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Abstract: Effective pretreatment is essential for achieving long-term stable operation and
high water recovery during the desalination of alternative waters. This study developed
a process modeling approach for technical, economic, energetic, and environmental as-
sessments of pretreatment technologies to identify the impacts of each technology treating
brackish water desalination brine with high scaling propensity. The model simulations eval-
uated individual pretreatment technologies, including chemical softening (CS), chemical
coagulation (CC), electrocoagulation (EC), and ion exchange (IX). In addition, combina-
tions of these pretreatment technologies aiming at the effective reduction of key scaling
constituents such as hardness and silica were investigated. The three evaluation param-
eters in this assessment consist of levelized cost of water (LCOW, $/m?), specific energy
consumption and cumulative energy demand (SEC | CED, kWh/m?), and carbon dioxide
emissions (CO, kg COy.¢q/ m3). The case study evaluated in this work was the desali-
nation brine from the Kay Bailey Hutchison Desalination Plant (KBHDP) with a total
dissolved solids (TDS) concentration of 11,000 mg/L and rich in hardness and silica. The
evaluation of individual pretreatment units from the highest to lowest LCOW, SEC | CED,
and CO; emissions in the KBHDP brine was IX > CS > EC > CC,CS > IX > EC > CC, and
CC > CS > EC > IX, respectively. In the case of pretreatment combinations for the KBHDP,
the EC + IX treatment combination was shown to be the best in terms of the LCOW and
CO; emissions. The modeling and evaluation of these pretreatment units provide valuable
guidance on the selection of cost-effective, energy-efficient, and environmentally sustain-
able pretreatment technologies tailored to desalination brine applications for minimal- or
zero-liquid discharge.

Keywords: process modeling; pretreatment technology; desalination brine treatment;
technoeconomic analysis; carbon emissions; specific energy consumption

1. Introduction

Water is essential for human life, economic development, and environmental sustain-
ability through its efficient use and reuse. Ninety-seven percent of the water on Earth
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is saline or hypersaline, making desalination a critical treatment technology that can
help augment freshwater supplies. Desalination of seawater, brackish water, and indus-
trial /municipal wastewater has been increasingly utilized to provide a viable option to
meet the global freshwater demand, which is expected to double in the future, driven
mainly by population growth and rising industrial water uses [1,2]. The implementation
of desalination systems inevitably needs to address the management and disposal of de-
salination brine (also known as reject or concentrate) with total dissolved solids (TDS)
concentrations between 5000 and 300,000 milligrams per liter (mg/L).

Brine is a concentrated saline water generated from desalination processes. The
annual global brine production from desalination facilities was estimated at 51.7 billion
cubic meters (m?) in 2019, which is 50% greater than the average volume of desalinated
water, indicating the magnitude of brine that can be produced in the future associated
with increasing desalination capacities [3-5]. The disposal of the generated brine can
have potential environmental impacts due to its high salinity, temperature, pH, and the
potentially harmful chemicals it may contain [6,7]. Most seawater desalination facilities
dispose of the generated brine in a nearby marine environment. Facility operators and
planners must account for the vulnerability of the marine environment to minimize the
environmental implications of the brine salinity and consider blending with lower salinity
water to reduce its salinity impact [8,9]. Potential negative effects on the environment
include disruption of the osmotic balance of marine species and accumulation of harmful
treatment chemicals (e.g., antiscalants) in the discharge area if the marine environment is
not suitable for brine disposal [7,8,10,11].

Inland desalination has been the center of attention in many applications since it
accounts for the desalination of alternative waters such as brackish water, agricultural,
power plant, oil and gas, and municipal/industrial wastewater [12,13]. Inland desalination
brine can be disposed of through several methods, such as sewer discharge, deep-well
injection, evaporation ponds, surface water discharge, or land application on salt-tolerant
plants. Some of the common adverse environmental impacts of inland brine disposal
methods involve the inhibition of bacterial growth (sewer discharge to wastewater treat-
ment facilities), groundwater pollution and soil salinization (evaporation ponds, deep-well
injection, and land application), and aquatic environment pollution (surface water dis-
charge) [7,14]. The lack of economically feasible and ecologically sustainable inland brine
management/treatment options is a major barrier to the broad implementation of desalina-
tion technologies [2,15,16].

Brine treatment to achieve minimal liquid discharge (MLD) or zero liquid discharge
(ZLD) is critical to recovering additional water for use and minimizing brine volume for
disposal. ZLD aims to recover ~100% of the influent water as a product, whilst MLD is
a near-zero liquid discharge that aims to recover freshwater at nearly 95% [17,18]. The
primary focus of most treatment assessments has been centered on reducing the high energy
and cost demand of desalination, evaporation, and crystallization stages in MLD/ZLD [18].
There is a growing emphasis on utilizing high-pressure reverse osmosis (HPRO) technolo-
gies (>120 bar) to treat hypersaline brines (TDS > 70 g/L) for MLD applications, as they
offer a more energy-efficient alternative to traditional thermal-based methods with energy-
intensive phase-change-based desalination [19]. These membrane-based approaches lower
the energy consumption and cost of hypersaline brine desalination by eliminating phase
transitions. In addition to HPRO, desalination methods such as membrane distillation and
forward osmosis have also been explored as other alternatives in MLD applications [20,21].

Pretreatment, as shown in Figure 1, is essential for both MLD and ZLD applications
because it can ensure an effective operation, enable higher water recovery, and extend
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the lifetime of downstream treatment processes by minimizing fouling and scaling of
treatment/desalination equipment [22,23].

|
|
|
|
Pretreatment ——>  Desalination E::‘ > Evaporation [———)| Crystallization :
|
|
|
|

Figure 1. MLD and ZLD treatment stages.

Most evaluations of desalination and brine treatment assume the presence of primarily
monovalent ions, e.g., sodium (Na*) and chloride (Cl7), in the brine. The presence and
the impact of sparingly soluble minerals, e.g., calcium (Ca?*), magnesium (Mg?"), carbon-
ates (HCO;~ and CO527), sulfate (SO427), and silica (SiO,), are often neglected [24]. An
assumption for the exclusion of divalent ions in a desalination application is that they
should have been completely removed in the pretreatment stage before desalination [17].
This, in turn, does not provide a complete outlook of the technoeconomic impacts when
evaluating these applications and limits possible optimization options. The integration of
pretreatment is, therefore, a crucial aspect in generating a complete picture of an MLD/ZLD
treatment system. Providing a thorough economic, energetic, and environmental impact as-
sessment can assist in evaluating the appropriate individual or combination of pretreatment
technologies for scaling and fouling control.

This study is focused on the use and development of unit models with experimental
data validation and evaluation of pretreatment technologies to demonstrate both the
benefits and the downsides of the pretreatment units. Unlike previous studies that focus on
individual treatment methods, this research provides a comparative analysis of standalone
and coupled pretreatment strategies, identifying optimal configurations based on energy
efficiency, operational cost, and performance in desalination brine treatment.

The main case study in this work is the desalination brine from the brackish water
reverse osmosis (RO) process in the Kay Bailey Hutchison Desalination Plant (KBHDP) in
El Paso, Texas, United States, which is the world’s largest operational inland desalination
plant. Process unit models were used to simulate the operation of different pretreatment
processes to provide baseline approximations of the energy and operational costs and iden-
tify where improvements need to be made to minimize costs and/or energy consumption.
The WaterTAP program, an open-source program developed by the National Alliance for
Water Innovation, was utilized to provide model simulations of water treatment systems
under steady-state conditions to estimate performance, energy, and costs [25]. In addi-
tion, the incorporation of other software, such as PHREEQC v3 (2021) [26] and Avista’s
AdvisorCi (Avista AdvisorCi Online) [27], was deemed useful to evaluate the need for
pretreatment in a system based on the input and target water quality. For consistency in
this evaluation, we assume that the water quality leaving each pretreatment process is
comparable, enabling a direct comparison of unit performance in terms of cost, energy, and
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environmental impact. While variations in effluent water quality may exist in real-world
applications, this assumption allows for a relative assessment of each process under similar
operational conditions.

2. Pretreatment of Brine

Brine with a high concentration of organics and sparingly soluble salts can cause
organic fouling and scaling in membrane desalination technologies, respectively. Multiple
studies have reported scaling and fouling in pressure-driven membranes [28-33] and
thermal-based [34-37] desalination plants can deteriorate system performance, leading to
increased energy consumption and operational costs [29,33,38].

Organic fouling is usually associated with the total organic carbon (TOC) or natural
organic matter (NOM) (e.g., humic substances, carbohydrates, amino acids, and carboxylic
acid) present in the brine, which can cause fouling by interacting with the divalent ions
present in solution [39] and the membrane surface in the desalination stage [40]. Apart from
organic fouling, other forms of fouling, such as colloidal fouling and biofouling due to the
adhesion and accumulation of microorganisms accompanied by biofilm development on
the membrane, can account for up to 40% of the total fouling in pressure-based membrane
desalination [41-43].

In the case of scaling, common inorganic scale-forming minerals consist of calcium
carbonate (CaCQO3), calcium sulfate (CaSQ,), and SiO; due to their abundance in brines and
low solubilities. CaCO3 and CaSQOj scaling depends on alkalinity, dissolved carbon dioxide
(CO,), temperature, ionic strength, and pH of the brine [44]. In particular, S5iO, scaling
remains a major problem for desalination due to the lack of understanding of the scaling
mechanism [45]. Without removal in pretreatment, scaling will result in equipment and
membrane damage, higher energy demand, increased operation and maintenance costs,
and reduced water recovery and quality [23,45-49].

The complex nature of brines and their high TDS content limit the selection of pre-
treatment processes. Careful consideration of brine chemistry, removal requirements, cost
and environmental limitations must be convoluted in designing appropriate pretreatment
process combinations for effective MLD/ZLD applications [22,23]. For this study, chemical
softening (CS), chemical coagulation (CC), and electrocoagulation (EC) are evaluated as
pretreatment technologies due to their ability to remove a broad range of inorganic and or-
ganic constituents. Ion exchange (IX) is also considered because it is effective in selectively
removing organic and inorganic compounds, heavy metals, nutrients, hardness, and other
pollutants [22,23]. Table 1 reports the typical removal efficiencies for these pretreatment
processes in relation to the feed TDS. Membrane filtration pretreatment technologies, in-
cluding microfiltration, ultrafiltration, and nanofiltration, were excluded from this study
due to their fouling propensity during brine treatment [22]. While nanofiltration (NF) can
be effective for reducing brine volumes and is being explored in similar applications, its
performance in this study is not directly evaluated due to its limitations in achieving a
strong separation of monovalent and divalent ions, which impacts downstream recovery
processes. Although silica scaling is often cited as a limitation [50,51], NF can still achieve
~50% recovery with antiscalants; however, the resulting permeate quality would differ
significantly from other pretreatment options, making direct comparisons in this study
impractical. In addition, biological treatment processes such as conventional activated
sludge, microbial fuel cells, and microalgae are excluded due to operational challenges and
toxicity of the brine to microorganisms [22]. Finally, advanced oxidation processes and
adsorption through granular activated carbon, while commonly applied as a pretreatment
alternative of brines with organics [22,23,52], were also excluded due to the low organic
content of the KBHDP brine (as shown in Table 2).
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Table 1. The removal efficiencies for the different pretreatment options reported in the literature for hardness and silica in brackish water and brine applications.

Pretreatment Unit ! Feedwater TDS, mg/L Hardness Silica References 2 Suitability of Treatment
39,100 99.8% 99% (Ayoub et al., 2014) [53]
. . 5700 60% 71% (Juby et al., 2008) [54] Suitable for high salinity applications (>20 g/L of TDS)
Chemical Softening 7800 99.5% 77% (Mohammadesmaeili et al., 2010) [55] with high hardness content.
6100 99% 81% (Subramani et al., 2012) [56]
1050 NR 3 15% (Ho et al., 2015) [57] . i i ) . o i
Chemical Coagulation 32,000 NR 94% (Sun et al., 2022) [58] Suitable in medium to d},‘lgh s?ll,lmty applications with low
3900 NR 64% (Chen et al., 2017) [59] to medium silica content.
3900 NR 89% (Chen et al., 2017) [59] New technology has yet to be tested thoroughly at full
Electrocoagulation 2500 NR 80% (Den and Wang, 2008) [60] scale but has shown promise in medium or high salinity
1600-2058 55% 95% (Liu et al., 2022b) [61] applications (>20 g/L of TDS) with high silica content.
NR 82% NR (Boonpanaid and Piyamongkala, 2023) [62] . .. L
Ion Exchange NR 55% NR (Comstock and Boyer, 2014) [63] Su1tablevf7ci):hl mzriz?nhrtl:{ﬁa%p}k::;fiz (cj)i’i(;e g; of TDS)
500 81% NR (Hailu et al., 2019) [64] & ’

Notes: ! The reported removal percentages are dependent on the type of water and its respective water quality of the study, as well as operational goals, inputs, materials, and conditions
established by the authors. 2 Salinity and removal efficiencies reported in order of citation. > NR = Not Reported.
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Table 2. Water quality characteristics of the KBHDP brine.
KBHDP Brine ¢
Parameters Minimum Mean Maximum
pH 7.8 8 8.2
Temperature, °C 23 25 28
TDS, mg/L 10,300 10,725 11,200
Conductivity, uS/cm @ 16,600 18,122 20,200
Total Hardness, mg /L ° 2050 2300 2430
Total Alkalinity, mg/L P 400 430 445
Calcium, mg/L 281 610 935
Magnesium, mg/L 86 161 183
Sodium, mg/L 1730 2810 3260
Chloride, mg/L 4840 5090 5540
Silica, mg/L 27 130 173
Sulfate, mg/L 1050 1115 1200
Turbidity, NTU 0.06 0.30 1.94
TOC, mg/L 15 9 12

Notes: @ Based on TDS measurements as sodium chloride (NaCl). ® Units of mg/L as CaCO3. € Data collected
from [65,66].

CS pretreatment, which involves the addition of chemicals such as caustic soda
(NaOH), hydrated lime (Ca(OH);), and/or soda ash (NayCO3), is very useful in MLD/ZLD
applications since it can effectively reduce scaling ions in brines such as Ca?*, Mg?*, and
5i0; [22,53,55,67]. A high pH in the range of 9.5 to 11 can effectively remove SiO; in CS
due to the co-precipitation or adsorption mechanism of Mg(OH), and the Mg?* and SiO,
complexes being formed [68]. CC is a conventional treatment process for the removal of
colloidal and dissolved substances using coagulants such as alum (Al(SO4)3-14H,0), ferric
chloride (FeCl3), and polymeric coagulants to destabilize colloidal particles and enhance
floc formation [22,69]. CC has been tested as a pretreatment alternative in different types
of brines and high TDS waters with successful removal of organic compounds upwards
of 30% [70-75]. Coagulants have also demonstrated effective removal of SiO, due to its
adsorption on the precipitates generated in the process, e.g., iron hydroxide (Fe(OH)3) and
aluminum hydroxide (AlI(OH)3), under basic conditions in the water, i.e., pH greater than
7 [58,59,76,77].

EC relies on in situ electrochemical generation of coagulants via dissolution of sacri-
ficial anodes [78]. The sacrificial electrodes are typically metal (e.g., iron and aluminum)
and dissociated by an electric current, producing hydroxy-metal coagulant species fol-
lowed by floc formation that remove pollutants like suspended solids, colloids, and or-
ganic/inorganic compounds through complexation, enmeshment, or adsorption processes.
EC has been explored as a viable pretreatment alternative for multiple saline streams before
membrane or thermal desalination processes [59,79-83]. One of the advantages of EC
applications in high salinity brines is that the high electrical conductivity of the stream
eliminates the need for electrolyte addition, resulting in lower electrical resistances and
less overall energy demand than treating other lower salinity water.

IXis a common advanced treatment approach that uses packed beds of resins or metal
oxide/hydroxide granules (e.g., activated alumina) for the removal of inorganic ions via
exchange of the unwanted ion for the mobile ion in the adsorbent or direct adsorption, re-
spectively. Cations and anions can be removed by synthetic resins, while other constituents,
such as iron and SiO,, can adsorb directly onto hydrous metal oxides/hydroxides [84,85].
IX has proven to be a reliable barrier against the formation of sulfate, hydroxide, and car-
bonate scaling and a valuable approach for corrosion control of desalination equipment [86].
Because the removal mechanism for IX relies on the exchange of monovalent ions in the
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resin with divalent ions in the water matrix, the capacity of the resin can be rapidly depleted
by high concentrations of influent TDS [87]. The maximum TDS and hardness that IX resins
can be applicable range from 500 to 20,000 and 500 to 2000 mg/L, respectively [88-90].

3. Methods
3.1. Case Study Description

Bench experiments and pilot-scale testing of pretreatment technologies for RO brine
treatment were conducted at the KBHDP to provide data for model validation. Table 2
presents the respective water quality characteristics for the KBHDP brine. The treatment
flow rate for this study is designed as 3 MGD (11,356 m3/d) of brine generated at the
KBHDP, which is the actual flow rate of the brine at the facility.

The KBHDP desalinates brackish groundwater using RO to produce 27.5 million
gallons per day (MGD, or 104,100 m3/d) of drinking water at full capacity with an RO
water recovery of 82.5%. The KBHDP is the largest operational inland BWRO desalination
plant in the U.S., providing approximately 5% of the total annual water supply to El Paso,
and is planned to be expanded to 33 MGD (124,918 m3/d) [2]. Approximately sixteen
production wells and blend water wells feed groundwater from the Hueco Bolson aquifer
to the KBHDP, with TDS ranging from 2500 to 3600 mg/L. The KBHDP generates 3 MGD
(11,356 m3/d) of brine, which is disposed of through three gravity-driven injection wells.
As previously discussed, deep-well injection, while being a low to medium-cost brine
management alternative, can have environmental impacts such as increasing soil and
groundwater salinization and contamination at the disposal site [7,14].

The Langelier Saturation Index (LSI) was used as an indicator of the scaling potential
and was estimated to be 1.85 for the KBHDP brine using the proprietary software by Avista
Technologies—AdvisorCi Online. PHREEQC was also used to identify possible minerals
that can precipitate from the KBHDP brine and cause scaling in downstream processes. The
key scaling minerals in the KBHDP brine with a high probability of precipitating due to
supersaturation conditions (having a saturation index > 0) and their respective saturation
indices obtained are presented in Table 3 if no pretreatment is considered. In addition, the
scaling potential of the different minerals was evaluated, accounting for an additional 60%
water recovery scenario and the removal of both hardness and SiO, on the brine with a
process such as CS, assuming a similar removal efficiency as in [55], to show the changes
on the saturation indexes of the different minerals. The goal of this evaluation was to
verify how the scaling indexes change when considering downstream membrane-based
processes that further concentrate the brine. The increased scaling potential of the brine
can lead to additional complexity in its post-treatment since the higher concentration of
scaling minerals may affect the subsequent desalination processes that aim to reduce brine
volume and recover additional water. This can also affect deep-well injection disposal due
to a greater risk of mineral precipitation that may clog the wells and lead to a significant
increase in maintenance costs.

Table 3. Oversaturated mineral species present in the KBHDP brine and their change when consider-
ing an additional 60% water recovery on the brine.

Saturation Index

Saturation Index (After Removing 90% of

Minerals—KBHDP Saturation Index (Feed Brine) (Additional 60% Recovery Hardness and 75% of Silica in
of the Feed)
the Feed)
Aragonite (CaCOg3) 1.61 2.48 0.82
Calcite (CaCOs3) 1.76 2.63 0.96
Chalcedony (SiO;) 0.90 1.31 0.28
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Table 3. Cont.

Saturation Index

Saturation Index (After Removing 90% of

Minerals—KBHDP Saturation Index (Feed Brine) (Additi(());\;&}l1 :(;Z‘; g)ecovery Hardness and 75% of Silica in
the Feed)

Chrysotile (Mg3Si;Os(OH)y) 3.52 8.27 —0.66

Dolomite (CaMg(CO3),) 3.29 5.05 1.66

Sepiolite (Mg4SisO15(0OH),-6H,0) 3.63 7.48 —0.19

Silica quartz (SiO,) 1.33 1.74 —0.56

Strontianite (SrCOs3) 0.68 1.55 0.88

Talc (Mg3SisO19(OH),) 9.02 14.61 3.59

3.2. WaterTAP Program and Models

The case studies and unit models were simulated using the WaterTAP program [25],
an open-source Python package designed to provide analysis of full water treatment trains
through simulation, optimization and other advanced analysis. WaterTAP models are
compatible with the Institute for Design of Advanced Energy Systems (IDAES) Platform,
an advanced process systems engineering tool developed by the U.S. Department of Energy
that provides the benefit of utilizing equation-oriented algebraic modeling, open-source
and commercial solvers, libraries of process units and property packages, and a diverse
set of analysis tools. WaterTAP can (i) build water-specific designs, (ii) provide treatment
system cost optimization, (iii) improve existing systems, and (iv) enable the analysis of
innovative designs through the incorporation of emerging technologies.

3.3. Pretreatment Unit Design Values

This assessment employed the unit models for CC, EC, CS, and IX that are available
in the WaterTAP open-source library, of which both EC and CS were developed by the
research team at New Mexico State University (NMSU) in collaboration with WaterTAP
developers. In this study, we used $0.03/kg for the final sludge disposal cost in addition
to accounting for the costs of sludge processing units before disposal, such as thickening
and dewatering. The detailed inputs and outputs of the different models are presented in
the supporting information (SI). The CS, CC, and EC models are assumed performance
models where the removal efficiency of target pollutants is based on reported efficiencies
in the literature.

The dosing predictions from CS were based on approaches presented in water treat-
ment handbooks [84,85], where dosing is based on incoming water quality (pH, hardness,
alkalinity, and dissolved CO; concentrations). The general sludge generation in CS was
estimated by adapting empirical equations from the Water Quality and Treatment: A Hand-
book on Drinking Water [85]. Effluent water quality for the CS model chemical dosing
assumes that both Ca?* and Mg?* are lowered to their practical solubility limit levels of
30 mg/L as CaCO3 and 20 mg/L as CaCOs, respectively [84]. Inputs for the IX model were
based on experimental data obtained from pilot-scale testing at the KBHDP (publication in
development) with strong acid cation (SAC) resins for hardness removal, whilst EC model
inputs were obtained based on common values reported in the literature for brine with
similar composition. The inputs of the CC, EC, and IX models are presented in Table 4.
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Table 4. WaterTAP model inputs.

Design Input Value

Coagulant dose Aly(SO4)3 1 650 mg/L (Dialynas et al., 2008) [70]
Coagulant dose FeCl3 E 595 mg/L (Chen et al., 2017) [59]
Current density 2 200 Amperes per m?
Electrode gap 2 0.02m

Current efficiency 2 100%

Fe?* electrode dose 2 200 mg/L

A3 electrode dose 2 100 mg/L

Retention time—Flocculation basin 2 15 min
Dimensionless Langmuir isotherm coefficient 3 0.24

Resin capacity 3 1.89 mol/kg

The service flow rate through resin bed 3 12 bed volumes per hour
Resin diameter 3 0.0006 m

Bed depth 3 1.8 m

Bulk density 3 0.8kg/L

Porosity 3 0.5

NaCl regenerant concentration > 0.08 kg/L

Note: ! Chemical coagulation. 2 Electrocoagulation. 3 Ion exchange—NMSU experimental results.

The CS chemical costs adapted in this study were $0.24/kg of 95% Ca(OH),, $0.28/kg
of 98% NayCOs, and $0.59/kg of 50% NaOH, respectively. In the case of CC, the costs
of the FeCl; and Aly(SO4); were adapted as $0.88/kg FeClz and $0.69/kg Al (SO4)3 [59].
The electrode costs for the EC unit were adapted from the literature as $2.23/kg Al and
$3.41/kg Fe [91]. For IX, this study includes the cost of the deionized (DI) water for
preparing regenerant solutions, which increases the cost of the regenerant to $0.60/kg of
NaCl + DI water (CED and CO; emissions are not accounted for the DI water production).
In addition, a safety factor of 10% on the incoming hardness and an increase in the annual
replacement rate of the resins from 5% to 30% [92] were considered to account for the effect
of the brine’s ionic strength in the resins. Additional descriptions of costs considered in
these units are further discussed in the SL

The capital expenditure (CAPEX) and operational expenditure (OPEX) values in this
study are used as a relative comparison of unit processes rather than absolute cost estimates,
ensuring that all treatment options are evaluated under the same assumptions. While
WaterTAP provides a structured framework for cost estimation, its capital cost models are
not fully validated for real-world applications. To ensure consistency, all processes were
assessed using the same methodology, allowing for meaningful relative comparisons of
cost-effectiveness, even if individual cost values may deviate from actual project estimates.
These findings should be interpreted as a relative economic assessment rather than direct
cost projections for implementation, design, and construction.

3.4. Economic, Energetic, and Environmental Assessment

Providing an economic, energetic, and environmental assessment for pretreatment
technologies can aid decision-making when considering the brine system design, opti-
mization, and integration. Similar approaches have been presented in the literature, either
with all three criteria evaluated together or individually [4,14,17,93], and in conventional
desalination applications [94-97]. The points of evaluation considered and the exclusions
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> Pretreatment: |

in this study are presented in Figure 2. Emissions and energy demand from waste disposal,
as well as chemical or waste transportation, were excluded from the analysis since these
are dependent on their respective transportation distances. In addition, emissions and
energy demand from the construction phase of the different units were excluded because
the operational phase impact is larger than that of the construction phase and can be con-
sidered as impulse energy consumption and emissions [98,99]. The chemical and material
manufacturing /production energy demand and CO, emission factors were based on an
extensive search for the reported literature values, which are presented in the SI [100-106].
The goal of such material manufacturing/production energy demand and CO, emission
factors is to quantify both the energy usage and emissions in the creation of key inputs in
the pretreatment process.

Disposal Transport
$ Waste Management $
Treatment System
Waste Disposal : I
KBHDP Brine Target WQ

3 MGD GS, CC, EC, & IX Target removal efficiency:

-

Chemical/Material
Transport

Hardness >= 90%

x $ Costs Energy Emissions
oo

Figure 2. Evaluations considered in this study.

A comprehensive economic assessment can evaluate the economics of a treatment
system and provide valuable information for its design and operations. The performance of
these pretreatment technologies is evaluated based on four criteria, including (i) levelized
cost of water (LCOW), (ii) specific energy consumption (SEC), (iii) cumulative energy
demand (CED), and (iv) carbon emissions as carbon dioxide (CO;). Formulas for these
performance metrics are shown in Equations (1)-(4):

Annualized CAPEX (%) + OPEX (%)

CED =

LCOW = 3 M)
. ] o
Treatment Unit Capacity (W)
Unit Energy Consumption (kyﬁrh)
SEC = 3 @
Treatment Unit Capacity (%)
Unit Energy Consumtion (kgh) + Chemical /Material Manufacturing Energy Demand ( k;\;h)
3)
. . 3
Treatment Unit Capacity (%)
Chemical/Material Manufacturing Emissions (kg%oz)
CO; Emissions = @

Treatment Unit Capacity (I;‘—rs)

This research uses the LCOW as the economic indicator with units of 2024 U.S. dollars
(%) per treatment of one m? of brine ($/m?) accounting for the current market inflation.
The LCOW was calculated to account for a time duration of 30 years and an interest rate
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of 5%. It includes all expenditures for project construction and operation, including fixed
and variable components that influence the overall cost [107]. Costs considered account
for both capital and operational expenses of the pretreatment technologies, as well as cost
factors provided by WaterTAP presented in the SI.

An energy assessment can help identify opportunities for energy optimization and
cost reductions when considering MLD/ZLD applications due to the high energy demand
of most brine treatment technologies. The SEC (Equation (2)) is defined in this work as the
energy required, in kilowatt-hours (kWh), for the treatment of one m? of brine (kWh/m?3).
The CED metric (Equation (3)) is inclusive of both the pretreatment unit’s energy demand
and the energy demand for the manufacturing/production of the chemicals and materials
used in these processes, where their input is normalized per volume of the treated brine
(mass chemical /materials per volume treated). These energy inputs are not considered in
the LCOW (Equation (1)) since the cost of the chemical /materials adapted in the LCOW
accounts for the costs of the energy consumption in their production.

The environmental assessment in this study aims to quantify the CO, emissions
produced in the manufacturing/production of the different chemicals, as well as the
energy and materials needed for the operation of these units (Equation (4)). Focus on
CO; emissions is emphasized due to current interests in the decarbonization of the water
sector, with the European Union and the U.S. setting goals to become carbon neutral by
2050 [108-112]. Because water treatment, transportation, utilization, and storage account for
up to 10% of global greenhouse gas emissions (GHGs), decarbonization of the water sector
will play a major role in addressing climate change [110,113]. The unit for evaluation of
CO, emissions is kilograms of COy.¢q for the treatment of one m? of brine (kg CO2.eq/ m3).

4. Results and Discussion

WaterTAP was used to model the different pretreatment units of interest in this
analysis to treat the KBHDP brine, focusing on removing the key scaling constituents
(i.e., hardness and silica) in the brine to acceptable levels for the subsequent membrane
desalination processes to achieve MLD or ZLD. The costs considered for the pretreatment
models are available in the SI, and model details can be found in the online WaterTAP
documentation [25]. The application of CS and IX processes is expected to remove more
than 90% of hardness, while EC, CC, and CS target to remove more than 75% of the SiO,.
Each pretreatment unit and respective combinations were evaluated with a feedwater flow
rate of 11,356 m3/d (3 MGD).

4.1. Individual Pretreatment Units

The modeling results of the LCOW, CO; emissions and SEC for the different pretreat-
ment units are shown in Figures 3 and 4 for the KBHDP brine. Table 5 summarizes the
CAPEX and OPEX values of individual pretreatment technologies. The breakdowns of the
individual components contributing to the CAPEX and OPEX of the pretreatment units are
shown in Figures 51-519 of the Supplementary Materials.

The calculated LCOW for both CS with Ca(OH), and Na,COj3 ($0.96/m3) and CS
with NaOH ($1.38/m?) is not consistent with the reported range in the literature of
$0.30-$0.90/m? in brine treatment applications [114-117]. This discrepancy arises be-
cause the literature values primarily reflect operational costs, while our study includes
capital costs and waste disposal expenses. The high costs in CS are largely driven by the
high chemical costs of Ca(OH);, Na,COj3, and NaOH, discussed in Section 3.3, which are
dependent on the doses required to remove incoming hardness. Since the KBHDP brine
has a high non-carbonate hardness, 85-95% of the total operational cost for CS is for the
purchase of Nay;CO3 and NaOH.
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Table 5. CAPEX and OPEX values for 11,356 m3/d individual pretreatments in the KBHDP brine
and scaled to 2024 U.S. dollars. (M = million).

Pretreatment Unit

CAPEX, $M  OPEX, $M/Year

Highest Contributor in the CAPEX

Highest Contributor in the

OPEX
CS—Lime $2.78 M $3.79 M /yr Sedimentation basin (30%) NayCO3 dosing (57%)
CS—Caustic $3.70 M $5.50 M/yr NaOH feed system (33%) NaOH dosing (82%)
CC—Alum $3.40 M $2.35 M /yr - Alum dosing (93%)
CC—Ferric $3.54 M $3.49M/yr - FeCl; dosing (88%)
IX $3.13M $5.90 M/yr Regenerant anéi’;c)kwas}‘mg tank NaCl regenerant (88%)
EC—AI $341M $1.93 M/yr Sludge management units (63%) Electrode replacement (65%)
EC—Fe $3.14M $4.34 M /yr Sludge management units (63%) Electrode replacement (87%)
Notes: CAPEX and OPEX account for the costs of sludge management units, gravity thickener and filter press.
CAPEX values account for the application of the default WaterTAP cost factors. The highest contribution of
CAPEX for CC units is not specified in the zero-order WaterTAP model.
2.00 3.50
1.80 3.01kg
3.00
1.60
@)
1.40 $1.38 2.50 f
o 3
E 1.20 50.96 AL 200 &
&+ . =
Q
§ 1.00 | I_ $0.90 2
®) 1.37 k = 3
D 0.0 & 1.50 &
= s $0.62 ®)
0.60 % N 1.00 j.?
0.40 § £
N 050 =,
0.20 §
0.00 0.00
CS-Lime CS-Caustic CC-Alum CC - Ferric IX EC- Al EC-Fe

CO, emissions O Lcow
Figure 3. LCOW and CO; emissions for the individual pretreatment units in the KBHDP brine.

The LCOW of CC using both Al»(5O4)3 and FeCl; falls in the reported literature range
of $0.05-1.2/m3 [70,118,119], though like CS, prior studies often exclude capital and sludge
management costs. FeCl3-based CC has higher costs than Al,(SO4)3-based CC due to its
greater dosing requirement, with chemical costs comprising 88-93% of total OPEX, while
sludge management accounts for only 2-5%. The highest associated CO, emissions are
from CC with FeCl3 (1.8 kg CO,/ m?), and CC with Aly(SO4)3 (3.0 kg COz.eq/ m?) as shown
in Figure 3. This can be attributed to the high dosing requirement and the respective
emission factors adapted in this assessment [100,105,120]. On the other hand, CS with
Ca(OH), and NayCOj3 (1.4 kg COz.eq/ m?3) and with NaOH (1.4 kg COz.eq/ m?) are the
lowest emissions of the chemical-based processes (Figure 3). Both CS and CC have similar
treatment trains, including a rapid mixer and a flocculation basin. The mechanical design
inputs for the rapid mixer and flocculation are the same in both systems, so the SEC of both
CS and CC treatment units are similar. A more noticeable difference can be observed in
the CED (Figure 4) between CS and CC applications when considering the energy demand
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for chemical production. Chemical and material production fractions of the total energy
consumption can be significant, especially when the system operation depends primarily
on the addition of chemicals and the replacement of key treatment materials that must be
manufactured constantly. Accounting for this energy consumption aspect gives a broader
view of the use of these units as pretreatment alternatives. An increase in the CED is
observed when accounting for chemical production energy consumption in both the CS
with Ca(OH), and Na,COj3 (6.3 kWh/m?) and CS with NaOH (4.7 kWh/m?), as shown
in Figure 4. Low energy consumption in the production of Aly(SO4)3 and FeClj can be
observed in the CC pretreatment, and since these are the only chemicals added, the overall
energy for producing only these chemicals is low compared to CS. Such differences in both
coagulants may be primarily attributed to their different manufacturing processes.

1.20 700 Q
]
. :
= - 6.00 =
= 1.00 o= o
£ - 5
~ = a
) " Y
> 4.57 i 500
E 080 - 5
= o= o
5 : o
: 4| :
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o o ! =.
g 4263 : 300 E

ol |
[~ "'l m =~
Y040 ) "1.94 =
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2 0.67 e o A
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|0.07 - = '
0.02 0.02 0.03 0.03 ]‘ ] -
0.00 L= el =] [ = 0.00
CS-Lime CS- Caustic CC- Alum CC - Ferric IX EC- Al EC - Fe
@ SEC (Pretreatment Units) I CED (Units + Chemical and Material Production)

Figure 4. The specific energy consumption of pretreatment units and the cumulative energy demand
of the pretreatment units with chemical /material energy in the KBHDP brine.

The IX system demonstrated 98% hardness removal efficiency in the WaterTAP model
but showed high operational costs due to a short 2.5-h breakthrough time caused by high
influent hardness. Regenerant consumption (8.5 million kg/year) accounts for 88% of
OPEX, with backwash and regenerant solution tanks as the main CAPEX contributors.
The LCOW for IX ($1.47/m?) is in the range documented in the literature from $0.08
to $1.8/m?3 [22,121]. The CO, emissions for IX are 2.1 kg CO,/ m3, attributable to NaCl
production and the polystyrene media replacement rate. The SEC of the IX unit for water
pumping (0.07 kWh/m?) falls in range with values reported in the literature [122], while
the CED of the replacement and production of the media and regenerant represents up to
98% of the total. Longer breakthrough times via higher-capacity resins, feed dilution, or a
lead-lag column configuration could reduce these costs.

The LCOW of EC using Al and Fe electrodes is estimated to be $0.52/ m3 and 1.10/m3,
respectively. These costs fall in the range with reported values of $0.40-$12/ m3 in the
literature for brine treatment applications [123-125]. Notably, reported values typically do
not include capital costs, only operational ones, which are dependent on several factors
(electrode material, current density and efficiency, electricity cost, constituent removal, and
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retention times). Same as CC, most of the reported costs in the literature only account for
the operational costs and do not account for the capital costs involved in the system, such
as reactors, initial electrode purchase, and power supply, which can typically account for
up to 60% of the total capital cost in an EC system [126]. The difference in the costs of AI-EC
and Fe-EC is mostly attributed to the difference in the electrode material costs, discussed
in Section 3.3. The reactor material was assumed to be polyvinyl chloride (PVC) to avoid
corrosion issues from the brine [127]. The CAPEX in the EC system was influenced by the
sludge management units (61% for Al and 63% for Fe) as well as the power supply (19%
for Al and 13% for Fe) and the flocculation basin (18% for Al and 19% for Fe). The main
contributors to the OPEX consist of the replacement rate of the electrodes (65% for Al and
87% for Fe), energy consumption (17% for Al and 5% for Fe), and sludge management and
disposal (18% for Al and 8% for Fe).

For CO; emissions, the replacement rate of the Al and Fe electrodes is based on the
electrode dissolution dosages in the system (100 mg/L of Al and 200 mg/L of Fe), which
were adapted from the literature [59,61]. The EC emission impact for the manufacturing
of Al and Fe electrodes was estimated to be 0.95 kg COy.¢q/ m? and 0.82 kg COzeq/ m?3,
respectively. The energy consumption of each is the driving factor in the difference of
their emission rates as well as the adapted emission factor for the generation of Al and
Fe sheets. The SEC for Al and Fe EC units are calculated at 1.03 kWh/m? and 0.66
kWh/m3, respectively, and are the highest SEC values compared to the other pretreatment
methods. The estimated energy consumption complies with the reported values treating
brackish/brine water 0.1-2.90 kWh/m?3 [60,128]. The CED accounting to produce the Al
(2.6 kWh/m3) and Fe (1.9 kWh/m?) materials is based on the replacement of the electrodes
throughout their operation and is shown to have a minimal impact in comparison to the
other pretreatment units, which require a higher quantity and a constant replacement
of chemicals.

4.2. Coupled/Combined Pretreatment Processes

There have been limited studies exploring the coupling of different pretreatment units
in terms of their impact on LCOW, CO, emissions, and SEC. This study evaluated various
pretreatment combinations, with selections guided by the expected performance of each
unit in removing both key constituents (hardness and silica) and the feasibility of integration
within the system. The different combinations evaluated in this work were determined
based on the performance of individual units while also considering cost-effectiveness and
operational feasibility.

The integration of CS with Ca(OH), and Nay,CO3 was selected due to its lower overall
costs in comparison with CS with NaOH in the previous section. Similarly, CC pretreatment
with FeCl3 was chosen as the primary coagulation method because it resulted in lower CO,
emissions, CED, and SEC. Additionally, aluminum (Al) was the only electrode material
considered for EC. Another critical factor in selecting coupled pretreatment processes was
the effective minimization of waste disposal, particularly with the inclusion of IX.

The combinations of pretreatment options considered for each case study are shown
in Figure 5. CC targets SiO, reduction, while IX is focused on hardness reduction. The
EC + CS combination is designed to reduce both SiO; and hardness. Coupling CS and
CC is a well-documented treatment approach [72,129,130], offering cost advantages by
leveraging shared treatment infrastructure and equipment, as Ca(OH),, Na,COj3, and FeCl3
dosing can be implemented at different points within the system. Treatment combinations
such as EC + IX and CC + IX are also found in studies focusing on the treatment of
industrial wastewater, leachate, and brackish water, demonstrating effective pollutant
removal [131-136]. Figures 6 and 7 present the modeling results for different pretreatment
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combinations for KBHDP brine, while Table 6 presents the CAPEX and OPEX values of the
evaluated pretreatment technologies.

Chemical Softening Chemical Coagulation
(Lime + Soda Ash) > (Ferric Chloride)

. . Target Removal:
Chemical Coagulation TIon Exchange p gd o
(Ferric Chloride) ~ > (SAC Resins) D — nej; 6

Silica > 75%

Electrocoagulation Ion Exchange
(Aluminum Electrodes) (SAC Resins)

Figure 5. Pretreatment couplings targeting the removal of both hardness and silica.
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Figure 6. LCOW and CO, emissions for the different coupled pretreatment units for the KBHDP brine.
Table 6. CAPEX and OPEX values for 11,356 m3/d pretreatment couplings in the KBHDP brine and
scaled to 2024 U.S. dollars.
Pretreatment CAPEX,$M OPEX,$M/Year  Highest Contributor in the CAPEX ~ 1lighest Contributor in the
Coupling OPEX
CS+CC 2.78 8.17 Sludge management units (32%) FeCl3 dosing (37%)
CC+IX 6.67 9.47 Coagulation system (73%) NaCl regenerant (69%)
EC + IX 6.54 6.73 Sludge management units (50%) NaCl regenerant (58%)

Notes: CAPEX and OPEX account for the costs of sludge management units (gravity thickener and filter press).
CAPEX values account for the application of the default WaterTAP cost factors.
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Figure 7. The specific energy consumption of pretreatment units and the cumulative energy demand
of the coupled pretreatment units with chemical /material energy in the KBHDP brine.

The CC + IX coupling has the highest LCOW out of the pretreatment couplings
($2.39/m3), with the major OPEXs attributed to the FeCls chemical dosing (16%) and the IX
resin regenerant (69%). The high requirement of NaCl regenerant for the IX pretreatment
accounts for 44% of the total emissions and 73% of the CED in the production of the
regenerant, while the production of FeCls for the CC unit accounts for 56% of the total
emissions and 13% of the CED. Coupling CS with CC results in the second-highest modeled
LCOW of the combinations ($2.01/m?), as shown in Figure 6. This combination accounts
for the same treatment units but different chemicals for dosing. High non-carbonate
hardness requires high dosages of Ca(OH), and NayCOj3, while the dosing of the coagulant
is assumed to be lowered by 50% to account for the removal of a smaller amount of
the present SiO, [137]. Both the CO, emissions and SEC of the CS + CC pretreatment
coupling was demonstrated to be the highest and the second highest out of the couplings,
respectively. This is mostly attributed to the high chemical requirements in the coupling.
NayCOj3 production accounts for 43% of the total emissions and 85% of the CED, while
FeCl; production accounts for 56% of the total emissions and 12% of the CED.

The EC and IX coupling had the lowest LCOW of the combinations ($1.73/m?). The
use of EC before IX aims at reducing the hardness of the brine by at least 50%, which is
beneficial for IX when treating the high salinity brine and lowers the quantity of regenerant
needed for the column. The inclusion of the EC unit helped the IX operation by increasing
the breakthrough time of the IX from 2.5 h to a more reasonable breakthrough time of 5 h
due to the 50% reduction of the incoming hardness. With the adaptation of the EC reducing
the hardness by 50%, the regenerant dosing requirement for the IX resins can be reduced by
41% in comparison to the individual pretreatment. The EC + IX coupling has the highest
SEC of the pretreatment couplings due to the use of EC and the second highest CED due to
the requirement of the NaCl regenerant, which represents 75% of the total energy demand,
and the production of the iron electrodes, which represent the remaining 25%. In the case of
CO, emissions, the EC + IX combination has the lowest CO, emissions out of the couplings.
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The regenerant, iron electrode, and energy emissions account for 34%, 55%, and 11% of the
total emissions, respectively.

5. Conclusions

This study utilized a modeling approach to evaluate the economic (Levelized Cost of
Water, LCOW), energy (Specific Energy Consumption, SEC | Cumulative Energy Demand,
CED), and environmental impacts (CO, emissions) of different pretreatment units for scal-
ing minimization in KBHDP brine. Results indicate that high chemical usage significantly
increases costs and environmental impacts, particularly in CS pretreatment, which has an
LCOW of $0.94-$1.38/m?> due to the large quantities of Ca(OH),, Na,COj3, and NaOH, and
CC pretreatment ($0.05-$1.20/m?) with FeCl3 and Al(SO4)3, where chemical purchasing
accounts for up to 93% of total operational costs. CC with FeCl; also had the highest CO,
emissions (1.8-3.0 kg CO,/m?3), primarily due to high coagulant demand.

Among the individual pretreatment units, the EC unit demonstrated lower LCOW
($0.52 (Al) and $1.10/m? (Fe)), lower CO, emissions (0.82 (Al) and 0.95 (Fe) kg CO,/m?),
and moderate SEC (0.66 (Fe) and 1.03 (Al) kWh/m3), making it a promising alternative.
While IX showed a 98% removal efficiency for hardness, it incurred an LCOW of $1.47/ m>
which was primarily driven by regenerant costs (88% of total OPEX). The short break-
through time due to high influent hardness is a key limitation, with potential mitigation
strategies including higher-capacity resins, dilution, or a lead-lag column configuration.

For the KBHDP brine, CS can effectively mitigate both hardness and SiO, but incurs
high sludge disposal costs. A more cost-effective alternative could be the EC + IX treatment
combination, which can reduce hardness by 30-50% before IX, doubling the breakthrough
time from 2.5 to 5 h and lowering regenerant demand by 41%. However, EC + IX has the
highest SEC (due to EC energy use) and requires careful waste management.

The study’s model-based approach provides approximate results and may not fully
capture site-specific operational complexities such as brine quality variations. Additionally,
limited data on energy consumption and emission factors for pretreatment units introduces
uncertainties. Pilot-scale field testing is underway at KBHDP to validate model predictions
and refine pretreatment strategies. Future work will focus on enhancing water recovery,
reducing chemical costs, and converting brine into valuable byproducts (NaCl, NaOH, HCI,
H,S0,) to achieve minimal waste discharge.
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