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Abstract: With an increasingly more urbanised global population, surface water and
groundwater resources are being/have become outpaced by growing demand. The oceans
could address this pertinent scarcity issue, once their high-salinity content is removed.
Water desalination could thus be a crucial pathway towards addressing global water
scarcity. However, conventional desalination is known to be highly energy-intensive,
with limited scalability and potentially significant negative environmental impacts. Multi-
criteria Decision Making (MCDM) presents a novel approach towards sustainable water
desalination based on sustainability-related criteria. The Fuzzy Analytical Hierarchy
Process (FAHP) was implemented to determine the most optimal small-scale, modularised,
and remote reverse osmosis (RO) desalination plant configurations. Twelve configurations
were assessed, based on four plant capacities (50, 100, 150, and 200 m3/ day) and three
diesel-to-solar photovoltaic energy configurations (100-0%, 75-25%, and 60-40%). The
hybridised diesel-to-solar configurations were generally ranked higher, particularly when
less reliant on diesel, and at small(er) capacities, in terms of the criteria: sustainability,
overall efficiency, and standalone potential while maintaining competitive costs. This can
likely be attributed to their relatively lower fuel and energy consumption and associated
costs. Further research should aim to consider additional criteria, such as battery cost, as
well as life cycle assessments that include transportation-related costs/emissions.

Keywords: multi-criteria decision making; sustainability; desalination; process intensification;
reverse 0smosis

1. Introduction

As the global human population continues to grow and becomes increasingly more
urbanised, groundwater and surface water resources are close to becoming /have become
outpaced by demand in many regions [1-3]. Presently, over 780 million people globally do
not have (easy) access to clean, safe drinking water [3,4]. This can have severely negative
impacts upon the holistic development of a country/region, in areas such as (but not limited
to) economic growth, education, infrastructure, social justice, and responsible resource
consumption/utilisation [2,5,6]. The oceans (~97% of the planet’s available water) could
be the key towards addressing water scarcity, but only if the high salinity is addressed
(i.e., the brine is extracted). Water desalination is a process in which brine is extracted
from seawater /brackish water, thereby broadening freshwater availability that can also be
utilised for various other purposes, such as agriculture [2,3,7].

Approximately half of all conventional desalination units in the world (totalling at
>15,000, with a total daily freshwater production rate of ~70 million m3) are in the Middle
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East, largely due to its being one of the most water-scarce regions in the world [2,3,6]. Thermal
and electrical separation are the primary industrial methods for water desalination [7]. In
thermal separation, such as multi-stage flash (MSF) and multi-effect distillation (MED), high
temperature steam vaporises the water, leaving behind the brine (and waste) [7,8]. In contrast,
the latter involves utilising high pressure generated via pressurised water sent through series
of membranes [7,8]. Reverse osmosis (RO), an electrical-based technology, dominates the
desalination market, with >60% of desalination plants using RO [2,7,8]. Seawater-derived
RO is comparatively less energy-intensive than MED at 3-6 kW /m3 vs. 3-22 kW/m3, though
this is dependent on the thermal separation method, salinity, and total capacity [8]. Table 1
shows the desalination water costs, which were obtained using a modified version of [9].

Table 1. Desalination water costs using method in [9].

Desalination Method Feedwater Capacity (m3/day) Costs (USD/m?)

Seawater <100 1.07-13.39
Seawater 250-1000 0.89-2.80
Seawater 10004800 0.50-1.18
Seawater 128,000 0.21-0.44
RO Brackish water <20 4.02-9.21
Brackish water 20-1200 0.55-0.95
Brackish water 40,000-46,000 0.19-0.38
- 1000 1.46
Seawater <100 1.79-7.14
Seawater 12,000-55,000 0.68-1.07
MED - 1000 1.13-1.18
Seawater 91,000-320,000 0.34-0.66
Seawater 23,000-528,000 0.38-1.25
MSF - 1000 0.97-1.09
- 50,000-70,000 0.46-1.43

On the other hand, in comparison to groundwater pumping, using RO to derive de-
salinated water is far more costly at USD 0.49-2.89 per m? [10]. The key issues associated
with desalination are energy costs and the disposal of brine waste. According to the IEA,
desalination accounted for 5% of the Middle East’s total energy consumption in 2016, while
only generating 3% of the region’s water supply [10]. Figure 1 illustrates that ~41% of total
costs can be attributed to the energy demands required to generate the necessary temper-
atures and pressures for desalination, which can also have severe adverse environmental
effects [11]. A total of 200 kWh/day is consumed globally by desalination plants, with a ratio
of 3-10 kWh to 1 m? of desalinated water (<1 kWh for conventional drinking water) [11,12].
Up to 99% of the total energy demand is derived from fossil fuels [13].

Desalination plants must therefore transition towards (green) sustainability, which
could be achieved with process intensification and modularisation using stranded renew-
able energy sources, such as wind and solar, especially in water-scarce regions [3,6,14].
Smaller, modularised plants are more cost-effective overall than downsizing existing large-
capacity plants, especially in conjunction with process intensification (i.e., improvements
in overall efficiency, reduced overall costs, and better water quality). RO systems are
optimised towards smaller, modularised plants, as they have an adaptable and easily
maintainable modular membrane design, though this requires further design develop-
ment [11,14]. That said, such systems are highly geared towards process intensification for
various additional reasons, especially due to developments in recent decades: low energy
intensity, high efficiency, low capital costs, and high selectivity /permeability regarding
transportation components [15].
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Figure 1. Desalination cost breakdown by % [11].

Multi-criteria Decision Making (MCDM) could be the key towards incorporating and/or
improving the sustainability of small-scale desalination processes. MCDM enables a novel
approach towards the selection of the most optimal small-scale RO desalination pathway(s),
based on (green) sustainability-related criteria, which encompasses sustainable water de-
salination (Figure 2). Section 2 details a case study regarding a relatively small-scale (i.e.,
community-scale) RO desalination and water treatment plant system in Sohar, Oman. The
Analytical Hierarchy Process (AHP) was selected as the MCDM methodology because it is
highly adaptable, easy to use, and presents a clear hierarchical structure. A Fuzzy Analytical
Hierarchy Process (FAHP) framework was developed and implemented to determine the
most optimal sustainable desalination configuration pathway(s), based on the quantitative
and qualitative data of various capacities and diesel-to-solar energy mixes. The FAHP frame-
work seeks to illustrate that the most sustainable pathway(s) overall can be identified and
selected via MCDM, while also meeting population and industry demands (e.g., cost).

Define the main goal: sustainable
water desalination via a novel
MCDM approach
¥
Literature review: (Sustainable)
water desalination & FAHP
!

Establish FAHP criteria: C1-
Modularity, C2-Sustainability, C3-
Standalone potential, C4-
Efficiency, C5-Cost
]

Create fuzzy pairwise criteria
comparison matrix
v
Convert fuzzy values into
corresponding TFNs
v
| Derive local criteria weights |
!
| Calculate global criteria weights |
!

Establish pathway rankings via
sum of each global criterion weight

Figure 2. Flowchart of the present study. FAHP = Fuzzy Analytical Hierarchy Process; TFNs = Triangular
Fuzzy Numbers.
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2. Materials and Methods

The standard plant configuration is single-pass RO with continuous operation, based
in Sohar, Oman. Improved recovery was achieved via small-unit recirculation of reject
water, though this was not modelled in the case study. The desalination process design
and modelling insights were obtained from [16]. Whenever and wherever possible, water
sample information was acquired from numerous sources for the Gulf of Oman. If this
was not possible, the Persian Gulf served as an appropriate substitute, due to its relative
proximity. Appendix A lists the key parameters for designing RO systems, Omani drinking
water quality standards, and the recommended limits regarding design for conventional
desalination via surface seawater [17-19]. The model design accounted for seasonal-based
variations, particularly the maximum range values, in water characteristics and their effects
on RO systems [18]. Smaller units can improve recovery via reject water recirculation;
however, this was not modelled for this study.

Water flux, the most essential design characteristic, is dependent upon the source(s)
and quality of feed water, which in turn affect the risk of membrane fouling [18,20-22].
Therefore, membrane characteristics must be designed to address fouling, for the sake of re-
liable, long-term (membrane) performance and integrity in sustainable desalination [21,22].
Water Application Value Engine (WAVE) and Desalination Economic Evaluation Program
(DEEP) software were optimised to assess relatively small-scale desalination plants, with an
assumed 24 h/day operation (daily rates) for modelling consistency. Additionally, model
plant life was set to 20 years, with an annual availability of 90% based on the literature
findings [16,18,21,22].

WAVE, developed by Dupont Water Solutions, is a popular software platform for
modelling advanced desalination and water treatment technologies [23-26]. Four cases
were optimised—each at 50, 200, 500, and 1000 m3/ day (Table 2)—with the full parameter
details listed in Appendix B. A conservative-to-typical flux rate range of 7-8.6 GFD was
selected, while total energy use (kWh/m? of product water) and USD price were minimised
via adjustments to the following characteristics: pressure vessels per stage, membrane type,
number of membrane stages, and membrane elements per pressure vessel. Figure 3 shows
the typical detailed design for an RO train [27], which the study uses as the proposed
RO design for the study. The default operating costs were selected (0.14 USD/m? and
0.69 USD/m?), while electricity costs were adjusted to values in Oman, circa September
2022 [28]. Each case has an assumed recovery of 75.4% that was used to calculate the input
flow rates. Figure 4 shows the configuration for Case A, with B-D in Appendix C.

. Interconnector
Brine seal

/ \ e

\ Permeate out
i $

, il

/v Concentrate out

Feed in
Pressure vessel

Figure 3. Detailed design for a conservative-to-typical RO train [27].
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Figure 4. RO configuration for Case A.

Table 2. Optimised RO WAVE modelling configurations. Conservative flux rates with acceptable
industrial ranges for no. of stages, pressure vessels (per stage), and membrane elements.

Parameter Case A Case B Case C Case D
Permeate flow (m3/day) 50 200 500 1000
Feed flow (m3/day) 66.4 265.4 663.6 1327
Pressure vessels 2 4 7 8
No. of stages 1 1 1 2
Membrane elements 2 4 6 5
Mean flux (GFD) 7.5 7.5 7.1 7.5

In contrast to WAVE, DEEP is a relatively more complex desalination modelling
software platform that utilises Excel, developed by the International Atomic Energy Agency
(IAEA) to highlight the potential of nuclear-powered desalination. DEEP was capable of
modelling various electrical- and thermal-based desalination designs that run on alternative
energy sources, including but not limited to renewables and /or nuclear power. DEEP could
also generate high(er)-level economic information (and sensitivity analysis) via changes in
input data, salinity, energy type(s), and plant capacity. Annual specific water cost (SWC),
one of the key parameters, combined the operation and maintenance (O&M) costs with
annual capital costs. DEEP has energy options for grid-connected renewables, though they
were not intuitive to the model, even when using the v5.1 manual. Instead, the power
type was simply set to combined cycle gas, without the utilisation of financial data (e.g.,
operating costs) via the outputs. Figure 5 summarises the economic evaluation capabilities
and methodology of DEEP [29]. For the MCDM framework, the FAHP was utilised via Excel
and MATLAB v24.1 to establish criteria weightings and subsequently rank twelve potential
pathways for relatively small-scale, modular sustainable water desalination (Table 3).

Table 3. The potential green and/or sustainable pathways for sustainable water desalination.

Pathway Capacity (m3/day) Diesel-to-Solar Ratio (%)
Al 100-0
A2 50 75-25
A3 6040
A4 100-0
A5 200 75-25
A6 6040
A7 100-0
A8 500 75-25
A9 6040
A10 100-0
A1l 1000 75-25

A12 6040
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Figure 5. DEEP economic analysis flowsheet, DEEP v5.1 user manual [29].

A linguistic-based fuzzy pairwise comparison matrix was created to derive quantita-

tive and qualitative criteria weightings in MATLAB v24.1, from the following criteria that

encompass sustainability: C1—modularity, C2—sustainability, C3—standalone potential,

C4—efficiency, and C5—cost (Figure 6). The FAHP framework was modified from Clara

Bartram’s AHP analysis of sustainable water desalination in Oman. The FAHP included

the capability of using linguistic “fuzzy” variables for non-numerical (i.e., qualitative)

data in MCDM, as opposed to the standard AHP, so long as they were converted into

their corresponding TENs via Equation (1) (Table 4) [30]. The consistency ratio (CR) was

calculated to be acceptable at 0.039 < 0.1 [31-33]. Local weights for each pathway were

derived via a fuzzy pairwise comparison matrix as per the criterion in Excel. Local criteria

weights (Table 5) were multiplied by the local matrix weights to generate the global weights
(Table 6). The sum of the global weights for each pathway determined its ranking, with a
greater sum value denoting a higher ranking.

o t4ay+a3
6
C1 C2 c3 C4 Cs
Modularity Sustainability Stand-alone Efficiency Cost
Potential
» Number of > Specific CO2 emissions || > Fuel usage and » Specific energy » Specific water cost
membrane elements > Fuel usage transportation consumption i » Electricity operating

> Total capacity > Specific energy 7> O&M expenses » Flux rate expenses
» Net Present Cost consumption » Electricity demand » TDS removal » Fuel costs
» Project Tumescale > Solar power footpnnt » Number of modules » Ion removal 7 Net present cost
7 Operational Safety » Bnne discharge » Total capacity
» Fuel Usage concentration :

Figure 6. Sustainable water desalination sub-criteria. CIFs = Critical Influencing Factors.

)
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Table 4. Linguistic-based fuzzy comparison matrix of crisp AHP values and correspondent TFNs.

Linguistic Variable Crisp Value (AHP) TFN Reciprocal TFN
Equally important (E) 1 (1,1,1) (1,1,1)
Weakly important (W) 2 (1/2,1,3/2) (2/3,1,2)

Fairly important (F) 3 (1,3/2,2) (1/2,2/3,1)
Strongly important (S) 4 (3/2,2,5/2) (2/5,1/2,2/3)

Very strongly important (V) 5 (2,5/2,3) (1/3,2/51/2)
Extremely important (EI) 6 (5/2,3,7/2) (2/7,1/3,2/5)

Table 5. Local criteria weights. (+/—) denote whether the criterion is beneficial or non-beneficial.

Criteria \4
C1, modularity (+) 0.188978145
C2, sustainability (+) 0.187206578
C3, standalone potential (+) 0.197255753
C4, efficiency (+) 0.187206578
C5, cost (—) 0.239352945
Table 6. Sum totals of global weights.

Global Cl x W1 C2 x W2 C3 X W3 C4 X W4 C5 X W5
Al 0.01634661  0.021378991 0.022092644  0.026002994  0.021709312
A2 0.021921465 0.025291609 0.025150108 0.026002994  0.038320407
A3 0.024548261 0.035531809  0.03463811  0.026002994  0.038392212
A4 0.012831616 0.008873592 0.014103786 0.007544425 0.007348135
A5 0.019786012 0.016286972 0.018640669  0.007544425 0.013906406
A6 0.026381349 0.019881339  0.026491448 0.007544425 0.020656159
A7 0.010922937 0.008068604 0.006844775 0.016811151 0.008209806
A8 0.012283579 0.011868897 0.011559187 0.016811151 0.013643118
A9 0.018463165 0.015556867 0.014281317 0.016811151 0.025682571
A10 0.005310286  0.004137265 0.004891943 0.012018662 0.008975735
All 0.007804797 0.007581866  0.008620076  0.012018662 0.015246783
A12 0.012321375 0.012730047 0.009921964 0.012018662 0.027238365

3. Results

3.1. WAVE and DEEP

Specific water costs (in USD/m?) were generated via WAVE and DEEP simulations,
as well as techno-economic analysis literature [33,34], to represent the operating expenses
(including electricity costs) and operating (OPEX) and capital expenditures (CAPEX), re-
spectively. Using the cost parameters established by [34], the CAPEX values for Cases A-D
were as follows, in USD: 61,000, 244,000, 610,000, and 1,220,000 (Appendix D). Electricity
costs were calculated via Wolfram Mathematica and MATLAB v24.1 code (Appendix E)
and WAVE-derived specific energy outputs via Silfab Solar Prime series SIL-370-HC photo-
voltaic (PV) panels, when applicable. Appendix F lists the specific energy and total capital
cost outputs for the desalination plant configurations of Cases A-D, with an assumed
20-year plant life. Total costs were derived via the multiplication of each OPEX/CAPEX
parameter by the capacity of each case. Moreover, WAVE produced the water treatment
parameters and specific energy cost (in kWh/m?). However, there were some operat-
ing cost inconsistences using DEEP, to the extent that more emphasis was placed upon
WAVE'’s economic analysis for Cases A-D (Table 6). For the sake of relative simplicity
regarding remote-system operations, Cases A-D represent single-pass systems without
recycle elements.
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WAVE calculated a water recovery rate of 75.3% in the permeate flow, which indi-
cates an incredibly high level of performance compared to typical RO industrial standards
of 50-85% [35,36]. That said, it should be noted that the recovery rate is independent of
the other variables, such as adjustments to the specific flow rate of permeate via mem-
brane transport equations. As plant capacity increases, it is generally expected for the
specific energy and water costs to fall, due to the latter being a function of water product
quantity. However, this trend is far more evident among larger, dissimilar capacities (e.g.,
>1000-100,000 m3/day). Table 7 illustrates the specific costs produced via WAVE and DEEP,
with a complete case-by-case representation relative to plant capacity in Figure 7.

Table 7. Optimised WAVE and DEEP specific costs. DEEP highlights the general trend of decreasing
specific costs with increasing capacity, unlike WAVE, likely due to calculation methodologies.

Parameter Case A Case B Case C Case D
Capacity (m3/day) 50 200 500 1000
WAVE specific water cost (USD/m3) 1.023 1.147 1.138 1.141
DEEP specific water cost (USD/m?) 10.67 3.29 1.99 1.5
Specific energy (kWh/m?) 4.78 5.57 5.52 5.53
—o—Cost —o—Specific Energy e WAVE —e—DEEP

Cost (R'm3)

5 = B o

S = o

W

PR
[

Energy (KWh/m3

Cost (Rn3)

2 o w

50 200 500 1000 0
0 200 400 600 800 1000 1200

Plant Capacity (m3/d ) Capacity ($/m3)

(a) (b)
Figure 7. (a) WAVE specific (energy and water) costs; (b) DEEP specific costs.

DEEP Environmental Analysis

Sustainable desalination plant design must strive towards reducing energy use and
CO, emissions. For the sake of simplicity, this section excludes emissions via fuel trans-
portation, solar power system land use, and material life cycles. In terms of specific
energy consumption, industrial-scale seawater RO desalination plants can reach up to
3-6 kWh/m? [7], as illustrated in Table 7 for Cases A-D. There is no strong evidence to
suggest an inverse relationship between specific energy consumption and plant capacity. In
fact, the specific energy consumption for Case A (50 m*/day) could imply that small-scale
configurations are the key to minimising energy use, especially when applying intensi-
fied plant design. Contrastingly, according to WAVE, the energy configurations did not
influence variations in specific energy consumption, since grid energy was considered and
not the exact energy configurations (Appendix D Tables A9 and A10). The impacts of fuel
(usage and cost) on desalination can be significantly reduced with solar hybridisation. On
the other hand, more solar-leaning hybrid configurations are associated with high upfront
capital cost.

Fuel usage emissions via the diesel generators were calculated under the assumption
that 19.76 g of CO, was released per 1 L of combusted fuel [36]. The diesel-solar hybrid
configurations demonstrated a proportional reduction in emissions to the %utilisation
of solar power. That said, such a reduction is overstated by the assumption that the
diesel generator is responsible for all emissions, when other factors must be considered,
namely PV panel installation life cycle, maintenance, and recycling. Nevertheless, the CO,
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emissions should be considered as reasonable in terms of the scale of operations. Large-scale
operations should expect a specific emissions range of 0.4-0.67 kg CO,eq/m3 water [37].
Small(er)-scale desalination plants therefore seem to environmentally benefit from modular
and intensified designs, relating to the reduction in specific CO; (or equivalent) emissions
per m? of water per year (Figure 8).

1
g 09 0.874
S
E08
807 0.656
0
= 0.6
£ 05 0.436
£ 04 0327
=03 0.262
~
bt 0.176
% 0.2 0.132 4 106
201 00380028003 . ]
“ 0 I
Case A CaseB Case C CaseD
100% Diesel Generator ~ m 75% Diesel/25% Solar  m60% Diesel/40% Solar

Figure 8. Specific CO, emissions per case and energy configuration.

3.2. FAHP

According to the FAHP rankings (Table 8), pathways with a more balanced diesel-to-
solar ratio are ranked higher than the diesel(-leaning) configurations. Solely in terms of
energy configuration, 6040 pathways were ranked the highest, followed by 75-25 and
100% diesel. The high ranking of A1 (3rd) could be attributed to its relatively lower energy
and fuel consumption, which had a significantly positive contribution towards its criteria
weightings. Moreover, the hybridisation of diesel with solar PV (i.e., renewable energy)
has been known to improve the sustainability, overall efficiency, and standalone potential
in small-scale water delivery while also maintaining competitive costs [13,38,39].

Table 8. Pathway rankings based on sum totals of global weights. Higher sum denotes higher rank.

Pathway SUM of Global Weights Rank
Al 0.108 3
A2 0.137 2
A3 0.159 1
A4 0.0507 11
A5 0.0762 6
A6 0.101 4
A7 0.0509 10
A8 0.0662 8
A9 0.0908 5

A10 0.0353 12
A11 0.0513 9
Al12 0.0742 7

4. Discussion

Sustainable water desalination should primarily aim towards reducing energy use
and CO, emissions, in comparison to conventional desalination. WAVE and DEEP software
platforms were utilised to analyse and assess RO diesel-solar energy configurations in
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Oman, from economic and environmental dimensions (Figure 6). It was determined that
smaller-scale, modular, intensified RO system designs could be the key towards (green
and) sustainable water desalination, particularly with more balanced diesel-solar (i.e.,
60—-40% > 75-25%) energy configurations that utilise available stranded renewable energy
sources (e.g., solar/wind) from within a/across region(s) [3,6,13,28,38]. Moreover, it was
determined that the proposed sustainable water desalination can be cost-effective, with
costs that are similar to their conventional counterparts (USD 0.49-2.89 per m?) [8]. In
terms of specific energy costs (Figure 6), any significant differences between WAVE and
DEEP may be (more) attributable to the calculation methods, as opposed to factors like
plant capacity. On the other hand, while Figure 7 illustrates that the specific CO, emissions
per m> of water per year were reasonable and in accordance with smaller-scale opera-
tions, the calculated reductions may have been overstated; diesel generators would not be
responsible for all emissions, especially with factors associated with fuel transportation
and PV maintenance/installation. Furthermore, from an economic perspective, DEEP (or
similar software) may potentially overstate labour and management (L&M) costs, which
can heavily skew the economic analysis of smaller-scale plant designs. Therefore, it is
essential that the desalination software is optimised towards specific scale(s) of operations
on a case-to-case basis, particularly if (significant) upwards scalability is planned in future
endeavours [10,34]

Solar-leaning configuration pathways are ranked higher than their diesel(-leaning)
pathways. Specifically, 60-40% pathways were ranked the highest, followed by 75-25%
and 100% diesel. Reduced energy and fuel consumption appear to make a significantly
positive contribution towards criteria weightings. Moreover, the hybridisation of diesel
with renewable energy, such as solar, has been known to improve the sustainability, overall
efficiency, and standalone potential [12,37,38]. That said, dimensions can also be over-
represented and/or overweighted by decision makers. This is often due to potential
biases and/or simply decision-based fatigue, particularly with regard to more subjective
qualitative data and the economic dimension [29,31,32,35]. However, while possible [37],
this would be more explicitly evident on a real-world, case-to-case basis. Furthermore, only
the smallest-scale plant capacity (50 m>/day; A3 > A2 > A1) appears to be the most optimal,
in terms of achieving overall sustainable water desalination, with the assignment of overall
lower ranking to the larger plant capacities. Such an assignment of lower rankings appears
to more disparate with increasing plant capacity. Thus, scalability would involve the
hypothetical upscaling of relatively small-scale ~50 m3/day capacity configurations, with a
key focus on (further) process modularisation and intensification [14]. This could potentially
require modifications to the (overall) methodology framework, which is dependent on site-
specific spatial and temporal variables, such as available sunlight hours (solar) [18,28,34,40]
and/or brackish content [2,3,6,7], which may be beyond the current scope of the study.
Weighting issues could be one of the potential limitations of the AHP/FAHP and upscaled
methodology frameworks, which could be mitigated /removed by MCDM integration.
Each MCDM method has its strengths, weaknesses, and limitations [40-45].

Therefore, further works should seek to develop and implement an integrated MCDM
framework with more clearly defined criteria and sub-criteria (social, economic, environ-
mental, and technical): FAHP with TOPSIS and/or VIKOR with PROMETHEE-II. Ideally,
this would provide more balanced, holistically green, and sustainable perspectives for
water desalination. The FAHP is incredibly adaptable, easy to use, and presents a clear
hierarchical structure [29-32]. The integration of VIKOR would provide a more accurate
representation of DM viewpoints via compromise solutions, while removing criterion units
in a way that does not distort criteria data [30,40,41]. PROMETHEE-II is a relatively stable
and straightforward MCDM method, which is commonly applied in sustainability-related
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fields, with the ability to provide relatively reliable and nuanced complete pathway rank-
ings [42-45]. Its lack of versatility [41] could be mitigated by the high adaptability and
flexibility of the FAHP, while the compromise solutions from VIKOR would maximise the
conclusiveness and reliability of the results [42-45]. Additionally, further works should con-
sider emission contributors, such as fuel transportation and PV maintenance/installation,
in the criteria weightings and subsequent pathway rankings. Such pathways should also
consider greater solar percentages, to analyse and evaluate key sustainability-related cri-
teria from balanced perspectives (if possible). And for a truly holistic perspective on
sustainable water desalination, the social dimension of sustainable water desalination
should be addressed with greater depth. This could be achieved on a case-to-case basis via
an eclectic range and quantity of open and closed socio-political surveys [46], and a system-
atic integration of established stakeholder engagement(s) with more personalised, general
populace perspectives, i.e., how people (actual stakeholders, hypothetical or otherwise)
respond and may/can influence case-specific policy, and vice versa. Further works would
aim to avoid and/or minimise uncertainties within and among case-to-case criteria and
sub-criteria, especially over time.

5. Conclusions

Ocean water desalination could be a crucial pathway towards addressing global water
scarcity, in response to the growing demands of a progressively more urbanised global
population. However, water desalination strives towards (green) sustainability, in order to
address the weaknesses/limitations of conventional desalination: high energy intensity,
limited scalability, and significant negative environmental impacts (primarily via emissions
and brine disposal) [11]. Smaller-scale RO desalination plant configurations were assessed
via an MCDM framework, known as the Fuzzy Analytical Hierarchy Process (FAHP), based
on five key sustainability-related criteria: modularity, standalone potential, efficiency, cost,
and sustainability (Figure 1).

A total of twelve plant configurations were assessed: four plant capacities (50, 100, 150,
and 200 m3/day) per three diesel-to-solar PV energy configurations (100-0%, 75-25%, and
60—40%). It was determined that solar-leaning configurations were ranked higher than their
diesel counterparts (i.e., 6040 > 75-25 > 100-0), largely due to reductions in energy and
fuel consumption. The hybridisation of diesel configurations with solar has demonstrated
notable improvements in sustainability, overall efficiency, and standalone potential [36,37].
Such results also imply that smaller plant capacities (i.e., 50 m3/day) are the most optimal
configurations, with regard to achieving overall sustainability. Thus, potential applications
of scalability would ideally focus on modularised smaller plant capacities. That said, the
exact extent is not completely clear; emission reductions may have been overstated without
considering emission contributors, such as transportation and PV installation/maintenance.
Moreover, the criteria can be over-represented and/or overweighted by decision makers
with the FAHP, due to potential biases and/or simply decision-based fatigue.

Future research should seek to implement an integrated MCDM framework with
more clearly defined sub-criteria per criteria (social, economic, environmental, and tech-
nical), while also addressing the individual limitations of the FAHP. This would involve
the integration of other MCDM methods (TOPSIS, VIKOR, and PROMETHEE-II). Such
methods would serve to promote greater reliability, stability, and accuracy in the results
while avoiding/minimising uncertainties. Moreover, for truly holistically green and sus-
tainable perspectives, the social dimension of water desalination could be explored, with
consideration of an in-depth, systematic integration between established stakeholders and
the general populace.
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(F)AHP  (Fuzzy) Analytical Hierarchy Process
MSF Multi-stage Flash

MED Multi-effect Distillation

TEN(s)  Triangular Fuzzy Number(s)

WAVE Wave Application Value Engine
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IAEA International Atomic Energy Agency
SWC Specific Water Cost

O&M Operation and Maintenance
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OPEX Operating Expenses

CAPEX Capital Expenditures

PV Photovoltaic
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Appendix A

Table A1. Model design parameters for water; TSS = Total Suspended Solids, SDI = Silt Density
Index, TOC = Total Organic Compounds, DO = Dissolved Oxygen; NTU = Nephelometric Turbidity
Unit [16-18].

Parameter Min Max
Water temperature (°C) 21.3 26.9
Salinity (ppm) 34,000 34,400
pH 7.5 8.1

Turbidity (NTU) 1.5 1.65
TSS (mg/L) - 1
SDI;5 (mg/L) 0.45 -

TOC (mg/L) 5.12 5.38

Conductivity (mS) 52.34 56.22
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Table A2. Additional recommended design limits; GFD = Gallons/ 2/ day [15].

Parameter Recommended Limit
SDI15 (mg/L) Max 4
Turbidity (NTU) Typical 0.1
Conservative 7
System flux (GFD) Typical 8
Aggressive 10

Table A3. Quality parameters for drinking (product) water [47].

Parameter Omani Standard
TDS (mg/L) <1000
Chloride (mg/L) <600
Sodium (mg/L) <400
pH 6.5-8.5
Turbidity (NTU) 1-5

Table A4. Model parameters for ion concentrations.

Ion Concentration (ppm)
K* 555
Na* 10,730
MgZ 1450
Ca?* 678
CO52~ 160
HCO;~ 791
Cl~ 24,850
SO42~ 3060
Br~ 99

Appendix B

Table A5. Optimised WAVE parameter data; permeate flow = 50 m3/ day.

Stages Pressure Elements Membrane Flux Price Energy
Vessels Type (GFD) (USD/m3®) (kWh/m?3)
1 1 4 SW30XHR-400 8.3 1.325 6.72
2 1 2 SW30XHR-400 8.3 1.327 6.72
1 2 2 SW30XHR-400 8.3 1.295 6.53
1 1 4 Seamaxx440 7.5 1.147 5.57
1 2 2 Seamaxx440 7.5 1.032 4.78

Table A6. Optimised WAVE parameter data; permeate flow = 200 m3/day.

Stages Pressure Elements Membrane Flux Price Energy
Vessels Type (GFD) (USD/m3) (kWh/m3)
1 3 6 SW30XHR-400 7.3 1.325 6.56
2 2 4,5 SW30XHR-400 7.3 1.299 6.55
1 6 3 SW30XHR-400 7.3 1.29 6.49
1 2 8 SW30XHR-400 8.3 1.334 6.77
2 3 3 SW30XHR-400 7 1.289 6.49
2 2 2 SW30XHR-400 7.9 1.313 6.64
2 1,2 5 SW30XHR-400 8.3 1.336 6.79
2 2,3 3 Seamaxx440 8 1.156 5.63
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Table A6. Cont.
Stages Pressure Elements Membrane Flux Price Energy
& Vessels Type (GFD) (USD/m® (kWh/m?)
1 3 5 Seamaxx440 8 1.155 5.63
1 5 3 Seamaxx440 8 1.155 5.63
2 2 3,4 Seamaxx440 8.6 1.163 5.68
1 4 4 Seamaxx440 7.5 1.147 5.57
Table A7. Optimised WAVE parameter data; permeate flow = 500 m3/day.
Pressure Flux Price Energy
Stages Vessels Elements Membrane Type (GFD) (USD/m®) (kWh/m?)
1 7 6 SW30XHR-400 7.9 1.319 6.68
2 3/4. 6/6. SW30XHR-400 7.9 1.32 6.68
1 8 5 SW30XHR-400 8.3 1.335 6.78
2 5 4 SW30XHR-400 8.3 1.333 6.77
1 10 4 SW30XHR-400 8.3 1.325 6.72
2 7 3 SW30XHR-400 8.3 1.319 6.68
1 7 6 SW30XFR-400/34 7.9 1.281 6.43
1 7 6 SW30XLE-440 7.1 1.229 6.1
1 7 6 SW30-HRLE-400 7.9 1.278 6.41
1 8 5 Seamaxx440 7.5 1.146 5.57
2 4 5 Seamaxx440 7.5 1.141 5.53
1 7 6 Seamaxx440 7.1 1.138 5.52
Table A8. Optimised WAVE parameter data; permeate flow = 1000 m3/day.
Stages Pressure Elements Membrane Flux Price Energy
& Vessels Type (GFD) (USD/m® (kWh/m?)
3 6 4 Seamaxx440 8.3 1.155 5.63
1 13 6 Seamaxx440 7.7 1.149 5.59
1 13 6 SW30HRLE-440 7.7 1.277 6.41
2 8 5 Seamaxx440 7.5 1.141 5.53
Appendix C

Case B: 200 m¥/d permeate

1 stage

4 pressure vessels
4 membrane elements per
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High pressure pump

Feed in

Figure A1. RO configuration for Case B.
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Appendix D
Table A9. Calculated CAPEX costs [34].
Cost Parameter
(USD/(m?/day)) Case A Case B Case C Case D
Total Cost Total Cost Total Cost Total Cost
(USD) (USD) (USD) (USD)
RO modules 70 3500 14,000 35,000 70,000
Other equipment 450 22,500 90,000 225,000 450,000
Seawater intake/brine reject 100 5000 20,000 50,000 100,000
Site preparation (construction) 400 20,000 80,000 200,000 400,000
Other costs (engineering, shipping, legal costs) 140 7000 28,000 70,000 140,000
Total CAPEX (incl. 5% for contingency) 1220 61,000 244,000 610,000 1,220,000

Table A10. Calculated OPEX costs (without electricity) [34].

Cost Parameter (USD/m?)

Membrane Replacement (20%/year) 0.30
Chemicals 0.08
Maintenance and Spare Parts (2% total CAPEX) 0.07
Brine Disposal and Other Externalities 0.04
Insurance (0.5% total CAPEX/year) 0.02
Labour 0.05
Table A11. Specific electricity costs.
Electricity Costs (USD/kWh)
Configuration Case A Case B Case C Case D
100% Diesel 0.268 0.268 0.269 0.268
o, 3 o,
75% Diesel, 25% 0.238 0.239 0.239 0.239
Solar
60% Diesel, 40% 0.221 0.221 0.221 0.221
Solar
Appendix E

Electricity Costs

Indl:= rq = 9.958; (xpower required in kWx)
(xGas generation from diesel generatorssx)

In[36]:= pcgas = 0.75; (xpercent required from gas generationx)
gasgen = rqxpcgas; (xenergy from gas gen requireds)
fuelp = ©.621; (%USD per Lx)
gasconsann = 0.4 x gasgen x 24 x 365
(x0.4 L gas required per kWhx)

(% (L/ (kW h)) xkWx24%365 h = L/yearx)
gaspriceann = gasconsann % fuelp (+%/yearsx)

out[zsl= 26170.

oua7= 1.625x10"*

in38):= (*xCapital Costsx)
capcost = 125 («$%/klix) » gasgen

out3gl= 933.6

in@39):= (*Installation Costsx)
installgas = 0.15 x capcost;

Figure A4. Cont.
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ini40;= totalcapcostgas = capcost + installgas

outj40)= 1074.

in43]:= (*0&Mx)
usb

OM=0.02(* m*) * gasgen % 24 % 365 («from Homer Energys)

out[43)= 1308.

inf44:= annualopcost = OM + gaspriceann (xannual operating cost for diesel generatorx)

outj44j= 17 560.

inf4s):= (*solarx)
pcsolar = 1 - pcgas (xpercent from solarx);
peff = 0.183 (xefficiency of PV panelx);

pcsolar x rq X
solpow = ———— (*solar power input, kWx)
peff

outi471= 13.6

in48}:= irrad = 5.58 (xsolar radiation in kWh/dx);
solareareq = solpow/ irrad («required area of PV arrays)

out4g]= 2.438
in50):= areaPV = (1762 /1000) x (1037 /1000.) (xm2x) 3

numPVs = solareareq/ areaPV (xnumber of photovoltaic cellsx)
outs1= 1.334
in52):= panelprice = 700 (xUSDx*) 3

capcostsol = numPVs x panelprice (xcapital cost PV arraysx)
outs3]= 934.
in54]= OMsol = 1@ x solpow % 24 («0&M, USD / (kW h/y)«*);

InvCap = 5(*inverter capacity in kWx);
numinv = solpow / InvCap

outsel= 2.721

in57;:= InvPrice = 700 (xinverter price USDx);
RepCost = 600 («replacement costx)
Invcapcost = numinv x InvPrice;
Invrepcost = numinv x RepCost;

ins1;= installsolar = 1120 x pcsolar x rq

outs1]= 2788.

ns2):= totalcapcostsol = capcostsol + Invcapcost + installsolar («total capital cost of solar-diesel hybrids)

outje2]= 5627.

ins3;= totaloMcost = OM + OMsol (xtotal O&M costsx)

outis3]= 4573.

ine4}= totalOPEX = totaloMcost + gaspriceann (xtotal OPEX«)

outs4)= 2.082 x 10*

inss:= totalcap t = totalcap tgas + totalcap tsol

outss= 6700.

inse}= TotalNPC = totalcapcostgas + annualopcost * 20 + totalcapcostsol + OMsol % 20 + Invcapcost + Invrepcost
(*Net Present Cost, USDx)

outeg)= 4.267 x 10°

(annualopcost + OMsol) . A
In70:= speccost = ——————— — (xspecific operating costx)
50 x 365

ou70)= 1.141

Figure A4. Code to calculate electricity costs; rq = required power, speccost = capacity/specific cost,
pcgas = % gas generation.
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Appendix F

Table A12. Capital costs per energy configuration.

Case Eflergy. Electricity Pesal. Total
Configuration Generation Equipment
100% Diesel 1431 61,000 62,431
A 75% Diesel, 25% Solar 6700 61,000 67,700
60% Diesel, 40% Solar 9862 61,000 70,862
100% Diesel 6673 244,000 250,673
B 75% Diesel, 25% Solar 31,230 244,000 275,230
60% Diesel, 40% Solar 45,970 244,000 289,970
100% Diesel 16,530 610,000 626,530
C 75% Diesel, 25% Solar 77,380 610,000 687,380
60% Diesel, 40% Solar 113,900 610,000 723,900
100% Diesel 33,120 1,220,000 1,253,120
D 75% Diesel, 25% Solar 155,000 1,220,000 1,375,000
60% Diesel, 40% Solar 228,200 1,220,000 1,448,200
Table A13. Specific energy costs per configuration.
Electricity Costs
(USD/kWh)
Configuration Case A Case B Case C Case D
100% Diesel 0.268 0.268 0.269 0.268
75% Diesel, 25% Solar 0.238 0.239 0.239 0.239
60% Diesel, 40% Solar 0.221 0.221 0.221 0.221
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