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Abstract: A comparative study was conducted to compare the performance of waste stabilization
ponds (WSPs) with an upflow operation type advanced facultative pond integrated with constructed
wetland (AFP-CW) technologies. Our aim was to address gaps in economic, environmental, and social
aspects identified in traditional WSPs. Economic, environmental, and social sustainability indicators
were used in a mathematical model to select a sustainable technology for organic-rich wastewater
treatment for resource recovery. The results showed that for the AFP-CW, economic, environmental,
and social indicators were weighted at 10.18%, 51.11%, and 38.71%, respectively, while for WSPs,
the percentages were 14.55, 48.39, and 37.06, respectively. The composite sustainability indicator (CSI)
for AFP-CW was 42.14% and for WSPs was 39.27%, with the global sustainability indicator (GSi)
reaching 21.54% for AFP-CW and 18.88% for WSPs. A sensitivity analysis revealed that the
maximum global sustainability indicator was 22.34% for AFP-CW and 19.54% for WSPs. Overall, the
AFP-CW was considered a more sustainable technology for wastewater treatment, with lower
economic but higher environmental and social sustainability indicators compared to WSPs, which
showed higher economic but lower environmental and social sustainability indicators. The
sustainability of AFP-CW is supported by its small construction area, nutrient recovery in sludge,
biogas recovery, reduced global warming impact, as well as nutrient and water recycling for irrigation.

Keywords: sustainability indicators; resource recovery; organic-rich wastewater; technology

AIMS Bioengineering Volume 11, Issue 3, 391-429.



440

1. Introduction

The evolution of wastewater treatment technologies over the decades has been observed with the
goal of safeguarding human and environmental health [1-3]. The technologies that have emerged can
be categorized as conventional and modern wastewater treatment technologies, which are used for both
industrial and municipal effluents [4]. Despite differences in design approach, each conventional and
modern wastewater treatment technology has its own effectiveness in removing pollutants [5]. This is
because each technology has its own design approach that distinctly enables it to be more robust in
pollutant removal than other technologies [6,7]. The advancement of wastewater treatment
technologies has been driven by the dual purposes of protecting and promoting human health and
safeguarding the environment from the harmful effects of untreated effluents [8-10]. Regulatory
requirements have also encouraged innovations to ensure the protection of human health and the
environment [11]. However, to deploy most appropriate technology for wastewater treatment to protect
human and environmental health, the consideration of factors such as land requirements, capital costs,
operation and maintenance costs, and technology sustainability was found to be very crucial [12,13].

The first engineered wastewater treatment system used for many decades was a septic tank
combined with a soak-away pit [14]. It has been estimated that 26% of households in Europe, 25% in
the US, and 20% in Australia rely on septic tank systems for onsite sanitation [15,16]. The septic tank
system can settle suspended solids and stabilize wastewater to about 50% of the organic load of sewage,
but it is less effective in removing pathogens [17]. Properly planned, designed, installed, operated, and
maintained, septic tank systems can achieve a removal efficiency of pollutants from 70% to >90% [16].
However, for nitrogen removal, it can achieve efficiency between 20% to 80%, and for phosphate
removal, it can achieve a small efficiency between 10% to 30%, which can pose pollution risks to
groundwater [18]. To improve the performance of the septic tank, it was determined that a soak-away
pit needed to be incorporated subsequently to further remove pollutants through physical, chemical,
and biological processes as a result of percolation in soil strata [19]. Nevertheless, modifications to the
septic tank have resulted in improved treatment performance. For instance, the removal of total
coliforms has been reported to reach 99.99%, total suspended solids removal at 99.57%, ammonia
nitrogen at 46.83%, nitrate nitrogen at 31.08%, total Kjeldahl nitrogen at 48.39%, BODs at 94.4%, and
phosphates at 71.74% [20-22].

Due to the risks of contaminating groundwater, strict environmental legislation has been imposed
in most developed countries to prohibit using percolation systems for partially treated sewage disposal
into soils [18,23]. However, septic tanks are used at the household level but are inadequate community
settings [24,25]. To address communal wastewater treatment, technologies have been developed and
categorized as conventional and advanced technologies [6,7]. Conventional wastewater treatment
technologies include aerobic, anaerobic, and biofilm treatment technologies [26]. Aerobic treatment
technologies include activated sludge process, aerobic lagoon, aerobic oxidation pond and trickling
filters [27]. Anaerobic treatment technologies include anaerobic lagoons, anaerobic oxidation ponds,
waste stabilization ponds, upflow anaerobic sludge blankets, anaerobic baffled reactors, and expanded
granular sludge blankets [28,29]. Biofilm technologies include membrane bioreactors, rotating
biological contactors, moving bed biological reactors, fixed film bioreactors, and fluidized bed
bioreactors [30-32]. Advanced technologies comprise sequencing batch reactors, aerobic granular
sludge, advanced oxidation processes, and advanced reduction/oxidation processes [33,34].

The selection of conventional and advanced technologies must consider factors such as
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implementation costs (including capital costs, operation and maintenance costs, and land
requirements) [35,36], regulatory requirements (to comply with allowable discharge limits to protect
human health and the environment) [37], technology level (advanced technology), and energy
consumption (related to electrical power for mechanical equipment) [38]. Therefore, the selection of
wastewater treatment technology involves complex and multidisciplinary considerations, including
environmental, social, technical, and economic aspects [35,39,40].

In developing countries, especially in Africa, waste stabilization ponds (WSPs) are commonly
used for municipal wastewater treatment WSPs [41]. Activated sludge (ASP), trickling filters (TF),
and other biofilms are rarely used due to insufficient energy and operating costs [42]. WSPs are
preferred because they can handle high organic loads, uncontrolled input, power outages, and
increasing wastewater flow rates [43]. However, WSPs face challenges such as poor operation and
maintenance due to lack of funds, requiring large areas, and lack of reinvestment [44]. This can lead
to poor effluent quality, which can negatively impact human health and the acceptance of treated water
discharge into the environment and for reuse [45,46].

In order to address the challenges faced by WSPs, an advanced facultative pond (AFP) system
was deployed. This system consists of a series of interconnected ponding systems with mechanical
aeration for wastewater treatment [47]. The AFP was capable of producing high-quality effluent by
removing 60-80% of the influent BODs, but it resulted in high levels of NOs~ and PO4*~ due to aeration
systems, sludge accumulation and loss of biogas [48]. Due to energy consumption, the modification to
pond in pond (PIP) system which has interior pond of depth of 3-4 m submerged within the outer pond
without mechanical aeration system [47,49]. The PIP system offers the advantages of increased solid
retention time and biogas capture by covering the inner pond, in contrast to the AFP [48]. However,
challenges arose in ensuring complete coverage of the inner pond and desludging of the slurry due to
the connectivity of the outer pond [48]. Activated sludge pond (ASP) is used to treat both municipal
and industrial wastewater by supplying oxygen to bacteria, fungi, and protozoa to aerobically degrade
organic matter to meet effluent discharge standards [50-52]. Microbial consortia degrade colloidal and
dissolved carbonaceous compounds for energy generation and ammonium and phosphorus for new
cellular tissue production [53]. Although ASP requires less space and semi-skilled personnel, it can be
expensive due to energy requirements for the aeration system and pumps for sludge recycling to
maintain high bacterial concentrations for organic matter degradation [54].

In Tanzania, the technologies commonly used for wastewater treatment include waste stabilization
ponds and the activated sludge process, as well as the upflow anaerobic sludge blanket (UASB), which
is used for domestic and food industry effluent treatment [55,56]. The UASB is an anaerobic reactor
that reduces high biomass concentration in the absence of oxygen through auto-flocculation,
generating granular biomass that forms a blanket [57,58]. The process in UASB degrades organic
matter to produce methane-rich biogas, offering operational flexibility and not requiring complex or
expensive mechanical equipment or skilled labor to operate [59,60]. The UASB is seen as a potential
sustainable technology for decentralized wastewater treatment, particularly for urban sewage and food
industry effluents [61]. However, when the UASB is used solely for anaerobic wastewater treatment,
it discharges partially treated effluent in terms of organic matter and nutrients, which may be harmful
to human health and the environment [62,63]. This necessitates UASB to require subsequent treatment
systems to reduce organic matter and nutrients to acceptable discharge limits [62,64].

Constructed wetlands in Tanzania found to be effective in polishing effluents from UASB and
WSPs by reducing organic matter, pathogens, and heavy metals and regulating nutrients [65,66].
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Therefore, our purpose was to evaluate the functional and investment benefits of WSPs and advanced
facultative pond integrated constructed wetlands (AFP-CW) with the aim of extracting resources for
agricultural use. The selection process was based on mathematical modeling that incorporated
economic, environmental, and social indicators. A reconnaissance survey was conducted in
Kilimanjaro to evaluate implemented WSPs, which were found to be among the best functioning
systems based on their maintenance and operational status in Tanzania. Samples were collected, and
the efficiency of the WSPs was assessed in the laboratory by analyzing various environmental
parameters. The mathematical model for sizing the AFP-CW and WSPs for treating organic-rich
wastewater was also examined. The ultimate aim was to identify the most suitable organic-rich
wastewater treatment technology for resource recovery based on technical, economic, environmental,
and social aspects.

2. Materials and methods
2.1. Description of study area

The study was conducted at Moshi urban water supply and sanitation authority (MUWSA),
located in Moshi municipality at 3.35<south latitude, 37.33 “east longitude and at elevation of 888 m
above the sea level.

2.2. Process flow diagram

The WSPs implemented were anaerobic pond, facultative ponds, and maturation ponds as shown
in Figure 1. The WSPs were designed to treat 4500 m3/d flow rate (Q) of Municipal wastewater in
Moshi Municipality. The WSPs receive municipal wastewater from established household sewer
networks at a flow rate of 4370 m®/d, while 130 m%/d of fecal sludge is discharged by sludge empty
trucks from non-networked household sewers.

The layout of WSPs (Figure 1) include one anaerobic pond, two fecal sludge ponds, two
facultative ponds in parallel, and six maturation ponds connected in a series. The anaerobic pond is 55 m
wide, 115 m long, and 4.50 m deep. Each of the two facultative ponds in parallel is 67 m wide, 147 m
long, and 2.50 m deep. Each of the six maturation ponds connected in series is 70 m wide, 138 m
long, and 1.50 m deep. The two fecal sludge ponds constructed in parallel are 20 m wide, 20 m long,
and 2.00 m deep. The influent to the facultative ponds contains chemical oxygen demand (COD)
concentrations of 2150 = 10.75 mg/L, nitrate (NOs) of 26 =+ 1.30 mg/L, phosphate (PO4>)
of 68 £3.40 mg/L, and potassium (K) of 47 +3.25 mg/L. The effluent from the facultative ponds
contains COD concentrations of 430 £2.15 mg/L, biological oxygen demand (BODs) of 200 +1.00 mg/L,
total suspended solids (TSS) of 338 +1.69 mg/L, NOs~ of 24 1.20 mg/L, PO4>~ of 15 #0.50 mg/L,
and K of 45 +2.25 mg/L. The effluent from maturation pond-6 to the pad farm for irrigation contains
COD concentrations of 323 £1.62 mg/L, BODs of 150 +0.75 mg/L, TSS of 850 +4.25 mg/L, NO3z~
of 37 +1.85 mg/L, PO+* of 13 +£0.65 mg/L, and K of 44 +2.20 mg/L.
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Figure 1. Layout of MUWSA waste stabilization ponds (WSPs) at Mabogini.
2.3. Data acquisition
2.3.1. Secondary and experimental data

The study utilized both secondary and experimental data. The secondary data consisted water
quality monitoring records of WSPs conducted by MUWSA in 2014 and 2016. The experimental data
included laboratory results of samples analyzed at Nelson Mandela Institution of Science and
Technology (NM-AIST) laboratory in 2017 over a period of three-months spent to assess the
performance of WSPs. Both secondary and experimental data were used to evaluate the performance
trend of WSPs since its implementation in 2008. Unfortunately, some of the years of WSPs
performance monitoring were not recorded.

2.3.2. Laboratory analysis

The major parameters monitored were BODs, COD, TSS, NOs™, PO+*", K, dissolve oxygen (DO),
electrical conductivity (EC), TDS, temperature (T), pH, fecal coliforms (FC), and escherichia coli (E-coli).
The COD was analyzed calorimetrically using Multi-parameter Bench Photometer (Model HI 83099
HANNA), the BODs was analyzed at 20 °C using Oxitop IS 12 BODs incubator and TSS was analyzed
gravimetrically at temperature ranging from 103 to 105 °C. The NOsz, was determined using
Spectrophotometer (Model HACH-DR 2800) with the cadmium reduction method at 355 nm, and
PO4* by Ascorbic acid method at 510 nm. The physical parameters such as, pH, EC, TDS, and T °C
were measured using multi-parameters (Model HI 9024 HANNA) while the FC and E-coli were
counted using Agar membrane filtration method.
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2.4. Mathematical models for design of organic-rich wastewater treatment technologies
2.4.1. Design of waste stabilization ponds
2.4.1.1. Anaerobic pond

Anaerobic ponds (AnPs) are primary treatment ponds used in WSPs, constructed either in
series (single pond) or in parallel (multiple ponds), with a high capacity for degrading high organic
loads (BOD:s) in the absence of oxygen [58]. The design of AnP depends on the ambient temperature
and hydraulic retention time [67,68] for it determines the volumetric loading that used to provide a
volume of anaerobic pond as expressed in Egs 1 and 2. To ensure that the AnP operates in an oxygen-free
environment, its depth is typically maintained between 2.50 and 5.00 m, which is used to calculate the
area of the AnP and establish its dimensions (length and width), as expressed in Eqgs 3 to 6. For
industrial and agricultural processes with strong organic loads, an HRT of 20 to 50 days is
recommended [69], however, for municipal wastewater, the HRT is determined by Eq 7.

24.1.1.1. Volume of anaerobic pond

Vo = [4] 145, &)

2, = [10T + 100] [67,68], )

where V, = volume of anaerobic pond (m®), A, = volumetric loading (g/m®4), L; = influent
BODs (mg/L), Q = flow rate (m®/d), T = ambient temperature (°C).

24.1.1.2. Area of anaerobic pond

Aq = 2| [67.68], (3)
A, = [L x W][67,68], 4)
Lo = [L + 2 tan( a)] [67,68], (5)
Wy, = [W + 2h tan(a)] [67,68], (6)

where A, = area of anaerobic pond (m?), h = effective depth of anaerobic pond (m), L = length of
anaerobic pond (m), and W = width of anaerobic pond (m), @ = angle of inclination (30-60°).

2.4.1.1.3. Hydraulic retention time

T, = [%] [67,68], (7)
where 7, = hydraulic retention time in anaerobic pond (d).
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2.4.1.2. Facultative ponds

The facultative ponds (FaP) are secondary parallel constructed ponds associated with WSPs that
operate under dual conditions, which are stratified at a recommended depth of 1.2 to 2.5 m [69].
Aerobic conditions prevail at the top due to photosynthesis and atmospheric re-aeration, while
anaerobic conditions dominate at the bottom of the FaP [45,70]. The oxygen at the surface of the FaP
is utilized by aerobic bacteria to stabilize the organic load, whereas anaerobic bacteria at the bottom
digest the organic matter that has accumulated in the sludge zone. The design of surface area of FaP is
based on empirical methods, as expressed in Eqs 8 and 9, as well as rational formulas outlined in Egs 10
to 13. The volume of facultative ponds is determined by their depth, and the hydraulic retention times
are calculated using Eqs 14 and 15 respectively.

2.4.1.2.1.  Surface area of facultative pond

2.4.1.2.1.1. Empirical formula

10(L;Q)
4y = [2522] 167.68) ®)
A = 350 [(1.107 — (0.002T))T~2>°¢] [67,68]. 9)
2.4.1.2.1.2. Rational equation
Ar = [ [7a), (10)
Li

Le = [[1+(kT><r)]n] [71], (11)

kT = [kzo X HT_ZO °C] [45,70], (12)

Ar = [L X W][45,70]. (13)

2.4.1.2.2.  Volume of facultative ponds

Vr = [A; x h] [45], (14)

where A; = area of facultative ponds (m?), Le = effluent BODs (mg/L), k; = reaction rate

coefficient at ambient temperature (d!), k,, = the reaction rate coefficient at 20 °C temperature (d ),
@ =temperature correction factor , T = ambient temperature (°C), Vy =volume of facultative ponds (m?),

h = effective depth of pond (m), L = length of facultative pond (m), and W = width of facultative
pond (m), and n = number of facultative ponds. Other parameters were defined previously.
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2.4.1.2.3.  Hydraulic retention time
Y VT
Tf B [(ZQ_(O-001Afe))] [67’68]’ (15)

where 7 = hydraulic retention time in facultative ponds (d), e = net evaporation rate (mm/d).
2.4.1.3. Maturation ponds

The maturation ponds (MaPs) in WSPs are polishing ponds with shallow depths ranging from 0.9
to 1.2 meters and are characterized by the presence of oxygen [69]. MaPs are considered low-cost
polishing ponds that operate under aerobic conditions and are connected in series, as described by Eq 16.
The design for nitrate removal in the maturation pond is outlined in Egs 17 to 20, while the removal
of fecal bacteria is addressed in Eqs 21 and 22. The design for helminth egg removal is specified
in Eq 23, BODs removal in Eq 24, and the pond’s volume is determined by Eq 25.

2.4.1.3.1. Surface area of maturation pond

_ 2QTtm
Am = [2h—((0.001)erm) [45,70], (16)

where Am = area of maturation ponds (m?), t,, = hydraulic retention time for maturation pond (d), e =
net evaporation rate (mm/d).

2.4.1.3.1.1. Surface area of maturation pond for nitrate removal

N;j-N, (1.541(pH—6.6))_1
Am = |(Govsrser) : (7

The formula for nitrate removal in facultative and maturation ponds arranged in series at
temperatures above 20 °C is provided by Eqgs 18 and 19, respectively, while pH is determined by Eq 20.

N
N; = canf 45,70], 18
' (1+(5.035><10-3(%)((1-541)(1”1-66)))) [ ] (18)

N, = Al [45,70], (19)

(1+(C2(0.0038+0.0001347) (1041+0044T) (Pl -66))) )

but,
pH = (7.3)0'0005“‘ [45,70], (20)

where N; = influent nitrate (mg/L), N, 4,p = effluent nitrate from anaerobic pond (mg/L), N, =
effluent from maturation ponds (mg/L), pH = measure of the concentration of H*, A = influent
alkalinity (mg CaCOs/L).
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2.4.1.3.1.2. Reduction of fecal bacteria in maturation ponds

The reduction of fecal bacteria in WSPs was found to depend greatly on temperature, as indicated
by Egs 21 and 22.

fc, = fei [45,70], (21)
© (1+®pra)(1+(KpTs) ) (14 KpTm))")

but,

K, = 2.6(1.19)7729 [45,70], (22)
where fc; = influent number of fecal coliforms (Counts/100 mL), fc, = effluent influent number of
fecal coliforms (Counts/100 mL), K, = temperature dependent first order rate constant (d ).

2.4.1.3.1.3. Removal of helminth eggs in maturation ponds

Helminth eggs were reported to be removed through the sedimentation process in anaerobic and
primary facultative ponds of wastewater stabilization ponds (WSPs [67,68]. For restricted effluent
water usage, it is recommended that the water contains zero helminth eggs [45,70]. The percentage
removal (R) of helminth eggs can be determined by Eq 23.

R = [100(1 — (1.4)0387m)] [45,70]. (23)
2.4.1.3.1.4. Removal of BODs
Li _ -20°C —
Le = |qroesama] e = [kao X 07720], Ay = [L x W] [45,70], (24)

2.4.1.3.2.  VVolume of maturation pond

Vn = [Amh] [45], (25)

where V,, = volume of maturation ponds (mq).
2.4.2. Design of enhanced advanced facultative pond

The AFP has been modified to enhance the advanced facultative pond for improved organic
degradation, biogas capture, nitrification, and effluent polishing. The inner pit of the AFP was replaced
by an upflow anaerobic sludge blanket, while the outer pond was replaced by an aeration tank.
Additionally, a constructed wetland was integrated for effluent polishing, which involves the removal
of nutrients, organics, pathogens, heavy metals, and other emerging chemicals [72,73]. The enhanced
advanced facultative pond is abbreviated as AFP-CW, and the design of its components is represented
by Eqgs 26-34.
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2.4.2.1. Upflow anaerobic sludge blanket

24.21.1. Nominal volume

Vo= |22 174 (26)
Lorg = |2] 1741 @27)

where V, = nominal/effective liquid volume of reactor (m®), Q = influent flow rate (m®d), S, =
influent COD (mg/L), Lorg = organic loading rate (kg/m®d) and ty = hydraulic retention time in
UASB (days).

2.4.2.1.2.  Total liquid volume

v, = %] [75-77], (28)
where VL = total liquid volume of the reactor (m?), E = efficiency of bioreactor (%).

2.4.2.1.3.  Hydraulic retention time
|4
Ty = [KL] [67,68]. (29)

2.4.2.1.4.  The sludge retention time (SRT)

lid ted
QXe = Peyss = [ at®?| [75-77), (30)
but,
X, =pCOD = [(S, — S)] [75-77], (31)
hence,
_[[ er(s,-9) fakaQY(So—5) B
Prvss = [(1+(deRT)) + ( 1+(kySRT) ) + (nbVSSQ)] [75-77]. (32)

Where y = biomass yield M of cell formed per M of substrate consumed = 0.08 gvSS/g COD,
kq = endogenous decay coefficient = 0.03 gVSS/VSS.d, fq = fraction of cell mass remaining as cell
debris = 0.15 g VSS cell debris/g VSS biomass decay, nbVVSS = non-biodegradable volatile suspended
solids, mg/L, S, = Initial substrate concentration (COD) at time t = 0, mg/L, S = substrate concentration
(COD) at time t, mg/L, SRT = sludge retention time, d, um = maximum growth rate = 0.25 gVVSS/g VSS.d,
Xe = the particulate COD (mg/L), and € = efficiency of bioreactor to degrade COD.
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2.4.2.1.5. Methane gas productions

The methane gas (CHy4) is considered to be produced when 0.67 g COD is removed when sulfate
reducing bacteria consume 19 SO4 (0.67 g CODuegraded/19 SO4, reduced) as expressed in Eq 33. Moreover,
CHa production rate depends on temperature normally 35 °C at a ratio of 0.4 L CH4/g COD [75-77]
as per Eq 34.

CODgp = [(e(so4in)) (%)] [75-77], (33)

9S04yeq.

where CODggr=COD removed when sulfate is reduced (mg/L), SO, ;,= influent sulfate (mg/L), COD gegr. =
degraded COD (mg/L), and SO, ,¢q.= reduced sulfate (mg/L).

CHypsc = [(QCODMB) <(°"‘“H“) (273'5°+T2°°C)>l [75-77]. (34)

gcop /) \273.15+T35 ¢

2.4.3. Aeration tank

Aeration is referred to as a mass transfer process, in which oxygen molecules are transferred from
the gaseous phase to the liquid phase [78]. The cascade aeration tank (CAT) allows water to flow over
a series of steps, creating turbulence to facilitate oxygen diffusion. The wastewater flows through the
system for an extended residence time of 1 to 2 hours, during which vigorous mixing leads to
significant air bubble entrainment [79]. This process reduces odors, ion concentrations, and chemical
oxygen demand (COD) [80,81]. The CAT was implemented to avoid the use of mechanical aeration
systems, which require electrical energy [82]. The design of the CAT is detailed in Eqs 35-47.

2.4.3.1. Volume of cascade aeration tank

Vicar = [QTcar] [67,68], (35)

where V, c,r = total liquid volume of cascade aeration tank (m®), Q = influent flow rate (m*/d),
and ., = hydraulic retention time in cascade aeration tank (hr).

2.4.3.2. Area of cascade aeration tank

Agcar = [VL’ZAT] [45], (36)

where Ag 4 = surface area of cascade aeration tank (m?), h = depth of cascade aeration tank (m).
but,

AS,CAT = [LCATWCAT] [67,68]1 (37)

where L¢at = length of cascade aeration tank (m), Wcar= width of cascade aeration tank (m).
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2.4.3.3. Area of cascade aeration step

AA5=[( < )Z(L)] [80,81], (38)

Wear ghc

where A,s =area of cascade aeration step (m?), g = acceleration due to gravity (m/s?) and h, = critical
depth of liquid flow (m).

2.4.3.4. Length of aeration step

Las = |(2)| 1831, (39)

Wcar

where L, = length of aerator step (m).

2.4.3.5. Approach velocity of liquid over cascade step

v = (755 ()
where V,p = approach velocity (m/s).
2.4.3.6. Number of aerator steps

Ns = |(2222)] 811, (41)

where Ng = number of aerator steps.

2.4.3.7. Height of fall of cascade aerator step

Hy = [(hsy + he)] [81], (42)
hsf = [(LasS] [81], (43)
h. = [(hsfSl)] [81]’ (44)

where H; = height of fall of aeration step (m), hsy = height of fall of cascade aeration step (m), §; =
slope (%).

2.4.3.8. Capacity of cascade aeration step

Vas = [LASWAShC] [81], (45)

where V,s = capacity/volume of cascade aerator step (m3).
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2.4.3.9. Volume of cascade aeration tank

VL,CAT = [VASNche] [81], (46)
but,

Wecar
Ng = [
LCO

| 811, (47)

where N., = number of cells of cascade aeration tank and L., =typical length of cascade aeration
step (0.5-1.0 m) [81].

2.4.4.  Settling tank

The settling tank (ST) was used to settle the biomass produced in the CAT. Additionally, it was
anticipated that further nitrogen transformation processes would occur in the ST, which is open to the
atmosphere. This design allows for air stratification, facilitating the transition between aerobic and
anoxic reactions carried out by indigenous microbial cultures [84]. In the ST, biomass is produced and
settles at the bottom as slurry, where nitrate is reduced to molecular nitrogen under anaerobic
conditions [85]. The design of the ST was developed considering various parameters, as expressed
in Eqs 48-71.

2.4.4.1. Nitrification process

totalsolidwasted
QXmLss=Px Tss :[%] [75-77], (48)
Py rss X SRT=Vyg X Xpyp55 [75-77], (49)

QXyXx(Sg—S)XSRT
0.85x(1+(kgXSRT))

Pyrss X SRT = ( ) + Q X nbVSS x SRT + ( QXY XNoxXSRT ) N

0.85x (1+(kgy XSRT))

2
(LS S8R 1 Q X iTSS X SRT ) [15-77], (50)
where Py, 1ss = sludge production, rate (kg/d), SRT = sludge retention time (d), Q = flow rate (m*hr),
Kinetic coefficients: y = biomass yield M of cell formed per M of substrate consumed, 0.4 gVSS/gb COD,
Yn = biomass yield of cell formed per substrate consumed, for nitrification 0.12 gVVSS/gNOX, kg, 12 °C =
endogenous decay coefficient, 0.12 g/g.d, kan, 12 °C = endogenous decay coefficient for nitrifying
organisms, 0.08 g/g.d, fq = fraction of cell mass remaining as cell debris, 0.15 g/g, So = initial substrate
concentration at time t = 0, mg/L, S = substrate concentration at time t, mg/L, nbVSS = non-
biodegradable volatile suspended solids, mg/L, iTSS = inert total suspended solids, mg/L, and Nox =
Nitrogen oxidized, mg/L.

but,

Kqr=kq120c= [0.12(1.04)127T] [75-77], (51)
Kgnr=Kan 120c= [0.08(1.04)127T][75-77], (52)
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S, —§= [pCOD

| 75771, (53)

N,, = [0.8(TKN)] [75-77], (54)
where pCOD = the particulate COD, mg/L, TKN = Total Kjeldahl Nitrogen, mg/L.

2.4.4.2. Solid retention time

SRT = [%] [75-77], (55)
but,

Vap = [Qts] [75-77], (56)

Xuwss = [TSS, + VSS, + iTSS] [75-77], (57)

Pyrss = [QXmwss] [75-77], (58)

where V,z= volume of aeration tank (m?), X,;.ss = Mixed liquor suspended solid (mg/L), and 7g =
hydraulic retention time in settling tank (hr).

2.4.4.3. Non-biodegradable volatile suspended solids

Consider that efficiency (€) 50 % of influent VVSS is degraded [75-77].

bVSS = [¢VSS] [75-77]. (59)
2.4.4.4. Inert TSS

TSS = [TSS, — VSS,] [75-77], (60)

TSS, = [(1 = ng)TSS] [75-77], (61)

e = | 015771 (62

where iTSS = Inert total suspended solids, mg/L, TSS, =effluent total suspended solids, mg/L, VSS,
= effluent Volatile Suspended Solids, mg/L, n, =total suspended solids removal, efficiency (%) and a,
b are empirical constants, (a = 0.0075 and b = 0.014) [75-77].

2.4.4.5. Volume of sludge produced

Ve = [P [75-77), (63)

where Vg, = volume of sludge produced in settling tank (m?).
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2.4.4.6. Total volume of settling tank

Vst = [Vag + Vs, ] [75-77], (64)

where V= total volume of settling tank (m?3).
2.4.4.7. Mixed liquor volatile suspended solids

Px 1ssXSRT

Xuwyss = | A2 [75-77), (65)

where Xj,.vss= Mixed liquor volatile suspended solids (mg/L).

2.4.4.8. Effluent nitrate

0.12XPx pio

Ne = [Noy — TKN + ( -

)| 5771, (66)

where N, = Effluent Nitrogen (mg/L), Noy = Ammonium (mg/L), and Px,;, = biodegradable
organic nitrogen (kg/d).

_ (QxYX(So—S)XSRT QXY XNy XSRT FaxkgXyXxQx(So—S)XSRT
Py bio _( (1+(kgxSRT)) ) ((1+(kdn><SRT))) ( (1+(kgXSRT)) )[75_77]' (67)
2.4.4.9. Effluent biochemical oxygen demand
BODs = [=2| [75-77], (68)
but,
bCOD = [(V%) (coms)] [75-77], (69)

where bCOD = biodegradable chemical oxygen demand (mg/L), BODs =5 days biochemical oxygen
demand (mg/L), and f. = Conversion factor for municipal wastewater.

2.4.4.10. Area of settling tank

Agr = [=Z] 145,701, (70)

but,
Agr = [L X W] [45,70], (71)

where Agr = area settling tank (m?), h = effective depth of settling tank (m), L = length of settling
tank (m), and W = width of settling tank (m).
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2.4.5. Constructed wetland

The design of horizontal subsurface horizontal flow constructed wetland (HSSF-CW) was based
on the plug flow reactor (PFR) modeling which considers: plug flow, steady state, constant density (valid
for most liquids), and single reaction [86-89]. The surface area design of the CW, and its removal
mechanisms of organic matter, nitrates, and phosphates was represented by Eqs 72—-83.

2.4.5.1. Surface area of constructed wetland

45 = [0 x (i) x (ﬁ) x In (Z—)] [45,70], (72)
but,
ke = kpg X @720 [45,70], (73)

where Ag = Surface area of constructed wetland, (m?), Q = flow rate (m®d), k; = Reaction rate
constant (d?), y = Effective depth of the liquid, (m), & = Porosity of the media, (%), Co = Inflow
BODs, (mg/L), Ce = Effluent BODs, (mg/L), and ¢ = Temperature correction coefficient (1.1) [75-77].

2.4.5.2. Organic loading rate

OLR = [%] [45,70], (74)
where OLR = Organic loading rate, (kg/ha.d) (limited to 180 kg/ha.d)

2.4.5.3. Hydraulic loading rate

HLR = [Ai] [45,70], (75)
S
where HLR = hydraulic loading rate, (cm/d) (limited to 20 cm/d)

2.4.5.4. Sizing the area of constructed wetland

Ag = [ke x W] [45,70]. (76)
Consider a ratio of length to width, L: W equal to 3: 1,

As = [3W?] [45,70], (77)
where L = length (m), W = width (m).

2.4.5.5. Detention time

tew = [SlekC] [45,70], (78)
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where t.,,= detention time in constructed wetland (d), S;= slope (%) or water head difference and
k. = hydraulic conductivity (m/s) (range 0.001-0.1 m/s).

2.4.5.6. Nitrate-nitrogen removal

1 1 NO3
As = [Q X (km;) X () X In (No;e

)] [45,70], (79)
but,
knoy = k0o X (6)T72°] [45,70], (80)

where NO3 o inflow nitrate, (mg/L), NO3 o " effluent nitrate, (mg/L), kyo; = temperature rate
constant (d 1) for NOs™, and T = ambient temperature (°C).

2.4.5.7. Pathogen removal

CFrco
|| 45,70], (81)
but,
ke = [kagec X (0)772°] [45,70], (82)

where Cpc. = coliform in effluent (Counts/100 mL), Cgc, = coliform in influent (Counts/100 mL),
Krc = temperature rate constant (d), and n = number of constructed wetland cells.

2.4.5.8. Phosphorus removal

Kp

P, =P, (e‘m)ms,m], (83)

where P; = Inflow phosphate, (mg/L), P, = Effluent phosphate, (mg/L), Kp = phosphate removal
rate constant (2.73 cm/day).

2.5. Selection factors for organic-rich wastewater treatment technology
2.5.1. Cost benefit analysis

The cost-benefit analysis was conducted to estimate the total costs and benefits of recovering
resources from treated wastewater. The treatment costs include the expenses related to land acquisition
for implementing wastewater treatment technologies, which ultimately lead to the economic benefits

derived from the effluents and resources obtained after treatment [90]. The cost-benefit analysis was
calculated using Eqgs 84-93.
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2.5.1.1. Costs for implementation of effluent treatment technology

Cgrp = [CCo + CLa] [91], (84)

where Cgrp = costs for effluent treatment facility (TZS), C., = costs for construction of effluent
treatment facility (TZS), and €, = costs for land acquisition for construction of effluent (TZS).

2.5.2.  Benefits from effluent treatment technology

2.5.2.1. Benefits from wastewater treatment

Bywr = [tan X 6 X Q;] [91], (85)

where By, = benefits from received wastewater treatment (TZS), 74, = annum period (d), § =
wastewater treatment tariff (TZS), and Q; = inflow wastewater flow rate (m%/d).

2.5.2.2. Benefits from resource gained

Bgre = [Brr + Bemp + Benel [91], (86)
but,

Brr = [Brw + Byu + Bpel [91], (87)
Brw = [tan X a X Q] [91], (88)
Byy = [Nurw + Nug] [91], (89)

further,
By, = [Tan((CONef + %ZI;:;)+XC[;)/I§;{))j]ﬁ;)N:KEiONSl + Coyg +] 91], (90)
Bpg = [Tan X ¥ X Vg X €] [91], (91)
Bgmp = [Nan Zi=1 BiCi] [91], (92)
Benp = |Tan Ziea Mi(pas) Qe + Tan Zika Vi(9i = 2)Qe] 1911 (93)

Where By, = benefits from resources gained (TZS), Bgrgr = benefits from resource recycling (TZS)
Bgyp = benefits from employment (TZS), Bgyp = benefits from environmental protection (TZS),
By = benefits from treated water gained (TZS), t,, = annum period (d), a = water tariff for
irrigation purposes (TZS), Q, = treated water flow rate (m®/d), By, = benefits from nutrient like
nitrogen, phosphorous and potassium (NPK) gained, Nupy = nutrient (NPK) gained from treated
water (TZS), Nug = nutrient (NPK) gained from sludge (TZS), Cop.s = concentration of nitrogen
in effluent/treated water (mg/L), Cop.s = concentration of phosphorus in effluent/treated water (mg/L),
Cogker = concentration of potassium in effluent/treated water (mg/L), Coyg = concentration of
nitrogen in sludge (mg/L), Cops = concentration of phosphorus in sludge (mg/L), Cogg =
concentration of potassium in sludge (mg/L), V,; = Volumetric rate of sludge (m3/d), Mpypx—r =
Market price of NPK fertilizer (TZS), By = benefits from biogas generation (TZS), y =electricity
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unit price (TZS/KWh), Vg = volume of biogas (m®), & = fraction of methane in biogas (%), N, =
paid number of days per annum, n = number of pollutants, i, ; = number of laborers employed, C; =
average unit cost paid to one laborers in a day (TZS), n; = unit discharge fee per pollution equivalent
of pollutant, i (TZS), e, = concentration of pollutant, i, A; = standard concentration of pollutant, i, y; =

cost for reduction weight of pollutant, i, (TZS), and ¢; = discharge concentration of pollutant i.
2.5.2.3. Net benefit value

The net benefit value (NBV) is a model indicator as computed to justify the economically most
advantageous effluent/wastewater treatment technology [91] as expressed by Eq 94.

NBV = [¥ Bgg — X Cerr] [91], (94)
where NBV = net value of benefit (TZS).

2.5.2.3.1.  Costs for operation and maintenance of effluent treatment facility

The operational costs may refer to all costs incurred to maintain and operate the wastewater
treatment plant and include costs for personnel, maintenance costs, operational costs, chemicals,
utilities, laboratory supplies, office supplies, aeration costs (electricity), and sludge disposal costs,
discharge costs for treated water into water bodies and costs for equivalent reduction of air pollutant [92]
as presented in Eq 95.

COM = [ ?:1 CoiEtar + 2?:1((PaiAnCi) + Cmo) + Z?:l Pch + POca] [91]: (95)

where C, = operation and maintenance costs (TZS), C,; = component i, that uses electricity (kW),
E:qr = unit electricity tariffs (TZS/kWh), P,; = parameter i, for water quality monitoring, Ang; =
analysis costs for parameter i, (TZS), C,,, = costs for water quality monitoring (TZS), Po,, = costs
for discharge treated water into water bodies (TZS/kgPO4*~ p. e/yr), and Po,, = costs for equivalent
reduction of air pollutant (TZS/kgCO: p. e/yr) and p. e = pollution equivalent.

2.5.3.  Sustainability indicators

Sustainability indicators are the specific measurements of value assigned to reflect assessment
criteria and the overall sustainability of technologies. In case of wastewater treatment technologies,
the sustainability indicators applied are environmental, technical, social-cultural and economic
dimensions [93]. The sustainability indicators are measured as individual sustainability indicators [94]
as expressed in Eqs 96-99 and composite sustainability indicators [97] as expressed in Eq 100.
2.5.3.1. Individual sustainability indicators

2.5.3.1.1. Weighted mean

This is a normalization procedure of weights for criteria related to the removal efficiency of
wastewater treatment system [94].
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W = [zl 1"““] [94], (96)

j= 1VW]

where W = normalized weight, V,, = weights for parameter removal efficiency in i"" wastewater
treatment units, V,, = sum weights of j" parameters removal efficiency, n = number of treatment
units in wastewater treatment plant, and m = maximum value of parameters reduced by treatment plant.

2.5.3.1.2.  Economic sustainability indicator
Cecsi = [Zp=1Wp X NVip] [94]. (97)
2.5.3.1.3.  Environmental sustainability indicator
CBensi = [Zo_, Wy X NViq] [95.96]. (98)

2.5.3.1.4.  Social sustainability indicator

BSSi = [25:1 M/T' X NViT‘] [95396]’ (99)

where Cgcs; = economic sustainability of the i wastewater treatment technology; CBgys; is the
environmental sustainability of i'" wastewater treatment technology; Bss; is the social sustainability
of the i wastewater treatment technology; 1= 1, 2,..., n =number of wastewater treatment technology;
p=1, 2, ..., P=the number of economic indicators; q = 1, 2, ..., Q = number of environmental
indicators; r =1, 2, ..., R = number of social indicators; W, = weight of the indicator p; W, =weight
of the indicator g; W, = weight of the indicator r; NV;, = normalized value of the i wastewater
treatment technology in the p" indicator; NV, = normalized value of the i wastewater treatment
technology in the g™ indicator; and NV;, is the normalized value of the i wastewater treatment
technology in the r'" indicator.

2.5.3.2. Composite sustainability indicator (CSI)

The CSI is the overall sustainability of wastewater treatment technology based, environmental,
economic and social indicators [97] as expressed in Eq 100.
GS; = [(Wgcs X Cgesi) + (Wens X CBppsi) + (Wss X Bsg)] [97], (100)

where GS; = the global sustainability indicator of the i" wastewater treatment technology; Wegcs
Wens and Wss = sustainability weights of economic, environmental, and social dimensions, respectively.

2.5.4. Sensitivity scenario analysis
The scenarios were established in four main groups: R, S, T, and U [97]. Scenario R involved

calculated dimensional weights of economic, environmental, and social indicators.
Scenario S considered all dimensional indicators to be of equal importance (33.33% for all
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dimensions). Scenario T was broken down into T1, T2, and T3, with one dimension considered to
be more relevant at a time (weighing 50%) than the other dimensions, which were given the same
importance (25% each). Scenario U was divided into U1, U2, and U3, with one dimension considered
the most extreme, with a weight of 80% attributed to that dimension, compared to 10% for the other
two dimensions. Ultimately, a total of eight scenarios were analyzed, each with predetermined weights
for each dimension and established groups (S1, S2, S3), (T1, T2, T3), and (U1, U2, U3) in order to
select a sustainable wastewater treatment technology.

2.6. Data analysis

The statistical analysis of data was performed using Origin Pro version 15.0-software and
excel 2013 for data fitting and analysis of variance (ANOVA) was performed to compare variances
across the average (mean) of different groups.

3. Results
3.1. Performance evaluation of waste stabilization ponds

The WSPs at MUWSA were designed to treat 4500 m3/d of municipal wastewater from sewer
connected and unconnected households. The performance of the WSPs in removing COD, BODs, and
TSS is shown in Figure 2, and the removal of NOs, PO+, and K is shown in Figure 3. The monitored
performance of the WSPs (Figure 2) in removing COD, BODs, and TSS in the years 2014 and 2016
met the allowable discharge limits set by Tanzania’s effluent standards (TSE). However, in 2017, the

WSPs were found to release effluent with higher concentrations of COD, BODs, and TSS compared
to TSE.

220 4
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Period ( Year)
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B Facultative Pond-Outlet Maturation Pond-Outlet

Figure 2. Performance evaluation of WSPs for organic matter removal.

The effluent from WSPs in 2014 and 2016 (Figure 3), was found to contain lower NOs~, PO4*",
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and K compared to TSE, in contrast to the higher concentration of nutrients observed to be discharged
in 2017.
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m Facultative Pond-Outlet Maturation Pond-Outlet

Figure 3. Performance evaluation of WSPs for nutrient removal.

Furthermore, the reduction of fecal coliform (FC) in WSPs (Figure 4) in the year 2014 and 2016
was below the discharge limits acceptable for effluent release into environment (TSE), while in 2017
levels were observed to be higher than TSE.
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Figure 4. Performance evaluation of WSPs for faecal coliform removal.

The monitored performance of WSPs in removing contaminants as presented in Figures 2—4 was
found to be influenced by various conditions revealed within WSPs’ as shown in Table 1 during
performance monitoring. The levels of pH, T, EC and TDS in WSPs were found to be within the
recommended conditions TSE for the records of 2014, 2016, and 2017. However, DO was not
measured in 2014 and 2016 for unknown reasons.
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When it was measured in 2017, it was observed to have a lower concentration than the recommended level according to Tanzania’s standards
for effluent discharge from municipal and industrial wastewater treatment technologies. It was noted that, the DO level in 2017 had increased in
the facultative pond from 0.55 mg/L to 0.95 mg/L in the effluent released from Maturation 6. However, this was lower than the recommended DO
level of 3.50 mg/L as per Tanzania’s standards for effluent.
During the monitoring of WSPs at MUWSA, heavy metals were also analyzed to assess the safety of the treated effluent discharged for
irrigation of pad farm at Mabogini area, as shown in Table 2. It was observed in Table 2, that all measured heavy metals such as Zn, Cr, S, Pb, Cd,
Fe, and Cu were within the acceptable limits set as per Tanzania standards for effluent discharge (TSE).

Table 1. Physical parameters, the conditions revealed within waste stabilization ponds.

WSPs 2014 2016 2017
pH T°C EC TDS pH T°C EC TDS (mg/L)  pH T°C EC TDS DO
(kSfem)  (mg/L) (15/cm) (kS/cm)  (mg/L)  (mg/L)
Inlet anaerobic pond 7.33 2680 891 438 7.98 2670 704 350 6.86 2890 952 626 0.15
Inlet facultative pond 7.45 2700 845 423 7.47 2510 667 321 7.60 2860 920 609 0.23
Outlet facultative pond 7,57 2690 815 410 7.69 2560 600 297 7.66 3003 890 582 0.55
Outlet maturation pond 6 7.87 2650 795 391 7.85 2610 601 299 8.11 3110 860 560 0.95
TSE (mg/L) 6.50-8.50 25 1500 3000 6.50-8.50 25 1500 3000 6.50-8.50 25 1500 3000 350

Table 2. Waste stabilization ponds performance on removal of heavy metals.

WSPs 2014 2016 2017

Zn Cr S Zn Cr S Zn Cr S Pb Cd Fe Cu
Inlet anaerobic pond 0.53 0.33 0.22 0.97 0.43 131 0.85 0.95 125 1.75 0.75 10.00 9.50
Inlet facultative pond 0.38 0.27 0.18 0.60 0.39 0.71 0.65 0.75 0.75 0.55 0.35 5.25 6.55
Outlet facultative pond 0.32 0.24 0.15 0.44 0.18 0.35 0.35 0.57 0.45 0.14 0.11 3.15 4.75
Outlet maturation pond 6  0.24 0.11 0.10 0.17 0.13 0.14 0.25 0.45 0.35 0.07 0.05 2.55 1.75
TSE (mg/L) 1.00 1.00 0.50 1.00 1.00 0.50 1.00 1.00 0.50 0.10 0.10 5.00 2.00
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3.2. Evaluation of sustainability indicators for wastewater treatment technologies

WSPs and enhanced AFP-CW were evaluated as technologies to determine the best option for
treating organic-rich wastewater. A comparative study was conducted to select the most suitable
organic-rich wastewater treatment technology using sustainability indicators such as economic,
environmental, and social factors [95,96]. The design flow rate of 4500 m%d and wastewater
characteristics analyzed in 2017 (refer Figures 2-4) were used as inputs to mathematical model to
design WSPs and AFP-CW technologies.

3.2.1. Individual sustainability indicators

The results of economic, environmental, and social indicators for individual sustainability for
AFP-CW and WSPs were presented in Table 3.

Table 3. Weighting of the sustainability dimensions and indicators.

Dimensions Indicators AFP-CW WSPs
Weighting Weight of Weighting Weight of
indicator (%) dimensions (%) indicator (%)  dimensions (%)
Economic Investment Cost? 52.16 10.18 78.43 14.55
Operation and Maintenance Cost? 0.58 0.15
Environmental  Energy consumption? 0.01 0.001
Land area required? 0.61 3.64
Pollutant removal efficiency costs® ~ 44.28 14.12
Water-bodies Eutrophication? 1.81 51.11 0.60 48.39
Global Warming? 0.02 2.93
Durability® 75 80
Flexibility® 68 75
Reliability® 75 85
Social Employment® 0.53 0.12
Public acceptance® 85 55
Complexity® 50 38.71 25 37.06
Odour impact? 25 70
Noise impact® 20 10
Visual impact? 20 40
Total 518.00 100.00 540.00 100.00

Note: Where 2 the cost due to bills of quantities; ® adopted secondary data [98].

Referring to Table 3, it was found that the environmental sustainability indicators for both AFP-CW
and WSPs were given highest weight, followed by social indicators and the lowest weight was assigned
to economic indicators. Specifically, the environmental and social sustainability indicators for AFP-CW
had a higher weight than those for WSPs, while the economic sustainability indicator for WSPs had a
higher weight than that of AFP-CW.
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3.2.2. Composite sustainability indicator (CSI)

The CI for sustainability of AFP-CW and WSPs treatment technology was determined by adding
together the weights of the economic, environmental, and social indicators listed in Table 3. The global

sustainability indicator (GSi) considers all indicators for each sustainability dimension simultaneously,
as shown in Table 4.

Table 4. Dimensional, composite, and global sustainability indicators.

S/No. Sustainability AFP-CW WSPs
1 Economic 1.05 0.04 212 0.11
2 Environmental 26.15 16.15 23.41 13.96
3 Social 14.94 5.35 13.74 4.81
Cl (%) 42.14 39.27
GSi (%) 2154 18.88

Table 3 shows that the CSI and global GSi for AFP-CW were higher than those for WSPs. This
suggests that AFP-CW may be a preferable option compared to WSPs in terms of a multidimensional
measure of sustainability. The environmental aspects of AFP-CW were given more importance than
WSPs, followed by social indicators. However, the economic aspect, which had the lowest weight
among all indicators, was found to be higher for WSPs than for AFP-CW as shown in Figure 5.

25 A

20 A

15 -

Dimensional Indicators (%)

o | wm B

Economic Environmental Social

Sustainability indicator

mAFP-CW mWSPs

Figure 5. Dimensional indicators for AFP-CW and WSPs.

To determine the best organic-rich wastewater treatment option, a CSI was used to calculate the
percentage of global GSi for AFP-CW and WSPs, as shown in Figure 6. It was found that the AFP-CW
technology for municipal wastewater treatment had a higher percentage of CSl and global sustainability
indicator compared to WSPs. The results can bring an obvious conclusion that the AFP-CW is the best
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option for treating organic-rich wastewater. However, the results need the validate from dimension
indicators used to calculate the CSI and GSi [95].

18.88
WSPs
39.27

21,54
AFP-CW
42.14

Wastewater Treatment Technologies

0 20 40 60
Sustainability Indicators (%)

GSim(CI

Figure 6. Composite and global sustainability indicators for AFP-CW and WSPs.
3.2.3.  Scenario analysis

It is sensitivity analysis that bring insights on variations between dimensions as influential factors
for the selection of the appropriate organic-rich wastewater treatment technologies. Scenario analysis
was performed in order to validate the dimension indicators used to calculate the composite and global
sustainability indicators as key factors for selection of appropriate technology in question. Therefore,
eight scenarios were analyzed for sensitivity analysis, as shown in Table 5.

The scenario R had original dimensional weight of sustainability indicators (Table 3) for AFP-CW
and WSPs wastewater treatment technologies. Scenario, S was assigned an equal dimensional weight
of 33.33% for economic, environmental, and social indicators. Scenario, T1 was assigned a 50%
dimensional weight, while T2 and T3 were assigned 25% each. Scenario, U1, was assigned the highest
dimensional weight of 80%, while U2 and U3 were each assigned equal dimensional weights of 10%.

Table 5. Weight assigned for scenario analysis.

Scenario AFP-CW Dimensional weight (%) WSPs Dimensional weight (%)

Economic Environmental Social Economic Environmental Social
R 10.18 51.11 38.71 14.55 48.39 37.06
S 33.33 33.33 33.33 33.33 33.33 33.33
T1 50 25 25 50 25 25
T2 25 50 25 25 50 25
T3 25 25 50 25 25 50
Ul 80 10 10 80 10 10
u2 10 80 10 10 80 10
U3 10 10 80 10 10 80
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Therefore, each scenario in Table 5 has a total of 100 % as the sum of dimensional weights of
economic, environmental and social indicators. By utilizing the dimensional weights for scenarios in
Table 5, the maximum, calculated and minimum global sustainability indicators were determined as
shown in Table 6.

Table 6. Global sustainability indicators (GSi).

Dimensional weight (%) AFP-CW WSPs

Economic Environmental Social Economic Environmental Social
Maximum 80.00 80.00 80.00 80.00 80.00 80.00
Minimum 10 10 10 10 10 10
Average 30.44 35.56 34.01 30.99 35.22 33.80
Standard deviation 24.36 23.78 23.02 23.88 23.55 22.98
Maximum-GSi 22.34 19.54
Calculated-GSi 21.54 18.88
Minimum-GSi 7.26 6.32

The max-GSi, cal-GSi, and min-GSi for AFP-CW technology were obtained from Table 6 and
found to have a higher weight than that of WSPs. To validate if the CI were significantly different
from AFP-CW and WSPs technologies, the sensitivity analysis was performed as shown in
Figures 7 and 8.

== Economic-AFP-CW

== Environmental-AFP-CW

== Social-AFP-CW

Figure 7. Sensitivity analysis of global sustainability indicators for AFP-CW.

Referring to Figure 7, the environmental indicator for global sustainability of AFP-CW was found
to be highly sensitive, social was medium indicator and economic indicators was the lowest.

From Figure 8, it was found that the environmental indicator for global sustainability of WSPs is
highly sensitive, whereas the social and economic indicators are less sensitive.
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=m=Economic-WSPs

=+=Environmental-
WSPs

Figure 8. Sensitivity analysis of global sustainability indicators for WSPs.

The variations in sensitivity shown in Figures 7 and 8 suggest that one of the two technologies
may be more suitable for treating organic-rich wastewater for resource recovery. To determine the
most suitable technology, the stability of the technology must be considered as the most important
factor. Therefore, the variations in the GSi (Table 6), including the minimum GSi value, model GSi
value (calculated), and maximum GSi value for AFP-CW and WSPs, were illustrated in the bar graph
shown in Figure 9.

25

104

51 = Minimum GSi
® Calculated GSi
A  Maximum GSi

Global Sustainability Indicator (GSi1) %

AFP-CW WSPs

Wastewater Treatment Technology

Figure 9. Variation of global sustainability indicators for AFP-CW and WSPs.

The length of the graph intervals (Figure 9) indicates the stability levels of the evaluated
technologies for treating organic-rich wastewater for resource recovery. It was observed that the GS;
for AFP-CW had a difference of 0.80 % between the max-GSi and cal-GSi. For WSPs, the difference
between the max-GSi and cal-GSi was 0.66 %.
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4. Discussion

The performance of WSPs operated by MUWSA, as documented in the year 2014 and 2016,
complied with Tanzania’s standards for effluent discharge from treatment systems [43,99]. As shown
in Figure 2, the effluent from WSPs in 2014 and 2016 contained COD < 60 mg/L, BODs < 30 mg/L,
and TSS < 100 mg/L. Likewise, the effluent contained NO3~ < 20 mg/L, PO4*~ < 15 mg/L, and
K <30 mg/L (Figure 3). However, in 2017, the quality of the effluent deteriorated, with concentrations
of certain parameters exceeding permissible limits, with the exception of fecal coliforms (Figure 4)
and heavy metals (Table 2). The fecal coliform counts analyzed in 2014, 2016, and 2017 (Figure 4)
were consistently below 1,000 counts /100 mL, which is an acceptable limit for discharging effluent
into the environment and for irrigation purposes [100,101]. Furthermore, the levels of heavy metals
were also found to be below the Tanzanian standards for effluent (TSE) [43], as indicated in Table 2.
The low concentrations of heavy metals, particularly chromium (Cr) at 0.95 mg/L, lead (Pb) at 1.75 mg/L,
and cadmium (Cd) at 0.75 mg/L (Table 2), suggest that the influent primarily originated from households.

Additionally, the concentrations of Cd, Pb, and Cr in the effluent of WSPs were lower
than 1.00 mg/L, 0.10 mg/L, and 0.10 mg/L, respectively, indicating that the effluent is safe and has
potential for use in irrigation [102]. Findings revealed that the performance of the WSPs (Figures 2—4)
in the years 2014, 2016, and 2017 may have been influenced by the availing favorable conditions, as
shown in Table 1. The performance driving factors such as T (25 °C), pH (6.5-8.5), EC (1500 pS/cm),
and TDS (3000 mg/L) of the WSPs were found to be within the recommended standards, including [43].
However, DO was observed to increase from 0.15 mg/L in the facultative ponds to 0.95 mg/L in
Maturation 6. Nevertheless, the effluent DO in Maturation 6 was less than the recommended level
of 3.50 mg/L for effluent from treatment technologies (Figure 5) [99].

In general, it was observed that the performance of WSPs in 2014 and 2016 was better than in 2017.
The anaerobic pond, which was designed to serve as the primary treatment pond in 2017, was
abandoned for treating influent due to being filled with sludge. As a result, the influent was redirected
to facultative ponds, which operate as secondary treatment ponds. However, the performance of these
ponds was found to decrease. This decline in performance occurred because, without the anaerobic
pond, the breakdown of recalcitrant organic matter was impaired, and the retention time to enhance
the settling of suspended solids was not sufficient.

Additionally, channeling the influent to facultative ponds decreased DO level to 0.15 mg/L,
resulting in anaerobic conditions (Table 1). This observation suggests that the facultative ponds have
begun to accumulate sludge, which could lead to significant poor performance of WSPs over time [43].
Consequently, the WSPs release high concentrations of suspended solids exceeding 100 mg/L in the
effluent, along with other parameters into the maturation ponds due to reduced retention time and
digestion capacity. The results obtained can be compared to findings by Letshwenyo et al. [103] as
reported that maturation ponds release 150 mg/L of suspended solids as result of partial degradation
of organic matter, which in turn leads to production of new cells in maturation ponds. Furthermore, a
decline in the performance of WSPs of MUWSA at Mabogini was observed. This decline was
attributed to fluctuations in driving factors such as retention time, temperature, dissolved oxygen, and
redox potential, which were caused by the malfunctioning of the anaerobic pond [104,105]. In order
to mitigate the negative effects of reduced performance in WSPs, it is recommended to use two
anaerobic ponds in series. One pond should be dedicated to sludge settling, while the other serves as a
standby during the desludging process of the first pond [99]. Additionally, incorporating a constructed
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wetland to improve the effluent from WSPs has the potential to reduce suspended solids, nutrients,
algae, BODs, total suspended solids (TSS), heavy metals, and pathogens, making the effluent suitable
for agricultural applications [43,100,102,106].

The effectiveness of WSPs in treating organic-rich wastewater was further assessed using
sustainability indicators, which included economic, environmental, and social factors [32,80]. The
evaluation compared WSPs with advanced facultative ponds with AFP-CW to identify the most
sustainable technology for municipal wastewater treatment. This analysis aimed to address concerns
regarding WSPs, such as the significant area required for implementation, challenges in recovering
nutrients from sludge and biogas, and their contributions to global warming, while also considering
the benefits of nutrient and water recycling for irrigation purposes [45,99,105].

Referring to Table 3, it was noted that both AFP-CW and WSP technologies had a higher
percentage of environmental sustainability indicators compared to social and economic sustainability
indicators. Specifically, for AFP-CW, the weights of the environmental, social, and economic
indicators were 51.11%, 38.71%, and 10.18%, respectively. For WSPs, the weights of these indicators
were 48.39%, 37.06%, and 14.55%, respectively. However, the economic indicator for AFP-CW was
rated lower than that for WSPs [96]. To expand the decision-making framework for selecting the
appropriate technology for treating organic-rich wastewater, the dimensional Cl and GSi were
calculated (see Table 3). The GSi was determined to provide a multidimensional measure of
sustainability for technology selection [98].

Referring to Figure 5, the dimensional environmental, social, and economic indicators for AFP-CW
were 26.12%, 14.99%, and 1.04%, respectively. For WSPs, the corresponding indicators were 23.41%, 13.73%,
and 2.12%. The observed dimensional environmental and social indicators for AFP-CW were higher
than those for WSPs, while the economic indicator was lower than that of WSPs. The Composite Index (Cl)
was calculated to be 42.14% for AFP-CW and 39.27% for WSPs. The global indicator, GSi, was 21.54%
for AFP-CW and 18.88% for WSPs, as shown in Figure 6. The global sustainability composite
indicators were evaluated using eight scenarios, which are presented in Figure 7a,b. The composite
sustainability environmental indicator for AFP-CW and WSPs was found to be highly sensitive,
followed by the social and economic indicators.

This suggests that AFP-CW performs better on all sustainability indicators compared to WSPs.
However, it is insufficient to rely solely on the legitimacy of the dimensional indicators when selecting
appropriate technology. Therefore, a sensitivity scenario analysis was conducted to assess variations
in the best and worst sensitivity of the composite sustainability indicator [39].

The selection of the appropriate organic-rich wastewater treatment technology was based on the
differences observed between the best (max-GSi) and worst (min-GSi) case scenarios. According to
Table 6, max-GSi for AFP-CW was 22.34%, compared to 21.54% as shown in Table 4. For WSPs, the
max-GSi was 19.54%, compared to 18.88% as indicated in Table 4. The min-GSi for AFP-CW and
WSPs were 7.26% and 6.32%, respectively. The interval length between the calculated global
sustainability indicator (Cal-GSi) and the max-GSi reflects the stability level of the evaluated
technologies. Results showing the different intervals are presented in Figure 8. The variability of GS;
was 14.28% for AFP-CW and 12.56% for WSPs. The percentage variation was 63.92 for AFP-CW,
while for WSPs it was 64.28. Given the percentage variation in global sustainability indicators, AFP-CW
is deemed an appropriate technology option for treating organic-rich municipal wastewater. This is
primarily due to its sustainability related to environmental factors, followed by social considerations,
as well as lower implementation costs compared to WSPs.
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Additionally, AFP-CW has the advantage of recovering nutrients and biogas during the municipal
wastewater treatment process. When the AFP-CW system is applied to treat municipal wastewater at
a flow rate of 4500 m3day, it has the potential to recover 213 kg/ha of nitrogen, 30 kg/ha of phosphorus,
and 120 kg/ha of potassium in the effluent for irrigation purposes annually. Furthermore, from
the 182.60 tons/year of sludge generated as dry matter (biofertilizer) in the treatment of 4500 m3%day
of municipal wastewater, around 704 kg N/ha, 337.50 kg P/ha, and 313 kg K/ha can be recovered for
land application. This results in a supplementary potential of approximately 169.31 kg NPK/ha/year
for agricultural use. However, a major concern regarding sludge application is the content of heavy
metals. Therefore, the application of sludge to agricultural land must adhere to annual recommended
maximum concentrations of heavy metals per hectare, which should not exceed 0.75 g of cadmium, 300 g
of copper, 1.5 g of mercury, 25 g of lead, and 600 g of zinc per kg of dry matter [107]. Another
advantage of AFP-CW is energy recovery; it can produce 1071 m%day of biogas from a wastewater
flow rate of 4500 m%day.

5. Conclusions

The performance assessment of WSPs at MUWSA in 2014 and 2016 was revealed that, the
effluent released into environment complied with Tanzania standards. The effluent discharged was
found to have concentrations of COD < 60 mg/L, BODs < 30 mg/L, TSS <100 mg/L, NOs™ <20 mg/L,
PO4* < 15 mg/L, and K < 30 mg/L as well as acceptable levels for pathogens, and heavy metals.
However, in 2017, it was observed that effluent from WSPs was discharged with levels higher than
the aforementioned standards. In the case of fecal coliforms, the effluent from the WSPs had
counts < 1000 counts/mL which is recommended for irrigation purposes. In case of heavy metals, the
released effluent contained concentrations below acceptable limits such as Zn < 1.0 mg/L, Cr < 1.0 mg/L,
Pb < 0.1 mg/L, Cd < 0.1 mg/L, Fe < 5.0 mg/L, and Cu < 2.0 mg/L. During the analysis of economic,
environmental, and social (EES) indicators for selecting appropriated technology for municipal
wastewater treatment and resource recovery, AFP-CW was found to be a more sustainable treatment
option compared to WSPs. This conclusion was influenced by environmental factors such as recovery
of biofertilizer, biogas, and reduction of global warming potential. Additionally, AFP-CW
demonstrated greater effectiveness in reducing environmental pollutants, recovery and recycling
nutrients, and release safer treated water compared to WSPs. From an economic perspective, AFP-CW
proved to be a more sustainable choice for treating organic-rich wastewater, as it incurs lower costs
compared to WSPs. Considering the treatment of municipal wastewater with a flow rate of 4,500 m®/d
using AFP-CW technology, significant nutrients can be derived. The process can generate 182.60 tons
of sludge annually, which can be used as biofertilizer. The NPK content from the effluent amounts
to 545 kg/ha per year, resulting in savings of 9,147,600 TZS, along with 169.31 kg/ha per year for
biofertilizer, leading to an additional saving of 2,844,450 TZS. Furthermore, AFP-CW technology can
enhance energy recovery from biogas, producing 1,071 m%d. This can generate
approximately 215,003.25 kWh of electrical energy per year, translating to savings of about 76,650,808.66
TZS in electricity costs.

Given the inherent benefits of using AFP-CW technology for municipal wastewater treatment, it
is essential to engage various stakeholders to discuss additional criteria for selecting the most
appropriate technology. This process should consider the diverse opinions and preferences of key
stakeholders, including decision-makers, experts, planners, and analysts, as well as interest groups

AIMS Bioengineering Volume 11, Issue 3, 439-477.



470

such as political parties, civic organizations, and local residents. The goal is to develop a policy for the
implementation of appropriate technology for municipal wastewater treatment and resource recovery.
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