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ABSTRACT

Predicted water shortages assign water treatment a leading role in improving water
resources management. One of the main challenges associated with the processes remains
early stage design of techno-economically optimised purification. This work addresses the
current gap by undertaking a whole-system approach of flowsheet synthesis for the produc-
tion of water at desired purity at minimum overall cost. The optimisation problem was
formulated as a mixed-integer non-linear programming model. Two case studies were
presented which incorporated the most common commercial technologies and the major
pollution indicators, such as chemical oxygen demand, dissolved organic carbon, total
suspended solids and total dissolved solids. The results were analysed and compared to

existing guidelines in order to examine the applicability of the proposed approach.
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1. Introduction

Efficient water treatment is recognised as a major
solution to the arising burdens on world water
resources [1-4]. However, the process still faces chal-
lenges such as producing satisfactorily safe and
affordable water [5,6]. Examination of the economi-
cally viable purification paths at early design stage
can address those challenges [7]. Therefore, there is an
increasing interest in developing systematic methods
for optimising water separation units and their inter-
connections [8]. The selection of water technologies,
process units and their sequence depends on the influ-
ent and effluent characteristics, nature of contaminants

*Corresponding author.

and treatment cost [9]. Based on those attributes,
water treatment can be classified into a number of
applications, such as brackish and seawater desalina-
tion, and water and wastewater treatment.

Amongst the existing desalination technologies
developed in the last decades, thermal (conventional)
and membrane (non-conventional) desalination
methods take the upper hand in large-scale plants.
The conventional methods are represented by multi-
stage flash (MSF), multi-effect distillation (MED) and
vapour compression (VP), whereas the commercially
available membrane technologies include nanofiltra-
tion (NF), reverse osmosis (RO) and electrodialysis
(ED) [10]. The selection between conventional and
non-conventional treatment depends on technical,
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economic and geographical attributes [11]. Membrane
plants, however, exhibit economic and environmental
advantages over thermal plants [12]. Pressure and vac-
uum-driven membrane processes, in particular, are
preferred because of their efficiency and no need of
fluid phase change [13]. Further, pretreatment tech-
nologies are also divided into conventional and non-
conventional. The former group is represented by
coagulation—flocculation (CF), sedimentation (SED),
dissolved air flotation (DAF) and granular or multi-
media filtration (MMF), and the latter encompasses
microfiltration (MF) and ultrafiltration (UF). Over the
last decade, membrane pretreatment technologies have
advanced significantly and today they accommodate
lower footprint, constant permeate quality in cases of
algal blooms, higher retention of organics and reduced
chemical consumption [14-16]. Recent statistics
disclose approximately 32% and 64% of the world
desalination plant capacities are operated on the
principle of MF/UF for pretreatment, and NF/RO for
desalting, respectively [16].

When inorganic and some organic wastes are trea-
ted in wastewater during advanced wastewater treat-
ment, and when contaminants from surface or ground
water are removed, physicochemical process units pre-
dominate. Such technologies are CF, SED, DAF, media
and membrane filters, ion exchange and carbon
adsorption units [9,17,18]. As the technologies for the
major water purification applications coincide, it can,
therefore, be possible to develop an approach, fol-
lowed by a mathematical model, for the synthesis and
optimisation of flowsheets taking into account the
aforementioned water sources and technologies. From
now on the authors would refer to a collective term of
all the purification applications solely as water
treatment processes.

Numerous works have been published on the
design and optimisation of units and processes from
water treatment applications. Voutchkov [19] and Lior
[4] reviewed overall design of seawater desalination
processes. Non-linear programme and mixed-integer
non-linear programming (MINLP) models have been
proposed for the design and optimisation of MSF,
MED, hybrid MED-RO and RO networks by various
authors [20-24]. Spiller et al. [25], Avramenko et al. [26],
Tchobanoglous et al. [9], Cheremisinoff [18] published
guidelines for the design of water and wastewater treat-
ment plants. Roberts and Inniss [27] experimentally
determined the link between source water quality and
treatment sequence. Franceschi et al. [28] and Rossini
et al. [29] investigated the optimal operation of CF to
handle raw water qualities by numerical methods,
taking an iterative approach. MINLP methods for the
synthesis of water and wastewater networks were also
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considered in some works [30,31]. Sweetapple et al. [32]
suggested a multi-objective optimisation of wastewater
treatment plant to minimise the operating cost, green-
house gas emissions and effluent contaminants concen-
trations. The economic appraisal of systems as an
essential part of optimisation has been discussed in var-
ious publications. For instance, Pickering and Wiesner
[33] proposed a cost model for low-pressure membrane
filtration, Wright and Woods [34] developed a capital
cost correlation for UF units, whereas Fuqua et al. [35]
published a method for the estimation of RO units.
Additionally, Lu et al. [36] suggested an MINLP cost
model for RO systems in desalination processes with
focus on pumping, and membrane cleaning and
replacement. Later a model with multiple feed and mul-
tiple products to minimise the total annual cost of the
system was introduced [37]. A global strategy for the
estimation of water production cost in water and
wastewater treatment plants was presented by Kumar
et al. [38]. Large scale RO network cost minimisation
was performed in the work of Jiang et al. [39] and mul-
ti-objective MINLP models for annualised cost and
energy consumption were presented in the works of Du
et al. [40] and Vince et al. [41]. Research has also
focused on mathematical modelling for water network
synthesis [42,43] and wastewater, reclamation water
and seawater resources management [44,45]. Yet the
optimal synthesis of the entire water treatment pro-
cesses has not been explored.

The present work addresses the gap by presenting
a systematic approach for the design of water treat-
ment processes, with a particular focus on surface
water and advanced wastewater treatment, and brack-
ish and seawater desalination. The problem is formu-
lated as an MINLP model. The rest of the paper is
organised as follows: Section 2 outlines the scope of
the problem, followed by the presentation of the math-
ematical model in Section 3. Next, two theoretical case
studies, together with results, computational perfor-
mance and discussion, are presented in Section 4.
Finally, the main conclusions are drawn and further
work directions are suggested in Section 5.

2. Problem statement

The aim of the current work is to develop a method-
ology for the generation of a combination of technolo-
gies and number of passes that result in the most
economically favourable flowsheet design. The pro-
posed model involves four major contaminants indica-
tors, i.e. chemical oxygen demand (COD), dissolved
organic carbon (DOC), total suspended solids (TSS) and
total dissolved solids (TDS). The presence of boron (B),
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which is classified as part of the TDS group, requires
special considerations, consequently, it is considered
separately. The technology candidates studied are nine,
namely CF, SED, DAF, multi-stage media filtration
(MMF), microfiltration (MF), ultrafiltration (UF), NF,
RO for TDS (RO1) and B (RO2) removal. A model
superstructure including all acceptable technology
options and connections is presented in Fig. 1. The
dashed line boxes represent the blocks of equipment
that are associated with the removal of a group of con-
taminants. For instance, CF, SED, DAF, MMF, MF and
UF remove the suspended solids, whereas NF removes
the dissolved solids and RO removes both, dissolved
solids and boron. It is assumed that organic matter can
be removed by conventional treatment such as CF,
smaller pore—size low filtration membranes, such as
UF, and larger pore-size high-pressure membrane, such
as NF. MMF does not exhibit a molecular weight cut-off
for organics, and irreversible fouling is observed on RO
membranes, hence, not used for that particular
application.

General heuristics that apply to process synthesis
advise removal of unstable materials early, separate
most abundant components at first and leave the stur-
diest operation for last [46]. In this case, suspended
solids can be exposed to shear stresses, break up and,
consequently, clog the equipment which justifies its
removal at first. TDS is the most plentiful contaminant
and boron is difficult to separate from water, which
assigns them a second and third place in the separa-
tion sequence, respectively. Filtration processes units
decrease in their molecular weight cut-off, or pore
size, from left to right in the above figure in order to
prevent fouling.

Having defined the separation requirements, the
sequence of the technology candidates in the model is

TOTAL SUSPENDED SOLIDS

CHEMICAL OXYGEN DEMAND |
DISSOLVED ORGANIC CARBON I'

R~ — — o R |

CHEMICAL OXYGEN DEMAND
DISSOLVED ORGANIC CARBON
UF
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prefixed. A candidate, however, can be either selected
or bypassed. In the majority of cases, CF requires a
clarification process downstream. Two clarification
options are provided, SED and DAF, represented by
the collective name CLR. If any of those two processes
is selected, a clarification process is selected, too.
Whenever a clarification process is chosen, the selec-
tion of CF is mandatory. On its own, CF can be
selected if the separation is efficient enough. In the
current work, the filtration processes are allowed to
exist in the flowsheet sequentially, although it is possi-
ble to restrict the problem to the selection of one low
pressure membrane process, i.e. MF or UF, and one
high-pressure membrane process, i.e. NF and RO. The
decision whether a pass from a technology is singled
out or not is represented by one binary variable and
as many passes as desired can be assigned to a
technology.

The selection of the technologies is based on meet-
ing the regulatory requirements for water plant efflu-
ent [47,48] and minimising the water net cost,
expressed in $/m’. For modelling purposes, the fol-
lowing simplifications and assumptions were made:

(1) Rejection coefficients and recoveries are the
major technological performance criteria.

(2) Modified regression models return a reliable
estimation for the rejection coefficients.

(3) TDS, TSS and boron are the only contaminant
indicators in seawater source whereas COD,
DOC, TDS and TSS are the contaminants
assumed to be present in secondary wastewa-
ter effluent.

(4) The removal of a non-targeted group of con-
taminants from a particular technology is con-
sidered insignificant.

Fig. 1. Superstructure of the proposed model.
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The selection of initial removal grids and
intake screens are not taken into account in
design.

Complete recovery of microfiltration and ultra-
filtration filters.

No fouling and flux decrease take place and,
therefore, the observed phenomena as a result
of those do not apply.

No system pressure losses.

Replacement and cleaning costing for RO is
assumed to apply for MF, UF and NF.

(10) There are 65d allocated for major mainte-

nance, i.e. plant shut down.

(11) Social, political and geographical dimensions

(12) Annual

are excluded from the cost model.

water production and operating
expenses remain the same throughout the
plant’s commercial lifespan.

(13) No government incentives for the construction

and commission of the water treatment facili-
ties is considered.

The overall optimisation problem is stated below:

Given:

(1) Major constituent contaminants in source
water.

(2) Pool of water treatment technologies.

3)

)
%)

(6)

@)

A number of passes, or sequential units, from
a technology.

Source water intake flowrate.

Key parameters of source water contaminants
(e.g. initial concentrations) and key parameters
for treatment technologies (e.g. recoveries, satu-
rator, pump and motor efficiencies).

Candidate technologies characteristics ranges
(e.g. flocculation time and energy input, coagu-
lant concentrations, operating pressures, influ-
ent temperature, hydrophobicity, hydrogen ion
concentrations, molecular weight cut-offs).

Cost data (e.g. units upfront costs, chemicals
and electricity charges, maintenance and
replacement rates, carbon tax rate, work pay
rate, interest rate and plant life).

Determine:

o))
()

3)
4)

Process flowsheet including multiple pass strat-
egy.

Optimal operating conditions for the selected
units.

Contaminants and flowrates profiles.

Annual operating and capital costs.
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So as to:

minimise the water production cost which equals the
total annualised cost divided by the annual produc-
tion rate.

3. Problem formulation
3.1. Performance criteria

The main performance criteria for water technolo-
gies are based on the purification standards and pro-
ductivity that have to be achieved. These depend on
the extent to which they reject major contaminants
under specific set of conditions, and to which the
product volumetric flowrate is recovered from the
process.

3.1.1. Rejection coefficient

The main performance criteria for water technolo-
gies are based on the purification standards and pro-
ductivity that have to be achieved. These depend on
the extent to which they reject major contaminants
under specific set of conditions, and to which the
product volumetric flowrate is recovered from the
process.

For any separation process, contaminant removal
efficiency classifies as an essential performance crite-
rion [49] because it guarantees a product meets its
design purity specifications.

The removal efficiency of downstream water
purification processes can be measured by removal,
rejection, retention or deactivation coefficient as a
function of the contaminants physicochemical proper-
ties (PP;.) (Eq. (1)) such as coagulant concentration,
head loss, filtration media dimensions, molecular
weight, hydrophobicity, feed temperature, pressure
and concentration and technology characteristics
[50-52]. It can take values between 0 and 1 as the for-
mer refers to no separation from a targeted contami-
nant and the latter refers to 100% separation achieved:

P

P
Riic = f(PPy) =1—C—“C, Vti € l,c € G ¢))

F
tic

where Cl and Cf_ are the concentrations of contami-
nant C in permeate and feed, respectively, associated
with a technology, t, and its pass, i. The removal effi-
ciencies following are represented in the form of
regression models based on analysis of variance
(ANOVA) for each of the considered processes.

The coagulation—flocculation treatment stage
removes organic matter under the form of COD and
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DOC, expressed in the constraints below, developed
from findings in literature [53,54]:

Riic = 0.00058 - CDy; + 0.135 - pH,; — 0.154,

Vt € CF,i € I,,c € COD @)

Ryic = 0.046 - CDy; + 2.915 - pH,; — 0.0003
-CDZ - 0.002 - CDy; - pH,, — 0.235 )
-pHZ —9.486, Vt e CF,i€l;,c € DOC

where CD;; and pHy are the coagulant dose and the
hydrogen ion concentration for liquid in pass i from
technology t. In the presence of organic matter, in lit-
erature this step is referred to as enhanced coagula-
tion, which for simplification purposes, is going to be
called CF in this work.

In the current model, it is assumed the rejection of
solids occurs at the clarification stage, i.e. SED or
DAF. This means that rejection coefficients in the con-
ventional candidates will be affected by the perfor-
mance of the CF process. Vlaski [55] investigated
experimentally the removal efficiency of SED and
DAF depending on the operating characteristics of the
typically preceding CF process. If a clarification tech-
nology, CLR, is selected either SED’s or DAF’s rejec-

tion coefficient, R, will be valid (Eq. (4)):

Ric= Y Ric-Xq, VteCLR,i€l,ceTSS 4)

s€TCLR

where Xj; is a binary variable denoting the selection of
a clarification technology or not.

It has been then reported that SED is strongly
influenced by coagulant dose. After performing a
regression analysis on the data provided, the follow-
ing equation has been obtained:

Rge = 0.22154 + 0.02516 - CDy;, )
Vs € SED,t € CF,i € I;,c € TSS
where CDy; is the amount of coagulant used in the
coagulation—flocculation process.

DAF, showed dependence not only on the coagulant
dose, but also on the detention time and velocity gradi-
ent, denoted as tf,; and Gfy;, respectively, in Eq. (6):

Ry = 1.85886 — 0.00807 - CD;; — 0.00083 - Gf;
+ 247 - tf; — 0.00247 - Py, (6)
Vs € DAF,t € CF,i € I;,c € TSS
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where P;; the pressure of the saturator.

A model developed by The Commonwealth Scien-
tific and Industrial Research Organisation (CSIRO)
predicted the initial steady-state removal of TSS in
MMF [56]. The relationship is shown in Eq. (7):

Ryic = 0.0298 - DMFP 4 0.171 - Ldy + 0.206 - L,;' — 0.245,

ti

vVt € MMF,i € I;,c € TSS
)

where DMED

i~ designates the diameter of the media, Ld,;
is the load to the filtration process, L;; is the length of
the filter for MMF and pass i.

The separation efficiency of TSS from water by MF
is shown in Eq. (6) derived from experimental work

[57]:

Ryic = 0.126 + 0.001 - Temy; + 0.97 - Py, ®)
vt € MF,i € I;,c € TSS
where Temy; is the temperature of the influent to tech-
nology t and pass i, and P;; is the pressure of the feed
flowrate. Besides TSS, in the work is reported the sepa-
ration efficiency of MF from COD, expressed in Eq. (9):

Ric =0.189 + 1.09-P;, YteMF,iel,,c€ COD (9)

For the removal of turbidity by UF, Eq. (10) holds:

Riic =0.959 —1510- Py, VteUF,icl,ccTSS (10)
where the equation has been derived from data
obtained from pilot plant experimental work. It has
been reported that turbidity and TSS are related [58].
Hence, Eq. (10) can give an approximate estimation of
the suspended solids removal in water treatment. The
removal characteristics of UF embrace the reduction of

COD and DOC, shown in Egs. (11) and (12) [57,59]:

Ry = 0236 —0.952 - Py, Vte UF,icl,ceCOD (11)
Ryic = 1.224 — 0.00011 - MWCOy; + 0.79 - Py, (12)
vt € UF,i € I;,c € DOC
where MWCOy; is the molecular weight cut-off in
Daltons.

The performance characteristics of NF membranes
are affected by solute properties, solution pH and
membrane characteristics such as pore size,
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hydrophobicity and surface roughness [60]. Hence, the
retention of dissolved uncharged organic compounds
for NF can be approximated using contaminants
hydrophobicity and molecular weight cut-off. The
relation has been reported in literature based on labo-
ratory experiments [61]:

Riie = (5.73 = 0.71 - Hy; — 0.002 - MWCO;;)?102,

vt € NF,i € I;,c € TDS (13)

where Hj; is the common logarithm of the hydropho-
bicity. Eqgs. (14) and (15) show the retention of COD
and DOC, respectively, where both coefficients
depend on the membrane molecular weight cut-off
and pressure [62].

Riic = 1.138 — 0.00096 - MWCOy; — 0.087 - Py, (14)
vt € NF,i € I;,c € COD
Riic = 1.029 — 0.00037 - MWCOy; — 0.001 - Py,

Vt € NF,i € I, c € DOC (15)

RO rejection coefficient for salt is presented in Eq. (16)
as a function of the operating pressure [63]:

R4ic =0.890 + 0.340 - P;; — 0.003 - szi’

vt € RO1,i € I;,c € TDS (16)

The above equation was derived following a study on
ROSA software developed by the Dow Chemical Com-
pany [64]. The TDS of interest were composed of K, Na,
Mg, Ca, Ba, Sr, CO3, HCO3, NO;3, Cl, F, SO4 and NH,.
Boron (B) removal is identified as one of the main
issues in processes where saline water is treated, espe-
cially because its concentration in seawater, in particu-
lar is relatively low [65]. Typical water treatment
plants with source water containing boron, accommo-
date an RO pass at an elevated pH, where mainly
removal of boron is targeted [66]. Therefore, its rejec-
tion profile is to be considered separately, with an RO
unit dedicated to its removal. The regression equation
(Eq. (17)) for rejection of boron by a RE4040-SH-mod-
ule spiral wound RO membrane was derived based
on data from literature [67], using ANOVA analysis.

Ryie = 0.408 + 0.046 - pH,; + 0.03 - Py;, a7
vVt € RO2,i € I;,c € B

where pHy; is the alkalinity of the solution to achieve
desired separation.
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3.1.2. Recovery ratio

For any process, it is essential to meet the produc-
tion quantities which depend on the productivity, or
recovery, of the system. The recovery ratio is defined
as the fraction of product water that has passed
through the process unit from the overall feed. As a
fraction, it takes values between 0 and 1. Over a tech-
nology and pass, it can be expressed by Eq. (18):

P
_ =t

Yi = F
ti

vt,i€l, (18)

where QF and QF are the permeate and feed flowrates,
respectively, associated with a technology t and pass i.

The recovery is a function of the salinity of the
feed water, system pressure and scaling potential [65].
However, in this work the recoveries for every differ-
ent technology are assumed to take values recom-
mended in literature and therefore are modelled as
parameters.

3.2. Mass balance constraints
3.2.1. Concentration constraints

The set of equations below determines the contam-
inants concentration profile throughout the separation
process. When a technology, f, and a pass, i, are
selected, the binary variable, W;; = 1, and the contami-
nant is reduced, starting from an initial feed concen-
tration, CIN. Eq. (19) estimates the contaminant
concentration after the first selected process pass, i.e.
concentration in the permeate. Every consequent con-
centration reduction is calculated by Eq. (20). Egs. (21)
and (22) show the interconnection between two poten-
tial candidate passes and technologies.

Cfic = CLN : (1 - Rtic) : Wfi + C,l:N . (1 - Wti),

VteCFi=1,c (19)
Cfic = Cfic (1= Rsic) - Wi + Cfic (1= Wy),

vtiel,c (20)
Chite=Chn Vhi€li>1c (1)
G aje=Che V>1Li=I"j=1.c 22)

A similar formulation is implemented in previous
works in applications for chromatography processes
[68,691].

A schematic representation of the connections
between two candidates is depicted in Fig. 2.
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Technology t-1

F P
Qi Q-1 )

Fig. 2. Schematic representation of two potential candidates.

3.2.2. Flowrate constraints

Similarly, the flowrate constraints are formulated.
When a candidate is selected, the permeate is calcu-
lated using Eq. (18). Otherwise, it takes the value of
the feed. Eq. (23) gives the initial mass balances start-
ing from initial flowrate, QIN, and every consequent
permeate is estimated from Eq. (24):
QZ:Q]N'Yﬁ'Wﬁ +Q]N-(1—Wﬁ), VfECF,iZl

(23)

h=Qn Y Wy + Q- (1-Wy), Vhicl (24)
where Y/; is the recovery of a technology ¢ from pass i.
The clarification technology takes either the recovery
value of SED or the recovery value of DAF, shown in

Eq. (25):

Lo Y VaeXet Q- (1—
seTCLR

vt € CLR,i € I

Z Xsi) ) (25)

s€TCLR

The principles of designing the interconnections,
whether a technology is selected or not, are formu-
lated below:

ij—l = wa Vt,i € It,i >1 (26)
Fi=Qp V> L= =1 27)

The effluent is governed by the number of passes for
a particular technology. The feed and permeate flow-
rates are modelled to present single-stage, multiple
pass system over each pass.
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Technology t

The annual production rate of the facility is then
modelled by Eq. (28):

QM =ty -ta-PY-Qp, Vt=T,i=I"" (28)
where t, and t4 are the respective operating hours per
day and days per year. PY is the production yield of
the facility, taking the value of a fraction of the total

annual production capacity.

3.3. Target constraints

The final water purity should satisfy the conditions
imposed by the following constraint:

Che SME™, Wt € RO2,i=I""c (29)
where M is the maximum allowable concentration
of a contaminant. Depending on the process applica-
tion, the final required concentration can take different
values. An additional constraint for the minimum

effluent at the final stage is enforced by Eq. (30).

P> MOV vt € RO2,i = ™ (30)
where MFX©% is the minimum allowable effluent flow.
This constraint allows us to ensure a minimum plant

capacity is met.

3.4. Logical constraints

The overall number of the selected passes and
technologies should not be greater than a number,
Nmax, Which is modelled by Eq. (31):
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(31)

Z Z Wti S Nmax

t il

Eq. (32) is a logical condition that does not allow the
selection of any pass if the previous one has not been
chosen.

Wt,i+1 < Wtia Vt71 € Itv i+1le It (32)
The clarification processes, SED and DAF, have to be
chosen together with the chemical treatment, CF.

Hence, Eq. (33) applies:

szi < u-Zwﬁ, Vs € TCLR,t € CF

iel; iel;

(33)

where U is a big number that takes the maximum
number of allowed passes per technology.

Only one of the clarification processes can be cho-
sen at a time, a condition expressed by Eq. (34):

> Xi< Wy, VteCLRji€l

s€TCLR

(34)

The same condition as in Eq. (31) is introduced for the
clarification technologies:

Xs,i+1 S X5f7 vtl e TS7 l + 1 e IS (35)

3.5. Cost constraints

Defining water treatment costs at a preliminary
stage often proves intricate due to the numerous fac-
tors participating in their estimation. Such factors are
plant size, source and quality of feed water, site loca-
tion and accessibility to electricity, distance from final
users, qualified labour, energy costs and estimated
plant life [70]. All of them come under the operating
or capital costs of treatment facilities, as the majority
of them are included in the cost estimates demon-
strated in the subsequent subsections.

3.5.1. Operating costs

The operating costs in coagulation are primarily
accounted for by chemical consumption. They are
determined by the dosage and the price per metric
tonne of product. In a case of desalination, ferric chlo-
ride is often predominating due to the more satisfac-
tory results obtained downstream. Aluminium
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sulphate (alum) and ferric sulphate have exhibited
more solid outcomes in water and wastewater applica-
tions, hence, the preferred types of coagulant. The
annual cost for the chemical is calculated from
Eq. (36):

CHC = Z CVCHC : CDti : Cchem . th . td
i€l (36)
QM2 + Qhilis1) - Wu, VteCF

where ¢v“HC =107° is a conversion factor, t4 is the
number of operating days a year, t, is the number of
operating hours a day, CDy is the coagulant dose
selected and Ccpem is the cost of coagulant that alters
in accordance with the type of coagulant. The dosage
level mostly lies between the range of 0.5-100 mg/L
of water as specifically it is between 10 and 30 mg/L
for alum [18,71].

The electricity cost for the slow mixing in the floc-
culant tank, is given by Eq. (37):

EMC = ZCVEM CE . th'td'.u'tfti
icl; 37)
: (Qm|i:1 + Qiili=1) -Gfy- Wy, VteCF

where cv®M =16.67 x 107 is a conversion factor for
the electrical mixing equation. In Eq. (37), u is the
dynamic viscosity of the fluid and CF is the electricity
charge, and the power required is calculated for an
accumulative number of chambers.

The technical and economic performance of DAF
depends mainly on its recirculation ratio and satura-
tor. The former is disregarded in this study and oper-
ating cost of the saturator, SC, is calculated by:

SC E F D
SC — cvt - CF - t,"Psi'Xsi
- z : SAT ’
icl; un

vt € CLR,s € DAF
(38)

where cv°“ =3.67" is the conversion factor for the
equation, 17?"“ is the efficiency of the saturator, P, is
the saturator pressure, assumed to be the pressure
supplied by the pump and CF is the electricity cost
rate.

The greatest contribution to the operating costs is
derived from electricity, and more specifically,
electricity for flowrates distribution and achieving
separation pressure. Hence, the feed pumps are the
main electricity consumers and their costs, denoted as
PC, are expressed in the following equation:
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o€ CF - (QN] g + QFlic) - Pri - Wi

FP _ MT
M =My

t iel

(39)

where 0" =3.6"" is the conversion factor for the
pumping cost equation. No pumps are assigned to
the clarification processes in order to avoid breaking
the flocs formed in CF.

The maintenance MCC and replacement MRC
costs are also estimated by the number of passes.

MCC= ) af'“.MC%- (D™ + N"™.D"™). Wy

tETMM iel;

(40)
where af*“C is an annualisation factor accounting for
two times of major cleaning and maintenance in a
year, MCP is the operating cost charge rate during
maintenance, N¥M is the number of modules in a unit,
D™ js the fixed cost for downtime and DM is the
variable cost during maintenance.

MRC = ) > af'®.MC% N"™.RCM.- W, (41
teTMM iel;
where af*®" is an annualisation factor allowing mem-

brane life of 5 years, i.e. af"R€ = 0.2 and RCM is the
membrane replacing cost per module.

The labour cost, LC, is the second largest expense
in a manufacturing facility. Operators’ working-hour
requirements can be determined by examining the
equipment flowsheet. The method for obtaining the
labour cost is first, define the number of operators per
shift for a given production rate, which is normally
expressed in terms of a function of the number of sep-
aration units, as shown in Eq. (42) [72,73]:

2
LC=1" tg-tg-mg-y|lcl + Ic2- (ZZw“) 42)

t el

where 7" is the pay rate per person, #, is the number
of hours per shift, Ic1 =6.29 and Ic2 =31.7 are con-
stants associated with the number of operators for all
the units. The parameter n, stands for the number of
shifts per day.

For more than four decades, the EPA has used its
authority to set cost-effective emission standards that
ensure newly constructed sources use the best-per-
forming technologies to limit emissions of harmful air
pollutants [74]. Owners or operators of facilities where
aggregate annual greenhouse gas (GHG) emissions are
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equal to or more than 25,000 metric tonnes of COa
must report to EPA under the Clean Air Act. Pre-
sently, EPA is not planning on requiring permits for
sources that emit less than a 50,000 metric ton thresh-
old until sometime after 30 April 2016 [75]. According
to the same literature sources, although there is a con-
tinuous encouragement towards fewer emissions,
there is no existing limit or taxes if limits are
exceeded. With the view that policies of emissions tax
will soon come to practice, the plant design can
account for carbon taxes. They are calculated from Eq.
(44) where the largest component for the emissions is
the power consumed:

EMSti = CVEmS . COze . i’h . i’d . Pt;‘

. (43)
. <QIN‘1':] + in‘iej,) : Wfi? Vtal EIt

EMSC =) ") "/ . EMSy (44)

t el

where ¢v*™ =3.6"! accounts for the conversion factor
for the carbon emission equation, CO,. is the carbon
dioxide equivalent and 7“2 is the carbon dioxide tax
rate. Compared to pumping, the mixing footprint is
relatively negligible, hence, not considered in the
above constraints.

3.5.2. Capital costs

Capital costs for every plant are comprised of four
major components, namely project development, plant
equipment and buildings, power supply and piping
and pumps [76]. In membrane plants, especially the
equipment will include membrane elements, pressure
vessels and passes. Despite the availability of tools for
estimating capital cost, the assumptions in deriving
those tools have not been clearly stated. When capital
costs are estimated, inflation and other market factors
should be taken into account in order to update exist-
ing cost models [77].

Adham et al. [78], sponsored by the US Environ-
mental Protection Agency (EPA) and AWWA
Research Foundation, published correlations for the
total construction costs of coagulation—flocculation.
The European Commission issued a report on the best
available techniques in water treatment with
construction costs for SED [79]. Wang et al. [80]
reported DAF construction costs for a specified vol-
ume. EPA published investment cost equations for
production flow ranges [81]. The cost estimation for
low-pressure membranes plants, such as MF and UF,
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was expressed as the cost per unit produced water
[82]. In an industrial study for high-pressure mem-
branes, a breakdown for the various capital cost com-
ponents has been shown for different capacities [83].
All the equations can be combined under the common
form below:

CCy =infl - Ay (QF)" - Wy, Vhicl, (45)

where infl; is the inflation factor depending on the
year of estimation, A; and b; are the specific parame-
ters for every technology. In all the cases, the parame-
ter A; is estimated from the reference capital cost and
equipment capacities stated in literature. The capital
cost for the clarification technologies is calculated from
the expression below:

CCi= Y infli- A (QF)" - X4, VteCLRi€l,

s€TCLR

(46)

The capital cost summed and multiplied by the capital
recovery factor (CRF) to obtain the total annual capital
cost, ACC, is given in Eq. (47):

ACC=CRF-» > CCy (47)
t el

as the CRF is expressed in Eq. (48).

CRF = — 48)

1
(1+1r)”

where ir is the bank interest rate and yrs is the num-
ber of years for investment which often coincides with
the plant life.

3.5.3. Total cost

The total annual cost, TC, is a sum of the chemical
CHC, mixing EMC, saturator SC and pumps PC run-
ning costs, membrane cleaning costs MCC, membrane
replacement costs MRC, labour cost LC, emissions cost
EMSC and the annual capital costs ACC for all the
selected technologies:

TC = CHC + EMC + SC + PC + MCC + MRC
+ LC + EMSC + ACC

(49)
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3.6. Objective function

The objective function is to minimise the water net
cost, WNC which equals to the total annual cost
divided by the annual plant production rate:

WNC = 1o

o (50)

which is subject to:

(1) Separation efficiency Eqs. (2)—~(17).

(2) Mass flow balance Egs. (19)-(28).

(3) Target purity Eq. (29) and final effluent
Eq. (30).

(4) Logical conditions Egs. (31)—(35).

(5) Operating costs Eqgs. (36)-(44).

(6) Capital costs Eqs. (45)-(47).

(7) Total annual cost Eq. (49).

Along with minimising the major capital invest-
ment and the annualised operating cost with the objec-
tive function, it is aimed to minimise the number of
passes for achieving maximum final water purity, and
increase the production rate of the facility. The applica-
bility of the proposed method is manifested through
two case studies discussed in the next section.

4. Case studies and computational results
4.1. Seawater desalination

Abundance grants seawater the opportunity to be
a major solution to water scarcity. Thus, the first case
study in the present work focuses on seawater desali-
nation for the production of potable water.

4.1.1. Given data

For the case study the influent, Q™ = 55,000 m®/h,
as to agree with existing practices. The minimum
allowable effluent MF:O¥ = 5,000 m®/h, resulting in a
minimum 120,000 m®/d, i.e. medium-to-large size,
facility [84]. For the influent and effluent, it is essential
to determine the initial contaminants concentration in
seawater and the final requirements for drinking
water. The American Water Works Association [83]
reported typical seawater intake qualities in the range
30,000-40,000 mg/L TDS.

The selection of the technologies is based on meet-
ing the health regulatory requirements for potable
water [47,48]. The World Health Organization [86]
reported drinking water of good quality contains less
than ca. 600 mg/L TDS. Although, no explicit limits
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Table 1
Feed water characteristics and final purity requirements

M.N. Koleva et al. | Desalination and Water Treatment 57 (2016) 26954-26975

Contaminant  Initial concentration Final concentration
; N (3 MEC (3

TDS 40,000 600

TSS 30 1

Boron 5 24

Source: [9,67,85].

exist in the Drinking Water Quality Guideline regard-
ing TSS, they can be correlated to turbidity, which
should not exceed 1 NTU, and in many cases 0.5 NTU
[58]. Thus, the final purity specification used in the
model is less than 1mg/L TSS. The World Health
Organization revised the maximum allowable concen-
tration of boron in drinking water from 0.5 mg/L in
2003 to 2.4 mg/L and the latter value is the final pur-
ity requirement in the model. The initial and final
water characteristics are listed in Table 1.

The operating condition boundaries are deter-
mined next. Literature suggests recoveries for MF and
UF systems between 85 and 95% which reach 100%
depending on the flow configuration [89]. In the cur-
rent case study, the recoveries of the low-pressure
membranes are modelled with the assumption of a
full-flow recovery. Typical system recoveries for NF
membranes take values between 75 and 90%, whereas
they vary from 35 to 50% for RO systems [36,90].
Based on reported values, recoveries of 80% for NF
and 40% for RO are adopted in the model.

In his experimental work, Vlaski [55] varied the
energy input to the flocculation tank from 10 to
120s ' and flocculation time from 5 to 35min to
investigate the performance of downstream clarifica-
tion processes. The chosen boundaries coincide with
the values used in the experiments. CSIRO performed
experiments where the grade of media were 2.18, 5.18
and 7.55 mm in diameter, the load values attempted
were 0.5, 1.0 and 1.5 m/h, and the filter lengths were
0.6, 1.2, 1.8, 2.4 m [56]. The values taken in the case
study are rounded down to 2 mm for lower bound
and 8 mm for upper bound for diameter. The rest of
the boundaries are presented in Table 2.

It is assumed that cleaning or replacement takes
place simultaneously for all passes, there are no
pressure losses from pump to membrane, every pass
contains the same number of membrane modules,
NMM =2,000, cleaning is performed every 6 months,
replacement is recommended every 5 years and the
annual operation is 300 d a year (Table 3). The electric-

Table 2

Operating conditions boundaries

Operating conditions Range
CD;; (mg/L) 1-30
Gf; (s7) 10-120
tfyi (min) 5-35

Dy (mm) 2.0-8.0
Ldy; (m/h) 0.5-1.5
L (m) 0.5-2.5
Tem;i(°C) 20-30
Hi (-) —6.2-0.0
MWCOy; (Da) 300-1,200
pH, (-) 7.5-9.5

Source: [18,36,55,56,87,88].

ity charge, CF, has a value of 0.08 $/kWh to accommo-
date any future increments from the US Energy
Information Administration [91] review and to con-
sider literature values [36].

To consider updating of the capital costs, the plant
location has to be determined. Assuming the facility
to be built in the US, the inflation for the capital costs
from the reference year of citation has been consid-
ered. The inflation rates are reported in Table 4 [94].
The term of bank loan was taken as yr = 30 years, the
interest rate was assumed to be ir = 6%, and the plant
was considered to produce 95% of its design annual
yield based on standard practices [95]. The rest of the
design parameters are given in Tables 3 and 4. When-
ever values in literature could not be found, assump-
tions and approximations were used in accordance
with practical cases. Finally, the carbon emissions
have been calculated assuming no carbon taxation.

4.1.2. Results and discussion

The model was solved in GAMS 24.4 [96] on a Dell
PC OptiPlex 9010, Intel Core i7—3770 CPU at 3.4 GHz
and 16 GB RAM. Its computational statistics involve
40 binary variables, 564 continuous variables and 569
constraints. The model was tested on ANTIGONE
which returned a solution within 48.8 s, with an opti-
mal gap 0. The branch-and-bound solving technique
was satisfactory for achieving the optimal solution.

4.1.2.1. Flowsheet configuration. The optimal sequence
of process units comprised three ultrafiltration passes
that serve as a pretreatment system to the desalting
section. Two NF and one RO passes were chosen, the
former for the TDS removal and the second one for
the boron removal (Fig. 3).
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Table 3
Operating costs parameters data
Parameter Value
Number of modules, NMM () 2000
Electricity cost, CE($/kWh) 0.08
Operating cost charge rate during maintenance, MC®(—) 0.2
Membrane replacing cost per module, RC¥($) 800
Fixed cost for downtime during maintenance, DC*™($) 200
Ferric coagulant cost, Cohem [$/tonne] 250
Carbon dioxide equivalent, CO,. (kg/kWh) 1.31
Carbon dioxide rate, ¥ [$/kg] 0.023
Seawater viscosity, u (kg/m s°) 1.307 x 1073
Operating hours a day t,, (h/d) 24
Operating days a year, t4 (d/y) 300
Source: [36,92,93].
Table 4
Pressure design variables, and efficiency and economic parameters
Technology CF CLR SED/DAF MMF MF UF NF RO1 RO2
Pirange (MPa) 0.1-0.2 —-/0.4-0.7 0.1-0.2 0.1-0.2 0.1-0.3 0.5-1.6 5.0-6.0 5.0-6.0
ntP (-) 0.75 -/0.75 0.80 0.80 0.75 0.80 0.75 0.75
Mt (=) 0.95 —/0.95 0.93 0.95 0.97 0.95 0.98 0.98
infl; (—) 1.143 1.288/1.087 1.319 1.087 1.087 1.511 1.511 1.511
A (—) 121,701 8,334/4,167 69,547 45,601 45,601 158,177 158,177 158,177
b () 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6

Source: [36,78-83,87,88,94].

4.1.2.2. Operating conditions. Table 5 summarises the
operating conditions returned by ANTIGONE.
The predominant results lie in the lower bounds of
the variables, showing the constraints are active. On
the other hand, lower power translates into lower
costs. It is also worth mentioning that some of the
technological characteristics, such as molecular weight
cut-off, hydrophobicity and pH, do not influence the
operating costs directly. This might result in observing
differences in the final purities, when there is an NF
and RO selected, while the water net cost will remain
the same with various non-linear solvers or few runs
with one solver. The reason for this observation lies in
the exclusion of chemicals costs for altering the
alkalinity of the feed and also, in the assumption of
no fouling occurring, where cleaning cycles and
replacement can be predicted by the pore size of the
membranes.

4.1.2.3. Cost. The largest contributor to the operating
costs was the electricity, followed by the labour cost,
representing 21% of the operating costs. The cleaning

and replacement costs were relatively insignificant
due to the fixation of the number of membrane mod-
ules, no cleaning chemicals costing and assumption of
activities repetitiveness.

In 2012 IWA published a book dedicating a chapter
on seawater desalination where the water net cost lay
between US$0.5/m> and US$3.0/m?>, depending on the
capacity of the facility [97]. The optimal solution
returned by ANTIGONE was US$1.044/m> with a
daily production 337,920 m>/d and consequently, the
result fell into the suggested limits. In addition, the
report by UNESCO from 2008 gives unit costs of the
desalination plants in Perth (150,000 m®/d) and Syd-
ney (250,000 m’/d) with total product costs US$0.83/
m> and US$1.64/m°, respectively. It should be noted
that the transportation costs for those plants is less
than US$0.06/m?, meaning the water net cost will not
be significantly influenced if they are added to it.

Next, sensitivity analysis was performed for the
number of passes per technology, maximum number
of passes, influent contaminants fluctuation and inter-
est rates and plant life.
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Fig. 3. Optimal flowsheet configuration for the desalination case study.

Table 5

Operating conditions for seawater case study

Operating conditions Value
PUF (MPa) 0.1
Pnr (MPa) 0.5
PROZ (MPa) 5.0
Hnr (&) 2.7
MWCONF (Da) 300
pHye () 8.0

4.1.24. Sensitivity analysis of passes. In the base case
study above, four passes for every technology were
allowed. It was then investigated how the results
change with the number of passes. It is expected that
global solvers do not experience any changes down to
two passes as this is the maximum number of passes
per technology returned in the optimum solution. For
i=1, however, ANTIGONE returned water net cost
US$2.105/m> with flowsheet configuration shown in
Fig. 4.

Next, sensitivity analysis of the total allowable num-
ber of passes in the flowsheet was performed. In the
case study out of 10, the global solvers return 6 passes,
meaning the solution would not change if Nyax > 6.
When N,.x =5, the water net cost returned was US
$1.982/m> with a configuration MF — 2xNF — RO1 —
RO2 (Fig. 5).

Selecting more passes of the same technology leads
to economically more favourable flowsheets. In the
studied case, the difference in price is due to the coag-
ulant cost for the CF unit and its capital cost. The
flowsheet in Fig. 5 differs from the optimal solution,
presented in the previous subsections, by the RO pass
for TDS removal. Pumping cost is, thus, the major
contributor to the difference in price between the two.

4.1.2.5. Sensitivity analysis of TDS and TSS. Seawater
desalination plants are exposed to daily and seasonal
contaminants variations. Hence, it is necessary to
explore how the flowsheet can alter or what the fluctu-
ation in final purity of the initially selected flowsheet
will be. The TDS concentration was varied from 20,000
to 40,000 mg/L with a step change 5,000 mg/L. No
changes occurred in the flowsheet configuration and
water cost, meaning the system is overdesigned with
respect to TDS and it is capable to handle feed varia-
tions and still meet model restriction criteria. Another
reason is already the mentioned technological charac-
teristics which do not affect the final cost, meaning
fluctuations in TDS would not change the flowsheet
significantly unless additional constraints are intro-
duced or NF is no longer able to remove the contami-
nant group down to the required purity. Although
fluctuations in dissolved solids is likely, it is more
likely that the seawater is exposed to turbidity varia-
tions due to weather conditions, recycled water
streams that were directed to the sea, etc. Thus, the
change of suspended solids feed concentrations was
studied by varying it from 20 to 80 mg/L. Not only
did the final TSS concentration altered but also the
choice of technologies in the relevant section and the
final product cost (Fig. 6). The water cost increases
with TSS because of the need for higher number of
passes or more efficient and expensive technology
choices. As Egs. (8) and (10) suggest, for the separation
of higher TSS concentration, more units and with
higher pressure will be selected. Therefore, the increase
in price stems from the electricity cost for pumping.

4.1.2.6. Sensitivity analysis of carbon emissions. The
designed facility would annually emit greenhouse
gases at the rate 634,040 tonnes/year, 49% less than
the desalination plant in Sydney, for instance, while
exceeding its production by 33% [92]. Other sources
have demonstrated that the range of kilogram
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Fig. 5. Flowsheet configuration for the desalination case study with overall maximum number of passes allowed—b5.

emissions per volume of water produced can vary
from 2.03 kg/m> in Spain to 7.80 kg/m® in Australia
[98]. The emissions produced for the designed concep-
tual flowsheet did not exceed 6.25 kg/m>. Current reg-
ulatory practices will impose official annual reporting
to EPA. To reflect future intentions of environmental
regulatory bodies, an option of carbon taxation of US
$0.023/CO,/kg was studied in the model. The option
affected the flowsheet configuration by substituting
one of the pretreatment ultrafiltration passes with a
microfiltration. Thus, the emissions and their respec-
tive taxation would decrease while the water quality
would still be met. The water net cost rose to US
$1.195/m°, approximately 14% difference in compar-
ison to the WNC from the base case.

4.1.2.7. Sensitivity analysis of interest rate and plant
life. Local authorities in the US provide financing
through low-interest loans and such initiatives are a
common practice for boosting water treatment
facilities commissioning [99]. Hence, it is worth

examining the water cost modifications at different
interest rates and designing for shorter and longer
plant lifetimes.

From Fig. 7, it is observed that the lower cost
range will lie in the low interest rate—short plant life-
time and high interest rate—longer plant lifetime area.
The minimum water cost is US$0.846/m? at 1% inter-
est and 40 years project scope. Under these conditions
the water net cost undergoes nearly 23% reduction as
a result of the decrease in annual capital cost. Cur-
rently, the design integrates one of the worst case sce-
narios where no governmental incentives are
available. From this follows the higher unit cost.

4.2. Tertiary wastewater treatment

Water reclamation and advanced water treatment
have recently faced significant enhancement due to
membrane improvement. Thus, the second case study
focuses on tertiary wastewater treatment for the pro-
duction of potable water.
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4.2.1. Given data

It is assumed that wastewater, with the characteris-
tics listed in Table 6, enters the purification system.

The main characteristics of wastewater impose tak-
ing into account the organic matter, such as COD and
DOC, in the case study. The initial secondary effluent
concentrations were decided based on similar values
in literature [101-103]. No standards have been men-
tioned for the maximum contaminant level (MCL) by
the World Health Organization. However, a number
of sources declare <5 mg/L for COD and rough-
ly <2 mg/L for DOC drinking water quality at neutral
pH [103,104]. Boron is an issue specifically for seawa-
ters, therefore, in this case study, it was assumed its
influent concentration equals to the required concen-
tration of boron in drinking water. As the TDS concen-
tration is significantly lower, the RO systems will
work with higher recoveries. For the case study, a
value of 0.6 was assumed.

According to the application, aluminium sulphate
(alum) coagulant is used. Its dosage is reported to be

Table 6
Feed water characteristics and final purity requirements

Contaminant  Initial concentration Final concentration
; o (38) MEONC (2

COD 70 5

DOC 8 2

TDS 15,000 600

TSS 200 1

Boron 2.4 24

Source: [9,18,100-104].
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in the standard range of 10-30 mg/L for treatment of
suspended solids [18]. Organics necessitate a higher
dose, hence, up to 50 mg/L dose was allowed as per-
formed in experiments [105]. The price of alum can be
found at approximately US$150/tonne [106]. Addi-
tionally, viscosity value of 1.002 kg/ms at ambient
temperature was taken.

The rest of the data overlap with the given data
from Section 4.1.1.

4.2.2. Results and discussion

For the second case study with 715 constraints and
730 continuous variables, it took ANTIGONE 204.18 s
to return a solution, with an optimality gap 0.

4.2.1.1. Flowsheet configuration. The advanced wastewa-
ter treatment flowsheet consisted of one CF process
unit, followed by a SED step. Two NF units were allo-
cated for the removal of the organic matter and the
TDS. This flowsheet configuration is common for
water and advanced wastewater treatment. A sche-
matic of the optimal flowsheet is given in Fig. 8.

4.2.2.2. Operating conditions. The operating conditions
from the advanced wastewater treatment case study
are reported in Table 7. Unlike in the previous case
study, here, some of the operating conditions have
inactive boundaries, such as coagulant dosage. Conse-
quently, the computational time increased.

4.2.2.3. Cost. Al-Hamdi [107] compared desalination
and wastewater treatment where the unit costs
reported only for advanced wastewater treatment are
in the range US$0.31/m>-US$0.6/m". The values agree
with other literature sources [9,108] that report aver-
age values ca. US$0.5/m> as the cost can drop down
to around US$0.14/m> [109] for large-scale plants.
Compared to the aforementioned water net values, the
obtained optimal solution lies in the low boundary of
the given ranges, i.e. US$0.22/m”, for a designed facil-
ity with capacity 802,560 m®/d.

4.2.2.4. Comparison between seawater and advanced
wastewater case studies. Lastly, a comparison between
the two case studies was conducted based on tech-
nologies selection and costs breakdown. Nowadays,
pretreatment systems can operate without SED or
DAF. SED basins are capable of producing seawater
with approximately less than 1 mg/L. This, however,
depends on the source of water. If TSS > 100 mg/L,
SED is recommended to be installed [110]. DAF is
more energy intensive than SED and when the TSS is
high, the process is economically unfavourable. On
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Fig. 8. Optimal flowsheet configuration for the advanced wastewater treatment case study.

Table 7

Operating conditions for advanced wastewater case study
Operating conditions Value
CDcr (mg/L) 30.7
PH () 7.24
thF (mm) 5
Gfcr (s71) 10
PNF,i (MPa) 0.5

Chemical costs
M Cleaning cost
M Electrical cost

M Replacement cost
M Labour cost

M Capital cost
1.2 4

0.8

0.6

0.4 -

0.2 1

0
Seawater desalination

Annual cost breakdown per volume water produced [US$/m?3]

Advanced wastewater
treatment

Fig. 9. Annual cost breakdown comparison per volume
water produced.

the other hand, the processes are efficient for intense
removal of TSS without the concerns about equipment
fouling. With the assumption of no need for removing
boron, the RO becomes redundant. The choice of
equipment pre-determines the operating costs of the
systems.

In Fig. 9, the breakdown costs per volume for both
applications are presented. Seawater desalination
demonstrates approximately 10 times higher electricity
cost because of the pumping requirements in over-
coming osmotic pressure of saline water. When the
TSS is high, coagulants that treat the water are signifi-
cantly less expensive while their dosage rises less than
double at maximum. Therefore, CF becomes economi-
cally advantageous but accounts for the extra chemical
cost. The labour cost per volume of water is signifi-
cantly higher in seawater desalination due to the extra
pass and lower production rate. The capital costs of
the two case studies fall in the same order of magni-
tude, as the two flowsheets have six and four process
units, respectively. Future refinements of the mathe-
matical model can lead to a more accurate representa-
tion of the physico-chemical system of water
treatment.

5. Conclusions

In this work, a systematic approach for the design
and optimisation of water treatment processes was
proposed. The problem was formulated as an MINLP
model. The objective function minimises the water
production cost manipulated by the techno-economic
performance of the technologies selected. Two case
studies were presented with two applications, on
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seawater desalination and advanced wastewater treat-
ment. The computational results demonstrated an
alignment with existing water engineering technical
and economic practices which proved the applicability
of the proposed approach and model. Current limita-
tions of the model involve data retrieval and assump-
tions for its development. Therefore, further work will
be able to refine the obtained results, enlarge the tech-
nological scope of the project, and enable the model to
mimic more accurately the design of water treatment
processes.
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List of symbols

Indices

c — contaminants

ij — passes

s — parallel technologies for CLR

t — technologies

Sets

I — a set of passes of parallel technologies, s,
for CLR

I — a set of all the passes i of technology ¢,
except for the first pass of technology CF

C — a set of contaminants processed by
technology t

I — a set of passes of technology t with a final
pass, I"®

TCLR — clarification processes

T™MM — membrane processes

Parameters

Ysi — recovery factor of technology s and pass i
=)

u — viscosity of water source (kg/m s)

Ay — parameter associated with the capital cost
of technology t (-)

afMcc — constant accounting for annualisation for
equipment cleaning and maintenance

afMRc — constant accounting for annualisation for
equipment replacement

by — parameter associated with the capital cost
of technology t (-)

cF — electricity charge ($/kWh)

cN — initial feed concentration of contaminant ¢
(mg/L)

Cchem — coagulant price ($/tonne)

COy — carbon dioxide equivalent (kg/kWh)

26971

CRF — capital recovery factor (-)

cotHEe — a conversion constant for the chemical costs
=)

coFms — a conversion constant for the emissions
taxes (-)

M — a conversion constant for the electrical
mixing costs (-)

co™C — a conversion constant for t pumping costs
=)

o™ — a conversion constant for the saturator costs
=

D™ — fixed cost for downtime ($)

p"M — variable cost for downtime ($)

infl, — inflation rate (-)

ir — interest rate (-)

Icl — constant associated with labour cost (<)

Ic2 — constant associated with labour cost (-)

MEONC —  maximum allowable concentration of a
contaminant ¢ (mg/L)

MOW  _ minimum allowable final effluent from
technology t (m>/h)

MCP® — operating cost charge rate during
maintenance (-)

NMM — number of membrane modules (-)

Ninax — maximum allowable number of passes (-)

Mg — number of shifts per day (-)

PY — annual production yield (-)

QIN — initial feed flowrate (m>/h)

702 — carbon dioxide price ($/kg)

"’ — pay rate per hour ($/h)

RCM — replacement cost per module ($)

tq — number of operating days a year (d/y)

th — number of operating hours a day (h/d)

u — big number equal to the cardinality of the
number of allowed passes (-)

Yy — recovery factor of technology t and pass i
)

yr — years of investment (-)

ne — pump efficiency (-)

nMT — motor efficiency ()

AT — saturator efficiency (-)

Binary variables

Wi — binary variable equal to 1 if technology ¢ and
pass i is selected, otherwise equal to 0 (-)

X — binary variable equal to 1 if technology s
and pass i is selected, otherwise equal to 0
-

Continuous variables

Py — operating pressure of unit s and pass i
B (MPa)
Rgic — clarification technologies’ rejection

coefficients of a contaminant ¢ in
technology s and pass i (-)
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ACC — total annualised capital cost ($/yr)

ek — feed concentration of contaminant ¢ to
technology t and pass i (mg/L)

cfic — permeate concentration of contaminant c
from technology t and pass i (mg/L)

CCy — capital cost for unit belonging to technology
t and pass i ($)

CDy — coagulant dose (mg/L)

CHC — chemical cost for technology ¢ and pass i
($/yr)

DMED — media diameter of multi-stage media
filtration (m)

EMy; — mixing cost for technology t and pass i
($/yr)

EMS,; — annual carbon emissions for technology ¢
and pass i (kg/yr)

EMSC  — emission charges ($/yr)

Gfy; — flocculation energy input (s

Ly — length of the filter in multi-stage media
filtration (m)

LC — labour cost ($/yr)

Ldy; — load to the multi-stage media filtration
(m/s)

MCC — cleaning and maintenance cost for
technology ($/yr)

MRC — replacement cost ($/yr)

MWCO;; — molecular weight cut-off for a membrane in
technology f and pass i (Da)

Py — operating pressure of unit ¢ and pass i
(MPa)

PC — pumping cost ($/yr)

pH:i — hydrogen ion concentration in feed to
technology t and pass i (-)

PPy, — physicochemical properties of flow and
operating conditions of technology t in pass i

QAT — annual production rate m3/ y1)

v — feed flowrate to a technology t and pass i
(m®/h)

Qr — permeate from technology ¢ and pass i
(m®/h)

R — rejection coefficient of a contaminant c in
technology t and pass i (-)

SC — operating cost for running the saturator
($/yr)

TC — total annualised cost ($/yr)

Temy; — operating temperature for technology t and
pass i (°C)

tfy; — flocculation time (min)

WNC — water net cost ($/m°)

Hy; — natural logarithm of component
hydrophobicity influencing rejection in
technology t and pass i (-)
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