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Riverbank filtration (RBF) consists of green drinking water production in many
regions and is used as a pre-treatment phase. This study investigates the
performance of the RBF in the Nile delta, Egypt, for climate change and
population growth scenarios of 2030, 2040, and 2050. This study presents
a newmethod for predicting the sharing of riverbanks considering three cases:
i) the river stage controlling the water levels in the river, ii) increasing RBF
pumping, and iii) changing the groundwater levels. This last scenario is
achieved by changing the general head in the MODFLOW model. The
results showed that RBF sharing (RBFS) is a proportion of the river leakage
inflow, in which the decrease of the river stage due to the influence of climate
change reduced the river leakage inflow and RBFS. In addition, increasing RBF
pumping, decreasing RBF pumping, and lowering the groundwater levels due
to the increase in the future drinking water pumping for the population growth
increased the river leakage inflow and RBFS. Finally, combining the three cases
decreased RBFS in the coming years of 2030, 2040, and 2050, respectively,
due to more groundwater sharing than the river inflow. The results show that
the water budget is a good tool to investigate RBFS compared with MT3D
results. This technique can reduce the cost of water quality collection and
analysis; moreover, it will help with the estimation of RBF and save time
compared with solute transport modeling.
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1 Introduction

Water is essential for survival; clean fresh water is necessary for drinking, sanitation,
cultivating crops, animals, and industry, andestablishing and sustaining the ecosystems on
which all live (Obaideen et al., 2022). The demand for water supply is constantly increasing
in Egypt, which might be due to increasing urbanization or population growth. This
coincides with a shortage of current resources as Egypt falls below the water poverty
line, according to the WWAP (2018). As a result of global warming, changes in the moisture
and radiation balances, including the average, lowest, and highest temperatures, and
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precipitation levels, are anticipated. The global climate projections
and their regional transformation still include much uncertainty
(Kumar, 2012).

The Nile River is the major source of surface water in Egypt and
provides 55.5 billion cubic meters of water per year [BCM/yr.],
which accounts for approximately 82.1% of the country’s water
resources (El-Atfy, 2007). Surface water provides around 91.4% of
Egypt’s drinking water, while groundwater and desalination
contribute 8.3% and 0.24%, respectively (HCWW, 2017). Egypt’s
surface and groundwater are deteriorating rapidly due to increased
pollution discharges from agricultural, domestic, and industrial
effluents into its conduits (Ahmed and Ali, 2011). The Nile water
is polluted by three forms: agricultural runoff and drainage,
including pollutants from pesticides and herbicides, industrial
and household effluents carrying hazardous heavy metals and
suspended particles, and sewage. The third is that ferries and
ships regularly discharge oil waste and other toxins (Ghannam,
2021).

Moreover, approximately 65% of the industrial water
demands are provided by the Nile River, whereas the effluents
returning to the Nile are more than 57% (MWRI, 2013). High
turbidity is created by receiving torrents from the desert border
during severe rainstorms (HCWW, 2017). The appearance of an
oil slick in 2010 from industrial wastewater plants at Edfu city in
Aswan along a 6-km stretch demonstrated the history of Nile
calamities (MWRI, 2013). Other spills were recorded in 2012,
when an old boat burnt near the coast in the south of Isna with an
area covering approximately 1.05 km2 (Al-Masry, 2012; Ewida,
2014), and leakage of pesticides from Kafr El-Zayat industries in
Kafr El-Sheikh, Rashid branch, resulted in the death of a
considerable quantity of fish. Effluents from the Kima Plant
and the Elsayel drain in Aswan have recently been identified
as additional causes of Nile pollution.

Riverbank filtration (RBF) is an environmentally beneficial
method of pre-treatment of direct drinking water supply using
aquifer sediments as a natural filter. River water flows via natural
pores in the riverbed and aquifers created by water abstraction
from pumping wells. The water quality of the infiltrating water
(bank filtrate) is enhanced by adsorption, filtration, and
biodegradation processes (Abd-Elaty et al., 2022). For more
than a century, it has been used in Europe for water treatment
or pre-treatment (Doussan et al., 1997) because of its ability to
eliminate by-product precursors and pathogens, such as Giardia
and Cryptosporidium. This system is approved as a
supplementary water source for municipal and industrial
applications in Germany, India, the United States, Thailand,
and Switzerland (Weiss et al., 2003; Pholkern et al., 2015).

Climate change has a two-fold impact on global warming, which
is especially visible during the ripening period. However, the
intensity and frequency of extreme climate events, such as heavy
rainfalls, floods, and droughts, will increase, elevating the possibility
of pollution incidents and complicating water–environment risk
prevention (Santos et al., 2020). Climate change has a significant
impact on the RBF system. RBF evaluated the impact of climate
change on the production of safe drinking water in the Lower Rhine
Valley, Germany. It was shown to have both quantitative and
qualitative impacts (Covatti and Grischek, 2021). During periods
of low river water, the capacity of RBF wells decreases.

Moreover, decreased discharge into the river is associated with
increased concentrations of some chemicals. The change of raw
water composition for the next technical treatment stage must be
addressed, in addition to the higher water temperatures affecting the
hydrogeochemical processes during RBF (Eckert et al., 2008). This
study aims to predict and investigate the RBF share (RBFS) using
limited numerical simulation models by investigating the water
budget compared to field examinations at the Embaba site in
Egypt. The study used visual MODFLOW, the base-case water
zone budget, river-phase scenarios, and RBF and aquifer
pumping rates.

2 Materials and methods

2.1 Study area

Figure 1A presents the selected study area of the Embaba site,
Giza Governorate, Egypt. It is located between latitude 30 ˚ 06′–30 ˚
07′ N and longitude 31 ˚ 12′–31 ˚ 13′ E. This drinking water site
covers approximately 4 km2 and provides water for more than
8 million people (Capmas, 2020). The climate of the study area is
moderate, where the average annual relative humidity is 55.8%, the
average daily temperature ranges between 12°C and 31°C in January
and July, respectively, the rainfall is less than 40 mm year-1, and
evaporation reaches 15 mm day-1 (Mahmoud, 2014). Concerning
total water supplies. Climate change predictions indicated that its
trends would decrease and there would be more chances for flash
floods (MWRI, 2013). The average land levels are ranged between
17 and 20 m above the mean sea level (masl) to reach 23 m at the
western boundary; the eastern boundary is the Nile River branch
with an average bed level of 8.8 (masl).

2.1.1 Study area population
The population of Egypt reached 101 million in January 2020

(Capmas, 2020). It is considered the most populous country in the
Middle East, the third most populous country in the African
continent, and the fourteenth in the world. Cairo, Giza, and
Alexandria are the main cities in the country and elsewhere
along the banks of the Nile Valley, the Nile Delta, and the Nile.
These areas occupy approximately 4% of the country’s area. They are
among the most densely populated regions globally, with a
population density of approximately 1,500 per capita km-2.

Figure 2 presents Egypt’s population over the years, reaching
26.63, 34.51, 43.31, 56.13, 82.76, 102.30, and 104.30 million. In
addition, the population growth rates reached 2.70%, 2.40%, 2.40%,
2.40%, 1.90%, 2%, 1.90%, and 1.90% in the years 1960, 1970, 1980,
1990, 2000, 2010, 2020, and 2021, respectively (Figure 2). Egypt’s
projected population is estimated to be 124, 149, and 180 million in
2030, 2040, and 2050, respectively. The water consumption is
estimated using 200 liters-1 capita-1 day-1 to reach 5.33, 6.90, 8.66,
11.23, 13.77, 16.55, 20.46, and 20.86 BCM year-1. Giza is one of the
most populated and the second most populous governorates in
terms of population. The population will reach 9.30 million in
2021 and is expected to be 11, 13, and 16 million in the years
2030, 2040, and 2050, respectively. Population growth rates reached
1.90%. The population increase was 18%, 43%, and 73% from the
baseline case in 2021.
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2.1.2 Geology setting
Two geological formations compose the current study area. The

first is the Bilqas Formation at the upper layer with fine to medium-
grained sand, silt, and clay interbeds. This formation was established

in the Holocene. The second is the Mit-Ghamr Formation at the
lower layer, including organic matter and peat beds (Said, 2017). The
current RBF site at Embaba locates in the quaternary aquifer of the
Nile Delta, where the aquifer thickness ranges from 800 m in the

FIGURE 1
Study site location: (A) Egypt map and (B) RBF location.

FIGURE 2
Egypt’s population and water consumption. (A) Population, million. (B) Water consumption, BCM.
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TABLE 1 Hydraulic parameters of the quaternary Nile Delta aquifer.

Main hydraulic unit Hydraulic
conductivity

Transmissivity Storage
coefficient

Specific
yield

Effective
porosity

Total
porosity

K T S Sy n neff

m/day m2/day m/day 1/m % %

Zaghloul (1985) 119 -------- 10−4 - 10−3 0.15 -------- 30

Farid (1980) 112 -------- 2.35 × 10−3 -------- 37.35 40

Shahin (1985) 50 2500–25900 10−5–10−4 0.2 23.25 25

Laeven (1991) 150 10,350–59800 -------- -------- -------- 25–30

RIGW (1992) 75 15,000–75000 10−4–10−3 -------- -------- 25–40

Bahr and Rundle (1995) 75 -------- 1.1 × 10−3 -------- 18 25

Bahr and Rundle (1995) 55–60 -------- -------- 0.20 20 0.35

Morsy (2009) 5–100 -------- (5–50) x10−4 0.10–0.20 5–30 35

FIGURE 3
Abstraction wells rates in the Nile Delta aquifer. (A) Nile discharge, BCM month-1. (B) Abstraction rate (BCM).
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FIGURE 4
Hydrogeologic cross-section East-West shows the clay-cap semi-confining layer, main aquifer after Ghodeif et al. (2018).

FIGURE 5
(A) Study area digitizing and boundary conditions for sections X–X (upper figure) and (B) the aerial view (lower figure).
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north to 200 m in Cairo (RIGW, 1992). The thickness of the
Holocene deposit is approximately 77 m (Stanley, 1990). Its
sediments are alternating sand, silt, and clay beds. The
quaternary deposits are represented by the Nile sediments,
occasionally covered by a thin layer of wind-blown sands. The
sediments constitute variable proportions of sands, clays, and
gravels of variable thicknesses (Sallouma, 1983).

2.1.3 Hydrogeological systems
The Nile River represents surface water in the study area 940 km

from the Aswan old dam that lies in the east (Figure 1). The river
hydrograph ranges from 16 m to 16.40 m AMSL according to Embaba
water plant measurements, and the river width ranges from 200 m to
400 m to reach 350 m at the site of the study area (Ghodeif et al., 2016).
The river peak discharge reaches approximately 6.97 BCM month-1 in
July, with the lowest discharge occurring in January with 2.54 BCM
month-1. Hasan et al. (2021) studied the changes in total water storage
(TWS) during the 20th century and future projections in the Nile River
Basin. The study showed remarkable wet periods in 1917, 1924, 1930 to
1940, 1964, 1989, 2000, 2007, 2014, and 2020. Between 2021 and 2050,
the future water storage deficit record indicated fewer dry conditions
relative to normal and slightly wetter conditions and a reduction
between 10% and 30% in total water storage.

The main hydrogeological stratum of the study area is a
quaternary aquifer, which consists of graded sand and gravel
with intercalations of clay lenses at different depths. The flow to
the aquifer depends on the Nile River at the source of the delta
barrages, and its flow is generally in a northern direction due to
overpumping. The groundwater heads are lower in the east (the
Marg) and the west (Giza pyramids) due to the provision of water to
the El Remaya club and the golf club. The abstraction wells by the
Remaya Club and the golf club in the southwest are lowering the
groundwater heads and keeping the flow direction toward the west
(El-Arabi et al., 2013). The hydraulic conductivity of the aquifer
decreases toward the south and west, where the vertical conductivity
of the Holocene deposits ranges between 0.001 and 0.01 m day-1

(Laeven, 1991). The quaternary hydraulic prosperities as vertical
[kv] and horizontal [kh] hydraulic conductivity, specific yield,
storage coefficient, transmissivity, and total and effective porosity
are shown in Table 1.

The annual abstraction rates in the Nile Delta reached 1.60,
2.60, 3.02, 3.50, and 7 billion cubic meters (BCM) in 1980, 1991,
1999, 2003, and 2016, respectively (RIGW, 1992, 2003; Morsy,

2009; Molle et al., 2016). Trends of the abstraction rate increased
by 0.10 BCM year-1 until 2003 and increased to 0.20 BCM year-1

from 2003 to 2010. The future abstraction rates were estimated to
reach 8.20, 9.65, and 11.09 BCM in the years 2030, 2040, and
2050 increasing by 33%, 56%, and 79% from the current base case
(2021), respectively, based on the regression (Figure 3B). The
water quality of this aquifer shows variations of salinity ranging
from less than 1,000 to 1,000 ppm, while the river Nile TDS value
is close to 260 ppm (Omran, 2019).

2.2 Embaba riverbank filtration

The Embaba water plant was constructed in phases from
1985–1999 to 2005 on Corniche El Nil Street. The design capacity
is 900,000 m3 day-1, while the production capacity is 1,130,040 m3 day-1,
and the future plan is to add 400,000 m3 day-1 in two phases. The first
phase is over 2 years, and the amount of filtered water is estimated to
be 1,276,367 m3day-1. The feeding water supply areas are Warraq,
Imbaba, Dokki, Mohandessin, and some villages adjacent to the
service areas.

The Holding Company for Water and Wastewater drilled six
pumping wells at the current RBF site at Embaba, Nile Delta, Egypt,
close to the river Nile in 2015 (HCWW, 2017). The RBF depth is
54 m, having diameters of 450 mm with a discharge of 150 m3h-1 for
each well, and the distances between the wells and the river shoreline
are from 10 m to 15 m. In addition, the total capacity ranges from
14,000 m3day-1 to 21,000 m3day-1, as shown in Figure 4 (Ghodeif
et al., 2016).

2.3 Groundwater flow and the contaminant
transport model

The partial-differential groundwater flow equation is used in
visual MODFLOW (McDonald and Harbaugh, 1988), as shown in
Eq. (1):

z

zx
Kxx

zh

zx
( ) + z

zy
Kyy

zh

zy
( ) + z

zz
Kzz

zh

zz
( ) + q � Ss*

zh

zt
. (1)

Here, Kxx, Kyy, and Kzz are hydraulic conductivity values along
the x, y, and z coordinate axes [LT-1], respectively. h is the

TABLE 2 Initial and calibrated hydraulic parameters of the study area.

Case Main hydraulic unit Layer # Hydraulic
conductivity

Storage coefficient Specific yield Effective porosity

Kh Kv S Sy n

m/day m/day - 1/m %

Initial Clay cap 1–2 0.22–0.38 0.022–0.038 10–3 0.1 40

Coarse sand quaternary 3–6 5–150 0.50–15 5 × 10−4 - 2.5 × 10−3 0.10–0.20 5–37.35

Calibrated Clay cap 1–2 0.35 0.035 10–3 0.1 40

Coarse sand quaternary 3–6 25–70 2.5–7 2.5 × 10−3 0.2 25
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potentiometric head [L]. SS is the specific storage of the porous
material [L-1]. t is time [T]. q is the volumetric flux per unit volume
representing source/sink terms, with q < 0.0 for the outflow of the
ground water system and q > 0.0 for the inflow [T-1].

The numerical model of the MT3D code was used to simulate
RBF. The following partial differential equation describes the solute
mass transport in groundwater (Zheng and Bennett, 1995), as shown
in Eq. (2):

z θCk[ ]
zt

� z

zxi
θDu

zCk

zxj
[ ] − z

zxi
θViC

k[ ] + qsC
k
s +∑Rn. (2)

Here, Ck is the concentration of species k [MLˉ³], Ɵ is the
porosity [-], t is time [T], Du is the hydrodynamic dispersion
coefficient [L2Tˉ1], Vi is the seepage or linear water velocity
[LTˉ1], qs is the volumetric flux of water per unit volume [Tˉ1],
Ck
s is the concentration of the sources or sinks of species k [ML-3],

and Rn is the chemical reaction term [ML-3T-1].

2.3.1 Design and setup of the model
The visual mudflowmodel was applied in the current study area to

cover a square area of 90000 m2 [300 m length × 300 m width].

Figure 5A presents the study domain divided into 60 columns and
60 rows, six layers where the first layer thickness is 5.8 m (the clay cap),
and the other layers are the quaternary aquifer with a thickness of
approximately 42 m.

2.3.2 Boundary conditions and hydraulic
parameters

The river package was used to assign the river boundary
conditions, where the water level was assigned to be
16.15 AMSL. The real slope of the water surface was estimated to
be 0.02%. Moreover, a no-flow boundary was assigned at the
northern and southern boundaries. A general head boundary
(GHB, Cauchy BC) along the western model boundary was
assigned to represent the unaffected groundwater head and starts
from 16.14 to 16.12 (m.a.s.l), considering the natural groundwater
slope was assigned 0.083% (Figure 5) (Table 2).

The total abstraction from the current area reached 150 m3hr-1

–21,600 m3 day-1, while the average net recharge is 0.5 mm day-1

(Abd-Elaty et al., 2020). A constant concentration of 260 ppm was
assigned along the river boundary, while the initial concentration
was set at 1,000 ppm (Morsy, 2009; Al-Agha et al., 2015).

FIGURE 6
Model calibration results for the base case for (A) calculated vs. observed head, (B)map of Head and path line, (C)map view of TDS contamination,
and (D) vertical cross section for distribution of TDS.
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2.3.3 Model calibration
The study area model calibration was carried out by

comparing the calculated head from the simulation with the
measured field data from the observation wells using the
piezometric contour map in Greater Cairo developed by El-
Arabi et al. (2013). This step was developed by changing the
aquifer hydraulic conductivity using trial and error to reach a
good match between the model results and field data. Figure 6A
shows the relationship between the calculated and observed
heads. The residual ranges between 0.001 m and 1.431 m, the
mean residual is 0.114 m, the absolute residual mean is 0.243 m,
the standard error of the estimate is 0.044 m, the root means
square [RMS] and the normalization RMS are 0.374 m and
7.477%, respectively, and the correlation coefficient is 94%.

The groundwater heads in the study area range between 13 and
15 (m.a.s.l) (Figure 6C). In addition, the TDS in the study area

ranges between 250 and 350 ppm at layer #2 and is presented in
Figures 6B, D.

2.3.4 Model of water budget
One of the important results from the model calibration is water

balance for hydrological processes. The main components of the
groundwater system are the constant head, general head, well
extraction, river, drain, recharge, lake seepage, stream leakage,
and change in aquifer storage; these parameters are estimated
using the zone budget code in visual MODFLOW. Figure 7A
shows the zone budget of inflow and outflow of the study area
model with the total inflow and outflow; the general head inflow is
15,164 m3day-1, recharge is 45 m3day-1, the canal leakage inflow is
6,289 m3day-1, and the total inflow is 21,498 m3day-1. In comparison,
the total outflow is 21,600 m3day-1, and the difference between the
total inflow and the total outflow is 102 m3day-1.

FIGURE 7
(A) Calibrated water balance components in Nile Delta aquifer, and (B) RBF cross-section at Embaba and definition of model cases.

TABLE 3 Defined scenarios for pumping rates and aquifer parameters.

Main Parameters Case Base Case Scenarios

2030 2040 2050

River River stage [amsl] 16.16 15.44 14.70 13.97

RBF Pumping rate [m3 day-1] - 21600 25488 30888 37368

Aquifer General head boundary [amsl] 16.14 14.54 13.93 13.32
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2.4 RBF sharing

The riverbank filtration share (RBFS) in percent was calculated using
the mean values of TDS for groundwater [GW], river water (Dawoud
et al., 2005), and pumpedwater [RBF]. RBFSwas calculated using Eq. (3).

RBFS � TDS( )GW − TDS( )RBF
TDS( )GW − TDS( )River x100%. (3)

Here, [TDS]GW is the concentration of TDS in the aquifer around
the pumping well, [TDS]RBF is the concentration of TDS in pumped
water due to using a filter, and [TDS] River is the concentration of TDS in
the surface water or river. The calculated RBFS reached 69% using the
mean values of TDS for groundwater at 1,000 ppm, pumped water at
304 ppm, and the river at 260 ppm.

2.5 Proposed scenarios

The model was developed for three cases and included different
scenarios to assess the impacts of the interaction between surface water

and groundwater on the water zone budget (WZB) and the share of
bank filtrate [RBFS]. Figure 7B shows the three cases. The first is the
river stage, which happens by reducing the river hydrograph by 10%,
20%, and 30% to reach the levels of (15.44), (14.70), and (13.97) AMSL
by 2030, 2040, and 2050, respectively, compared with (16.16) AMSL at
the base case. The second scenario is increasing the RBF pumping rates
by 18%, 43%, and 73% as the expected abstraction due to
overpopulation reaching 25,488 m3 day-1, 30,888 m3 day-1, and
37,368 m3 day-1 by 2030, 2040, and 2050, respectively (Table 3).

The third is increasing aquifer pumping due to future demand
by 33%, 56%, and 79% by 2030, 2040, and 2050, respectively; the
model GHB, assigned to study the influence of groundwater on the
zone water budget, changed to (14.54), (13.93), and (13.32) a.m.s.l,
compared with (16.14) at the base case.

3 Results

The impact of the river stage due to climate change, the aquifer
abstraction rates due to increasing water demands for agriculture,

FIGURE 8
Relationship between the river stage with (A) WZB and (B) RBFS.
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industrial and domestic applications, and the RBF overpumping due
to overpopulation and increasing water consumption were the cases
considered in this study on water budget and RBFS.

3.1 Impact of the river hydrograph on WZB
and the RBF portion

In this stage, four cases were investigated by changing the river
stage and starting from level (16.15) to (15.44) and (14.70) to (13.97)
a.m.s.l. due to a decrease in the river hydrograph by 10%, 20%, and
30% by 2030, 2040, and 2050, respectively (Figure 8).

Figure 8B presents the results of this stage on theWZB. At the same
time, the well’s abstraction and the flow to the aquifer remained
constant at 21,600 m3day-1 and 45 mm day-1, respectively. The canal
leakage decreased to 5,627, 4,937, and 4,278 m3day-1 compared with
6,289 m3day-1 at the base case. The general head inflow increased to
15,890, 16,320, and 17,207 m3day-1 compared with 15,164 m3day-1 at
the base case. The total inflow reached 21,562, 21,302, and
21,529 m3day-1, respectively, compared with 21,498 m3day-1. The
total outflow reached 21,600 m3day-1 for all cases.

Moreover, the RBF portion reached 67%, 63%, and 58%,
respectively, compared with 69% in the base case (Figure 8B).
The results indicated that decreasing the river hydrograph
decreased the canal leakage inflow by the river and increased the
general head inflow by groundwater sharing. This agrees with the
model results, where the RBFs are decreased.

3.2 Impact of the general head on WZB and
the RBF portion

The stage was simulated by increasing RBF well pumping by
18%, 43%, and 73% from the current base case (2021) in 2030, 2040,
and 2050 to reach 25,488, 30,888, and 37,368 m3 day-1 (Figure 9) due
to the expected overpopulation by 2030, 2040, and 2050,
respectively, compared with 21,600 m3day-1 at the base case.

In this stage, WZB for the flow to the aquifer remained constant at
45m3day-1. RBF pumping was increased to 25,488m3day-1,
30,888 m3day-1, and 37,368m3day-1 compared with 21,600m3day-1,
and the river leakage was increased to 7,430, 9,012, and 10,910m3day-1

compared with 6,289m3 day-1 at the base case (Figure 9A).

FIGURE 9
Relationship between RBF pumping with (A) WZB and (B) RBFS.
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The general head inflow increased to 17,956, 21,774, and
26,379 m3day-1 compared with 15,164 m3day-1 at the base case.
The total inflow reached 25,431, 30831 and 37,334 m3day-1,
respectively, compared with 21,498 m3day-1, while the total
outflow reached 21,600 m3day-1 for all cases. The results of WAB
are good compared with the MT3D of RBF, where the RBFS reached
70%, 72%, and 75% compared with 68% in the base case (Figure 9B).

3.3 Impact of aquifer pumping on WZB and
the RBF portion

The model GHB shows a decline of 1.60 m, 2.21 m, and
2.82 m to reach the level of (14.54), (13.93), and (13.32) a.m.s.l.
compared with (16.14) at the base case (Figure 10). This
reduction in the groundwater level is due to the expected
aquifer abstraction rate increase by 33%, 56%, and 79% by
2030, 2040, and 2050, respectively. The modeling results
showed that WZB for the RBF pumping rates and flow to the

aquifer remained constant at 21,600 m3day-1 and 45 m3day-1,
respectively. The river leakage increased to 7,750, 8,308, and
8,860 m3day-1 compared with 6,289 m3day-1 at the base case. The
general head inflow decreased to 13,682, 13180, and
12,609 m3day-1 compared with 15,164 m3day-1 at the base case.
The total inflow reached 21,477, 21,533, and 21,514 m3day-1,
respectively, compared with 21,498 m3 day-1, while the total
outflow reached 21,600 m3day-1 for all cases (Figure 10A). The
results of WAB are good compared with the MT3D of RBF, where
the RBFS reached 80%, 83%, and 86% compared with 68% in the
base case (Figure 10B).

3.4 Impact of the combination scenario on
WZB and the RBF portion

The model was simulated for three cases in the years 2030, 2040,
and 2050 by changing the river stage and starting from level (16.16)
to (15.44) and (14.70) to (13.97) a.m.s.l. (Figure 11). The RBF was

FIGURE 10
Relationship between GHB with (A) WZB and (B) RBFS and.
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increased by 18%, 43%, and 73% to reach 25,488, 30,888, and
37,368 m3 day-1, respectively, compared with 21,600 m3 day-1 at
the base case. The GHB was a decline by 1.60 m, 2.21 m, and
2.82 m to reach the level of (14.54), (13.93), and (13.32) a.m.s.l.,
respectively, compared with (16.14) at the base case.

TheWZB is presented in Figure 11A; the results showed that the
flow to the aquifer remained constant at 45 m3 day-1. The RBF
pumping was increased to 25,488 m3 day-1, 30,888 m3 day-1, and
37,368 m3 day-1 compared with 21,600 m3 day-1, and the river
leakage was increased to 8,232, 9,684, and 11463 m3 day-1

compared with 6,289 m3 day-1 at the base case. The general head
inflow increased to 17,280, 21,060, and 25,761 m3 day-1 compared
with 15,164 m3 day-1 at the base case. The total inflow reached
25,557, 30,789, and 37,269 m3 day-1 compared with
21,498 m3 day-1, while the total outflow reached 25,488, 30,888,
and 37,368 compared with 21,600 m3 day-1 for all cases. The
RBFS decreased and reached 65%, 63%, and 61% compared with
68% at the base case; this agrees with the WAB results, where the
aquifer heads were lowered, and the sharing of the aquifer was
increased (Figure 11B).

4 Discussion

Decreasing the river hydrograph by 10%, 20%, and 30% by 2030,
2040, and 2050, respectively, decreased the canal inflow to 5,627, 4,937,
and 4,278m3day-1 compared to 6,289 m3day-1 at the base case.
Moreover, the RBF portion reached 67%, 63%, and 58% compared
with 69% in the base case. Increasing the RBF well pumping by 18%,
43%, and 73% from the current base case, the river leakage was increased
to 7,430, 9,012, and 10,910m3day-1, and the RBFS reached 70%, 72%,
and 75%. The GHB decline by 1.60 m, 2.21 m, and 2.82 m led to the
increase in the river leakage to 7,750, 8,308, and 8,860m3day-1. In
addition, the RBFS reached 80%, 83%, and 86%. Combining the
three cases increased the river leakage to 8,232, 9,684, and
11,463m3day-1. Moreover, the general head inflow was increased to
17,280, 21,060, and 25,761 m3day-1 compared with 15,164 m3day-1 at the
base case. The RBFS decreased and reached 65%, 63%, and 61% due to
the reduction of river sharing and increasing the sharing of the aquifer.

River hydrology, hydrogeological conditions, and the aims for water
withdrawal are influenced by the siting and design of RBF systems
(Fukada et al., 2003). Lee et al. (2012) used numerical simulation and

FIGURE 11
Relationship between (A) WZB and GHB and (B) RBFE and combination of scenarios.
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pumping tests to evaluate the impact of well structure and pumping
rates on the extraction efficiency of the RBF system near the Nakdong
River at Daesan-myeon at the northwestern border of Changwon City,
Korea. The result indicated that the distance between the RBF well and
the river is estimated as the volume of filtered river water. Abdalla and
Shamrukh (2016) indicated that the simulation and modeling software
can make an actual visualization of RBF and help in overcoming some
of the problems. Grischek and Paufler (2017) indicated that using wells’
continuous well operation decreased the iron and manganese
concentrations over longer periods in Torgau and Dresden,
Germany. Rossetto et al. (2020) applied numerical modeling to
assess the changes in recharge from the river to the aquifer to
construct RBF infrastructure along the Serchio River in Lucca, Italy.
Wang et al. (2020) showed that increasing the permeability connection
between the canal and aquifer increased the bank filtration sharing by
23% due to the canal reconstruction for the abstracted water near the
waterworks. Abd-Elaty et al. (2021c) showed that the reduction in the
river stages and the aquifer abstraction well rates had lowered the
portions of bank filtrate, while the high productivity of RBF wells
increased the RBF. Shebl et al. (2021) showed that the surface water
quality, the aquifer hydraulic characteristics, and the RBF system,
including well number, distances, and abstraction rates, influence
the RBF sharing. Pholkern et al. (2015) and Jaramillo et al. (2019)
evaluated RBF systems using numerical and experimental models to
simulate pesticide removal. Kazak and Pozdniakov (2021) applied
numerical simulations in Voronezh, Russian Federation, to reveal
the potential source of iron in groundwater pumped through
riverbank wells. The current study’s limitations relate to applying
field investigation at the different river stages, RBF system, and
aquifer abstraction rates and estimating the water budget and RBF
sharing.

5 Conclusion

Bank filtering is widely used worldwide; it is used to supply water to
industries andmunicipalities. Riverbank filtration (RBF) performance is
studied using the technique of water budget, considering the climatic
changes and over population, a case study at the Embaba site, Egypt.
The results of the groundwater flow and solute transport using visual
MODFLOW and MT3D showed that a combination of the three cases
by reducing the river stage, increasing the RBF pumping, and declining
the groundwater levels using the general head boundary led to the river
leakage being increased to 8,232, 9,684, and 11,463 m3day-1 compared to
6,289 m3day-1 at the base case. Moreover, the general head inflow was
increased to 17,280, 21,060, and 25,761 m3day-1 compared with
15,164 m3day-1 at the base case. RBFS decreased and reached 65%,
63%, and 61% due to the reduction of river sharing and increasing the
sharing of the aquifer.

The solution-oriented findings resulting from this study might
serve as a useful reference for investigating the performance of RBFS
in other study cases using water budget modeling, which can reduce
the cost of water quality collection and analysis, the time of the
simulation run, and that required to investigate the RBF of the
simulation using the solute transport model.
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