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Abstract

Wastewater treatment is essential for protecting the environment and human health because it removes hazardous pollutants. In line with
Egypt's Vision 2030, this study proposes a new approach to the design of distributed wastewater treatment networks, to reduce pollution
discharge into the environment.The two main parts of the proposed strategy are as follows: first, treatment units are prioritized for
implementation by giving lower flow rate units priority; second, the pinch method is employed to identify which streams should be treated in
each unit.In the three case studies, the maximum allowable environmental limit concentration was set at 10 ppm, and the removal ratio for the
treatment plants (TP) was set at 99%. The results show that, in case study one, the flow rates of TP; TP, and TP;are 39.53 t/h, 38.89 t/h and
37.22, respectively. In case study two, the flow rates of TP;, TP, TP3 TP, TPs and TPgare 56.32 t/h, 54.64 t/h, 55.15 t/h, 55.55 t/h, 56.81 t/h,
and 26.64 t/h, respectively. In case study three, the flow rates of TP;, TP,, TP3, TP4, TPs and are 323.11 t/h, 107.10 t/h, 328.67 t/h,308.50t/h,
and 248.57 t/h respectively. Based on these results, the discharge of contaminants into the environment at a concentration of 10 ppm was
achieved.

Keywords: Pinch Method;Wastewater Treatment; Multiple Contaminant; Process Synthesis.

1. Introduction

Egypt Vision 2030 is a national policy that seeks to achieve sustainable development by balancing economic growth, social
fairness, and environmental sustainability[1,2]. Wastewater management is an essential component of this vision, as it
addresses water scarcity, public health, and environmental challenges. The increasing amount of wastewater discharge and
more stringent environmental restrictions over the last 20 years have made the integration of wastewater treatment systems a
vital sector of focus in water resource management. When wastewater streams are separated for individual treatment as
needed, distributed wastewater treatment offers a number of benefits over centralized systems, such as increased flexibility,
scalability to meet local needs, lower capital and maintenance costs, fewer infrastructurerequirements.While wastewater
treatment network design has received a lot of attention, with many studies concentrating on reducing the flow of wastewater
streams treated by each unit, comparatively few have examined network design from the standpoint of reducing pollutant
concentrations in environmental discharges. Significant ecological concerns, such as the long-term deterioration of
environmental systems, arise from the buildup of such contaminants. In order to close this gap and promote more sustainable
wastewater treatment techniques, this study suggests a design strategy that not only lowers the concentration of released
contaminants but also lessens their buildup in natural ecosystems.

The main techniques for integrating decentralized wastewater treatment plants are mathematical programming and pinch
analysis approaches. Simple multi-contaminant wastewater treatment networks (WWTNSs) can be synthesized using the Water
Pinch Analysis method, which was first presented by Y. P. Wang. et al. [3]. They started by building a subnetwork for every
pollutant, then merged these subnetworks to produce the final system. W. C. J. Kuo, et al. [4], however, pointed out a possible
problem with this combination process, highlighting that it can cause wastewater deterioration, which would raise the
treatment flow rates in subsequent procedures. They developed the idea of mixing exergy loss to measure the degree of
wastewater degradation in order to address this.

A targeted process for the complete water system, including wastewater treatment, regeneration, and water reuse, was created
by D. K. S. Ng, et al. [5, 6]. They used both algebraic and graphical techniques to investigate the relationships between
different system components. S. Bandyopadhyay [7] used graphical and algebraic techniques to determine the lowest
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treatment flow rate for flow-loss systems. S. S. T. Soo, et al. [8] used the wastewater composite curve (WCC) to examine
many treatment methods for one or two pollutants.

One among the main goals of designing decentralized wastewater treatment networks (WTNs) is to lower the overall
treatment flow rate. Unnecessary merging of wastewater streams raises a WTN system's overall treatment flow rate, as Liu et
al. realized. A number of novel techniques were presented in light of this realization. The total treatment flow rate potential
(TTFP), which Z. Liu, et al. proposed, helps decide the order of treatment procedures by reflecting the minimum flow rate
needed to achieve environmental constraints [9].Z. H. Liu, et al. employed pinch analysis to determine the smallest treatment
flow rate for each procedure and created heuristic criteria to determine the process sequence [10]. The total mixing influence
potential (TMIP) was put out by A. Li, et al. as a numerical metric to evaluate how stream mixing affects a WTN's overall
treatment flow rate. In the design, the process with the lowest TMIP value is given priority. With this method, complicated
issues can be effectively resolved by utilizing the numerical indication [11].

Using mathematical programming techniques is crucial for combining wastewater treatment networks (WTNs) with multiple
contaminants. A superstructure comprising water-using and wastewater-treatment units as well as a sophisticated solution
method was created by N. Takama, et al. [12]. A sequential relaxation process was presented byB. Galan, et al. [13] to solve
nonlinear models for distributed WTN system design, P. M. Castro, et al. [14,15] developed a two-stage technique for
designing dispersed wastewater networks with multiple pollutants. B. H. Li, et al.[16] created an effective initialization
technique for solving NLP and MINLP models in water networks with different pollutants. F. B. Gabriel, et al. [17] created an
optimization method that considers wastewater treatment and cost functions while optimizing water recycling and reuse.Y. J.
Liu, et al[18] effectively solved NLP and MINLP models for wastewater treatment network design using a particle swarm
optimization technique, overcoming non-convexity issues and accomplishing efficient global optimization without the need
for an initial point.A. Alva-Argaéz, et al. [19] introduced a unique decomposition method that simplifies the optimization
issue by using water pinch insights to define consecutive projections in the solution space, M. L. Bergamini, et al.[20] utilized
a global optimization approach. Furthermore, the ideal design of reverse osmosis WTNs was the attention of R.Karuppiah, et
al. [21] and Y. Saif, et al. [22, 23]. S. R. Lim, et al. studied the compromise between ecosystem effect and financial expenses
in the synthesis of wastewater treatment systems [24, 25].

A. Quaglia, et al. tackled intricate industrial design issues pertaining to wastewater treatment and reuse networks by
combining optimization techniques with wastewater engineering ideas [26]. O. Burgara-Montero, et al. used discretization
optimization to solve a multiobjective programming model[27]. G. Statyukha, et al. developed a superstructurusing pinch
analysis and wastewater deterioration, and proposed astraightforward but effective optimization approach.[28]. S. Y. Alnouri,
et al. proposed optimal design solutions for interplant water networks in an industrial metropolis, including both centralized
and decentralized treatment options[29]. Retrofit techniques for WTNSs in industrial parks were also covered byE. Rubio-
Castro, et al. [30].

The development of innovative methods for removing heavy metals and other dangerous and poisonous substances from
wastewater is now part of the goal of environmental preservation, which has grown beyond the planning of wastewater
treatment networks. Recent wastewater treatment literature emphasizes the growing complexity and urgency of managing
different industrial and municipal effluents that contain a multitude of often harmful chemicals. Studies on oil refinery
wastewater, textile wastewater, wastewater containing copper, and general industrial wastewater draw attention to the
drawbacks of traditional single-treatment systems, which are often inefficient, cost a lot of energy, or have an adverse impact
on the environment. In order to address these issues, recent advancements have focused on sustainable and integrated
treatment strategies, such as combining biological and physicochemical methods, applying membrane technologies with anti-
fouling modifications, and installing energy recovery and renewable energy systems [31,32,33,34]. Currently, long-term
sustainability, pollutant-specific removal, and environmental preservation are prioritized over cost-cutting or operational
efficiency alone. In order to ensure that wastewater treatment meets ecological and public health goals in addition to
regulatory compliance, researchers also support lifespan assessments, intelligent system optimization, and techno-economic
studies [35,36,37].

This work focuses on compliance with environmental standards and regulations by enhancing the efficiency of wastewater
treatment processes and reducing the maximum allowable concentration of pollutant discharge into the environment. It
primarily employs the pinch analysis method to identify streams that require full or partial treatment and those that do not
need treatment. Unlike previous methods, this approach aims to minimize the pollutant load discharged into the environment,
regardless of the flow rate of the treatment units[38].

This paper focuses on designing wastewater treatment systems with pollutant discharge concentrations below the limits set by
the Egyptian Environmental Affairs Agency (EEAA). As shown in Table 1, the maximum allowable concentration limits for
some pollutants will be used in designing our wastewater treatment systems. The objective is to comply with increasingly
tough environmental rules and regulations, which are projected to tighten further while lowering flow rates as much as
possible.

Egypt. J. Chem. 68, SI: Z. M. Nofal (2025)



Design of Wastewater Treatment System of Multiple Contaminants: Integrating Environmental ... 545

Table 1: The maximum allowable concentrations of a specific contaminants in wastewater discharge, as specified by
(EEAA).

Contaminants EEAA Limit"(ppm)
Biochemical Oxygen Demand(BOD) 60

Chemical Oxygen Demand(COD) 100

Oil and Grease 15

Total Suspended Solids(TSS) 60

Nitrates(NOs") 40

Total Dissolved Solids(TDS) 2000

*Egyptian Environmental Affairs Agency (EEAA). (1994). Environmental Law No. 4 of 1994 and its amendments[39].

2. Materials and Methods

2.1 Problem Statement

A set of wastewater streams with known concentrations of various pollutants is available, as well as a variety of treatment
units designed to selectively remove certain pollutants. To maintain compliance with environmental standards, it is essential
to design an optimal treatment system capable of efficiently addressing these contaminants. In the three case studies, we
designed the wastewater treatment networks to consistent with Egypt's Vision 2030, which prioritizes sustainable water
management, environmental protection, and resource efficiencies.

2.2 Design Methodology

Step 1:Determine the main Pollutant
The main contaminant targeted by each treatment plant must be clearly defined and thoroughly characterized to ensure
effective treatment.

Step 2:Compute the lowest Flow Rate for Single pollutant

Compute the smallest flow rate required to eliminate a particular contamination from a single stream using Equation (1). To
get the total minimum flow rate needed for the treatment plant to eliminate the contamination from all streams, add up the
flow rates that have been determined for each stream.

Fij = Fy x (Cl = Cony, )/ (Cj * RR) M
Step 3:Arrangethe wastewater Treatment units

The lowest flow rates for each treatment unit are calculated, with priority given to processes that require the lowest total flow
rate for execution.

Step 4:1dentify the Minimum Removal mass Load
In each treatment unit, rank the streams by pollutant j concentration, from highest to lowest. Next, apply Equation (2) to
calculate the minimum required removal mass load.
Mje™ = Fmi, —Cont ;3 f; )
where: (mi j=fi * ci,j)

Step 5:Determine the Pinch Stream
Identify the wastewater stream that is either partially treated, totally bypassed, or fully treated (pinch stream)the stream that
governs the limiting removal condition using Equation (3).

p-1 4
Z mi, j < MTPk,j < Zmi,j (3)
i=1 i=1

where: Mrekj=M;“™/RR;

Step 6:Compute the Pinch Stream Flow Rate
For the pinch stream, determine the flow rate that should be treated using Equation (4) and the flow rate that should be
bypassed using Equation (5).

P
fTPK,pt = (Mypg,; — Z mi,j)/cp,j (4)
i=1
fTPK,pb = fp - fTPK,pt (5)

Step 7:Determine Minimum Treatment Flow Rate
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Compute the lowest treatment flow rate required for the treatment unitusing the equation (6), which considers the cumulative
flow rate of all streams above the pinch point.

Frek =frprpet 0 fi

where: Z |:i is all streams' flow rate above the pinch stream.

The design methodology for a wastewater treatment system that targets particular contaminants.

(6)

are summarized and

illustrated in the figure 1. A treatment system's design can be optimized using this methodical process to efficiently meet
environmental criteria while using the fewest resources possible.

Figure 1.The flowchart proposed for designing the wastewater treatment systems.

3. The Case Studies

3.1 Case Study One
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v
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Table 2 outlines the flow rates and pollutant concentrations in the waste streams, while Table 3 shows the details of treatment
plant data. The maximum allowable environmental concentrations for the pollutants COD, BOD, and Oil are set at 10 ppm.
For simplicity, COD is designated as pollutant A, BOD as pollutant B, and Oil as pollutant C [11].
Table 2: The flow rates and pollutants concentration (Case Study One).

Concentration (ppm
Stream Flow rate (t/h) oD BOD oil
S1 20.00 600.00 500.00 500.00
S2 15.00 400.00 200.00 100.00
Ss 5.00 200.00 1000.00 200.00
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Table 3: The removal ratios for treatment plants (Case Study One).

Removal Ratio (%)
Process
COD BOD Qil
TP1 99.00 0.00 0.00
TP2 0.00 99.00 0.00
TP3 0.00 0.00 99.00
Stepl:

Identify which pollutant is the main one for each treatment unit: for TP1, the targeted pollutant is pollutant A; for TP, it is
pollutant B; and for TPs, it is pollutant C.

Step2:

Determine the flow rate necessary in a given stream (i) to eliminate a specific pollutant (j). Equation (1) is used to compute
the total lowest flow rates that each treatment unit must achieve in order to eliminate the contaminant from all streams, and
these values are displayed in Table 4.

Table 4:The TP, TP,, and TP; flow rate values (Case Study One).

TP, TP, TP,
Flow Rate(t/h) A Flow Rate(t/h) B Flow Rate(t/h) C
Fia 19.87~ FZp 19.79 F3. 19.79
Fla 14.77 FZg 14.39 F3. 13.64
Fia 4.80 FZg 5 F¢ 4.80
Z Fh 39.44 Z F2 . 39.18 Z F. 38.23

Using Equation (7), the flow rate necessary to eliminate a pollutant load from a given stream is demonstrated below:

_ 20(600-10) _ 19.87 -
*600*0.99
Step 3:

As shown in Table 4, the process sequence follows the order of TPs, TPz, and TPy, prioritizing the process with the minimum
flow rate to be carried out first.

Step 4:

Equation (2) is used to compute the minimal removal mass load for all pollutants using the figures in Tables 5, 6, and 7.

Table 5: Determining the pinch stream for TP; to eliminate the pollutant C (Case Study One).

Stream Fi(t/h) Ci,c(ppm) m;c (g/h) > mic (g/h)
S1 20.00 500.00 10000.00 10000.00
Ss 5.00 200.00 1000.00 11000.00
S2 15.00 100.00 1500.00 12500.00
sum 40.00 12500.00

Table 6: Determining the pinch stream for TP, to eliminate the pollutant B (Case Study One).

Stream Fi(t/h) Ciz(ppm) m;g (g/h) > mip (g/h)
Sm1 37.22 468.67 17443.90 17443.90
S2 2.78 200.00 556 17999.90
Sum 40.00 17999.90

Table 7: Determinin

the pinch stream for TP, to eliminate the pollutant A (Case Study One).

Stream Fi(t/h) Ci,a (ppm) m; A (g/h) > mia (g/h)
Sm2 38.89 477.14 18555.97 18555.97
Sz 1.11 400.00 444 18999.97
sum 40.00 18999.97

The smallest mass loads that need to be eliminated, considering the discharged pollutant concentration of 10 ppm, are
computed using Equation (1) and the figures from Tables 5, 6, and 7.

The results are as follows: M ;™" =12100 g/h, M £ =1 7599.90g/h, and M ;™" = 18 599.97g/h

Step 5:

Utilizing Equation (3), the mass load at TPk's entrance and the relevant pinch streams are computed and briefed in Table 8.
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Table 8: Contaminant Types and Their Mass Loads at Treatment unit entrance and Pinch Stream (Case Study One).

Contaminant TP, M TP, Pinch stream
A 1 18787.85 S,
B 2 17777.68 S,
C 3 12222.22 S 2
Step 6:

The following values are obtained by applying Equations (4) and (5) to determine the pinch stream portions that require

treatment and bypass: FTPl L= 0.64 th FTPl = 0.47 tn, FTP2 L= 1.67 tn FTP2 . 1.11un, FTP3 . =12.22 t/n,

and Frp = 2.78tn

Step 7:
The smallest treatment flow rates for each treatment unit are computed using Equation (6). The results are as follows:

Frp =39.53t/h, Fp, =38.89t/h, and Fppy = 37.22t/h, Figure 2 The final proposed design network is based
on the design steps outlined in this paper.

$120th » 38.89 th 40 th
> 37.22 th : 39.63 th
$35th > TP3 Y S TPy > TPy —>
A
1222 167 thh 0.64 th 0.47 th
s, 15th >

Figure 2. The final proposed design network (Case Study One)

3.2 Case Study Two

Table 9 outlines the flow rates and pollutant concentrations in the waste streams, while Table 10 shows the details of
treatment plant data. The maximum allowable environmental concentrations for the pollutants BOD, TSS, COD, NOs~, TDS
and Oil are set at 10 ppm. For simplicity, BOD is designated as pollutant A, TSS as pollutant B, COD as pollutant C, NOs™ as
pollutant D, TDS as pollutant E, and Oil as pollutant F [11].

Table 9: The flow rates and pollutant concentrations (Case Study Two).

Stream Concentration (ppm) Flow
BOD TSS CODb NOs~ TDS Oil Rate (t/h)
St 1100.00 500.00 500.00 200.00 800.00 100.00 19.00
S, 40.00 0.00 100.00 300.00 910.00 200.00 7.00
S; 200.00 220.00 200.00 500.00 150.00 0.00 8.00
S4 60.00 510.00 500.00 200.00 780.00 100.00 6.00
Ss 400.00 170.00 100.00 300.00 900.00 0.00 17.00
Table 10: The removal ratios for the treatment plants (Case Study Two).
Removal Ratio (%)
Process
BOD TSS CODb NOs~ TDS Oil
TP, 99.00 0.00 0.00 0.00 0.00 0.00
TP, 0.00 99.00 0.00 0.00 0.00 0.00
TP; 0.00 0.00 99.00 0.00 0.00 0.00
TP, 0.00 0.00 0.00 99.00 0.00 0.00
TPs 0.00 0.00 0.00 0.00 99.00 0.00
TPs 0.00 0.00 0.00 0.00 0.00 99.00
Step 1:

Identify which pollutant is the main one for each treatment unit: for TP, the targeted pollutant is pollutant A; for TP, it is
pollutant B ; for TPy, it is pollutant C; for TP4, it is pollutant D; for TPs, it is pollutant F; and for TPs, it is pollutant E.
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Step 2:

Determine the flow rate necessary in a given stream (i) to eliminate a specific pollutant (j). Equation (1) is used to compute

the total lowest flow rates that each treatment unit must achieve in order to eliminate the contaminant
from all streams, and these values are displayed in Table 11 and Table 12.

Table 11: The TP, TP,, and TP; flow rate values (Case Study Two).

TP, TP, TP;
Flow Rate(t/h) A Flow Rate(t/h) B Flow Rate(t/h) C
Fia 19.02 Fig 18.81 Fic 18.81
Fia 5.30 Fig F3c 6.36
Fia 7.68 Fig 7.71 Fic 7.68
Fia 5.05 Fip 5.94 Fic 5.94
Fia 16.74 F§ 16.16 Fi, 15.45
Z Fia 53.79 Z Fip 48.62 Z F3c 54.24
Table 12: The TP4, and TPs flow rate values (Case Study Two).
TP, TPs TP
Flow Rate(t/h) D Flow Rate(t/h) E Flow Rate(t/h) F
Fip 18.23 Fig 18.95 F$p 17.27
Fip 6.84 F3g 6.99 FSp 6.72
Fip 7.92 F3g 7.54 FSr
Fip 5.76 Fie 5.98 FSp 5.45
Fe 16.59 Fig 16.98 Fép
Z Fip 55.34 Z FRg 56.44 Z Fip 29.44
Step 3:

As shown in Tables 11,12 the process sequence follows the order of TPs, TP2, TP1, TP3, TP4 and TPs prioritizing the process

with the minimum flow rate to be carried out first.

Step 4:

Equation (2) is used to compute the minimal removal mass load for all pollutants using the figures in Tables 13, 14,15,16,17

and 18.

Table 13: Determining the pinch stream for TPs to eliminate the pollutant F (Case Study Two).
Stream Fi(t/h) Cir(ppm) m; ; (g/h) 2m; g (g/h)
S2 7.00 200.00 1400.00 1400.00
S1 19.00 100.00 1900.00 3300.00
S4 6.00 100.00 600.00 3900.00
Ss 8.00 0.00 0.00 3900.00
Ss 17.00 0.00 0.00 3900.00
sum 57.00 3900.00

Table 14: Determining the pinch stream for TP, to eliminate the pollutant B (Case Study Two).

Stream F; (t/h) Cis (ppm) m; g (g/h) > m;g (g/h)
Ss4 5.36 510 2733.60 2733.60
Sm1 26.64 368.86 9826.43 12560.03
S3 8 220 1760 14320.03
Ss 17 170 2890 17210.03
sum 57.00 17210.03
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Table 15: Determining the pinch stream for TP; to eliminate the pollutant A (Case Study Two).

Streams Fi(t/h) Cia(ppm) m; 4 (g/h) 2 m; 4 (g/h)
Sm2 54.64 530.68 28996.36 28996.36
Ss 2.36 400.00 944 29940.36
sum 57.00 29940.36

Table 16: Determining the pinch stream for TP; to eliminate the pollutant C (Case Study Two).

Stream Fi(t/h) Ci,c(ppm) m; ¢ (g/h) 2m;c (g/h)
Sms 56.32 291.76 16431.92 16431.92
Ss 0.68 100.00 68 16499.92
sum 57.00 16499.92

Table 17: Determining the pinch stream for TP4 to eliminate the pollutant D (Case Study Two).

Stream Fi (t/h) Cin(ppm) m; p (g/h) Ym;p (@/h)
Ss 0.68 300 204 204

Sm3 1.17 284.02 332.30 536.30

Sma 55.15 284.02 15663.70 16200

sum 57.00 16200

Table 18: Determining the pinch stream for TPs to eliminate the pollutant E (Case Study Two).

Stream Fi (t/h) Ck (ppm) ms i (g/h) Ymsg (g/h)
Sms 55.55 750.04 41664.72 41664.72
Sma 1.45 748.19 1084.88 42749.60
sum 57 42749.60

The smallest mass loads that need to be eliminated, considering the discharged pollutant concentration of 10 ppm, are

computed using Equation (1) and the figures from Tables 13, 14,15,16,17 and 18.The results are as follows:

M £"=15929.92 g/, M ;™" =16640.03 g/h, M " = 29370.36 g/h M (" =42179.60 g/h, M ™" =3330 g/h, and M S

=15630 g/h
Step 5:

Utilizing Equation (3), the mass load at TPk's entrance and the relevant pinch streams are computed and briefed in Table 19.

Table 19: Contaminant Types and Their Mass Loads at Treatment unit entrance and Pinch Stream (Case Study Two).

Contaminant TP, M ™, Pinch stream
A 1 29667.03 S2

B 2 16808.11 Ss

C 3 16090.83 Sm3

D 4 15787.88 Sms

E 5 42605.65 Sms

F 6 3363.64 S4

Step 6:

The following values are obtained by applying Equations (4) and (5) to determine the pinch stream portions that require

treatment and bypass: B =1.68th, Frp - =0.68vh Fp  =14.64un Fry =2.36uh Fyp =55.15
thFr =117uhFy, =53.70thFyp =~ =145vnFyp =126, Frp, ,, =0.19th,

Frp,, =0.64thand Fry =5.36th.

Step 7:
The lowest treatment flow rates for each treatment plant are computed using Equation (6). The results are as follows:

Frr, =56.32t/h,Fy,, =54.64t/h, Fp,, =55.15t/h,Fy,, =55.55h, Frps = 56.81t/h and

FTP6 = 26.64t / h .Figure 3 The final proposed design network is based on the design steps outlined in this paper.
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Figure 3. The final proposed design network (Case Study Two).

3.3 Case Study Three

Table 20 outlines the flow rates and pollutant concentrations in the waste streams, while Table 21 shows the details of
treatment plant data. The maximum allowable environmental concentrations for the pollutants BOD, TSS, COD, NOs™, and P
are set at 10 ppm. For simplicity, BOD is designated as pollutant A, TSS as pollutant B, COD as pollutant C, NOs~ as

pollutant D, and TDS as pollutant E [11].

Table 20: Flow rates and pollutant concentrations (Case Study Three)

Concentration (ppm)
Stream Flow rate(t/h)
BOD TSS (6(0))] NOs~ TDS
Si 100.00 50.00 350.00 0.00 70.00 36.00
Sz 600.00 800.00 1500.00 0.00 910.00 24.00
S3 900.00 0.00 600.00 150.00 230.00 15.00
S4 10.00 10.00 100.00 3000.00 850.00 25.00
Ss 40.00 170.00 0.00 500.00 690.00 18.00
Se 0.00 1100.00 0.00 200.00 340.00 35.00
S7 120.00 10.00 500.00 2000.00 70.00 9.00
Ss 370.00 20.00 100.00 30.00 690.00 2.00
So 900.00 350.00 200.00 80.00 230.00 3.00
S0 250.00 270.00 90.00 0.00 580.00 23.00
S 0.00 1190.00 60.00 230.00 370.00 89.00
Si2 0.00 0.00 20.00 800.00 100.00 1.00
Si3 2000.00 600.00 340.00 0.00 30.00 5.00
Si4 0.00 5.00 100.00 600.00 40.00 41.00
Sis 1000.00 1510.00 270.00 150.00 220.00 8.00
Table 21:The removal ratios for the treatment plants (Case Study Three)

Process Removal Ratio (%)

BOD TSS CODb NOs~ TDS
TP, 0.00 0.00 99.00 0.00 0.00
TP, 99.00 0.00 0.00 0.00 0.00
TP; 0.00 0.00 0.00 0.00 99.00
TP, 0.00 0.00 0.00 99.00 0.00
TPs 0.00 99.00 0.00 0.00 0.00

Step 1:

Identify which pollutant is the main one for each treatment unit: for TPy, the targeted pollutant is pollutant C; for TPy, it is

pollutant A; for TPs, it is pollutant E; for TP, it is pollutant D; and for TPs, it is pollutant B.

Step 2:
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Determine the flow rate necessary in a given stream (i) to eliminate a specific pollutant (j). Equation (1) is used to compute
the total lowest flow rates that each treatment unit must achieve in order to eliminate the contaminant from all streams, and
these values are displayed in Table 22 and Table 23.

Table 22:The TP, and TP, flow rate values (Case Study Three).

TP, TP,

Flow rate (t/h) C Flow rate (t/h) A
Fi¢ 35.32 FZ, 32.73
F3¢ 24.08 F%, 23.84
Fi. 14.89 F%, 14.98
Fic 22.73 FZ, 0
Fi, F3, 13.64
Fic 72,
Fi ¢ 8.91 FZ, 8.33
Fic 1.82 F2, 1.97
F3c 2.88 F¢, 2.99
Floc 20.65 FZy 4 22.30
Fi ¢ 74.92 F3 4
F112,c 0.51 F122,A -
Fis ¢ 4.90 F& 4 5.03
Fiyc 37.27 FZ 4
Fisc 7.78 Fis 4 8

ZF%C 256.66 ZF%A 133.81

Table 23:The TP3;, TP4, and TPs flow rate values (Case Study Three).

TP; TP4 TPs

Flow rate(t/h) | E Flow rate (t/h) | D Flow rate(t/h) B

S, 31.17 Fp F3y 29.09

Ffg 23.98 Fip Fiy 23.94
Fg 14.49 Fp 14.14 2
FSy 24.96 Fp 25.17 F2, 0
F2, 17.92 F) 17.82 Fp 17.11
Fég 3431 Fép 33.59 Fy 35.05
Fg 7.79 Fp 9.05 F3y 0
Fgg 1.99 Fép 1.35 Fy 1.01
Féy 2.89 Fép 2.65 Fy 2.94
Fie 22.83 Fi b Fi s 22.37
FS 5 87.47 Fp 85.99 F3 , 89.14
FS, 0.91 F o 0.99 F3,
FS 3.37 Fsp F3p 4.97
FS 31.06 F o 40.72 F3.p 41-
Fsg 7.71 F%p 7.54 F& g 8.03

z Fi, | 31285 Z Fi, | 239.01 Z Fi, 192.65
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Table 24: Determining the pinch stream for TP, to eliminate the pollutant A (Case Study Three).

Stream Fi(t/h) Cia(ppm) m; A (g/h) 2. m;a(g/h)
S13 5 2000 10000 10000
Si5 8 1000 8000 18000
So 3 900 2700 20700
S3 15 900 13500 34200
S2 24 600 14400 48600
Ss 2 370 740 49340
S0 23 250 5750 55090
S7 9 120 1080 56170
S1 36 100 3600 59770
Ss 18 40 720 60490
Sa 25 10 250 60740
S12 1 0 0 60740
Se 35 0 0 60740
Su 41 0 0 60740
Su 89 0 0 60740
Sum 334 60740
Step 3:

As shown in Tables 22, 23, the process sequence follows the order of TP2, TPs, TP4, TP1and TPsprioritizing the process with
the minimum flow rate to be carried out first.

Step 4:

EqL};tion (2) is used to compute the minimal removal mass load for all pollutants using the figures in Tables 24, 25, 26, 27

and 28.

Table 25: Determining the pinch stream for TPs to eliminate the pollutant B (Case Study Three).
Stream Fi(t/h) C;g(ppm) m; g (g/'h) > m;g (g/h)
Su 89 1190 105910 105910
Se 35 1100 38500 144410
Sm1 107.10 397.53 42575.46 186985.46
Ss 18 170 3060 190045.46
S1 17.90 50 895 190940.46
Sq 25 10 250 191190.46
S 41 5 205 191395.46
S12 1 0 0 191395.46
Sum 334 191395.46

Table 26: Determining the pinch stream for TP4 to eliminate the pollutant D (Case Study Three).

Stream Fi(t/h) Cip(ppm) m;p (g/h) > mjp (g/h)
Sa 25 3000 75000 75000

S12 1 800 800 75800

Sua 41 600 24600 100400

Ss 0.53 500 265 100665

Sm2 248.57 233.15 57954.10 158619.10
S1 17.90 0 0 158619.10
Sum 334 158619.10

Table 27: Determining the pinch stream for TP; to eliminate the

ollutant C (Case Study Three).

Stream Fi(t/h) Ci,c(ppm) m;c (g/h) > mic (g/h)
S1 17.90 350 6265 6265

Sm2 7.60 273.18 2076.17 8341.17
Sms 308.50 234.84 72448.14 80789.31
sum 334 80789.31
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Table 28: Determining the pinch stream for TP; to eliminate the pollutant E (Case Study Three).

Stream Fi(t/h) Cie(ppm) m;g (g/h) > mig (g/h)
Sm3 10.89 394.32 4294.14 4294.14
Sma 323.11 376.67 121705.84 125999.98
sum 334 125999.98

The smallest mass loads that need to be eliminated, considering the discharged contaminant concentration of 10 ppm, are
computed using Equation (1) and the figures from Tables 24, 25, 26, 27 and 28.The results are as follows:

M " =77449.31 g/h, M " =188055.46 g/h, M 1" = 57400 g/h, M £ =122659.98g/h,and M [ =155279.10 g/h
Step 5:
Utilizing Equation (3), the mass load at TPk's entrance and the relevant pinch streams are computed and briefed in Table 29.

Table 29: Contaminant Types and Their Mass Loads at Treatment unit entrance and Pinch Stream (Case Study
Three).

TPk M - Pinch stream

Contaminant k

A 2 57979.79 S1

B 5 189955.01 Ss

C 1 78231.63 Sm3

D 4 156847.58 Sm2

E 3 123898.97 Sma

Step 6:

The portions of the pinch stream that need to be treated and bypassed are computed using Equations (4) and (5), resulting in

the valves: Frp =297.61vh,  Fr =10.89vh Fp =1810vh K =17.90vh,
Frp,  =317.530h Fyp =558t Frp  =240.97vh Frp, =7.60th Fr,  =17.47thand
Frp, ,, =0.53th

following

Step 7:
The smallest treatment flow rates for each treatment facility are computed utilizing Equation (6). The results are as follows:

Fr, =323.11t/h, Fy, =107.10t/h, Fypy =328.42t/h, Fyp, =308.500, and Frps = 24857t/ h,

Figure 4 The final proposed design network is based on the design steps outlined in this paper.
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Figure 4. The final proposed design network (Case Study Three)
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4. Results and Discussion

This paper primarily focuses on reducing the pollutant load discharged into the environment, whereas the literature
emphasizes reducing the flow rate[4,10,11]. Wastewater treatment networks in this study are designed with an environmental
limit of 10 ppm. It is assumed that each treatment unit is responsible for removing a single pollutant, with an additional focus
on increasing removal ratios. In contrast, the literature typically designs wastewater treatment plants with an environmental
limit of 100 ppm. In this work, three cases were studied, each differing in the number of streams requiring treatment as well as
the number of treatment units. It is evident that as the number of streams increases, the mixing ratio of the streams also
increases, leading to a higher total flow rate. Specifically, the total flow rate is 115.64 t/h, 278.47 t/h, and 1315.70 t/h for the
first, second, and third cases, respectively. As shown in Tables 30, 31 and 32, the objective of this study has been achieved by
discharging pollutants into the environment at the targeted values for Egypt Vision 2030.

Table 30: The final discharged concentration for all contaminants (Case Study One)
Cény (ppm)
Fr (t/h) Ca Cs Cc
40 9.40 9.99 10

Table 31: The final discharged concentration for all contaminants (Case Study Two)

Cary (ppm)

FT (t/h) CA CB CC C[) CE CF
57 9.97 9.99 10 10 9.97 9.99

Table 32: The final discharged concentration for all contaminants (Case Study Three)

Céy (ppm)
Fr (t/h) Ca Cs Cc Cp Ce
334 9.99 9.99 10 9.99 10

The comparison of Cases One, Two, and Three shows how pinch analysis and mass load balancing may be used effectively to
optimize multi-contaminant wastewater treatment networks. In order to remove pollutants effectively with the least amount of
treatment resources, this methodology connects flow and concentration data with environmental discharge restrictions. The
sequencing of treatment units according to the overall needed flow rates—with the units with the lowest treatment flow
demand being prioritized first—is a crucial tactic used in those situations. This method reduces overlapping treatment efforts
throughout the network and enables a more effective distribution of stream loads. The flow contributions of all streams that
require treatment for a given pollutant are first added up to determine the total flow needed by each treatment unit. A flow rate
of zero means that no additional treatment is necessary because the stream's input concentration already satisfies the allowable
discharge limit. If the computed flow rate is negative, on the other hand, it indicates that the stream not only doesn't need to be
treated but also helps other streams in that unit by providing compensating capacity, which lessens their treatment burden.

The system in Case One handles three pollutants, A, B, and C, each of which is assigned to a specific treatment unit (TP3,
TP2, and TP1, respectively). Treatment unit sequencing is done using a flow-based prioritization method, and table 4 shows
that TP3 (for pollutant C) has the highest priority because it requires the least amount of flow (38.23 t h™"), followed by TP2
(B) at 39.18 t h™! and TP1 (A) at 39.44 t h™'. By starting the treatment network with the most effective unit, this order
maximizes the reduction of pollutants in the early stages. Which streams should be totally, partially, or bypassed is
determined by comparing the incoming mass load of each treatment unit with the necessary pollutant removal.For example,
TP3 concentrates on pollutant C, and table 5 shows that stream S2 is the pinch stream determined by the pinch analysis.
Treatment accounts for 12.22 t h™' of its total flow, while bypass accounts for 2.78 t h™'. Similar optimization takes place in
TP2, where S2 is partially treated (see table 6), and in TP1, where S2 is separated appropriately and becomes the pinch stream
(see table 7). While reducing treatment volume, these flow modifications guarantee that the precise mass of the pollutant is
eliminated. With its specialized treatment units and accurate pinch stream detection and split treatment techniques, Case One
is an all-around straightforward system.

As opposed to Case Three, which has five pollutants and five treatment units, Case Two has six pollutants and six treatment
units. Additional factors are taken into account when sequencing the treatment units because of this intricacy.According to
table 11 and table 12, the sequencing of treatment units uses a flow-based prioritization approach, with TP6 (for pollutant F)
receiving the highest priority because of its lowest required flow of 29.44 t h™!, followed by TP2 (B) at 48.62 t h™!, TP1 (A) at
53.79 t h™', TP3 (C) at 54.24 t h!, TP4 (D) at 55.34 t h™', and TP5 (E) at 56.44 t h™! in Case Two.In Case Three, however, as
indicated in Tables 22 and 23, TP2 (A) is likewise given priority at 133.81 t h™!, followed by TP5 (B) at 192.65 t h™!, TP4 (D)
at 239.01 t h™!, TP1 (C) at 256.66 t h™!, and TP3 (E) at 312.85 t h™'. Tables 24, 25, 27, and 28 demonstrate that the pinch
stream for TP1, TP2, TP3, TP4, and TP5 is sm3, S1, Sm4, Sm2, and S5, respectively. Overall, Cases Two and Three illustrate
more complicated systems with numerous pollutants and treatment units. To manage overlapping contaminant loads and attain
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compliance, efficient optimization depends on precise pinch stream identification, flow-based prioritization, and complex split
treatment techniques.

5. Conclusions

In this paper, we achieved the objectives of the study by reducing the discharged pollutant concentration to 10 ppm, thereby
reducing the pollutants’ mass loads released into the environment. The analysis of removal mass loads for various
contaminants reveals significant variations across the treatment plants and case studies. For Contaminant A, the lowest
removal mass loads were 18,599.97 g/h, 29,370.36 g/h, and 57,400 g/h, achieved by TP1, TP1, and TP2 in Case One, Case
Two, and Case Three, respectively. For Contaminant B, the lowest removal mass loads were 17,599.90 g/h, 16,640.03 g/h,
and 188,055.46 g/h, removed by TP2, TP2, and TP5 in the same cases. Similarly, the lowest removal mass loads for
Contaminant C were 12,100 g/h, 15,929.92 g/h, and 77,449.31 g/h, recorded by TP3, TP3, and TP1, respectively. For
Contaminant D, the lowest removal mass loads were 15,630 g/h and 155,279.10 g/h, removed by TP4 in Case Two and Case
Three, respectively. Contaminant E exhibited the lowest removal mass loads of 42,179.60 g/h and 122,659.98 g/h, achieved
by TP6 and TP3 in Case Two and Case Three, respectively. In the end, the lowest removal mass load for pollutant F was
42,179.60 g/h, eliminated by TP5 in Case Two.
The removal ratio for the treatment plants (TP) was set at 99%, and the maximum allowable environmental limit
concentration was set at 10 ppm. The results indicate that:
1) In case study one, the flow rates of TP1, TP2, and TP3 are 39.53 t/h, 38.89 t/h, and 37.22 t/h, respectively.
2)  In case study two, the flow rates of TP1, TP2, TP3, TP4, TP5, and TP6 are 56.32 t/h, 54.64 t/h, 55.15 t/h, 55.55 t/h,
56.81 t/h, and 26.64 t/h, respectively.
3)  In case study three, the flow rates of TP1, TP2, TP3, TP4, TP5, and are 323.11 t/h, 107.10 t/h, 328.67 t/h, 308.50
t/h, 308.50 t/h, and 248.57 t/h, respectively. Designing wastewater treatment systems to reach discharge limitations
below legal maximums is a proactive and long-term strategy that provides major environmental, social, and
economic benefits. This technique promotes long-term environmental sustainability by lowering pollutants,
conserving ecosystems, and avoiding health hazards. Furthermore, it aligns with Egypt's Vision 2030, prioritising
sustainable water management, environmental preservation, and efficient resource exploitation.

This methodical approach emphasizes how crucial it is to prioritize treatments according to flow rate values and use pinch
analysis to allocate streams as efficiently as possible. through the identification of vital streams and the balancing of bypassed
and treated portions. The analysis offers a solid framework for industrial applications needing effective pollutant removal,
notwithstanding its assumption of steady-state circumstances and rigorous adherence to the 10 ppm limit. The approach used
in this work is both simple and technically focused. Its computational effort remains largely unaffected by the number of
streams, pollutants, or treatment units.

Overall, the three scenarios demonstrate how well pinch analysis and mass load balancing work together to create treatment
networks that are both economical and environmentally responsible. Case one successfully illustrates the method's
fundamental use with its more straightforward design and specialized treatment units. Cases Two and Three, on the other
hand, demonstrate its versatility and effectiveness in more intricate systems that include several contaminants, multipurpose
treatment units, and interstream flow correction. By incorporating zero and negative flow rates into the sequencing method,
the flexibility of stream allocation is greatly increased, allowing for more intelligent network design that minimizes treatment
redundancy and maximizes resource utilization.
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8. Nomenclature
C/} lppm : stream i's inlet concentration of contaminant j..

c;ig;_j /ppm:  Environmentally acceptable limit of contaminant j in Si.

cds Jppm : environmental discharged concentration.
Ci,j /ppm:  concentration of contaminant j in Si.
Cpj : Concentration of pollutant j at stream point.
Fi’fj : Process k's flow rate to eliminate contaminant j in stream i

Egypt. J. Chem. 68, SI: Z. M. Nofal (2025)



Design of Wastewater Treatment System of Multiple Contaminants: Integrating Environmental ... 557

F{{ ; +  Process k's minimal total flow rate to eliminate contaminant j in all streams.
fi : stream i's flow rate.

frerpe - Sp flow rate required treatment by TP..

freipp - SP flow rate does not require TP« treatment..

Frpyr  :the minimal treatment flow rate of treatment unit K.

Mj”"m : The smallest mass load of pollutant j had to be removed.

Mrpk j : Pollutant load j at TP«'s entrance

mi,j : mass load of contaminant j in Si.
Msi/t/h : mass load at Si.

RR /% : removal ratio.

Si . streami.

P . process

Sm :merged stream.

Sp  :pinch stream.

Spb A part of the pinch stream is being bypassed.
Sp :  stream point.

TP« : treatment plant k.

9. References

[1]Ministry of Planning and Economic Development, Egypt. (2016). Egypt Vision 2030: Sustainable Development Strategy.
Retrieved from https://mped.gov.eq

[2]Konbr, U., Bayoumi, W., Ali, M. N., &Shiba, A. S. E. (2022). Sustainability of Egyptian cities through utilizing sewage
and sludge in softscaping and biogas production. Sustainability, 14(11), 6675.

[3] Wang, Y.-P., & Smith, R. (1994). Design of distributed effluent treatment systems. Chemical Engineering Science, 49(18),
3127-3145. https://doi.org/10.1016/0009-2509(94)e0126-b

[4] Kuo, W. C. J., & Smith, R. (1997). Effluent treatment system design. Chemical Engineering Science, 52(23), 4273-4290.

[5] Ng, D. K. S, Foo, D. C. Y., & Tan, R. R. (2007). Targeting for Total Water Network. 1. Waste Stream
Identification. Industrial & Engineering Chemistry Research, 46(26), 9107-9113. https://doi.org/10.1021/ie071095h

[6] Ng, D. K. S, Foo, D. C. Y., & Tan, R. R. (2007). Targeting for Total Water Network. 2. Waste Treatment Targeting and
Interactions with Water System Elements. Industrial & Engineering Chemistry Research, 46(26), 9114-9125.
https://doi.org/10.1021/ie071096+

[7] Bandyopadhyay, S. (2009). Targeting minimum waste treatment flow rate. Chemical Engineering Journal, 152(2-3), 367—
375. https://doi.org/10.1016/j.cej.2009.04.060

[8] Soo, S. S. T, Toh, E. L., Yap, K. K. K,, Ng, D. K. S., & Foo, D. C. Y. (2012).  Synthesis of distributed wastewater
treatment networks for one- and two-contaminant systems. Process Safety and Environmental Protection, 91(1), 106-119.
https://doi.org/10.1016/j.cherd.2012.06.015

[9] Shi, J., & Liu, Z. (2011). A simple method for design of distributed wastewater treatment systems with multiple
contaminants. AIChE Journal, 57(11), 3226-3232. https://doi.org/10.1002/aic.12510

[10] Liu, Z.-H., Shi, J., & Liu, Z.-Y. (2013). Design of distributed wastewater treatment systems with multiple
contaminants. Chemical Engineering Journal, 228, 381-391. https://doi.org/10.1016/j.cej.2013.04.112

[11] Li, A, Yang, Y., & Liu, Z. (2015). A numerical-indicator-based method for design of distributed wastewater treatment
systems with multiple contaminants. AIChE Journal, 61(10), 3223-3231. https://doi.org/10.1002/aic.14863

[12] Takama, N., Kuriyama, T., Shiroko, K., &Umeda, T. (1980). Optimal water allocation in a petroleum
refinery. Computers & Chemical Engineering, 4(4), 251-258. https://doi.org/10.1016/0098-1354(80)85005-8

Egypt. J. Chem. 68, SI: Z. M. Nofal (2025)


https://mped.gov.eg/
https://doi.org/10.1016/0009-2509(94)e0126-b
https://doi.org/10.1021/ie071096
https://doi.org/10.1016/j.cherd.2012.06.015

558 Alaa Eid Soubhy Kleeb et.al.

[13] Galan, B., & Grossmann, I. E. (1998). Optimal Design of Distributed Wastewater Treatment Networks. Industrial &
Engineering Chemistry Research, 37(10), 4036—4048. https://doi.org/10.1021/ie980133h

[14] Castro, P. M., Matos, H. A., &Novais, A. Q. (2007). An efficient heuristic procedure for the optimal design of
wastewater treatment systems. Resources, Conservation and Recycling, 50(2), 158-185.
https://doi.org/10.1016/j.resconrec.2006.06.013

[15] Castro, P. M., Teles, J. P., &Novais, A. Q. (2008). Linear program-based algorithm for the optimal design of wastewater
treatment systems. Clean Technologies and Environmental Policy, 11(1), 83-93. https://doi.org/10.1007/s10098-008-0172-5

[16] Li, B. H., & Chang, C. T. (2007). A simple and efficient initialization strategy for optimizing water-using network
designs.Industrial& engineering chemistry research,
46(25), 8781-8786.

[17] Gabriel, F. B., & El-Halwagi, M. M. (2005). Simultaneous synthesis of waste interception and material reuse networks:
problem reformulation for global optimization. Environmental progress, 24(2), 171-180.

[18] Liu, Y. J,, Luo, Y. Q., & Yuan, X. G. (2006). Synthesis of distributed wastewater treatment networks based on particle
swarm optimization. Journal of Tianjin University, 39(1), 16-20.

[19] Alva-Argaez, A., Kokossis, A. C., & Smith, R. (2007). The design of water-using systems in petroleum refining using a
water-pinch decomposition. Chemical Engineering Journal, 128(1), 33-46.

[201Bergamini, M. L., Aguirre, P., & Grossmann, . (2005). Logic-based outer approximation for globally optimal synthesis
of process networks. Computers & chemical engineering, 29(9), 1914-1933.

[21] Karuppiah, R., Bury, S. J., Vazquez, A., &Poppe, G. (2012). Optimal design of reverse osmosis-based water treatment
systems. AIChE Journal, 58(9), 2758-2769. https://doi.org/10.1002/aic.13880

[22] Saif, Y., Almansoori, A., &Elkamel, A. (2013). Optimal design of split partial second pass reverse osmosis network for
desalination applications. AIChE Journal, 60(2), 520-532. https://doi.org/10.1002/aic.14271

[23] Saif, Y., Elkamel, A., &Pritzker, M. (2008). Optimal design of reverse-osmosis networks for wastewater
treatment. Chemical Engineering and Processing: Process Intensification, 47(12), 2163-2174.
https://doi.org/10.1016/j.cep.2007.11.007

[24] Lim, S.-R., Park, D., & Park, J. M. (2008). Environmental and economic feasibility study of a total wastewater treatment
network system. Journal of Environmental Management, 88(3), 564-575. https://doi.org/10.1016/j.jenvman.2007.03.022

[25] Park, D., Lee, D. S., & Lim, S.-R. (2013). Eco-Design of a Wastewater Treatment System Based on Process
Integration. Industrial & Engineering Chemistry Research, 52(6), 2379-2388. https://doi.org/10.1021/ie3018934

[26] Quaglia, A., Pennati, A., Bogataj, M., Kravanja, Z., Sin, G., &Gani, R. (2013). Industrial Process Water Treatment and
Reuse: A Framework for Synthesis and Design. Industrial & Engineering Chemistry Research, 53(13), 5160-5171.
https://doi.org/10.1021/ie401379j

[27] Burgara-Montero, O., Ponce-Ortega, J. M., Serna-Gonzalez, M., & El-Halwagi, M. M. (2012). Optimal design of
distributed treatment systems for the effluents discharged to the rivers. Clean Technologies and Environmental Policy, 14(5),
925-942. https://doi.org/10.1007/s10098-012-0469-2

[28]Statyukha, G., Kvitka, O., Dzhygyrey, 1., &Jezowski, J. (2008). A simple sequential approach for designing industrial
wastewater treatment networks. Journal of Cleaner Production, 16(2), 215-224.

[29] Alnouri, S. Y., Linke, P., & Mahmoud El-Halwagi. (2015). A synthesis approach for industrial city water reuse networks
considering central and distributed treatment  systems. Journal of Cleaner  Production, 89, 231-250.
https://doi.org/10.1016/j.jclepro.2014.11.005

Egypt. J. Chem. 68, SI: Z. M. Nofal (2025)


https://doi.org/10.1016/j.resconrec.2006.06.013
https://doi.org/10.1007/s10098-008-0172-5
https://doi.org/10.1021/ie401379j
https://doi.org/10.1007/s10098-012-0469-2

Design of Wastewater Treatment System of Multiple Contaminants: Integrating Environmental ... 559

[30] Eusiel Rubio-Castro, José Maria Ponce-Ortega, Medardo Serna-Gonzalez, & El-Halwagi, M. M. (2012). Optimal
reconfiguration of multi-plant water networks into an eco-industrial park. Computers & Chemical Engineering, 44, 58-83.
https://doi.org/10.1016/j.compchemeng.2012.05.004

[31] Li, Q., Wang, Y., Chang, Z., El Kolaly, W., Fan, F., & Li, M. (2024). Progress in the treatment of copper (II)-containing
wastewater and wastewater treatment systems based on combined technologies: A review. Journal of Water Process
Engineering, 58, 104746.

[32] Tong, Y., Liao, X., He, Y., Cui, X., Wishart, M., Zhao, F., ... &Hou, L. A. (2024). Mitigating greenhouse gas emissions
from municipal wastewater treatment in China. Environmental Science and Ecotechnology, 20, 100341.

[33]Kato, S., &Kansha, Y. (2024). Comprehensive review of industrial wastewater treatment techniques. Environmental
Science and Pollution Research, 31(39), 51064-51097.

[34] dos Anjos Silva, G. R., Moreira, V. R., &Amaral, M. C. S. (2025). Applications and advancements in membrane
technologies for sustainable petroleum refinery wastewater treatment. Journal of Environmental Chemical
Engineering, 13(1), 115199.

[35] Shamshad, J., &Rehman, R. U. (2025). Innovative approaches to sustainable wastewater treatment: a comprehensive
exploration of conventional and emerging technologies. Environmental Science: Advances.

[36] Gong, A., Wang, G., Qi, X., He, Y., Yang, X., Huang, X., & Liang, P. (2025). Energy recovery and saving in municipal
wastewater treatment engineering practices. Nature Sustainability, 8(1), 112-119.

[371 Elhdad, A. M., Nashy, E. S., Ahmed, H. M., & El-Khateeb, M. (2024). Removal of Pollutants from Wastewater by Using
Palm Filter as Eco-friendly Materials-Kinetic study. Egyptian Journal of Chemistry, 67(12), 1-7.

[38]Eid, A., & Abdel-Aleem, G. (2024). A systematic approach for design of distributed wastewater treatment systems.
Hemijskalndustrija, 78(1), 75-85. https://doi.org/10.2298/HEMIND230722006A

[39]Egyptian Environmental Affairs Agency (EEAA). (n.d.). Official website of the EEAA. Retrieved from
http://www.eeaa.gov.eg.

Egypt. J. Chem. 68, SI: Z. M. Nofal (2025)


https://doi.org/10.1016/j.compchemeng.2012.05.004
https://doi.org/10.2298/HEMIND230722006A
http://www.eeaa.gov.eg/

	2. Materials and Methods
	2.1 Problem Statement
	Utilizing Equation (3), the mass load at TPk's entrance and the relevant pinch streams are computed and briefed in Table 29.

	9. References

