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A B S T R A C T

The Middle East and North Africa region faces critical water scarcity and food security challenges 
that threaten economic development. Fertilizer use supports food self-sufficiency, but its pro
duction is highly water intensive. Supplying desalinated water to a decarbonized fertilizer plant 
offers an environmentally sustainable pathway.

This study investigates co-locating a decarbonized fertilizer plant with a seawater desalination 
facility, optionally implementing minimum liquid discharge (MLD) to generate additional reve
nue through recovery of magnesium hydroxide and sodium chloride (NaCl). Three configurations 
were modeled: a conventional seawater reverse osmosis (SWRO)-based plant; and two MLD 
configurations using high-pressure RO (HPRO), osmotically-assisted RO (OARO), and crystal
lizers. Financial performance was assessed using a novel discounted and allocated levelized cost 
(DALC) method, internal rate of return (IRR), and net present value (NPV).

In a Moroccan case study, the conventional configuration achieved the lowest DALC and en
ergy consumption (0.70 USD/m3

water and 3.8 KWhel/m3), with an IRR of 23.9 %. The first MLD 
configuration had higher costs (0.94 USD/m3

water, 12.0 KWhel/m3) and a lower IRR (14.5 %), with 
water recovery limited to 71.4 % due to nonuse of magnesium crystallizer effluent (60.4 % in the 
conventional setup). Reusing this effluent in the second MLD configuration increased water re
covery to 96.7 %, yet higher impurities at the NaCl crystallizer feed reduced the IRR to 9.7 %, 
which could be improved through financing strategies such as lowering capital costs to endorse 
the MLD-maximizing option.

The findings emphasize advancing impurity removal methods and exploring innovative project 
financing strategies to enable financially and environmentally sustainable seawater desalination 
for decarbonized fertilizer production.

Acronyms

Symbol Description

BDC Brine disposal cost
COGS Cost of goods sold
CSSF Crystallizer salinity scale-up factor
DALC Discounted and allocated levelized cost
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(continued )

Symbol Description

DCF Discounted cash flow
HPRO High pressure reverse osmosis
IRR Internal rate of return
IX Ion exchange
Mg(OH)2 Magnesium hydroxide
MLD Minimum liquid discharge
NaCl Sodium Chloride
NaOH Sodium hydroxide
NF Nanofiltration
NPV Net present value
OARO Osmotically-assisted reverse osmosis
SEC Specific electricity consumption
SWRO Seawater reverse osmosis
TEA Techno-economic analysis
TPCF Total project cash flow
TDS Total dissolved solids
UPW Ultrapure water
WACC Weighted average cost of capital
ZLD Zero liquid discharge

Nomenclature

Symbol Unit Description
Parameters (constant values, exogenously determined)
C − Set of all desalination plant configurations in the study that can be regarded as mutually exclusive projects 

(c ∈ C).
Clarger projects − Set of all desalination plant configurations (or projects) larger than the smallest project csmall. In this study, the 

larger projects are 4P_1 and 4P_2 configurations.
csmall − The smallest of the mutually exclusive projects (2P_1 in this study).
Tmfa(c) − Set of technologies in a plant configuration c for which mass-flow-based-cost allocation is calculated 

(Tmfa(c) ⊆ Tall(c)). This is applicable to technologies that do not directly yield a marketable product.
Ttca(c) − Set of technologies in a plant configuration c for which total cost allocation is calculated (Ttca(c) ⊆ Tall(c)). This is 

applicable to technologies that produce, directly or indirectly, a single marketable product along with a brine 
discharge, wherever applicable.

Tmva(c) − Set of technologies in a plant configuration c for which market-value-based-cost allocation is calculated 
(Tmva(c) ⊆ Tall(c)). This is applicable to technologies that do yield, directly or indirectly, more than one 
marketable product, with at least one of them being a direct yield.

Variables (values determined endogenously within the model)
CapInvj,t(c) USD2023,constant

year
Capital investment in a technology j in a year t (usually year 0) in a plant configuration c.

COGSj,t(c) USD2023,constant

year
Cost of goods sold (usually consisting of direct costs, like those for electricity and chemicals) for a technology j in 
a year t in a plant configuration c.

csmfa
j (p, c) or cstcaj (p, c) or 
csmva

j (p, c)

− Cost share of a technology j in the levelized cost of product p in a plant configuration c. The cost share allocation 
can be based on mass flow, total cost of the technology or market-value of the products.

DALC(p, c) USD2023,constant

m3 or ton
Discounted and allocated levelized cost of a product p in a plant configuration c, represented in per m3 or ton, if it 
is a water or mineral product, respectively.

IRR(c) − Internal rate of return (IRR) of a plant configuration c.
IRRincremental(c) − Incremental internal rate of return (IRR) of a plant configuration c that is larger (and more expensive) than the 

configuration csmall (a mutually exclusive project) it is compared with.
NPV(c) USD2023,constant Net present value (NPV) of a plant configuration c.
OtherCostsj,t(c) USD2023,constant

year
Other costs (usually consisting of fixed and indirect costs) for a technology j in a year t in a plant configuration c.

Revenuej,t(c) USD2023,constant

year
Revenue resulting from the sale of product(s) produced by a technology j in a year t (usually begins from year 1) 
in a plant configuration c.

Salvagej,t(c) USD2023,constant

year
Salvage value related to the capital investment for a technology j in a year t (usually in the last year of its 
operation) in a plant configuration c.

Taxj,t(c) USD2023,constant

year
Tax paid based on the country’s corporate tax for a technology j for any income (either from salvage or profits) in 
a year t in a plant configuration c.

TPCFj,t(c) or 
TPCFwo revenue

j,t (c)
USD2023,constant

year
Total project cash flow for a technology j in a year t in a plant configuration c. It can be calculated either with or 
without accounting for revenues from the products.

TPCFincremental
j,t (c) USD2023,constant

year
Total incremental project cash flow for a technology j in a year t in a plant configuration c that is larger (and more 
expensive) than the configuration csmall (a mutually exclusive project) it is compared with.

1. Introduction

The Middle East and North Africa (MENA) region is beset by a complex array of interconnected challenges, including severe water 
scarcity and food insecurity. Sixteen of the 25 countries under “extremely high water stress” (using over 80 % of renewable water 
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supply) are located in this region, impacting 83 % of its population [1]. Climate change-induced impacts are expected to further 
aggravate water scarcity [2], heightening competition among domestic, agricultural, and industrial sectors. Agriculture— the largest 
water consumer in countries like Morocco—is a critical source of food and income for the region [3]. However, the region continues to 
struggle with low food self-sufficiency rates, compromising its food security [4]. Paradoxically, the region—particularly the Gulf— 
hosts major export-oriented fertilizer industries, enabled by cheap natural gas [5]. While increasing domestic food production through 
fertilizers can help alleviate the region’s food insufficiency, there are significant environmental drawbacks.

The production of synthetic fertilizers is energy- and water-intensive, and is responsible for a global greenhouse gas (GHG) emission 
of approximately 0.48 Gt of CO2-equivalent [6,7]. For instance, the production of each ton of urea, a widely used nitrogen-based 
synthetic fertilizer, consumes up to 24 m3 of freshwater and 887 standard cubic meters of natural gas, thereby releasing up to 0.76 
tons of CO2 into the atmosphere [7]. Conversely, studies have shown that decarbonization of fertilizer production through the use of 
renewable hydrogen and electricity is economically viable [7,8], offering a more sustainable solution. However, securing sufficient 
water supply for these operations remains a challenge. Seawater desalination can be an attractive solution to mitigate this issue, with 
the MENA region already accounting for nearly half of the global desalination capacity [9]. Given the export-oriented nature of the 
fertilizer production in this region, a strategic co-location of fertilizer and desalination plants near seaports presents an opportunity for 
resource optimization and circular economy principles. While such co-locations are emerging in the region [10], desalination is 
nevertheless accompanied by significant volumes of waste brine, over 142 million m3 per day globally [9]. The traditional disposal 
techniques include surface water discharge, sewer discharge, and deep-well injection [11]. Brine disposal makes up 5–33 % of the total 
desalination costs, with actual costs depending on the characteristics and volume of the brine, the level of pretreatment, means of 
disposal and the nature of disposal environment [12]. Apart from the economic costs associated with conventional brine disposal, 
environmental concerns related to the brine’s salinity, temperature, and chemical composition have been reported [11], although 

Table 1 
Comparison between proposed MLD scheme and other MLD/ZLD schemes from the literature.

Reference Treatment chain/ 
technologies

Field/feedwater 
source

Region Products Mineral 
recovery

DCF-based 
levelized 
cost

Economic 
comparison of 
mutually 
exclusive projects

Al Bazedi et al. 
(2014) [19]

NF/RO-MCr/ 
evaporator/pond

Desalination – Freshwater, salt 
mixture (NaCl, 
MgSO4)

✓ ⨯ ✓(simple rate of 
return)

Zhang et al. 
(2017) [20]

Precipitation, ED- 
BMED

Desalination China HCl, NaOH, NaCl ✓ ⨯ (simple) ⨯

Micari et al. 
(2019) [21]

NF-crystallizers- 
MED

Water softening 
plant

Netherlands Concentrated brine 
as regenerant for IX, 
freshwater, Mg 
(OH)2, Ca(OH)2

✓ ⨯ (simple) ⨯

Ortiz-Albo et al. 
(2019) [17]

IX, adsorption, 
LLE, 
precipitation/ 
crystallization

Desalination – Minor elements (Li, 
Rb, In, Ba, Ni, U, Cs, 
Ge)

✓ ⨯ ⨯

Eiff et al. (2021) 
[22]

MSF-Cr Desalination – Freshwater, 
Na2SO4⋅10H2O

​ ​ ​

Pawar et al. 
(2022) [23]

NF-RO-ED- 
crystallizers

Coal mine Poland Freshwater, NaCl, Mg 
(OH)2, CaSO4

✓ ⨯ (simple) ⨯

Panagopoulos 
(2022) [11]

RO-BC-BCr/WAIV Desalination Eastern 
Mediterranean

Freshwater, solid 
salts

✓ ⨯ (simple) ✓(daily profits)

Morgante et al. 
(2022) [24]

NF-MRC-MED- 
NTC

Desalination Italy Freshwater, NaCl, Mg 
(OH)2, Ca(OH)2

✓ ⨯ (simple) ⨯

Del Villar et al. 
(2023) [18]

– Desalination Atlantic Ocean, 
Mediterranean Sea, 
brackish 
underground

Na, Mg, Ca, Sr, minor 
elements (Li, Rb, B, 
Ga)

✓ ⨯ ⨯

Sharkh et al. 
(2023) [13]

NF-SWRO-HPRO- 
OARO

Desalination Saudi Arabia Freshwater, NaCl 
brine

⨯ ⨯ (simple) ⨯ (water recovery 
[%] & energy 
consumption 
only)

Abdalrhman 
et al. (2025) 
[25]

NF-SWRO-HPNF Desalination Saudi Arabia Freshwater, NaCl 
brine

⨯ ⨯ ⨯ (NaCl conc. & 
energy 
consumption 
only)

this paper NF-SWRO-HPRO- 
OARO- 
crystallizers

Desalination for 
decarbonized 
fertilizer 
production

Morocco (Eastern 
Mediterranean)

Freshwater, UPW, 
NaCl, Mg(OH)2

✓ ✓ (own 
method)

✓(NPV and IRR)

Abbreviations not in acronyms table: BCr: brine crystallizer; BMED: bipolar membrane electrodialysis; ED: electrodialysis; HPNF: high-pressure 
nanofiltration; LLE: liquid-liquid extraction; MCr: membrane crystallizer; MED: multi-effect distillation; MRC: magnesium reactive crystallizer; 
MSF-Cr: multi-stage flash crystallizer; NTC: NaCl thermal crystallizer; WAIV: wind-aided intensified evaporation.
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properly monitored and managed discharges are generally considered environmentally safe [13]. Addressing these interrelated 
challenges—water and food scarcities in the MENA region, along with the economic and environmental issues of brine disposal from 
seawater desalination—requires innovative solutions.

Using innovative brine management strategies, such as minimum liquid discharge (MLD) and zero liquid discharge (ZLD), can help 
tackle the brine disposal issue for desalination plants co-located with decarbonized fertilizer production facilities. While ZLD aims for a 
100 % water recovery and an elimination of liquid waste through salt recovery, the MLD approach aims for lower recoveries (up to 95 
%) at much lower costs and energy consumption [14].

1.1. Current state of knowledge

To the best of the authors’ knowledge, no published study has examined MLD desalination specifically within the fertilizer industry. 
Existing literature has largely explored the techno-economic feasibility of decarbonized production—such as ammonia and urea [7,8,
15]—without integrating MLD desalination. For example, a prior work [7] assessed several decarbonization pathways for Indian urea 
plants were analyzed and demonstrated that producing “green” urea—produced using renewable hydrogen and captured CO2—could 
achieve economic feasibility and reduce water consumption by 40 %.

MLD/ZLD in desalination - Focus areas and elements recovered: Most studies on MLD and ZLD approaches in seawater 
desalination focus on technical and techno-economic analyses (TEA) for mineral recovery from brines outside the fertilizer sector. 
Table 1 overviews these studies, which primarily evaluate treatment chains aiming to maximize brine valorization and enhance 
economic viability by co-recovering minerals—typically magnesium and sodium chloride, due to their abundance and favorable 
economics [16]. While a few works have considered the extraction of minor elements (e.g., lithium, rubidium, indium, uranium), their 

Fig. 1. Process-flow diagram (PFD) showing material flows of the three desalination plant configurations: (a) conventional desalination configu
ration (2P_1); (b) MLD configurations (4P_1 and 4P_2).
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large-scale recovery faces technical and economic barriers related to low concentrations and limited technology readiness [16–18].
Salt and mineral recovery studies: Numerous TEAs have assessed salt and mineral recovery chains involving combinations of 

evaporation ponds, membrane crystallizers, and brine concentrators (BC). Al Bazedi et al. (2014) reported that salt recovery using 
membrane crystallizers could significantly improve desalination economics, achieving high returns at large scales [19]. Similarly, 
Zhang et al. (2017) demonstrated that recovering NaOH and HCl form seawater RO concentrate via electrodialysis could be 
cost-competitive [20]. Other studies examined valorization of specific products—such as Glauber’s salt [22], regenerant solutions for 
ion-exchange (IX) resins [21], CaSO4, Ca(OH)2, Mg(OH)2 and NaCl [23,24]—with outcomes ranging from economically viable to 
unattractive (e.g., high NaCl recovery costs from coal mine effluents [23]). Across these examples, high energy demand and chemical 
input often represent major operational cost drivers.

System-level and comparative analyses: A few works have evaluated complete ZLD treatment chains. Panagopoulos (2022) 
evaluated RO–BC-crystallizer combinations and estimated modest daily profits [11]. Morgante et al. (2022) combined NF, reactive 
crystallization, reporting that substantial Mg(OH)2 revenue could offset high operating costs, allowing the system to breakthrough 
[24]. Sharkh et al. (2023) piloted a dual brine concentration concept that separates monovalent and divalent ions using high-pressure 
RO (HPRO) and a two-stage osmotically assisted RO (OARO) as a membrane brine concentration (MBC) system, improving raw 
material supply potential for downstream industries, though their economic analysis did not extend to mineral recovery steps [13]. 
Building upon this work, the authors’ recent publication [25] presents novel NF membranes with higher Ca and Mg rejections at a high 
permeate recovery, along with a 3-stage high pressure NF (HPNF) as their MBC system, thereby achieving significantly higher NaCl 
concentration (230 vs. 168.4–176.6 g/L [13]). However, extending such treatment chains with additional crystallization or reactive 
steps can improve their overall financial analysis.

Financial modeling approaches: Most TEAs in the literature use simplified levelized cost (LC) calculations, discounting only 
capital costs via a capacity recovery factor or CRF while leaving operational costs undiscounted [26]. This yields conservative results 
[21] and neglects important financial aspects such as taxation and depreciation. For multi-product systems, LC often assigns revenues 
from co-products to the main product, risking skewed cost analysis and overly optimistic revenue assumptions. Some studies used 
non-standard indicators (e.g., daily profits [11], maximum initial investment [17], simple rate of return [19]), complicating 
cross-comparison. Furthermore, few studies compare alternative treatment chains directly using standard financial metrics such as net 
present value (NPV) or internal rate of return (IRR).

Industrial applications and integration gaps: Industrial applications of MLD/ZLD remain limited, with only a few examples: 
treating coal mine effluents [23] or regenerant recovery for IX resins [21]. For “green” ammonia production—produced using 
renewable hydrogen—several studies considered seawater desalination using seawater reverse osmosis (SWRO) or thermal methods 
(e.g., multi-effect distillation (MED), mechanical vapor recompression (MVR)) [27–30], but none have analyzed the technology chain 
for ultrapure water (UPW) production—a key requirement for electrolytic hydrogen—or explored MLD/ZLD integration with seawater 
desalination for decarbonized fertilizer manufacturing. This presents a knowledge gap addressed in the present study.

1.2. Objective and research questions

This study addresses the identified research gaps by conducting a TEA of seawater desalination designed for fertilizer production 
needs, comparing three configurations (Fig. 1): (i) a conventional setup (2P_1) producing only freshwater and UPW without MLD/ZLD, 
(ii) a base MLD configuration (4P_1) that additionally recovers Mg(OH)2 and NaCl through NF, HPRO, OARO, and crystallizers, while 
discharging magnesium crystallizer effluent; and (iii) an enhanced MLD configuration (4P_2) that reuses the magnesium crystallizer 
effluent to maximize brine utilization.

1.3. The study aims to answer three research questions

1. Environmental impacts: What are the benefits (water and mineral recovery, brine minimization) and trade-offs (higher specific 
electricity consumption or SEC) of base and maximized MLD configurations relative to conventional desalination?

2. Economic viability: How do MLD strategies affect production costs—assessed via conventional LC and a novel Discounted and 
Allocated Levelized Cost, DALC— and financial performance (NPV, IRR)?

3. Sensitivity: How does financial viability respond to changes in discount rate, electricity price, and mineral costs, and what 
measures can enhance the performance of maximized MLD configuration relative to the base MLD?

Table 2 
Ion concentration of major ions in the Eastern Mediterranean Sea vs. reference seawater [31].

Sea Ion Species [mg/L] TDS [mg/L]

Cl− Na+ SO4
2− Mg2+ Ca2+ HCO3

−

Eastern Mediterranean 21,200 11,800 2950 1403 423 – 38,600
Reference seawater 18,980 10,556 2649 1262 400 140 34,483
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2. Methods

This chapter outlines the case study, the three desalination configurations under assessment, and the TEA approach, including 
evaluation indicators and sensitivity analyses.

2.1. Case study design

The case considers a hypothetical decarbonized urea production facility on Morocco’s Mediterranean coast, chosen for its prox
imity to the European market and seawater with above-average ion concentrations (~12 % higher total dissolved solids (TDS) than 
reference seawater, Table 2), offering enhanced mineral recovery potential. Bicarbonate data were unavailable and excluded.

As a fertilizer reference plant, the highly efficient HURL Sindri plant (India, 1.27 Mturea/year) was chosen [7]. The water and 
“green” hydrogen—from renewables—requirements for its decarbonized version [7] defined the desalination plant’s intake flow. For 
an hourly urea production of 160.35 turea/h (330 days/year), potable water and green H2 needs are 4 m3

potable water/turea (or 641.4 
m3

potable water/h) and 0.1 tH2/turea (or 16.035 tH2/h), respectively. Based on the electrolyzer’s UPW demand of 10 m3
UPW/ tH2 [32] and a 75 

% recovery UPW rate from potable water [33], the hourly UPW demand is 160.35 m3
UPW/h, needing 213.8 m3

potable water/h. The total 
hourly potable water requirement (641.4 + 213.8) was rounded up to 1000 m3

potable water/h. While a conventional design could meet the 
water demand, MLD options were explored to reduce brine discharge and enable mineral recovery.

2.2. Overview of the three treatment chain configurations

Conventional configuration (2P_1, Fig. 1 (a))
The conventional setup (“2P_1”: two main products, variant 1) includes seawater intake, pretreatment, a SWRO unit, second-pass 

RO with IX, post-treatment, and brine disposal. Following pretreatment (coagulation-flocculation-media filtration) [34], SWRO was 
selected for its energy efficiency and market dominance [35]. To produce UPW (TDS <0.5 ppm) for electrolysis, part of the SWRO 
permeate was processed by a second-pass RO followed by an IX unit [36]. The SWRO retentate (approximately 40 % of SWRO feed), 
without mineral recovery, was discharged as brine into the ocean via surface water discharge. Two MLD-based configurations were 
developed to address this.

Base MLD configuration (4P_1, Fig. 1 (b))
The 4P_1 configuration reduces brine discharge and recovers two additional products: Mg(OH)2 and NaCl. As shown in Fig. 1 (b), 

additional technologies (inspired by SWCC’s NF-RO-MBC pilot plant [13]) are incorporated. Pretreated seawater—rich in 
scale-forming bivalent ions—is first processed by NF, which removes 60–99 % of bivalent ions (e.g., Mg2+, Ca2+, SO4

2− ) [24]. This 
reduces membrane fouling, lowers downstream osmotic pressure, improves water recovery (up to 30 %), and decreases energy use [13,
24,37,38]. The NF retentate is further concentrated, supporting enhanced Mg(OH)2 recovery, while also enhancing the recovery of 
monovalent-ion-rich permeate for potable water and NaCl production. While the bivalent stream contained additional ions (Ca2+, 
SO4

2− , etc.), Mg(OH)2 recovery was prioritized due its significantly higher concentration in seawater—typically about five times 
greater than calcium—and its higher market value [16]. Magnesium recovery was carried out in a reactive crystallizer, where Mg(OH)2 

Table 3 
Key flow parameters for 4P_1 configuration (Eastern Mediterranean Sea).

Technology Trains Stream Pressure [bar 
(g)]

Flow [m3/ 
h]

TDS [ppm] Notes

NF1 5 Feed 28.0 2000.0 37,417 –
Permeate 0.0 999.1 24,215 –

NF2 5 Feed 50.0 1020.0 49,324 –
Permeate 0.0 513.1 31,000 –

Magnesium 
crystallizer

3 Feed 0.0 518.9 62,649 –
Effluent 0.0 573.1b 61,630 Includes NaOH addition

SWRO 3 Feed 72.4 1516.2 24,741.4c After mixing the OARO dilute (1st stage)
Permeate 1.0 1027.6 205c –

HPRO 3 Feed 113 1020.5d 72,148d After mixing the OARO dilute (2nd stage)
Permeate 1.0 255.3 550 –

OARO (1st stage) 3 Feed 70.0 1194.8d 97,891d –
Dilute 0.0 533.27 70,463 –

OARO (2nd stage) 3 Feed 69.0 661.8 119,234 –
Dilute 0.0 429.6 100,704 –
Final 
concentrate

0.0 233.5 158,734e Assumes 176,600 mg/L and density 
1.1125 kg/L

NaCl crystallizer 3 Feed 0.0 236.1 158,734 or 146,761 of 
NaCl

–

Permeate 0.0 212.7 <10 –
2nd pass RO + IX 2 Feed – 213.8 205 –

Permeate 0.0 160.3 <0.5 UPW
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was precipitated by adding an alkaline solution, specifically, NaOH. The addition of NaOH supplies hydroxide ions (OH− ), which react 
with dissolved Mg2+ ions to form solid Mg(OH)2. Simultaneously, the resulting increase in pH (to approximately 9.5–10) reduces the 
solubility of magnesium, thereby promoting efficient and selective precipitation of Mg(OH)2 [39]. The water required for the NaOH 
solution was sourced internally by diverting a portion of the produced SWRO permeate. The NF permeate was fed to the SWRO unit, 
generating permeate and retentate of a quality comparable to that in configuration 2P_1. However, instead of being discharged as a 
brine, the monovalent-ion-rich SWRO retentate in 4P_1 was used for NaCl recovery. To limit the size of the downstream cost- and 
energy-intensive NaCl crystallizer based on mechanical vapor recompression (MVR), the SWRO retentate was concentrated before
hand using two energy-efficient membrane technologies: a HPRO unit (to a concentration of around 110,000 ppm) and then a 
two-stage OARO system (to a concentration of around 158,700 ppm) [13]. The HPRO unit also produced a high-quality permeate of 
around 550 ppm. The OARO generated two low-salinity dilute streams that were recirculated: the first-stage dilute (around 70,500 
ppm) was fed to the HPRO, and second-stage dilute (around 100,700 ppm) was fed back to the first stage. The final concentrate from 
the OARO was processed by the MVR-based NaCl crystallizer, yielding high purity salt (99.8 %) and distilled water. The purge stream 
from the salt crystallizer, along with the magnesium crystallizer effluent, were discharged into the sea. The substantial effluent volume 
from the magnesium crystallizer (see Table 3) meant that a significant brine discharge reduction compared to the conventional plant 
(2P_1) was not achieved with configuration 4P_1, motivating the development of a third configuration (4P_2).

Maximized MLD configuration (4P_2, Fig. 1 (b))
In 4P_2, the magnesium crystallizer effluent is recycled to the SWRO feed instead of being discharged, maximizing water recovery 

from SWRO, HPRO and the NaCl crystallizer, and potentially improving the financial viability relative to 4P_1.
For all three configurations, the intake feed volume was set at 2000 m3

feed intake/h based on simulations meeting potable water and 
UPW demands for 4P_1—the most restrictive, due to internal water consumption and lack of crystallizer effluent recycling. Key flow 
parameters for 4P_1 appear in Table 3; all others are available under Data availability. Given that the flow rates in this study were 
approximately half of those in the commercial plant design proposed by Sharkh et al. (2023) [13], the chosen number of trains was 
correspondingly halved.

2.3. Technology overview

This subsection briefly discusses the overarching operating principles and techno-economic modeling of the desalination and brine 
concentration technologies employed to model the three desalination configurations. A more detailed explanation, along with the 
equations and values for key parameters, can be found in Appendix A. 

• Nanofiltration (NF): NF is a pressure-driven membrane technology whose unique membrane property—lying between those of RO 
and Ultrafiltration (UF) —have propelled its application as a pretreatment technology in desalination plants for the removal of 
scale-forming bivalent ions. NF was modeled with a hierarchical structure comprising a low-, medium-, and high-hierarchy model 
[40]. The low-hierarchy model describes the transport mechanisms within the NF membrane using a Donnan Steric Pore Model 
with Dielectric Exclusion (DSPM-DE), which is based on the extended Nernst-Plank equation that considers a combination of three 
ionic transport mechanisms: (i) convection, (ii) diffusion, and (iii) electro-migration. Based on this, the medium-hierarchy model 
then described the NF element and was composed of mass and energy balance equations [40]. Finally, the high-hierarchy model 
regarded the whole NF plant and computed the total number of vessels to reach a certain recovery using an iterative approach. 
These results were then used in the economic model based on the Verberne cost model [41], allowing the calculation of (i) building 
cost for the plant housing, (ii) cost of pumps, filters and piping system, (iii) cost for the energy supply system, and (iv) membrane 
cost.

• Seawater reverse osmosis (SWRO): SWRO is a pressure-driven membrane process and a widely used technology for seawater 
desalination. The technology was modeled with a hierarchical structure comprising three levels. The low-hierarchy model 
described the transfer mechanisms of salt and water within the RO membrane using a two-parameter solution-diffusion model. The 
medium-hierarchy model then defined the RO unit by estimating the flow rate, concentration, and pressure profile using mass- 
balance equations. Finally, the high-hierarchy model regarded the whole RO plant and computed the total number of vessels 
per stage by determining the feed pressure using an optimization technique. These results were input to an economic model, which 
estimated the costs of membrane units, pressure vessels, pumps and piping.

• Magnesium reactive crystallizer: This crystallizer was modeled using simple mass-balance equations and used an alkaline 
reactant (NaOH solution) to promote precipitation of Mg(OH)2. Stoichiometrically, each magnesium ion in the brine requires two 
hydroxyl ions from the reactant for precipitation. Given that the chemical reaction for Mg(OH)2 precipitation occurs at a pH value 
of 10.35 [24], the effluent pH was elevated and subsequently neutralized to pH 6.5 using a 1M HCl solution.

• HPRO and OARO: The techno-economic modeling of these brine-concentration technologies was based on a simplified parame
trization of performance metrics from Sharkh et al. (2023) [13], given the similarity in feed flow rates (2000 vs 4195 m3/h). This 
simplification was made by constraining peripheral ion concentrations to match those in Sharkh et al. (2023). For instance, the 
SWRO retentate concentration was maintained at 74,000 ppm, consistent with their assumptions.

• NaCl Crystallizer: The salt crystallizer aimed to extract NaCl and distillate from the high-salinity OARO concentrate. The crys
tallizer consists of three sub-technologies: an evaporator, a de-watering unit, and a dryer for salt production [42]. While evapo
rators—being the most energy- and cost-intensive component— can be either steam-driven (multi-effect) or electrically driven 
(mechanical vapor recompression or MVR) systems, the electric option was selected due to its location-independent operability. 
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The techno-economic modeling of this crystallizer used a generic MVR-based commercial NaCl crystallizer costing 15 million 
USD2019 as a reference, producing 100,000 tons of salt annually with 150 kWhel/tonNaCl energy consumption [42]. The reference 
assumes a nearly saturated brine feed (250 gNaCl

kgbrine
) and 8 gimpurities

Lbrine
, with a purge ratio of 20 % to achieve 99.8 % salt purity. Based on 

actual feed concentration, the purge ratio was adjusted to compute the effective purge ratio. Changes in specific costs (capital and 
operating), and SEC from the reference system due to variations in feed salt concentration were captured by the crystallizer salinity 
scale-up factor (CSSF) [42]. A CSSF of 1.50, for example, indicates 50 % higher costs and energy usage than the reference.

• Intake system: The intake system of a seawater desalination plant includes structures (e.g., towers and wells), pipelines, and 
pumping stations equipped with coarse and fine screens [43]. Due to site-specific variability, a typical construction cost range of 

90–120 USD2018/
(

m3
perm /day

)
was used [43].

• Pre-treatment: Effective seawater pretreatment is crucial for membrane-based desalination plants. Foulants compounds can 
severely impede performance by blocking pores, leading to accelerated fouling and premature membrane replacement [43]. While 
both conventional (coagulation-flocculation-media filtration) and membrane-based (microfiltration, ultrafiltration) pre-treatment 
exist, the conventional method remains the most prevalent approach [34], and was selected in this study.

• Post-treatment: Post-treatment involves two main conditioning steps: stabilization to adjust its chemical balance (e.g., alkalinity 
and hardness) and disinfection [43]. The selected stabilization method uses lime (Ca(OH)2) and CO2. Disinfection was performed 
using sodium hypochlorite, similar to Sharkh et al. (2023) [13].

2.4. Financial modeling

This section summarizes the financial parameters and briefly discusses the indicators used for the financial analysis in this study 
(DALC, NPV or IRR). A detailed formulation of the three financial indicators is provided in Appendix B. All indicators were based on 
DCF analysis, a valuation method that estimates project value by summing all future cash flows over the project lifetime after dis
counting them to present value. The total project cash flows (TPCF) included components such as operating cash flows (OCF) and cost 
of goods sold (COGS), which were calculated using standard corporate finance practices [44] (see Appendix B.1). The discount rate, 
defined as the weighted average cost of capital (WACC), incorporated a technology-specific risk premium for MLD configurations to 
reflect the added complexity and lower technology readiness level (TRL) of certain MLD technologies (Appendix B.2).

The DALC metric (refer Appendix B.3 for its detailed derivation) was developed to individually allocate capital and operating 
expenditures of each technology to each product for a given configuration. It integrates multiple cost allocation strategies, including 
mass- and value-based allocations, while explicitly excluding revenue offsets from co-products in order to isolate cost-side burden of 
each product (see Equation (1)). This distinguishes DALC from conventional LC metrics, which typically net off revenues and obscures 
technology-cost distribution in multi-product systems. 

DALC(p, c)=
∑J

j

∑t=n

t=0

TPCFwo revenue
j,t (c)

(1+i(c))t

∑t=n

t=0

Qt (p,c)
(1+i(c))t

× csj(p, c) if j ∈ Tmfa, csj(p, c) = csmfa
j (p, c)if j ∈ Ttca, csj(p, c) = cstca

j (p, c) ∀cif j ∈ Tmva, csj(p, c)

= csmva
j (p, c)

Equation 1 

The DALC equation for product p and configuration c depicts: (i) TPCFwo revenue
j,t for a technology j and a project year t that excludes 

any revenue from the products; (ii) Qt is the annual production amount of the product; and (iii) csj is the technology cost share based on 
one of the three cost allocation techniques, namely mass-flow-based cost allocation, total cost allocation, and market-value-based cost 
allocation.

NPV and IRR values for the 2P_1 configuration were calculated using the standard DCF methodology (Equation (2) and Equation 
(3), respectively. Refer Appendix B.4 for further details). As seen in these equations, NPV and IRR indicators are formally equivalent, 
theoretically allowing an interchangeable usage. However, when comparing mutually exclusive projects (such as the three configu
rations in this study), the use of IRR can lead to misleading results and incorrect project rankings [44]. To rectify this shortcoming of 
the IRR rule, an incremental flow method is applied, which requires the IRR for the smaller project (configuration 2P_1 in this study) be 
calculated using the standard methodology (Equation (3)), whereas those for the larger projects (configurations 4P_1 and 4P_2) be 
calculated incrementally in relation to the smaller project (Equation (4) and Equation (5)) [44]. The NPV for the larger projects is 
calculated using the standard methodology (Equation (2)). 

NPV(c)=
∑J

j

∑t=n

t=0

TPCFj,t(c)
(1 + i(c))t if c = csmall Equation 2 

∑J

j

∑t=n

t=0

TPCFj,t(c)
(1 + IRR(c))t =0 if c = csmall Equation 3 

TPCFincremental
j,t (c)=TPCFj,t

(
clarge) − TPCFj,t

(
csmall) if c ∈ Clarger projects,∀j,∀t Equation 4 
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∑J

j

∑t=n

t=0

TPCFincremental
j,t (c)

(
1 + IRRincremental(c)

)t =0 if c ∈ Clarger projects Equation 5 

Assumptions for key financial parameters are summarized in Table 4. All monetary values are expressed in “real” or constant 2024 
US dollars, with literature values adjusted using CEPCI (chemical engineering plant cost index).

2.5. Sensitivity analysis

To identify key financial drivers for MLD configurations relative to conventional desalination, sensitivity analysis was performed on 
4P_1 and 4P_2. Six mutually independent parameters were varied: capital investment, revenue, COGS, other costs, discount rate, and 
risk premium. Depreciation and salvage value were excluded, as they depend directly on capital investment. Each parameter was 
varied independently by ±50 % of its base value, with NPV chosen as the sole indicator since it captures all six parameters.

Although 4P_2 maximizes brine minimization through effluent reuse, Section 3.5 show it underperforms 4P_1 in IRR and NPV. To 
evaluate conditions for financial parity: 

1. Brine discharge levy on 4P_1: Brine disposal cost (BDC) was incrementally raised, simulating an environmental effluent charge, 
until IRR and NPV matched those of 4P_2.

2. Preferential financing for 4P_2: The WACC was progressively reduced, simulating a policy-backed financing incentive, until IRR 
and NPV matched those of 4P_1.

3. Results and discussion

This section first presents the technical results (flow rates and SEC) across the three configurations, followed by the financial results 
(conventional LC, DALC, NPV and IRR, and sensitivity analysis).

3.1. Flow rate comparison: reduction in brine disposal using MLD is not a given

Fig. 2 (a) and 2 (b) present the key water (m3/h) and material (ton/h) flow rates, respectively. UPW demand was exogenously fixed 
by the fertilizer plant’s hydrogen needs and remained identical across all cases. Other flows—potable water, brine, and miner
als—were determined endogenously.

In 4P_1, brine discharge was reduced by only 22.7 % compared to 2P_1, due to direct discharge of magnesium crystallizer effluent. 
Total water recovery only modestly improved (71.4 % vs. 60.4 %).

In 4P_2, recycling the magnesium crystallizer to SWRO boosted this recovery to 96.7 %. While 4P_2’s brine discharge reduced by 
88 % as compared to 2P_1, its potable water recovery rose by only 69 %, as a result of a sixfold increase in NaCl crystallizer purge 
volume relative to 4P_1 (driven by higher feed impurities: 14.9 vs 4.0 gimpurities

Lbrine
), resulting from the upstream blending of the magnesium 

crystallizer effluent. To maintain NaCl purity, the purge ratio had to be raised (21.3 % vs 5.8 % in 4P_1). Despite this, the NaCl recovery 
increased by ~18 % due to higher feed flow, while Mg(OH)2 recovery and NaOH consumption remained unchanged across both MLD 
cases.

Table 4 
Key financial assumptions for TEA (constant 2024 USD).

Category Parameter Value/Assumption

General Currency base USD (2024, constant)
Cost adjustment CEPCI indices
Conversion rate 9.89 MAD/USD (Feb. 2025)
Plant availability 96 % [13]

Discounting Real discount rate (2P_1) 7 %
Real discount rate (4P_1, 4P_2) 8.75 % (incl. +25 % risk premium)

Corporate finance Corporate tax 20 % (for net taxable income <100M MAD) [45]
Depreciation Declining balance, 12.5 % (avg. 10–15 % [45])
Salvage value 5 % of capital investment [46]

Energy and O&M Electricity price (renewable) 0.07 USD/kWhel (PV systems 0.06–0.08 USD/kWhel [47])
Labor – operator 16,784 USD/a (166,000 MAD/a [48])
Labor – chemist 21,819 USD/a (1.3x operator [42])
Labor – engineer 26,854 USD/a (1.6x operator [42])

Brine management Disposal cost (BDC) 0.04 USD/m3 [12]
Key commodities NaOH 350 USD/t [24]

HCl 150 USD/t [24]
Products Potable water 1.5 USD/m3 [49]

UPW 2.5 USD/m3 [50]
Mg(OH)2 1000 USD/t [24]
NaCl 80 USD/t [42]
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In short, in terms of water recovery and brine minimization, 4P_1 offers only marginal improvements over conventional 2P_1, 
whereas 4P_2 achieves substantial improvements but at the expense of increased NaCl crystallizer efficiency and process complexity.

3.2. SEC comparison: NaCl crystallizer dominates in MLD

Fig. 3(a–c) shows SEC distribution for 2P_1, 4P_1, and 4P_2, respectively, while Fig. 3 (d) compares their total SEC. Normalized to 

Fig. 2. Material flow rate diagrams for the three desalination configurations. (a): flow rate of water and brine in m3/h. (b): flow rate of input 
(NaOH) and output (Mg(OH)2, NaCl) minerals in ton/h.

Fig. 3. SEC comparing the three desalination configurations. The SEC share per technology is shown as pie chart, whereas total value (in kWhel/ m3 

of potable water + UPW) is shown in the bar chart.
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the feed, the total SECs were 2.3, 8.6, and 11.8 kWhel/m3
feed, respectively—up to 3.2 times higher for the MLD cases.

In 4P_1, the NaCl crystallizer accounted for 48 % of total SEC, with a salt-specific SEC of 238 kWhel/tNaCl, 59 % above the com
mercial benchmark (150 kWhel/tNaCl [42]). The excess is explained by the relatively dilute feed (146.7 vs. 250 gNaCl/ kgsol in industrial 
settings).

In 4P_2, the per-water SEC of the NaCl crystallizer was 15 % lower than in 4P_1 (29.7 vs 35.1 kWhel/m3) due to higher water output 
(see Fig. 2). However, its per-salt SEC increased by 25 %–297 kWhel/tNaCl, due to higher feed impurity load and associated purge 
requirements.

By contrast, in 2P_1, SWRO dominated the SEC (>70 %), followed by pretreatment (21.6 %). In MLD configurations, SWRO’s share 
dropped to 15 % (4P_1) and 14 % (4P_2), while HPRO contributed 10–12.5 %. All other technologies in MLD setups contributed ≤7 %.

In summary, MLD configurations are substantially more energy-intensive, than conventional desalination, with performance 
dominated by the NaCl crystallizer. Feed salinity and impurity content, determined by upstream process integration, are key levers for 
NaCl crystallizer efficiency.

3.3. DCF components: taxes are a non-negligible outflow often ignored in LC calculations

Examining the core DCF components (Fig. 4; terminology and equations in Appendix B.1) helps contextualize the financial in
dicators DALC, NPV, and IRR. The figure shows revenues, variable and fixed costs, capital expenditures, taxes, and depreciation, while 
excluding aggregate terms like pretax profit and TPCF. Depreciation, though a non-cash item, was included because it shapes taxable 
income and thereby tax-related cash flows (Equation B-2).

The cash flow profiles differed markedly across configurations. The conventional 2P_1 showed the narrowest spread—about six 
times smaller than 4P_2, the most capital- and energy-intensive setup. This wider spread in MLD schemes reflects not only higher 
investments and operating costs, but also the substantial revenues from mineral recovery. Cumulative revenues in 4P_1 and 4P_2 were 
4.5 and 5.1 times higher, respectively, than in 2P_1.

Cost distribution also varied across cases. In 2P_1, capital investment and taxes each contributed roughly 27 % of total outflows. In 
the MLD cases, variable costs (captured by COGS, mainly NaOH costs for magnesium crystallization) dominated, reaching 38 % of 
outflows. Taxes and depreciation consistently outweighed fixed costs (denoted as otherCosts) with taxes alone ranging from 13 to 27 % 
of the total outflow, depending on configuration.

Overall, the results highlight that taxes and depreciation are significant financial drivers. Their omission or oversimplification—as 
is common in conventional LC approaches (e.g., ignoring taxes or assuming straight-line depreciation via CRF)—can bias LC-based cost 
estimates and understate project risks.

3.4. DALC vs conventional LC: lower DALC for conventional desalination; mixed outcomes for MLD configurations

The main differences between DALC and conventional LC lie in cost allocation, the time value of money, and the treatment of co- 
product revenues. DALC applies full DCF at the technology level and excludes revenues, while conventional LC discounts only capital 
costs, spreads operating costs uniformly, and subtracts co-product revenues. As a result, DALC offers more granular breakdown, 
whereas conventional LC can yield lower—or even negative—costs when revenues are substantial. Fig. 5 illustrates these contrasts, 
showing DALC as stacked bars and conventional LC as scatter points.

For water, DALCs in the conventional configuration (2P_1) were up to 47 % and 93 % lower for potable water and UPW, 
respectively, than in MLD cases. Between MLD setups, 4P_2 showed higher water DALCs than 4P_1, owing to additional cost allocation 
from the magnesium crystallizer (which contributed to water recovery) and higher NaCl crystallizer costs resulting from a higher CSSF 

Fig. 4. DCF components (only the fundamental ones) for the three desalination configurations. Except revenue, the remaining components are 
shown as cash outflows (negative y-axis).
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(crystallizer salinity scale-up factor) due to increased impurities and purge ratio (Appendix A.5).
For minerals, the Mg(OH)2 DALC in 4P_2 was 35 % lower than in 4P_1, since part of its costs were redistributed downstream 

through effluent reuse. In contrast, the NaCl DALC in 4P_2 was 44 % higher, driven by the increased CSSF of the NaCl crystallizer and 
greater cost shares from HPRO and OARO due to the handling of larger brine volumes.

Conventional LCs showed mixed outcomes. Mineral LCs in 4P_2 were markedly higher than in 4P_1–179 % for NaCl and 25 % for 
Mg(OH)2—because HPRO and OARO costs rose by 43 % and NaCl crystallizer costs by 34 %, without offsetting revenue gains. For 
water, 4P_2 underperformed 4P_1: UPW revenues were lower, and potable water incurred a cost of 0.51 USD/m3 compared with a 
revenue of 0.45 USD/m3 in 4P_1. Nevertheless, 4P_2 still slightly outperformed 2P_1 in water costs.

In summary, 2P_1 and 4P_2 yielded the lowest and highest water DALCs, respectively, with the latter penalized by effluent reuse. By 
contrast, conventional LC—because it incorporates co-product revenues—tended to favor 4P_1. Ultimately, while DALC clarified 
product-level technology cost burdens, investment choices among configurations were more strongly guided by NPV and IRR results.

3.5. NPV and IRR comparisons: diminishing rate of return with higher mineral recovery

Fig. 6 presents NPVs and IRRs for the three configurations. NPVs are shown as stacked bars by technology (primary y-axis), with 
totals as red scatter plots (secondary y-axis). IRRs are displayed as blue scatter plots (tertiary y-axis), with incremental IRRs for the 
MLD cases.

In the conventional configuration (2P_1), SWRO generated the largest net cost (82 % of NPV), while post-treatment supplied the 
main net income (177 %) through potable water sales. UPW production via second-pass RO + IX added another 35 % to NPV. Together, 
these yielded a total NPV of ~72.1 million USD and the highest IRR (~24 %).

The base MLD configuration (4P_1) nearly doubled the NPV to 137.7 million USD. The Mg(OH)2 and NaCl crystallizers contributed 
most to net income (112 % and 32 %), while OARO and SWRO imposed the largest cost burdens (32 % each). Despite this strong NPV, 

Fig. 5. DALC (stacked bar plots, primary y-axis) along with conventional LC (scatter plots, secondary y-axis) for the three desalination configu
rations: (a) water products, and (b) mineral products. Negative conventional LC indicates a net income (green), positive LC is net outflow (red).

Fig. 6. NPV contribution of technologies (stacked bar plots, primary y-axis) in million USD along with their total (red scatter plots, secondary y- 
axis) for the three desalination configurations. Also shown are the IRRs for these configurations (blue scatter plots, tertiary y-axis).
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its incremental IRR declined to ~14.5 %, reflecting a reduced return on additional investment relative to 2P_1.
In the maximized MLD configuration (4P_2), NPV declined to 75 million USD and IRR dropped further to 9.72 %, only slightly 

above the 8.75 % discount rate. The 4P_2’s underperformance relative to 4P_1 stemmed from much higher cost burdens of OARO and 
HPRO (104 % and 95 % of NPV, respectively). The NaCl crystallizer’s contribution collapsed from 32 % in 4P_1 to just 1 % (due to the 
higher CSSF), whereas post-treatment rose sharply from 93 % to 240 % due to greater water recovery.

Overall, higher brine valorization reduced rates of return, though MLD configurations still outperformed conventional desalination 
in total returns. Among them, 4P_1 clearly dominated 4P_2 in both NPV and IRR.

3.6. Sensitivity analysis of financial parameters: increased sensitivity with higher mineral recovery

Fig. 7 shows tornado plots showing the effect of ±50 % variations in six key financial parameters on the NPVs of the two MLD 
configurations, with base-case NPVs indicated by dashed lines. The conventional configuration (2P_1) is excluded to focus on risks 
specific to MLD investments.

The base MLD configuration (4P_1) exhibited a narrower NPV range, indicating greater robustness, while the maximized MLD 
configuration (4P_2) showed higher sensitivity and larger downside risks. Mg(OH)2 revenue alone could shift NPV by ±132 % for 4P_1 
and ± 243.5 % for 4P_2, while NaCl revenue could alter NPV by ±77 % and ±172 %, respectively. Potable water revenue had a 
relatively smaller impact. The ±50 % variation in revenues of these products can also be interpreted as a corresponding variation in 
their assumed specific prices (see Table 4), assuming that other variables remain constant.

Changes in WACC produced asymmetric effects: a 50 % decrease boosted NPV by 129 % (4P_1) and 244 % (4P_2), whereas a 50 % 
increase reduced NPV by 68 % and 129 %. This reflects the amplified effect of discounting on later cash flows in more capital- and 
energy-intensive systems. Other critical parameters included the COGS of the magnesium crystallizer (mainly NaOH cost) and the 
capital investment of the NaCl crystallizer.

Overall, reusing the magnesium crystallizer’s effluent in 4P_2 increased NPV sensitivity, making its financial viability more 
vulnerable to fluctuations in revenues, costs, and discount rates compared to the base MLD setup.

3.7. Sensitivity analysis for 4P_2’s financial parity

Financial parity between 4P_2 and 4P_1 was assessed via two scenarios: increasing 4P_1’s BDC or reducing 4P_2’s WACC (Fig. 8). In 
both cases, NPV exhibited a non-linear response due to the discounting of future cash flows.

In summary, 4P_2 can reach financial parity with 4P_1 either through significantly higher BDCs applied to 4P_1 or through reduced 
WACC for 4P_2, while retaining its advantage in brine minimization.

3.8. Discussion and comparison of results with the literature

This section contextualizes the study’s results and methodology against literature benchmarks (summarized in Table 5), high
lighting environmental, technical, and financial performance. The study’s goal was to identify a desalination configuration that 
minimizes environmental impact while maintaining financial viability.

3.8.1. Environmental performance
Water recovery, as a measure of brine minimization, was 60.4 % for the conventional 2P_1 configuration, consistent with reported 

two-stage SWRO values (60–65 % [52]). Recovery increased to 71.4 % in 4P_1, exceeding Sharkh et al. (2023)’s 65.2 % for a similar 
setup [13], due to additional recovery from the NaCl crystallizer. The magnesium crystallizer was the main limitation, discharging 
most NF2 retentate. Reusing this effluent in 4P_2, following Morgante et al. [24], raised recovery to 96.7 %, comparable to 

Fig. 7. Tornado plots of NPV sensitivity for the two MLD configurations: (a) 4P_1 and (b) 4P_2. Six key parameters were varied by ±50 %; dashed 
lines show base NPVs. Abbreviations: capitalInvest = initial capital investment; COGS = cost of goods sold; posttreat = post-treatment; WACC =
weighted average cost of capital or discount rate.
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Panagopoulos (2022) (BCr: 99 %, WAIV: 86 % [11]), though at the cost of reduced downstream NaCl crystallizer performance. 
Notably, higher water recovery results in more concentrated brine, necessitating enhanced outfall design and discharge diffusion 
systems compared with conventional desalination to achieve equivalent dilution levels and mitigate potential adverse impacts on 
marine biota [55].

3.8.2. NaCl crystallizer performance
NaCl crystallizer efficiency was constrained by feed purity and salinity. Effluent reuse in 4P_2 increased impurities (14.7 vs 4.0 

mgimpurities
Lbrine 

in 4P_1), exceeding solution-mining brines (8.0 mgimpurities
Lbrine 

[42]). Moreover, simulating alternative feedwater sources from the 
MENA region showed that effluent reuse in 4P_2 had a stronger impact than feedwater source (see Appendix C.2). Feed salinity in both 
MLD cases (143–147 gNaCl/kgsol) was below that in commercial systems (250 gNaCl/kgsol [42]) and other ED/ED + MED setups (200–242 
gNaCl/kgsol [23,42]). These factors nearly doubled the SEC and capital costs in 4P_2 as compared to commercial systems. Notably, the 
world’s first large-scale OARO commercial plant in Indonesia (178.9 gNaCl/Lsol or ~158 gNaCl/kgsol [53]) and alternative NF-MBC pilot 
systems in more recent publications (225 gNaCl/Lsol or ~192 gNaCl/kgsol [25]) have achieved higher NaCl concentrations at the 

Fig. 8. Comparison of financial measures to achieve financial parity of configuration 4P_2 with 4P_1 by: (a) increasing the BDC for 4P_1 on its IRR 
and NPV; and (b) decreasing the 4P_2 project’s WACC on its IRR and NPV. 

•BDC adjustment (Fig. 8 (a)): Raising 4P_1’s BDC from 0.04 to 1.57 USD/m3
brine aligned its NPV with that of 4P_2, while a BDC of 1.73 USD/ m3

brine 
was required for IRR parity. This higher BDC requirement for IRR parity as compared to that for NPV is due to the inherent investment as
sumptions: for IRR parity, 4P_1’s discount rate is set to the IRR of 4P_2 (9.72 %), which is higher than that used for NPV parity (8.75 %), the MLD 
project’s WACC. However, NPV-based parity is more realistic for investment decisions, as it reflects real-world financing conditions [51]. 
Nevertheless, these BDC levels far exceed typical surface discharge costs (0.05–0.30 USD/m3

brine [12]), making 4P_1 economically less attractive 
and favoring the MLD-maximizing 4P_2 configuration.

• WACC reduction (Fig. 8 (b)): Lowering 4P_2’s WACC from 8.75 % to 6.89 % was sufficient to achieve NPV parity, though IRR remained 
unchanged.

Table 5 
Comparison of own results with literature

Parameter Configuration Own 
results

Literature values

Water recovery [%] 2P_1 60.4 % 60–65 % [52]
4P_2 96.7 % 99 % (BCr) and 86 % (WAIV) [11]

NaCl crystallizer feed impurity [
mgimpurities

Lbrine
] 4P_1 4.0 8.0 (solution mining) [42]

4P_2 14.7
NaCl concentration at the feed of NaCl 

crystallizer [gNaCl/kgsol]
4P_1 146.7 250 (commercial [42]), 200 [42], 242 [23], 192 [25] (assuming a density of 1.17 

kg/L), 158 [53] (assuming a density of 1.13 kg/L)4P_2 143.0
SEC [kWhel/m3

perm] 2P_1 3.8 2.5–4.0 [54]
4P_1 5.84a 6.9 [13]
4P_2 12.2 22.0 [11]

DALC or production cost of potable water 
[USD/m3]

4P_1 0.94 0.57 [13]

DALC or production cost of NaCl [USD/
ton]

4P_1 27.83b 28.87 [13]

a Excluding Mg(OH)2 and NaCl crystallizers and second-pass RO with IX.
b Excluding NaCl crystallizer share.
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crystallizer feed than in this study.

3.8.3. Energy and emissions
Although the NaCl crystallizer is highly energy-intensive [23,24], overall SEC aligned with literature. The 2P_1 case consumed 3.8 

kWhel/m3
perm, within typical SWRO ranges (2.5–4.0 [54]). Excluding crystallizers and second-pass RO + IX, 4P_1’s SEC (5.84 kWhel/

m3
perm) was comparable to Sharkh et al. (2023)’s 6.9 kWhel/m3

perm [13]. 4P_2 consumed 12.2 kWhel/m3
perm, still 44 % lower than 

Panagopoulos (2022)’s BCr chain (22.0 kWhel/m3
perm [11]). Given Morocco’s fossil-heavy grid (72 % coal + gas in 2023 [56]), 

emissions are high: ~8.9 kg CO2-eq per m3 of permeate in the 4P_2 case (assuming 0.729 kg CO2-eq/kWhel [57]).

3.8.4. Scaling and product purity
High divalent ion concentration in NF1 and NF2 retentates posed a gypsum (CaSO4) scaling risk. The Davies equation is unreliable 

at high ionic strength (>0.5 mol/L), so the Pitzer model in PHREEQC [58] was applied for more accurate prediction. Gypsum satu
ration index in NF2 retentate was 0.04 (i.e., slight supersaturation at 110 %, 100.04 ≅ 1.10), well below the 250–400 % threshold for 
effective antiscalant use [13]. Mg(OH)2 precipitation benefited from lower solubility than Ca(OH)2, allowing >95 % purity—suitable 
for low-grade flame retardants [59]—at pH ~10 (vs. ~12 for Ca(OH)2), provided pH was controlled.

3.8.5. Financial performance and DALC
DALC provided realistic product costs by avoiding distortions from co-product revenue. UPW DALC in 4P_1 was 1.67 USD/ m3 (vs. 

market price 2.5 USD/m3 [50]), whereas conventional LC gave − 13.1 USD/m3. NaCl DALC (27.83 USD/ton) closely matched literature 
for a similar plant setup (28.87 USD/ton in Ref. [13]), confirming method validity.

NPV and IRR analysis confirmed financial viability: 2P_1 had the highest IRR (23.87 %), while 4P_1 and 4P_2 yielded positive NPVs 
(137.7 and 75.0 million USD) but lower IRRs (14.5 % and 9.7 %). Financial parity for MLD-maximizing 4P_2 could be achieved by 
increasing 4P_1’s BDC ≥1.57 USD/m3

brine or reducing 4P_2’s WACC to 6.89 %. Sensitivity analysis identified Mg(OH)2 and NaCl rev
enues, WACC, and NaOH costs as the most influential factors, consistent with literature [23,24,60].

3.8.6. Scalability
The modeled 2000 m3/h feed intake can be linearly scaled to larger urea plants (e.g., 1.73 Mturea/year requiring ~2723 m3/ h [7]), 

within commercial capacities for similar MLD configurations (4195 m3
feed/h [13]), suggesting feasible industrial implementation.

4. Conclusions and future work

This study evaluated alternative desalination configurations to meet the freshwater requirements of a hypothetical 1.27 Mturea/ year 
decarbonized urea plant located on Morocco’s Mediterranean coast, requiring 641.4 m3/h of potable water and 160.35 m3/ h of ul
trapure water (UPW). A conventional seawater reverse osmosis system (2P_1) was compared against two minimum liquid discharge 
(MLD) configurations designed to additionally recover magnesium hydroxide (Mg(OH)2) and sodium chloride (NaCl). The MLD- 
maximizing configuration (4P_2) incorporated reuse of the magnesium crystallizer effluent to further reduce brine generation rela
tive to the base MLD setup (4P_1). The objective was to identify the configuration offering the most favorable environmental and 
techno-economic performance. The financial assessment employed net present value (NPV), internal rate of return (IRR), levelized cost 
(LC), and a novel indicator—the discounted and allocated LC (DALC)—which excludes revenue from co-products.

The findings, addressing the research questions outlined in Section 1.2, are summarized as follows: 

1. Environmental impacts: Configuration 4P_2 achieved the highest brine reduction relative to 2P_1 (88 % vs. 22.7 % in 4P_1) and 
the greatest total water recovery (96.7 % compared with 71.4 % and 60.4 % for 4P_1 and 2P_1, respectively). These gains were 
offset by lower NaCl crystallizer efficiency, reflected in a higher purge ratio (21.3 % vs 5.8 % in 4P_1). The specific electricity 
consumption (SEC) of both the MLD configurations was approximately three times higher than that of 2P_1, highlighting the trade- 
offs between brine minimization and energy demand.

2. Economic viability: Among the three schemes, 4P_2 exhibited the highest water DALC, driven by the additional costs associated 
with recycling the magnesium crystallizer effluent, whereas 2P_1 had the lowest. In contrast, 4P_1 yielded the lowest conventional 
LC, benefiting from mineral recovery while avoiding the incremental costs of MLD maximization in 4P_2. Although the IRR was 
highest for the conventional configuration (2P_1), the total project returns (NPV) were most favorable for 4P_1—exceeding those of 
both 2P_1 and 4P_2 by more than 80 %. Notably, 4P_2’s NPV was only marginally higher that of the conventional configuration (75 
vs. 72.1 million USD), despite incorporating additional mineral revenue streams. This outcome primarily reflects the cost drag 
arising from higher brine volume handling due to effluent reuse from the magnesium crystallizer across its energy-intensive units, 
such as high-pressure reverse osmosis (HPRO), osmotically-assisted RO (OARO).

3. Sensitivity: The NPV of MLD configurations was most sensitive to changes in Mg(OH)2 revenue and the weighted average cost of 
capital (WACC). Configuration 4P_2 displayed greater sensitivity and higher downside risk. Financial parity between the MLD- 
maximizing configuration (4P_2) and the financially best-performing configuration (4P_1) could be achieved by either 
increasing the brine disposal cost for 4P_1 from 0.04 to 1.57 USD/m3

brine or by reducing 4P_2’s WACC from 8.75 % to 6.89 %.
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The study thus met its objective of identifying the environmentally and financially preferred configuration: 4P_2 emerged as the 
most suitable option in terms of brine minimization and water recovery, achieving financial parity with 4P_1 when supported by 
favorable project financing or higher brine disposal costs.

Some key takeaways from the study: 

• Ensuring high feed purity to the NaCl crystallizer is critical to minimize energy consumption and capital expenditure penalties.
• Strategic project financing mechanisms—such as preferential capital costs or targeted subsidies—can substantially enhance the 

financial viability of MLD-maximizing configurations. Likewise, implementing brine discharge levies or effluent charges can 
discourage lower-recovery designs by internalizing the environmental costs of brine disposal.

4.1. Future research directions

Based on the results from this study, the following suggestions are made: 

1. Develop more effective removal strategies for divalent ions (Ca2+, SO4
2− ) from the nanofiltration retentate prior to crystallization to 

improve mineral purity and process efficiency.
2. Standardize the DALC-based cost allocation framework for complex desalination and mineral recovery systems [61].
3. Investigate advanced brine concentration methods and energy-efficient NaCl crystallizer technologies to lower SEC and enable 

higher feed salinities (>147 gNaCl/kgsol).
4. Conduct comprehensive life-cycle assessments (LCA) to evaluate the environmental implications of MLD strategies relative to 

conventional desalination and traditional mineral extraction routes.
5. Explore pathways for retrofitting existing desalination plants with MLD units utilizing concentrated brine streams, thereby 

reducing the investment and risks associated with greenfield deployment [24].

These directions aim to support researchers, plant operators, and policymakers in advancing sustainable and financially viable 
MLD-based desalination for industrial water reuse and resource recovery.
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