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Abstract: Irrigation with reclaimed water is a widespread solution to coping with water scarcity,
especially in the Middle East and North Africa (MENA) region. This paper presents a systematic
evaluation approach of six treatment alternatives proposed for Alexandria WWTP in Egypt as an
applied example. This approach evaluates the effluent quality and cubic meter price from the
proposed treatment alternatives while managing the health risks associated with reclaimed water
irrigation. Rotavirus, Salmonella, Giardia duodenalis, and Ascaris were studied as waterborne
pathogens. A quantitative microbial risk assessment model was used for the estimation of annual
infection risks. The exposure scenarios include farmers and vegetable consumers. Activated sludge
provided the lowest costs; however, it gave the lowest efficiencies and highest health risks. On the
other hand, the highest efficiency and lowest health risks were obtained by the membrane bioreactor.
The resulting price of a cubic meter of treated wastewater, used in irrigation, ranged from 0.082
to 0.133 USD. Irrigation using tertiary-treated wastewater achieved the target infection risk for
unrestricted irrigation without using advanced treatment facilities. The results of this study could
give a comprehensive view of reusing wastewater to decision-makers to address both water and
food poverty not only in Egypt but also in other countries in MENA with similar economic and
agro-ecological conditions.

Keywords: wastewater reuse; quantitative microbial risk assessment (QMRA); cost analysis; model-
ing and simulation

1. Introduction

One of the major constraints to the socioeconomic sustainability of human livelihoods
is water scarcity, which is the disparity between the water supply and demand. The
increase in water demand is due to urbanization, population growth, changing patterns of
consumption, and supply-side limiting factors, such as water pollution [1]. A reduction
in precipitation by 10–20% has been predicted due to climate change [2]. Globally, the
largest water demand is from the agricultural sector, accounting for around 70% of all
freshwater abstractions. Reusing treated wastewater has become a main low-cost and
reliable alternative. It has been considered a sustainable unconventional water resource
that will increase in the future due to the continuous population increase especially in
urban areas [3]. Macronutrients (nitrogen, phosphorous, and potassium) and several
micronutrients (iron, zinc, manganese, and copper) are found more in wastewater than in
any synthetic fertilizer, and these components are needed for optimal plant growth [4,5]. As
a result, reusing these components may enhance soil structure and physical characteristics
and may reduce the chemical fertilizers’ requirements [6].

On the other hand, wastewater reuse has negative impacts that include risks to hu-
man health and adjacent ecosystems due to its microbial and chemical components [7].
Excreta-related pathogens and disease agents such as bacteria, nematode eggs, viruses,

Sustainability 2021, 13, 13125. https://doi.org/10.3390/su132313125 https://www.mdpi.com/journal/sustainability

https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0002-3931-0028
https://doi.org/10.3390/su132313125
https://doi.org/10.3390/su132313125
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/su132313125
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su132313125?type=check_update&version=2


Sustainability 2021, 13, 13125 2 of 17

and protozoa are found in high amounts in wastewater causing health risks for exposed
groups. Many excreta-related pathogens have shown resistance to biological wastewater
treatment processes [8]. The most affecting pathogens on public health in Egypt are Ro-
tavirus, Salmonella, Giardia duodenalis, and Ascaris. They are considered the pathogenic
indicators representing each of the major groups of organisms (i.e., bacteria, viruses, proto-
zoa, and helminths) associated with acute and chronic public health consequences in Egypt.
Wastewater irrigation can negatively impact soil properties and fertility, crop productivity,
quality of groundwater, and aquatic ecosystems. The magnitude of potential effects de-
pends on several factors such as chemical concentrations in the wastewater, solubility, and
inherent toxicity [9].

To reduce the negative impacts, standards and guidelines have been adopted gov-
erning wastewater reuse in agriculture. The tolerable health risk of 1 × 10−6 Disability-
adjusted life year (DALY) loss per person per year is recommended to protect public health
from different exposures [8,10,11]. Quantitative microbial risk assessment (QMRA) is a
probability method that integrates data on pathogen abundance, human exposure, and
infection to ensure the safety of the management strategies of wastewater reuse. Quanti-
tative health-based risk assessments incorporate hazard concentrations, dose responses,
exposure assessments, and risk characterizations [12]. This framework has been used for
the examination of different reuse scenarios. Farmers can become infected by accidentally
swallowing soil particles that are saturated with wastewater. Moreover, consumers of crops
irrigated with wastewater, especially vegetables eaten uncooked, are at risk of infection
since these crops might be exposed to high and unacceptable levels of pathogens [13]. Based
on the quantitative microbial risk assessment Monte Carlo program, Mara and Sleigh [14]
studied the infection risks of the Rotavirus and bacterial infection while using reclaimed
water in restricted and unrestricted irrigation. Hamilton [15], Mara and Sleigh [14,16],
and Sant’Ana [17] used QMRA models to estimate infection risks with E. coli, Salmonella,
helminths egg, and enteric viruses from irrigation with wastewater for food crops.

Globally, the evaluation and design optimization of wastewater treatment alternatives
based on dynamic modeling and simulation is a common practice. Software programs
such as GPS-X 8.0 (Hydromantis, Ontario, Canada), BioWin 6.2 (EnviroSim Associates Ltd.,
Ontario, Canada), STOAT (Sieker, Hoppegarten, Germany), SIMBA (inCTRL Solutions,
Ontario, Canada), and WEST (MIKE Powered by DHI) are important tools that can be
used for the quick evaluation of alternatives. They give accurate evaluations, improve
design, and estimate costs by taking into account all wastewater characteristics [18]. The
total cost of wastewater treatment plants includes capital costs (CAPEX) and operation
and maintenance costs (OPEX). Capital costs are the expenses associated with long-term
investments in assets. The operation cost of a wastewater treatment plant consists of labor
cost (operational and maintenance), supervision and administration, power requirements,
chemical requirements, cost of all repairs, and miscellaneous supplies and services [19].

In Egypt, the availability of water resources has become a limiting factor for the
country’s development. To reduce the effects of water shortage in Egypt, sustainable
water resource management practices are required. The main practice of sustainable
management is to develop integrated strategies that efficiently allocate the available water
to meet all demands such as wastewater reuse [20]. Many studies have looked at the
estimation of cubic meters cost from treatment alternatives, but there is no indicative price
per cubic meter for reclaimed water used for agriculture in Egypt. There are also several
studies evaluating health risks depending on the exposure route for selected pathogens,
but there has been little attention given to the most common pathogens affecting public
health in Egypt and the effectiveness of low-cost treatment alternatives to achieve health
risk management.

This paper attempts to provide an evaluation of six wastewater treatment alternatives
for the Alexandria Western Wastewater Treatment Plant (case study). The evaluation
approach has three levels: (1) evaluate the treatment efficiency and effluent quality of
proposed wastewater treatment alternatives using the software GPS-X 8.0; (2) use QMRA-
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Monte Carlo simulations model to evaluate health risks from four common waterborne
pathogens in Egypt, namely Rotavirus, Salmonella, Giardia duodenalis, and Ascaris,
which analyzes the safety of wastewater reuse for farmers during irrigation practices
and consumers of wastewater irrigated crops; and (3) estimate the costs of treatment
alternatives, and calculate the cost per cubic meter.

2. Materials and Methods
2.1. Case Study

Alexandria Western Wastewater Treatment Plant (AWWWTP) is one of the two main
existing WWTPs serving Alexandria. It is located at the western part of Alexandria on
the strip of land between Alexandria western harbor and Lake Marriott. AWWWTP dis-
charges primary treated wastewater into Lake Marriott. The proposed upgrade changes the
AWWTP from primary treatment with its current capacity of 460,000 m3/day to secondary
treatment of 600,000 m3/day to meet the needs up to the year 2050. Figure 1 shows the
existing treatment system in Alexandria WWWTP, which includes eight coarse screening
channels, eight aerated grit chambers, eight intermediate screening channels (four mechani-
cal screens and four manual screens), and sixteen rectangular primary sedimentation tanks
in two batteries. Based on AWWTP laboratory data, the influent wastewater characteristics
are shown in Table 1.
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Table 1. Influent wastewater characteristics of Alexandria west WWTP.

Parameter Unit Value

Biochemical Oxygen Demand (BOD5) mg/L 500 ± 10
Chemical Oxygen Demand (COD) mg/L 800 ± 20

Total Suspended Solids (TSS) mg/L 350
Total Nitrogen (TN) mg/L 45

Total Phosphorus (TP) mg/L 10
Temperature ◦C 22 ± 8

2.2. Treatment Alternatives under Consideration

The proposed alternatives are (1) conventional activated sludge (CAS), (2) conven-
tional activated sludge with nitrogen removal (CAS-N), (3) membrane bioreactor (MBR),
(4) membrane bioreactor with nitrogen removal (MBR-N), (5) conventional activated sludge
with sand filtration (CAS-Sand), and (6) conventional activated sludge with nitrogen re-
moval and sand filtration (CAS-N-Sand). All previous alternatives included disinfection
treatments via chlorination to control excess health risks. The preliminary treatment phase
of these alternatives includes two units, i.e., screens and grit chambers. Table 2 shows the
design criteria and estimated dimensions of the primary and secondary sedimentation
tanks, anoxic tanks, membrane bioreactor, and sand filters. Table 3 shows the design criteria
and estimated dimensions of aerobic tanks (complete mix).
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Table 2. Design criteria and estimated dimensions of primary and secondary sedimentation tanks, anoxic tanks, membrane
bioreactor, and sand filters.

Unit Process Design Criteria Value Unit

Primary sedimentation tanks
(added to existing ones)

Type of sedimentation tank Circular –
Detention time of tank (HRT) 2.17 h

Weir loading rate (WLR) 301 m3/m·d
surface loading rate (SLR) 40.13 m3/m2·d

Side-water depth (d) 3.5 m
Diameter of tank (D) 30 m
Number of tanks (n) 6 –

Secondary sedimentation
tanks

Type of sedimentation tank Circular –
Weir loading rate (WLR) 202.1 m3/m·d

surface loading rate (SLR) 23 m3/m2·d
Side-water depth (d) 4 m
Diameter of tank (D) 35 m
Number of tanks (n) 27 –

Anoxic tanks (for alternatives
2, 4, and 6)

Anoxic volume/Total volume percentage 40 %
Number of tanks (n) 27 –
Volume of tank (VD) 7800 m3

Membrane bioreactor (for
alternatives 3 and 4)

Maximum operating flux 40 L/m2·h
Average flux (J) 15.23 L/m2·h

SADm 0.54 Nm3/h·m2

Physical cleaning; interval, duration 900, 30 Sec
Membrane packing density (ϕ) 45 m2/m3

Dimensions (Length, width and depth) 18, 8 and 5 m

Sand filter (for alternatives 5
and 6)

Rate of filtration 180 m3/m2·d
Number of sand filters 27 –

Length and width 15, 12 m
Depth of sand 50 cm

Perforation diameter for under drainage 10 mm
Length of laterals 5.4 m

Number of reservoirs for backwashing 15 –
Detention time in backwashing reservoir 6 h
Dimensions (Length, width and depth) 64, 64 and 5 m

Table 3. Design criteria and estimated dimensions of aerobic tanks (complete mix).

Design Criteria
Value

UnitCAS &
CAS-Sand

CAS-N &
CAS-N-Sand MBR MBR-N

Design SRT (θX) 8 15 20 20 d
Mean hydraulic retention time (θh) 7.8 12 5.5 9 h

Reactor volume (V) 6000 10,520 4230 7890 m3

Number of reactors (n) 27 27 27 27
Width, depth 15, 6 20, 6 12, 6 15, 6 m

MLVSS 4000 4000 8000 8000 mg/L
Required air flow (OR) (Diffused aeration fine

bubbles) 4.4 5.5 6.6 8.5 m3/m3 of WW
flow

2.3. Simulation Tool for Assessment of Alternatives

The GPS-X 8.0 simulation software from Hydromantis Inc. package was used to verify
the obtained design of the suggested alternatives and the performance of the proposed treat-
ment alternatives. GPS-X 8.0 software is a modular, robust, and multi-purpose modeling
platform for the simulation of industrial and domestic WWTPs. The CNPLIB wastewater
model was applied as a process model from the library, and BOD-based was used as an
influent characterization wastewater model. Verification processes were performed by
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examining process unit sizes using the performance of the proposed treatment alternatives
to ensure the accuracy of the plants to reach the effluent quality requirements. The required
input data contain physical and operational plant data, kinetic and stoichiometric model
parameters, flow rate, and influent wastewater characteristics. Figure 2 shows the layouts
of the alternatives that were used for simulation. After drawing the units, entering their
data, and entering the flow rate and wastewater characteristics (influent advisor), the
simulation begins and the required results are obtained [21]. Table 4 presents the main data
of the influent advisor that are used to input the wastewater characteristics. It consists of
three parts: User Inputs, State Variables, and Composite Variables.
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Table 4. Influent advisor showing the main influent wastewater characterization in GPS-X 8.0.

Parameter Group Parameter Symbol Unit Value

User Inputs

Influent composition
Total carbonaceous BOD5 BOD gO2/m3 500.0

Total Suspended Solids X g/m3 350.0
Total TKN TKN gN/m3 45.0

Organic variables Soluble inert organic material Si gCOD/m3 21.5

BOD based model
coefficients

VSS/TSS ratio Ivt gVSS/gTSS 0.75
Ammonium/TKN ratio Fnh – 0.63

Particulate organic N/total organic N ratio Fxn – 0.9

ASM1 nutrient fraction XCOD/VSS ratio Icv gCOD/gVSS 1.8

State Variables

Inorganic suspended solids Inert inorganic suspended solids Xii g/m3 87.5

Organic variables

Soluble inert organic material Si gCOD/m3 21.5
Readily biodegradable substrate material Ss gCOD/m3 303.0

Particulate inert organic material Xi gCOD/m3 18.0
Slowly biodegradable substrate material Xs gCOD/m3 454.5

Nitrogen compounds
Free and ionized ammonia Snh gN/m3 28.4

Soluble biodegradable organic N Snd gN/m3 1.66
Particulate biodegradable organic N Xnd gN/m3 13.9

Composite Variables

Composite Variables
Volatile suspended solids VSS g/m3 262.5

Total inorganic suspended solids XISS g/m3 87.5
Total COD COD gCOD/m3 797.0

Additional composite
Variables

Filtered carbonaceous BOD5 sBOD gO2/m3 200.0
Particulate carbonaceous BOD5 xBOD gO2/m3 300.0

Filtered ultimate carbonaceous BOD sBODu gO2/m3 303.0
Particulate ultimate carbonaceous BOD xBODu gO2/m3 454.5

Total ultimate carbonaceous BOD BODu gO2/m3 757.6
Filtered COD Scod gCOD/m3 324.5

Particulate COD Xcod gCOD/m3 472.5
Filtered TKN sTKN gN/m3 30.0

Particulate TKN xTKN gN/m3 15.0

2.4. Quantitative Microbial Risk Assessment

The enhanced Karavarsamis–Hamilton method was used to estimate the annual
infection risks from the QMRA model for farmer and consumer exposure scenarios. The
model was simulated for a series of 10,000 iterations using Monte Carlo simulation for a
variety of wastewater qualities. The quantitative microbial risk assessment, a Monte Carlo
computer program add-on to Excel, was used for the simulation. The tolerable health
risk defined as 10−6 DALY loss per person per year is sufficient for health protection from
wastewater different exposures [8,11,22]. The quantitative assessment of health-based
risk framework incorporates hazard identification, exposures assessment, dose–response
assessments, and risk characterization as follows:

2.4.1. Hazard Identification

The infection risks for Rotavirus, Salmonella, Giardia duodenalis, and Ascaris were
assessed using the QMRA model. These pathogens are the most affecting public health
in Egypt.
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2.4.2. Exposure Assessment

Two scenarios of exposure were assessed:

a. Accidental ingestion of saturated soil particles contaminated with wastewater by
farmers and field workers. The exposure occurs through labor-intensive agriculture
and no pathogen die-off [8].

b. Consumers’ consumption of crops that are irrigated with wastewater and that are
eaten uncooked. Globally, according to FAO statistics, tomatoes are the most essen-
tial vegetable, with crop production at about 15% of total vegetable production so
tomatoes were selected in the current study as a key crop. The consumption of raw
tomatoes in Africa reaches 60 kg per year per capita [23].

2.4.3. Dose–Response Assessment

The dose–response model establishes the relationship between the pathogen dose, and
the incidence and likelihood of exposed population infection. The β-Poisson dose–response
model used for Rotavirus, Salmonella, and Ascaris is represented in Equation (1) [24–26].
The exponential model used for Giardia duodenalis (based on experimental data) is pre-
sented in Equation (2) [27].

PI (d) = 1 − [1 + (
d

N50
)(2

1
α − 1)]−α (1)

PI (d) = 1 − e(−rd) (2)

where PI (d) is the pathogen risk of infection, N50 is the median infection dose equivalent
to the number of organisms that would infect 50 percent of the total exposed population
(N50 = 6.17 for Rotavirus, 23,600 for Salmonella, and 859 for Ascaris), and α and r are the
pathogen infectivity constants (α = 0.253 for Rotavirus, 0.3126 for Salmonella, and 0.104 for
Ascaris and r = 0.0199 for Giardia duodenalis).

2.4.4. Risk Characterization

The typical concentration of E. coli in wastewater is 108 E. coli/100 mL [8]. The
infection risk from n days of exposures for a single-exposure dose per year (d) is presented
in Equation (3) [28]

PI (A) (d) = 1 − [1 − PI (d)] n (3)

2.5. Pathogen Reduction

According to the WHO (2006), the achievement of pathogen reduction depends on
both treatment alternatives and post-treatment scenarios. Drip irrigation represents a trend
in Egypt to rationalize water consumption in order to face water poverty. In Alexandria
Governorate, 30,000 feddans of flood irrigation have been diverted to drip irrigation since
2020. The drip irrigation effectiveness is 2-4 (2) log units in pathogen reduction [8].

2.6. Simulation Tool for Economic Analysis

The CapdetWorks 4.0 program from the Hydromantis Inc. package, Ontario, Canada
was used to estimate total project costs, and maintenance, materials, chemicals, and energy
were calculated for treatment alternatives. CapdetWorks software is an enhancement of
the CAPDET model (United States Environmental Protection Agency 1982). Hydromantis
added several unit operations that were not originally included in the CAPDET model [29].
The first step in using CapdetWorks v 4.0 is to draw units; then enter their data, flow rate,
unit costs, and wastewater characteristics; and after that, extract the results of the capital
and operating costs. Layouts of the treatment alternatives are shown in Figure 3. There are
three sedimentation tanks in each layout that represents two types of existing rectangular
primary sedimentation tanks and new circular primary sedimentation tanks. Table 5 shows
current unit prices input data (based on the annual cost indices in Egypt in 2020).
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Table 5. Unit costs input into the CapdetWorks 4.0 program *.

Parameter (Process) Unit Value

Building Cost USD/m2 313.48
Excavation USD/m3 6.01

Wall Concrete USD/m3 274.12
Slab Concrete USD/m3 219.17
Crane Rental USD/h 68.47
Canopy Roof USD/m2 40.26

Handrail USD/m 95.85
Electricity USD/kWh 0.07

Parameter (Labor Rates)

Construction Labor Rate USD/h 4.57
Operator Labor Rate USD/h 6.07

Administration Labor Rate USD/h 9.14
Laboratory Labor Rate USD/h 9.14

* Other input data such as equipment costs are used as default values suggested by Hydromantis.
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3. Results and Discussion
3.1. Simulated Performance of Proposed WWTPs

The GPS-X 8.0 simulation program was used to simulate and verify the proposed
treatment alternatives’ performances. The effluent concentrations obtained from the pro-
cess model were compared with the effluent requirements. Figure 4 shows the effluent
concentrations in mg/L as obtained from the proposed treatment alternatives using GPS-X
8.0 simulation program. Membrane bioreactor with nitrogen removal treatment alternative
has the highest removal efficiencies. The highest concentrations of COD, BOD5, TSS, and
TN are 38.71, 7.35, 13.6, and 22.85 mg/L, respectively, obtained from the activated sludge
alternative. Effluent quality from the treatment alternatives agrees with the typical effluent
quality obtained by Metcalf and Eddy, 5th edition [30]. The COD removal efficiencies of
CAS and MBR are 95 and 97%, respectively, which are the same percentages obtained
by Valderrama [31]. The COD, TSS, and TN removal efficiencies of MBR are 97, 99, and
60%, respectively, which are similar to those obtained by Bertanza [32]. The COD and
BOD removal efficiencies by tertiary sand filtration from CAS-Sand and CAS-N-Sand
alternatives are 30 and 56%, respectively, which are in the range obtained by Hamoda [33].
The BOD and TSS effluent concentrations obtained from the treatment alternatives are in
the range of 2.5–7.35 mg/L and 1–13.6 mg/L, respectively, which are lower than 15 mg/L
(accepted for the Egyptian code for reuse of treated sewage water in irrigation and use of
sludge in agriculture 501/2015).
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3.2. Pathogen Reduction

Table 6 shows the average pathogen reduction efficiencies of the key pathogens for the
proposed wastewater treatment alternatives. The high removal efficiency of protozoa and
helminths (6 log reduction) from MBR because micro-filtration membranes have pore sizes
ranging from 0.1 to 1 µm, which are significantly smaller than the pore size of protozoa
and helminths. Due to the relative size of viruses to micro-filtration membranes, there
is a concern about the removal of viruses, which could be removed by disinfection [34].
Valderrama [31] found that the effluent from membrane filtration combined with disin-
fection processes in Spain met the water reuse standards for agricultural and recreational
uses. The effectiveness of drip irrigation equals 2 log units’ removal as a reduction in
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pathogens. Other control measures such as produce washing, peeling, and cooking depend
on consumer practices and were not considered in this study.

Table 6. Pathogen reduction achieved by wastewater treatment alternatives for key pathogens.

Treatment Alternative
Pathogen Reduction in Log Units

Sources
Salmonella Rotavirus Giardia duodenalis Ascaris

CAS/CAS-N 4 3 1 2 [8,23,34–37]
MBR/MBR-N 6 5 6 6 [10,34,36,37]

CAS-Sand/CAS-N-Sand 6 5 3 4 [23,35–37]

3.3. QMRA Model Outcomes
3.3.1. Maximum Tolerable Infection Risks

The tolerable infection risks for Salmonella, Rotavirus, Giardia duodenalis, and Ascaris
equal 2.3 × 10−5, 1.43 × 10−3, 6 × 10−4, and 1.2 × 10−4 per person per year (pppy),
respectively for a tolerable DALY loss of ≤ 1 × 10−6, as shown in Table 7. Mara and
Sleigh [16] estimated the tolerable infection risk for Ascaris as 1.2 × 10−3 pppy, which is
higher than the tolerable infection risk in the study because, in Mara’s study, the tolerable
DALY loss was 10−5 pppy.

Table 7. Tolerable infection risks for key pathogens.

Pathogen DALY Losses (pppy) Disease/Infection
Ratio

Tolerable Infection
Risk (pppy)

Salmonella 6.3 × 10−2 [38] 0.7 [23] 2.3 × 10−5

Rotavirus 1.4 × 10−2 [14] 0.05 [14] 1.43 × 10−3

Giardia duodenalis 1.66 × 10−3 [38] 1 [23] 6 × 10−4

Ascaris 8.25 × 10−3 [16] 1 [23] 1.2 × 10−4

3.3.2. QMRA and Monte Carlo Simulation Outputs

Tables 8 and 9 present the QMRA model outputs, which are the annual infection risks
associated with the direct use of wastewater without treatment for Salmonella, Rotavirus,
Giardia duodenalis, and Ascaris. The infection risks estimated using the QMRA model
were compared with the tolerable risks to estimate log reduction, which is needed to
comply with the health-based target. For Salmonella, Rotavirus, Giardia duodenalis, and
Ascaris, log unit reduction of 1, 3, 1, and 2 are required from the treatment units in restricted
irrigation while 2, 4, 2, and 4 are required in unrestricted irrigation.

Table 8. Restricted and unrestricted irrigation annual infection risks estimated by QMRA and 10,000 trial Monte
Carlo simulations.

Quality *
Median Infection Risk pppy (Restricted Scenario) Median Infection Risk pppy (Unrestricted Scenario)

Salmonella Rotavirus Giardia duodenalis Salmonella Rotavirus Giardia duodenalis

107–108 2.92 × 10−3 1 0.048 0.2 1 0.89
106–107 2.92 × 10−4 0.79 4.94 × 10−3 2.12 × 10−2 1 0.19
105–106 2.93 × 10−5 0.15 4.95 × 10−4 2.12 × 10−3 1 0.02
104–105 2.93 × 10−6 1.64 × 10−2 4.96 × 10−5 2.12 × 10−4 0.69 2.18 × 10−3

103–104 2.94 × 10−7 1.65 × 10−3 4.96 × 10−6 2.12 × 10−5 0.11 2.19 × 10−4

102–103 3 × 10−8 1.65 × 10−4 5 × 10−7 2.12 × 10−6 1.19 × 10−2 2.18 × 10−5

10–100 3 × 10−9 1.66 × 10−5 5 × 10−8 2.1 × 10−7 1.2 × 10−3 2.19 × 10−6

1–10 3.1 × 10−10 1.67 × 10−6 5.1 × 10−9 2 × 10−8 1.2 × 10−4 2.2 × 10−7

* For restricted irrigation soil quality (E. coil/100 g) and for unrestricted irrigation Wastewater quality (E. coil/100 mL).
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Table 9. Restricted and unrestricted irrigation annual infection risks for Ascaris estimated by QMRA
and 10,000 trial Monte Carlo simulations.

Quality * Median Infection Risk pppy
(Restricted Scenario)

Median Infection Risk pppy
(Unrestricted Scenario)

10–100 7.03 × 10−2 0.99
1–10 7.34 × 10−3 0.57

1 1.34 × 10−3 0.15
0.1–1 7.36 × 10−4 0.08

0.01–0.1 7.36 × 10−5 8.7 × 10−3

0.001–0.01 7.36 × 10−6 8.71 × 10−4

0.0001–0.001 7.4 × 10−7 8.74 × 10−5

* For restricted irrigation soil quality (eggs/Kg) and for unrestricted irrigation wastewater quality (eggs/L).

3.4. Treatment Effectiveness Verification

The achieved infection risks from treatment alternatives combined with drip irrigation
are presented in Table 10. These infection risks were found to be lower than the tolerable
infection risks for Salmonella, Rotavirus, Giardia duodenalis, and Ascaris, which are
2.3 × 10−5, 7.6 × 10−4, 6 × 10−4 and 1.2 × 10−4 pppy, respectively. According to this table,
log reductions from treatment alternatives are sufficient for health protection according to
guidelines by the WHO [8], the Australian guideline [10], and the EU level [11]. Treatment
alternatives give wastewater qualities below the limit of Grade A treatment in the Egyptian
code (100 E. coli per 100 mL and 1 Ascaris eggs/L). Based on those results, all proposed
treatment alternatives achieved the required pathogen reduction.

Table 10. Median infection risks pppy for proposed treatment alternatives combined with
drip irrigation.

Treatment Alternative
Median Infection Risk pppy

Salmonella Rotavirus Giardia duodenalis Ascaris

CAS/CAS-N 3 × 10−9 1.65 × 10−4 4.96 × 10−5 7.36 × 10−5

MBR/MBR-N 2 × 10−8 1.2 × 10−4 2.2 × 10−7 8.74 × 10−5

CAS-Sand/CAS-N-Sand 2 × 10−8 1.2 × 10−4 2.18 × 10−5 8.74 × 10−5

3.5. Simulated Cost Analysis
3.5.1. Capital Costs

The capital costs in the CapdetWorks 4.0 program were estimated in three categories,
i.e., unit process costs, other direct units’ costs, and other indirect units’ costs. Figure 5
provides a comparison of those costs for the six proposed treatment alternatives. The
unit process costs of MBR are about 1.7 the CAS costs; this may be attributed to the ad-
ditional costs of membranes, pumps, and blowers, which match the results obtained by
Bertanza [32]. Mobilization, site preparation, site electrical, yard piping, instrumenta-
tion and control, lab, and administration buildings are the elements of the ‘other direct
construction costs’ category. The ‘other direct construction costs’ category is the same
for the six proposed treatment alternatives because all its constituent elements are equal.
Figure 6 shows the total capital costs of the treatment alternatives. Costs of the treatment
alternatives with anoxic tanks are about 1.25 times the cost without anoxic tanks, which
is close to the percentage obtained by Arif [18]; this may be attributed to the additional
construction costs of the anoxic tanks.
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3.5.2. Operation and Maintenance

The annual operation and maintenance cost categories in CapdetWorks 4.0 are opera-
tion labor (administration, laboratory, and unit process operation labor cost), maintenance
labor, energy, chemicals, and materials. Figure 7 provides a comparison of the treatment
alternatives based on the O&M cost categories. MBR provides the highest energy costs
due to the higher energy consumption of the membrane pumps than those used in the
CAS. MBR is higher than CAS and CAS-sand systems in terms of the O&M labor costs
because MBR is a sensitive technology that requires qualified labor. The MBR system is
highly influenced by contaminants contained in the feed water, which can produce various
forms of fouling [18,39].
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The total costs of operation and maintenance are shown in Figure 8. The operation
and maintenance costs of systems with membrane filtration are higher than those without
membranes due to the costs of the membrane replacement, chemicals required for mem-
brane cleaning, higher energy usage, and more operation and maintenance labor required
for MBR. The total operation and maintenance cost of MBR is about 70% higher than CAS,
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3.5.3. Cost per Cubic Meter of Wastewater Flow

The following relation is used to estimate the annualized construction cost: annualized
construction cost = total construction cost × CRF. The capital recovery factor (CRF) is a
factor that divides the capital costs of the project cost into annual payments [18]. CRF is
estimated from the following equation: (Low Emissions Analysis Platform (LEAP))

CRF =
interest rate

1 − (1 + interest rate)−Li f e years = 0.086 (4)

The interest rate is 8.25% in Egypt from 16/11/2020 (Egypt Central Bank key rates).
The project planning period is 40 years. The cubic meter price of the six proposed treatment
alternatives is shown in Table 11. According to this table, it could be indicated that the
direct cost to treat a cubic meter of wastewater for agricultural purposes in Egypt ranges
from 0.082 USD to 0.133 USD. The cost of a cubic meter of the treated wastewater from
the CAS (activated sludge) alternative is 0.082 USD, which is lower than the cost of a
cubic meter that was estimated by WHO/CEHA [41] for activated sludge WWTPs in
Egypt (0.12 USD) because the cost of conveyance and pumping is not included in the
estimation of cubic meter cost. The cost of a cubic meter of treated wastewater from the
CAS-Sand (activated sludge with sand filter) alternative is 0.088 USD which is in the range
(0.07–0.1 USD) obtained by ALMAR [42] for Mediterranean countries.

Table 11. Cost of cubic meter for treatment alternatives.

Treatment Alternative CAS CAS-N MBR MBR-N CAS-Sand CAS-N-Sand

Cost (USD/m3) * 0.082 0.103 0.115 0.133 0.088 0.11

* Cost/m3 = (annualized construction+annual O&M)costs
Propoesd f lowrate∗365 .

3.6. Overall Assessment of Proposed Alternatives

Table 12 shows a summary of effluent quality, cubic meter price, and acceptability
of effluent usage in irrigation with health risk management. The treatment alternatives
give wastewater qualities acceptable for the Egyptian code for reuse of treated sewage
water in irrigation and for the use of sludge in agriculture 501/2015 and other guidelines
set by the WHO [8], the Australian guideline [10], and the EU level [11] with the price of
a cubic meter ranging from 0.082 to 0.133 USD. The CAS treatment alternative provides
effluents with suitable characteristics for restricted irrigation with a cost per cubic meter of
0.082 USD. Using activated sludge with sand filtration provides effluent that is acceptable
for unrestricted irrigation with a cost per cubic meter of 0.088 USD.

Table 12. Summary of results for the treatment alternatives.

Treatment
Alternative

Effluent Concentrations (mg/L) Cost
(USD/m3)

Accepted for
Irrigation *COD BOD TSS TN

CAS 38.71 7.35 13.6 22.85 0.082 Restricted
CAS-N 35 5.69 10.02 11.93 0.103 Restricted
MBR 22.48 3.6 1.5 16.35 0.115 Unrestricted

MBR-N 21.2 2.88 1 8.77 0.133 Unrestricted
CAS-Sand 27.16 3 2.92 22.43 0.088 Unrestricted

CAS-N-Sand 26.85 2.5 2.04 11.9 0.11 Unrestricted
* The reuse of effluents, from each alternative, in irrigation is classified according to guidelines by the WHO [8],
the Australian guideline [10], and the EU level [11] to manage health risks.
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4. Conclusions

This paper aimed to evaluate the restricted and the unrestricted treatment alternatives’
efficiencies, estimating the cubic meter cost of reclaimed water that can be used in irrigation
and managing health risks to achieve the target annual infection risk. The CAS, CAS-N,
MBR, MBR-N, CAS-Sand, and CAS-N-Sand treatment alternatives were evaluated using
simulation programs to estimate effluent quality, cost, and health risks. The GPS-X 8.0
simulation program was used to verify the designed processes. CapdetWorks 4.0 program
was used to estimate the treatment alternatives costs. Log unit reductions from treatment
and post-treatment were checked to be sufficient in reducing infection risks estimated
using the QMRA model to tolerable risks.

Based on the value of pathogen concentrations in wastewater in Egypt, it can be no-
ticed that both Salmonella and Giardia duodenalis, compared with Rotavirus and Ascaris,
seem to have limited significance when reclaimed water is utilized for irrigation. Therefore,
under the investigation conditions used in this study, only Rotavirus and Ascaris can be
used for the evaluation and comparison of the public health protection effectiveness of
different treatment alternatives. This study indicated that irrigation with tertiary treated
wastewater can achieve the target microbial risk reduction for unrestricted irrigation (one
DALY loss per million people per year) without the need to add advanced treatment facili-
ties. Although activated sludge alternative gave higher health risks than other alternatives,
it produced an effluent with appropriate qualities that can be used in restricted irrigation.

Based on the results of this study, it can be concluded that the cubic meter cost of
wastewater treatment for agricultural purposes in Egypt was estimated and ranges from
0.082 USD to 0.133 USD. Using activated sludge with sand filtration provides effluent
with suitable characteristics for unrestricted irrigation with a small cost per cubic meter of
0.088 USD. Although CAS provides the lowest capital and O&M costs, it gives lower effi-
ciencies and higher health risks than other treatment alternatives. The usage of membrane
filtration provides higher protection from health risks, especially those caused by Giardia
duodenalis and Ascaris. Membrane filtration also gave higher removal efficiencies and a
lower footprint, but it requires higher construction and running costs.

Usage of the GPS-X 8.0 and CapdetWorks 4.0 programs was very helpful in verifying
the process performance for treatment alternatives and in estimating the costs of the treat-
ment alternatives. It is necessary to investigate pathogen concentration in further research
and to test the effectiveness of different treatments in pathogen removal for different case
studies. The GPS-X 8.0 and CapdetWorks 4.0 programs should be tested in other case
studies with different conditions; the wastewater flow, wastewater characterizations, and
results should be compared to results obtained by other simulation programs.
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