when used
for raw sewage treatment to bring down the organic load-
ing rate to the required range of 14.3-15.33 g COD/m?*/day
and/or 10.34-11.46 g BODS/mZ/day to operate the 300 mm
deep HRAP at 6 day HRT. Moreover, the algal biomass
from the final effluent should be harvested before discharge
to the environment. In this regards, gravity settling is con-
sidered to be a low-cost algal biomass harvesting mecha-
nism for further use and water quality.
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