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Abstract: Despite considerable efforts to improve water management, India is becoming increasingly
water stressed due to multiple factors, including climate change, increasing population, and
urbanization. We address one of the most challenging problems in the design of water treatment
plants: how to select a suitable technology for a specific scenario or context. The process of decision
making first requires the identification of feasible treatment configurations based on various objectives
and criteria. In addition, the multiplicity of water quality parameters and design variables adds further
complexity to the process. In this study, we propose a novel Decision Support Tool (DST), designed
to address and support the above challenges. In this user-friendly tool, both Multi-Criteria Decision
Analysis (MCDA) and Multi-Objective Optimization (MOO) methods are employed. The integration
of MCDA with MOO facilitates the generation of feasible drinking water treatment solutions, identifies
optimal options, and ultimately, improves the process of decision making. This implemented approach
has been tested for different contexts, including for different types of raw water sources and system
implementation scales. The results show that this tool can enhance the process of decision making,
supporting the user (e.g., stakeholders and decision makers) to implement the most suitable water
treatment systems, keeping in view the trade-offs.

Keywords: drinking water; water treatment unit processes and packaged systems; multi-objective
optimization; multi-criteria decision analysis; WETSUIT

1. Introduction

Water scarcity is becoming a major issue in today’s world, affecting every continent in different
aspects [1]. Statistics from The Water Project showed that one out of every five children under the
age of five died due to a water-related disease and 1 in 9 people worldwide have no access to potable
drinking water [2]. In developing countries, around 80 percent of diseases are associated with poor
water and sanitation conditions [2]. India, the focus of this paper, with about 16 percent of the world’s
population, has access to only 4 percent of the world’s freshwater supply, of which only 60 percent
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is easily accessible due to geographical and topographical reasons [3]. With a population of around
1.37 billion people [4,5] and a rapid Gross Domestic Product (GDP) growth rate of around 6.7% per
annum [6], India faces multiple challenges regarding this scarce resource. At present, only 88% of
the population has access to an improved water source [7]. In addition, it is estimated that 21% of
communicable diseases in India are related to unsafe water [8]. To counteract this, India requires an
improved water infrastructure system and utilization of available water treatment systems to ensure
the population receives sufficient potable water.

There are an insufficient number of water treatment plants in operation in India and those are
close to maximum capacity or falling into disrepair due to poor management [9,10]. The need for new
water treatment infrastructure is especially apparent in more remote communities where financial,
socioeconomic, and technical constraints hinder development. These constraints need to be taken
into account when designing and selecting water treatment systems. The scale of a water treatment
system can differ drastically depending on the size of the population being served; this can range
from a large settlement to a single dwelling. Commonly, a large settlement will require a centralized
water treatment system, which is considered as an effective water supply solution, providing the most
efficient way of generating large quantities of drinking water for the population, given their economies
of scale [11]. In the case of smaller scale settlements, a decentralized water treatment system offers the
possibility of clean reliable water to urban, rural, or remote settlements where centralized systems
are not economically or technically feasible [12,13]. With three types of systems, Point-of-use (POU)
supply, Point of entry (POE), and Small-scale system (SSS) [11,14], a solution can be tailored to meet
context-specific needs.

There are many water treatment options (unit processes and packaged technologies) available to
a decision maker (e.g., water authorities and engineers), making the task of formulating the optimal
solution for a given context extremely difficult. The number of potential treatment train configurations
for most scenarios result in a search space greater than that which can be fully evaluated in polynomial
time. Techniques such as metaheuristics are able to traverse these large solution spaces and arrive at a
near optimal solution. Such a technique is the Genetic Algorithm (GA), which has been applied to a
large number of engineering optimization problems including water systems and has demonstrated the
ability to generate high quality solutions. There is often more than one objective to consider, resulting
in a set of solutions where no single solution is worse than its counterparts in a scenario. In addition,
both centralized and decentralized systems have a large number of factors that influence the selection
of optimum technology combination. This is where Multi-Criteria Decision Analysis (MCDA) can play
a prime role in decision making. MCDA is a broad method or discipline which deals with decisions
involving the choice of best alternatives from several potential candidates, subject to several conflicting
criteria [15].

Utilizing a Decision Support System (DSS) can help decision makers select the optimal technologies
in different situations. In the last four decades, a number of projects and studies focused on the
development of models and tools to help decision makers select suitable treatment options. The first
(key) example was done by Rossman in 1979 and 1980 [16,17]; in this study, he explored the synthesis
of wastewater treatment trains and developed a model to generate a set of alternatives for wastewater
treatment considering eight stages/processes. The main strength of this model was the implementation
of an implicit enumeration approach to system synthesis which operated on a discrete set of candidate
unit processes with fixed specifications. However, very few unit processes were considered for each
stage of treatment, and simple assembly rules were used. The other pioneering water/wastewater
treatment technology selection model was developed by Tang et al. [18], in which an Analytic Hierarchy
Process (AHP) model compared different syntheses of wastewater treatment processes, but the main
limitation of this model was lack of a screening process to decrease the number of solutions based
on the user’s preferences. This aspect was better addressed in the model developed by Chen and
Beck [19], who developed a Monte Carlo-based approach to synthesize treatment trains and identify
more sustainable treatment options. This model, however, was designed with fixed values for each
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unit process and indicator without flexibility to adapt to local conditions and/or to consider altered
assumptions [20]. In other words, the model could not be applied to different contexts.

More recently, Economopoulou and Economopoulos [21] developed a MCDA-based model,
which they called the “expert system”, to select small and medium scale systems in Greece and
focused mainly on water quality parameters. Finney and Gerheart [22] developed a DST for the
selection of suitable water and wastewater treatment technologies. The tool contained information
on different processes and each process was assessed based on several factors. However, the main
drawback of this tool was related to the process of generating treatment trains, which was very time
consuming and required users’ experience and familiarity with treatment processes. In addition to
the above, Joksimovic et al. [23], Bottero et al. [24], Adewumi [25], Kalbar et al. [26,27], Loo et al. [28],
Garrido-Baserba et al. [29], and Sadr et al. [30-32] developed decision support tools in different contexts.
The most recent decision support tool developed is called “Poseidon” [33]; the tool considers over
30 processes and 12 water quality parameters. However, almost all the aforementioned tools/models
focused on wastewater treatment and/or water reuse scenarios or considered a very limited number of
water treatment options.

This paper presents a novel decision support system, WETSUIT (WatEr Treatment decision
SUpport software Tool), which employs a hybrid model with a Genetic Algorithm-based Multi-objective
Optimization process (GA-MOO) to generate feasible solutions (for centralized systems only) and
Multi-Criteria Decision Analysis (MCDA) as a method of selecting the optimal centralized systems or
decentralized packages based on a given context. To the best of the authors” knowledge, there is no
such decision support model/tool for (drinking) water treatment technology selection integrating MOO
with MCDA whilst considering about 30 water treatment unit processes and 35 packaged technologies.

The tool is substantiated and tested using theoretical case studies in the context of India, with
data collected during the Water4India project (EU FP7 Grant Agreement Number: 308496). The second
section of this paper discusses the methodology proposed in this piece of research and describes the
main components of the DSS. Section 3 first gives an overview of each scenario defined in this study;
it also shows the results and discusses how the results could be interpreted and aid the stakeholders
in making an informed decision. Finally, Section 4 summarizes the conclusions and implications of
this study.

2. Materials and Methods

The selection of potable water treatment technology/feasible solution is a complex process
involving multiple criteria of fitness, choices of technology, and constraints. This makes unaided
manual selection a challenging task [34]. As mentioned earlier, the demand for decision making
and technology selection systems is high in India as there are many villages and towns which have
underdeveloped water infrastructure [7,35]. The result of this is that inhabitants living in these locations
do not receive safe drinking water. This study proposes a decision support system called WETSUiT
(WatEr Treatment decision SUpport Tool) to assist decision makers in selecting a suitable drinking water
solution. In this increasingly complex world, especially in developing countries, such a decision support
tool is required to validate the chosen technologies based on specific regulations to assess whether the
potential technologies or solutions meet the drinking water standards or guidelines. The WETSUIT
consists of several interconnected components, as shown in Figure 1. The key components are briefly
described below:

e Technology library: This is a database containing information on approximately 30 unit processes
and 35 packaged water treatment systems and their respective sustainability indicators (such as
waste generation, greenhouse gas emissions, net energy consumption, and land requirement); the
list of all indicators considered in this study are shown in Section 2.3 in Table 1. The technology
library (i.e., database) is divided into eight main tables: i. Technology Description; ii. Technology
Installation; iii. Operation and Maintenance (O&M); iv. Maintenance Activities; v. Chemicals
required for O&M; vi. Cost of Technology; vii. Social Aspects; and viii. Technology Performance
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in Terms of Contaminant Removal. Each table contains several questions aiding the process of
decision making. The details of the questions in each table of the database are provided in the SM,
Section S1 (Figures S1-S8). One of the advantages of the database is that its contents can easily be
augmented if the user wants to add information on a new technology and/or to improve/update
details of an existing process or a packaged system.

e  Graphical user interface: This has been built using C++ builder in Rad Studio and facilitates
processing the user-defined context information for which water treatment is required (e.g., system
scale, raw water source and quality, budget, and availability level of skills and power supply).
WETSUIT is a multi-device application which can be run on any MS Windows, Android, and iOS
devices. The WETSUIT user interface contains eight tabs (namely: Welcome to WETSUIT, User
Information, Context Definition, Raw Water Information, Criteria Selection, MCDA Results, and
MOQO results) to facilitate context definition data input, setting constraints, simulation automation,
results analysis, and visualization. The details of each tab are provided in the Supplementary
Materials (SM), Section S2 (Figures 59-522).

e Optimization engine: This generates optimal treatment trains using an evolutionary algorithm
based on the Non-dominated Sorting Genetic Algorithm-II (NSGA-II), which is a genetic algorithm
driven by Pareto dominance [36]. NSGA-II evaluates the fitness of each solution in relation to an
entire population of candidate solutions. More details on the optimization and selection process
are provided in Section 2.1.

e  Solution evaluator: This enables the user to assess solutions generated by the optimization engine
and small household packaged treatment technologies by employing Multi-Criteria Decision
Analysis (MCDA), showing the performance for each candidate solution (i.e., water treatment
technologies) with respect to each of the criteria. The details on the solution evaluator are discussed
in Section 2.2.

One of the advantages of the WETSUIT Tool is its replication feature: it can easily be applied to
other projects or case studies in different contexts. The proposed tool can be used by stakeholders or
decision makers at the start of the design procedure, for identifying feasible and appropriate drinking
water treatment or desalination alternatives, and for estimating important project parameters such as
capital cost, O&M costs, energy consumption, and contaminants removal.

2.1. Multi-Objective Optimization

For the Multi Objective Optimization (MOO) approach, the Fast Elitist Non-dominated Sorting
Genetic Algorithm (NSGA-II) [36] was employed to optimize treatment train configurations. NSGA-II
employs a fast non-dominated sorting process to sort each individual (solution) into a front based on
Pareto non-dominance. The algorithm filters out all non-feasible unit processes and/or treatment trains
based on a number of constraints: e.g., influent and effluent quality and quantity, budget availability,
reliability of electricity, availability of land for the water treatment plant/system. Potentially feasible
solutions (unit processes for centralized systems or packaged technologies for decentralized systems)
then become candidates for the optimization process (if centralized systems are required) which mixes
and matches treatment technologies at each required stage in the treatment train (Duncan et al., 2015).
The approved list (solutions) of the final generation is then analyzed by MCDA techniques described
in the following section (see Section2.2).

2.2. Multi-Criteria Decision Analysis

Multi-Criteria Decision Analysis (MCDA) is a decision making method which can be used to
make a comparative assessment of alternatives based on multiple evaluation criteria [30]. MCDA
is a method for resolving decision problems with many alternatives, which are evaluated based on
user weighted criteria [31,37]. A large (growing) number of MCDA methods have been developed.
The growth in MCDA methods is attributed to several factors [38]: (1) existence of many different



Water 2020, 12, 2836 5of 20

types of decision problems which fit a broad spectrum of MCDA techniques; (2) the complexity and
time required to process data and to carry out analysis; and (3) amount and type of data required by
different MCDA techniques. In this study, two distinct MCDA methods are applied in order to aid in
translating the user decisions/weights for a better outcome.

Table 1. The 30 criteria included in WETSUIT.

Economic Technical

1 CAPEX 10 Skill requirements—Total
2 OPEX 11 Skill requirements—Unskilled workers
3 Net energy costs annualized 12 Skill requirements—Untrained workers
4 Costs for consumables annualized 13 Skill requirements—Professional operators
5 Costs for spare parts annualized 14 Reliability—Total
6 Maintenance costs annualized 15 Reliability—Process maturity
7 Labor costs annualized 16 Reliability—Accessibility of spare
8 Cost for waste disposal annualized parts—Dependence on external power
9 TOTEX 17 Water treatment capacity

Socioeconomic Environmental
18 Affordability of drinking water 25 Waste %)iggfcﬁe?:lr)lﬁ("ﬁ/) ixﬁ—water
19 Acceptability of technology—Total 26 Waste generation (kg /m’-water

produced)—non-toxic

Acceptability of Technology
20 (AoT)—Confidence in 27
water treatment technology

Waste generation (kg waste/m3-water
produced)—toxic

Green-house emissions (kgC/m3-

21 AoT—Confidence in produced water quality 28 water produced)

Net energy consumption (kwh/m3-

22 AoT—Confidence in reliability of water supply 29 water produced)

23 Public health benefits

30 Land requirement (m?2)
24 End consumer: ease of use

Context definition
Wat J v o
ater;source Multi-Objective | Feasibili S =
| Optimisation < check‘y @ ;
(M0O) | 38
Criteria/Objective o
selection/evaluation —

Graphical user Technol lib
echnology librai
Interface Technology performance -/ v
on contaminant removal I s . Gt — e — —
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| g3
S
| P I PRSP R
MCA results

Figure 1. Overview of WETSUIT (WatEr Treatment decision SUpport Tool) Structure and main
components of this tool.
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2.2.1. Analytic Hierarchy Process

The Analytic Hierarchy Process (AHP) involves the construction of a decision hierarchical
structure, whereby a decision problem is broken down into simpler constituents. In the first place,
the problem should be structured into a hierarchical model. In other words, the problem should be
decomposed into elements based on their common characteristics and forming a hierarchical model
at each level [39,40]. The uppermost level represents the aim of the problem, while the lowest level
corresponds to the alternatives. The intermediate level(s) represent evaluation aspects, criteria, and
sub-criteria. It also involves determination of relative weights based on a pair-wise comparison
between criteria represented in the hierarchical structure for the purpose of ranking alternatives [41].

Pair-Wise Comparison

Pair-wise comparison, based on different aspects, determines the relative weights of the considered
criteria for a scenario of water treatment [32,42]. The definitions and explanations for the ranking
system of the AHP are presented in Table S1 in the Supplementary Materials (S), where 1 represents
equal importance of two criteria and 9 denotes an extreme importance of one criterion over the other.
Here, the pair-wise comparison of criteria for selection of decentralized small-scale systems in an
emergency situation is shown in Table 52, in the SM. In this table, the criteria in rows (C;) are compared
to criteria in columns (C;) and matrix element C;; denotes the comparison between C; and C;. It is
important to mention that matrix elements C;; and C;; are in inverse ratio (C;; = 1/C;j). The other
assumption is that when i equals j (diagonal elements), Cj; = Cj; = 1. Further to the above assumptions,
the total score for the ith row (TS;) can be calculated by Equation (1) [32]:

n
TS; =) Gy (1)
j=1

where n is the number of criteria. To calculate the sum of scores of all rows (SUM), Equation (2) can
be used. .
SUM = Z TS; @)
i=1

Now, the weight of each criterion (W;) can be determined using Equation (3) [32]:

TS;
W =

- SUM ©)

Weighted MCDA of Technology/Solution

First, a multi-criteria scoring matrix is prepared by assigning the water treatment system (T) a
score from within a normalized range. The scores are determined from the traits of the individual
unit process that comprise these systems. Subsequently, the selected treatment trains are assessed
against the weightings of the various criteria. The weighted values or total scores of TS are obtained by
Equation (4):

n
TS = Z WS 4)
i=1

where  is the number of criteria and Sy; are the scores corresponding to kth water treatment technology
and ith criteria.

2.2.2. Compromise Programming

Compromise programming (CP) is an MCDA approach [43] used to identify the optimal
solution [43,44]. It consists of obtaining weightings from AHP. This contributes to the overall
performance index (OPI) of a water treatment system [45]. CP uses the equation below to rank the
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various potential technologies in accordance with their overall score, where the optimal solution
consists of the highest score. These overall scores are all relative to each other, with the optimal solution
a point of reference to the decision maker [44]. The total score for each treatment train is obtained by

Equation (5) [45]:
(i £
TS = ”(—1)]} ©)
{Z g

i=1
where TS is the total score of a treatment system, w; is weight of a criterion, fl.b is the best criterion

score, fl.w is the worst criterion score, and f; is the actual score.

2.3. Identification of Evaluation Criteria and Optimization Objectives

WETSUIT considers three objectives for GA-based optimization (only for the centralized solutions),
namely: i. Capital expenditure (CAPEX); ii. Operational and maintenance expenditure (OPEX); and iii.
Energy consumption. Additionally, it covers a large number of criteria (see Table 1), and the user is
asked to select a number of these criteria based on their preferences for the decision making process
(see more details in the SM, Section 52.5). As mentioned in the previous section, weights should be
assigned to the selected criteria for the MCDA evaluation process. To ease the process of criteria
weighing, a diagram showing the relation between different criteria is presented in the user interface
(see Figures 516 and 523, in the SM). Thus, it is impractical and not user-friendly to utilize a pair-wise
comparison of all 30 criteria. Therefore, for any cases where the user selects more than 10 evaluation
criteria, CP (without pair-wise comparison of the criteria) is applied.

2.4. WETSUIT Application

The WETSUIT tool was applied to identify treatment solutions for four different scenarios. These
and the resulting technology mix are discussed in the following sections.

3. Results and Discussion

The defined scenarios can be divided into two categories, involving: i. Centralized water treatment
trains (Section 3.1) and ii. Small decentralized water treatment packages (household level) (Section 3.2).
The main information/assumptions on both centralized and decentralized scenarios are presented in
Tables 2 and 3, respectively. These have been collected from published reports and water treatment
technology providers or assumed based on a series of discussions with the stakeholders.

3.1. Evaluation of Centralized Drinking Water Treatment Trains via WETSUIT

Two centralized scenarios (for two Indian towns, Srirangapatna and Bilikere) underwent the
MOO and MCDA. Ten and thirteen evaluation criteria are utilized for Scenarios 1 and 2, respectively.
The main assumptions of both centralized scenarios are summarized in Table 2. For detailed analysis
into the effect the criteria have upon the MCDA, the selected criteria were banded into three groups.
The first group (the control group) was centered on the establishment and operation of the treatment
plant and consisted of: CAPEX (the capital cost criteria), OPEX (the operating cost criteria), the skill
requirements of the plant and the reliability of the treatment plant. The second group referred to the
ease of use—affordability, the acceptability of the technology used, the public health benefits and
the ease of use for the end consumer. The third group was centered on environmental concerns and
consisted of the amount of waste generated, greenhouse emissions, availability of spare parts, energy
consumed in the process, and the land required for the plant. As mentioned above, the first group
(focused on the establishment and operation of the treatment plant) was kept as the control as it is
largely based upon economic incentives and therefore, would be of high importance for both towns. A
summary of the weights given to the two centralized scenarios are presented in Table 4. It is noteworthy
that the assumptions were made and criteria weights were assigned (in each scenario) with help from
a number of stakeholders in India.
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Table 2. Main information/assumption on the centralized scenarios.

Name and ID of Scenario

Srirangapatna TP DW Treatment
(Scenario 1)

Bilikere TP DW Treatment
(Scenario 2)

City/District Srirangapatna/Mandya District Bilikere/Mysorae
State Karnataka Karnataka
Population to be served 30,000 10,000

Types of solution

Full-scale systems

Full-scale systems

Water consumption 200 200

Leakage (% of produced water) 0.15 0.15
Urban or Rural Rural Urban

continuous electrical supply No No

Availability of spare parts

All spare parts available on
regional/national market

Some spare parts available on
regional/national market

Technical Ability for O&M

Training; personal with basic education

Training; personal with basic education

Water Quality Parameters Min Va‘lue Max Va.lue Current Min Va}ue Max Va‘lue Current
Occurring  Occurring Value Occurring  Occurring Value
pH 6.7 8.2 7.3 6.9 8.1 7.2
Fecal coliform (no./100mL) 0 0 0 0 0 0
Turbidity (NTU) 1 21.2 5.64 2 24 6.45
Total Dissolved Solids (mg/L) 25 320 153.23 30 350 160.2
Hardness (mg/L as CaCO3) 34 160 140.69 30 155 135.4
Iron (ug/L) 3.69 452 3.9 3.5 472 4.01
Arsenic (ug/L) 0 0 0 0 0 0
Fluoride (mg/L) 0 0 0 0 0 0
Lead (ug/L) 0.0291 0.0402 0.031 0.03 0.052 0.037
Nitrate (mg/L) <0.1 <0.1 <0.1 <0.1 <0.1 <0.1

3.1.1. Centralized Scenario 1—Srirangapatna (Scenario 1)

The first centralized scenario is based on the town of Srirangapatna, which lies on the Kaveri River
and is located in the State of Karnataka. The data required for the scenario came from a study conducted
by the University of Mysore on the Kaveri River’s water pollution content [46]. The data were taken
before, during, and after the monsoon season and therefore, show the full range of contaminants in the
river, in a calendar year. The maximum and minimum values were obtained from this and compared
against the Indian drinking water standards [47]. The lead content and turbidity were found to exceed
the standards and as such, were the offending contaminants in this scenario. Some demographics were
required for the compilation of this scenario, and these were sourced from the 2011 census data [48,49].
Other information required was assumed from the authors’ experience of the town. Srirangapatna is a
tourist town and as such, has a higher emphasis on the environment to encourage further tourism and
therefore, is expected to have greater weightings in the corresponding criteria. Based on MOO results,
several water treatment trains were generated and found to be suitable. Here in this paper, the best
eight solutions are presented.

WETSUIT first calculated the performance of the generated water treatment trains on contaminant
removal to check that all technologies meet the Indian drinking water standards [50]. Looking into the
details of contaminant removal, it was observed that all technologies sufficiently remove turbidity.

However, T54 (aeration, Slow Sand Filtration (SSF), chlorination with hypochlorite (C1O7)), T56
(aeration, Rapid Sand Filtration (RSF), ultrafiltration (UF), C1IO~), T66 (aeration, SSF, microfiltration
(MEF), C1O7), and T80 (aeration, chemical precipitation, sedimentation, UF, chlorination) sufficiently
remove the lead content to acceptable standards only under high operational conditions. T55
(aeration, SSF, RO: Reverse Osmosis, C1O™), T59 (aeration, Sediment filter (5um), adsorption with
GAC: Granular Activated Carbon, chlorination), T65 (aeration, sediment filter (5pum), adsorption with
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GAC, chlorination), and T79 (aeration, MF, RO, ultraviolet (UV)) all bring the contaminants in line
with the required standards, and as such, are placed on the shortlist, to be evaluated further via MCDA
in WETSUIT.

All the eight treatment trains are feasible solutions and their performances are not always
noticeably different. The results are illustrated in Figure 2a (displaying a star chart) where the
performance of treatment trains based on each criterion can be compared and analyzed; however, in
this figure, the weight given to each criterion has not been taken into consideration. There are two types
of criteria considered in this study: i. cost (e.g., CAPEX, OPEX, energy consumption, land requirement,
waste generation, and carbon emission) and ii. benefit (e.g., reliability, ease of use, and spare part
availability). This, for the cost criteria, implies that the smaller the value calculated for a solution is
(with respect to a cost criteria), the higher its performance will be. As can be seen in Figure 2a, whilst
T54 is rarely the best in any given criteria, its performance is consistently high in all of the criteria,
leading to its high overall score. Figure 2b shows the performance of optimal water treatment systems.
Based on the WETSUIT results, Optimal Treatment Train T54 and T59 are the best solutions for the
given scenario, as they have the highest overall scores (3.92 and 3.90, respectively). T79 and T80 are the
least preferred treatment trains with scores of 3.41 and 3.27, respectively.

Table 3. Main information/assumption on the decentralized scenarios.

. Small-Scale System for an Emergency Effect of Income in an Urban Household
Name and ID of Scenario . A . .
Situation (Scenario 3) Package (Scenario 4)
State Srirangapatna/Mandya District Bilikere/Mysorae
Population to be served Karnataka Karnataka
Types of solution 500 a family with 4-6 members
Water consumption (Liters Community systems Household systems
per person per day)
Household earning 50 200
. Scenario 4a: <5000 INRs !
Urban or Rural Not Applicable Scenario 4b: >5000 INRs
Is the electrical supply
continuous (24/7) Rural Urban
Availability of spare parts No No
Technical Ability available N/A Some spare parts available on
for O&M regional/national market
State N/A Training; personal with basic education

Water Quality Parameters ~ Min Value = Max Value  Current Value  Min Value  Max Value  Current Value

pH 6.7 8.2 7.3 6.9 8.1 7.2

fecal coliform (no./100mL) 0 0 0 0 0 0
Turbidity (NTU) 1 21.2 5.64 1 2 143
Tg(t)‘i‘ll dlzi(s;(;/vsd 25 320 153.23 30 350 160.2
Hardness (mg/L as CaCOj3) 34 160 140.69 30 155 1354
Iron (ng/L) 3.69 452 3.9 35 4.72 4.01

Arsenic (ug/L) 0 0 0 0 0 0

Fluoride (mg/L) 0 0 0 0 0 0
Lead (ng/L) 0.0291 0.0402 0.031 0.03 0.052 0.037
Nitrate (mg/L) <0.1 <0.1 <0.1 <0.1 <0.1 <0.1

1 INRs—Indian Rupees.
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Table 4. Importance weights given to criteria in Scenarios 1 and 2.

Normalized Weights for Normalized Weights for

Criteria ID Criteria Scenario 1 (Srirangapatna) Scenario 2 (Bilikere)
C1 CAPEX 0.131 0.103
C2 OPEX 0.131 0.128
C3 Skill requirements 0.116 0.09
C4 Reliability 0.104 0.09
C5 Ease of use 0.116 0.09
Cé6 Waste generation 0.078 0.077
c7 Green-house 0.091 0.064

emissions
Spare parts
Cc8 availability 0.091 0.051
C9 Energy 0.091 0.09
consumption
C10 Land requirement 0.051 0.077
C11 Affordability - 0.051
C12 Acceptability - 0.038
c13 Public h.ealth ) 0.051
benefits

Figure 2b also shows the contribution of each criterion to the performance of different technology
combinations, where each color is assigned for a criterion. If a technology receives high contributions
from all or most criteria, it is most likely to perform well in that scenario and vice versa [31]. Furthermore,
the effect of the weightings on the groups can be seen from this. Whilst all eight treatment trains have
high scores from the environmental grouping, T54 had the highest score, and as a result, the highest
score overall.

The results also offer evidence of the effect of individual unit processes from the treatment trains
on the overall results of WETSUIT. For instance, in this scenario, T54 and T55 have similar treatment
trains. The only difference is T55 also has an extra unit process, reverse osmosis. The change in the
end results is significant however, as T54 has a much higher score than T55, a difference of 0.49; see
Figure 2b. In this scenario, therefore, reverse osmosis has an effective cost of 0.49 on the overall score.
T54 was incapable of removing the contaminants to a high level, in contrast to T55, which is among
the solutions with the best performance in removing the contaminants. This demonstrates that in a
scenario where cost is prioritized, a worse performing (feasible) solution can score higher than that of
a better performing solution with higher cost.

T56 and T66 consisted of almost identical unit processes, but rapid sand filtration was used for
T56, and slow sand filtration was used instead for T66. As these two unit processes themselves are
similar, the results of the scores might have also been close. However, there was a significant difference
between the two, with T56 having a higher score by 0.15. This shows that in the case of this scenario,
using rapid sand filtration instead of slow sand filtration improved the overall score. As such, rapid
sand filtration could be seen as the less expensive unit process. However, similarly to the comparison
made between T54 and T55, the overall treatment train with the higher score decreased the contaminant
levels in the water the least. It would therefore appear that for similar treatment trains, the overall score
and the effectiveness of the treatment train at removing contaminants are inversely related. Whilst
it should be noted this only appears to be the case for similar trains, WETSUiT has shown that it is
capable of finding the optimal middle ground between different conditions.
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Figure 2. Results of Scenario 1—drinking water treatment systems for Srirangapatna: (a) Criteria/

objective contribution star chart; (b) Stacked column on performance of water treatment systems.

3.1.2. Centralized Scenario 2—Bilikere (Scenario 2)

The second scenario was located in a smaller town (compared to Scenario 1) called Bilikere.
Bilikere is part of the State of Karnataka and only about 20 kilometers from the River of Kaveri.
The town requires a new water treatment facility. As a very small town, its focus will be on financial
and operational criteria due to limited funds [51] and lack of education [52,53]. The weights of the
evaluation criteria and assumptions of this scenario are summarized in Tables 2 and 4.
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Figure 3a illustrates the star diagram comparing the performances of the best solutions with
respect to all selected criteria (the weights assigned to each criterion have not been applied in this
figure). It is shown in Figure 3a that the treatment technology configuration (i.e., treatment solution)
T61 (in blue) and T62 (in green) perform well under most criteria. Whilst operational indicators are not
the deciding factor for its overall score being highest, it had a significant impact upon the result. Based
on the results illustrated in Figure 3a, T15 (in light blue) and T46 (in light grey) have not performed
well under several criteria. The treatment processes in each solution (discussed in this section) are

shown in Figure 3b.
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Figure 3. Results of Scenario 2—drinking water treatment systems for Bilikere: (a) Criteria/objective

contribution star chart; (b) Stacked column on performance of water treatment systems.
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Similar results can be seen in Figure 3b, where T61 has the highest overall score, whereas T15
has the lowest overall score. However, T61 did the least to reduce the contaminant level, although it
meets the requirements in the Indian Drinking Water Quality Standards [50]. This can also be seen
with T61 and T70. T61 had a much higher score than T70 but performs lower in contaminant removal.
It therefore seems there is a significant trade-off between removing the amount of contaminant and
having a high scoring technology.

3.2. Evaluation of Decentralized Drinking Water Treatment Systems (Self-Contained Packages) via WETSUIT

Two scenarios have been considered to evaluate decentralized water treatment packages.
Thirty-three drinking water treatment packages of different sizes are available in the database.
The database is expandable at any time by the user. Evaluation is considered, coinciding with the
Indian Water Standards for drinking purposes [50]. Scenarios were developed to represent contrasting
situations, allowing decentralized packages to be fully evaluated. Since the preference options and
importance weights of criteria are likely to be different, in this study for each scenario, an altered
pairwise comparison of criteria is conducted. In other words, the change of numerical values within
the pair-wise comparison of criteria is subjective. The main assumptions and weights of criteria in both
scenarios of decentralized water treatment systems are summarized in Tables 3 and 5, respectively.

Table 5. Importance weights given to criteria in Scenarios 3 and 4.

Normalized Weights Normalized Weights Normalized Weights

Criteria ID Criteria for Scenario for Scenario for Scenario

3 (Srirangapatna) 4a (Bilikere) 4b (Bilikere)
C1 Reliability 0.05 0.06 0.18
c2 Capital Cost - 0.19 0.14
C3 Annual O&M costs - 0.18 0.15
C4 Ease of Installation 0.26 0.05 0.06
C5 Ease of O&M 0.16 0.16 0.11
C6 Energy Consumption 0.14 0.12 0.09
Cc7 Availability of Spare parts 0.08 0.02 0.02
C8 Water treatment Capacity 0.25 0.11 0.21
c9 Land/Area requirement 0.06 0.10 0.05

3.2.1. Selection of Decentralized Small-Scale System for an Emergency Situation (Scenario 3)

In the first decentralized water treatment scenario, the best small-scale systems for an emergency
situation is investigated, whether it be after a natural disaster or in the case of water supply failure.
Populations of developing countries are more affected by natural disasters than anywhere else in the
world due to lack of physical and financial resources and infrastructure [46]. In the case of a natural
disaster, such as an earthquake, a tsunami, or any other hydrological disasters, the water supply is
often contaminated [47]. Small-scale systems/technologies are required to provide sufficient potable
water and use varying power sources in case of unreliable electrical infrastructure. CAPEX and OPEX
are not considered in this scenario, as small-scale systems are typically owned by rescue operations [49],
acquired through government funds or charitable donations, and therefore, no cost is applied to
the community. The system is immediately needed and should be installed as quickly as possible;
therefore, Ease of Installation (C4, Criterion 4) is the key criterion in this scenario. These systems can
require a large area of land, up to 8 m?, in a central location. However, this criterion is only of moderate
importance because these locations are normally open and spacious.

Figure 4a is a star chart (cobweb diagram) that illustrates the criteria contribution for water
treatment packages in an emergency situation. It is important to mention that the weights given to
the evaluation criteria are not considered in this diagram. In other words, all criteria are assigned
similar importance. Figure 4a shows that T29 performs well under many criteria. On the other hand,
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it is shown that although T32 performs well with respect to many criteria (shown in Figure 4a), its
overall score (shown in Figure 4b) is not high; this is due to the fact that the capacity (water production
per day) of this package is below those of the other packages.

(@ Reliability

water treatment capacity Ease of O&M

Availbility of spare .
nergy consumption

parts
|+T38 —8—T29 —8—T30 T31 ——T32 —8—T33 —8—T34 —8—T35 —8—T36 +T37|

(b) I

400 m Relability
8 350
= = Ease of instillation
2 3.00 I
=54 wEase of O&M
k.
= 2.00 .
z Energy consumption
= 1.50
2 -
= 1.00 = Availbility of spare parts

0.50 .

®water treatment capacity
0.00
T28 T29 T30 T31 T32 T33 T34 T35 T3ie T37 .
: B Area required
Optimal water treatment packages

Figure 4. Results of Scenario 3—packaged drinking water treatment systems for an emergency
situation: (a) Criteria/objective contribution star chart; (b) Stacked column on performance of water

treatment systems.

It can be seen from the results illustrated in Figure 4a,b that there are four leading systems, of
which the differences between these are marginal. Package (T29) is the preferred technology with
a score of 4.17, followed by T37 (0.3441) and T36 (0.3353), respectively. T30 is the least preferred
technology, with a score of 3.27. T37 is a hybrid system which provides solar power for the operation;
this is one of the main reasons that this system has been selected as the second preferred technology.
Few studies have analyzed the use of renewable energy technologies, particularly solar systems, for
emergency situations [54]; renewable energy based technology devices are usually larger, therefore
more difficult to transport. Another disadvantage of these systems is that the setup process is time
consuming and should be maintained by an expert. However, these systems can be still considered the
best options in many emergency situations where traditional power sources are not available [54].
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3.2.2. The Effect of Income in an Urban Household Level Packaged Treatment System Selection
(Scenario 4)

In this decentralized water treatment scenario (Scenario 4), the effect of income on the appropriate
water treatment package for an urban Indian household is investigated. Income is an important factor
to investigate within India. An Indian census conducted by the Socio Economic and Caste Census
(SECC) in 2011 showed “ ... 79.53 per cent of households highest earning member earns less than INR
5000” and 60% have no literate adult above 25 years old [55]. In the modern world, income plays a
large part on what resources are available to a household and therefore, has an effect on all criteria.
A large income typically comes with a desire to live with more luxuries [56] and thus, a higher water
usage [52]. In the families with low income (here, considered as Scenario 4a), cost-related criteria (C2
and C3) will have a considerable impact on technology selection, likewise, with energy consumption
(C6) as it is directly related to O&M costs. The ease of installation and use (C4 and C5) are likely to be
important due to the low education of occupants. Finally, space is often limited in poorer areas due to
the rudimentary design and construction of houses and the number of people living under one roof.

On the other hand, in a family/community with a high income (Scenario 4b), cost-related criteria
will have smaller impacts. Due to the expected expense of the system, the ease of operation will
be expected to be hassle-free and the installation and maintenance can be performed by hiring
personnel and are thus, of lower importance. Furthermore, with more resources and space, less
importance is assigned to the criteria of installation space/area (C9) and availability of spare parts
(C7). Electricity supply, also, can be expected to be regular within wealthy households [57] and the
finance of energy consumption would not be a problem. The more affluent a household, the more
luxuries are sought, such as a shower, bath (not bucket bath), garden etc., and therefore, more water is
required. Consequently, packages that produce large quantities of water are more desired [44], giving
more importance for the criterion water quantity or capacity of treatment (C8). The main assumptions
and importance weights of criteria are presented in Tables 3 and 5.

Figure 5a details a range of results for decentralized water treatment packages. It can be seen that
T25 (microfiber mess + activated carbon trap + magnet cartridge; with a storage tank of 20 liters; it does
not require running water or electricity) and T27 (20 um Pre-filter + activated carbon + ion-exchange;
it requires running water and electricity) perform well under most criteria in this scenario. It is also
shown that T2 (5 pm sediment filter + 2 stages of activated carbon + reverse osmosis membrane +
activated carbon with coconut shells; with a storage tank of 53 liters; it requires running water or
electricity; with a water purification capacity of 900 liters per day) and T3 (5 pm sediment filter +
2 stages of activated carbon + reverse osmosis membrane + activated carbon with coconut shells; with
a storage tank of 53 liters; it requires running water or electricity; with a water purification capacity of
680 liters per day) have the lowest scores performances. It is important to mention that the importance
weights are not considered in the star diagram. In other words, all criteria are assigned equal important
weights. Figure 5a also shows that all these preselected six packages perform well under several
criteria. Therefore, it is very difficult to finalize a decision merely based on this figure.

All packages went through two similar scenarios (Scenarios 4a and 4b); when compared alongside
each other, they produced different results. The technologies have similar traits and as such, are
predisposed to having similar results. Whilst the discrepancies were minor, the results did not follow
the same trend, indicating the influence of scenarios.

The effect of income on selection of water treatment packages on WETSUIT can be demonstrated
by comparing technologies in the stacked column (Figure 5b). All packages have been evaluated in
two sub-scenarios (in low-income families and high-income families). In Figure 5b, the technologies
which have been considered for Scenario 4b are marked with ‘(£)’. Figure 5b outlines the strengths and
weaknesses of the packaged systems; treatment capacity (in brown color) is the most significant factor
for the high-income household, whereas it is a lesser factor in the low income household, relative to
the overall score. It is shown that in Scenario 4a, T25 has the highest overall score, whereas T2 has the
lowest overall score. T27, which has the second highest score in Scenario 4a, is shown to be the most
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preferred solution in Scenario 4b. It can be concluded that the importance weights/factors of criteria
are very influential on the final MCDA results.

(a)

Reliability

Area required

water treatment capacity

Availbility of spare L~
parts

Ease of instillation

Energy consumption ase of O&M

——T2 —o—T3 ~o-T14 Tl6 —e—T25 ——-T27
() I
4.50 = Reliability
4.00 m CAPEX

"OPEX

Ease of instillation

Total evaluation scores
3
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0.50 B Availbility of spare parts
0.00

T2 T2 T3 T3 TI4 T4 TI6 T16 T25 T25 T27 T27 ®water treatment capacity
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Optimal water treatment packages W Area required

Figure 5. Results on Scenario 4—the effect of income in the selection of packaged drinking water
treatment systems: (a) Criteria/objective contribution star chart; (b) Stacked column on performance of
water treatment systems; technologies with “(£)’ represent the evaluation results in families with high
income (Scenario 4b).

4. Conclusions

In this study, a decision support tool (WETSUIT) for the selection of (drinking) water treatment
systems at both community and city scales was proposed. WETSUIT is a user-friendly standalone tool
that uses both Many-Objective Optimization (MOO) and Multi-Criteria Analysis (MCA) to identify
optimal treatment technologies combinations/configurations. This involved a consideration of a
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number of criteria under four categories of financial, technical, social, and environmental aspects.
The approach implemented in WETSUIT was tested for different contexts, including for different types
of raw water sources, income range, living conditions, and system implementation scales. The key
messages resulting from this research are:

e  The WETSUIT Tool identified optimal drinking water treatment technologies with low costs, low
energy consumption, and high contaminant removal efficiencies.

e  The number and type of water treatment solutions vary widely based on many factors, including
the ones related to user objectives and preferences and context constraints.

e  Theresults revealed that in almost all scenarios, there was a significant trade-off between removing
the amount of contaminants and having a high scoring technology.

e If a technology receives high contributions from all or most criteria, it is most likely to perform
well in that scenario and vice versa. However, the final result (scores based on MCDA) can be
significantly affected based on weights assigned to each criterion.

e  The tool is designed in a way that can used by any user with basic knowledge of computer and/or
decision making processes.

e  WETSUIT offers evidence and evaluation of the effect of the individual unit processes from the
treatment trains on the overall performance of each treatment train.

e  The quality of the results can be further improved by adding more details on each unit process or
water treatment package and/or by adding more technologies to the database. The tool has been
designed in a way that its technology library (i.e., database) is expandable at any time by the user.

Supplementary Materials: This document consists of 17 pages, 2 tables and 23 Figures, and presents the templates
for the developed drinking water technology library (as part of the database) and shows an overview of the
main pages/forms on the decision support tool. The document is available online at http://www.mdpi.com/
2073-4441/12/10/2836/s1. Figure S1: Worksheet Section S1: Technology Description, Figure S2: Worksheet
Section 52: Technology installation, Figure S3: Worksheet Section S3: Technology Operation and Maintenance,
Figure S4: Worksheet Section S4: Maintenance activities, Figure S5: Worksheet Section S5: Chemical Requirement
for Operation and Maintenance, Figure S6: Worksheet Section S6: Chemical Requirement for Operation and
Maintenance, Figure S7: Worksheet Section S7: Chemical Requirement for Operation and Maintenance, Figure
S8: Worksheet Section S8: Technology performance in terms of contaminant removal, Figure S9: Main tabs on
WETSUIT: Welcome to WETSUIT, Figure S10: Main tabs on WETSUIT: User Information, Figure S11: Main tabs
on WETSUIT: Context Definition, Figure S12: Navigator tool on WETSUIT. Button (a): create a new record, (b):
delete/remove a record and (c): save changes, Figure S13: Main tabs on WETSUiT: Raw Water Source, Figure
S14: Main tabs on WETSUIT: Criteria Selection/Evaluation—first form (standard users ONLY), Figure S15: Main
tabs on WETSUIT: Criteria Selection/Evaluation—second form (expert users ONLY), Figure S16: Main tabs on
WETSUIT: Criteria Selection/Evaluation—third form: table presenting all criteria and sub-criteria (expert users
ONLY), Figure S17: Main tabs on WETSUIT: Criteria Selection/Evaluation—fourth form: diagram on the criteria
and sub-criteria (expert users ONLY), Figure S18: Main tabs on WETSUIT: Results: MCDA Solution, Figure
S19: Main tabs on WETSUIT: Results: MOO/GA Solution (before running MOO/GA), Figure S20: Main tabs on
WETSUIT: Results: MOO/GA Solution (after running MOO/GA) with scatter plots, Figure S21: Main tabs on
WETSUIT: Results: MOO/GA Solution (after running MOO/GA) with radar charts, Figure S22: The component
“Add/Remove Solutions” on the main tab of: Results: MOO/GA Solution with radar charts, Figure S23: Aspects,
criteria and sub-criteria (sustainability indicators) identified in this study and used in the DSS, Table S1: Ranking
system of the AHP (adopted from Saaty, (1987)), Table S2: Pair-wise comparison of criteria for the selection of
decentralized small-scale systems in a low-income household scenario (see Section 3.2.2).
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