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Supplementary Note 1 – Feed Sources and Brine Management Approaches
Description of Brine Management Approaches:
In this techno-economic analysis, three water sources were examined for desalination and to evaluate strategies for managing brine generated by desalination. The feed sources considered were seawater (SW), brackish groundwater (BGW), and produced water (PW). Data for BGW and PW were obtained from the United States Geological Survey1,2. For SW, the brine management approaches considered were: (i) ocean discharge (OD) with inland transport of freshwater and (ii) zero liquid discharge (ZLD) with inland transport of freshwater. BGW and PW were evaluated using three brine management approaches: (i) ocean discharge (OD) to the nearest coastline for brine transport, (ii) deep well injection (DWI) at the local site, and (iii) zero liquid discharge (ZLD) on site with salt recovery and revenue. The primary differences between these two feed sources are the initial feed salinity and the corresponding type of reverse osmosis (RO) system required. 
For the SW feed source, two brine management strategies were evaluated. In both cases, the feed stream was first treated using a seawater reverse osmosis (SWRO) system operating at a feed salinity of 3.5 wt.% and a water recovery of 50%, producing a brine stream with a salinity of 7 wt.%. For the OD scenario, the generated brine was discharged to the ocean. Since desalination facilities utilizing SW are assumed to be located near the coast, the cost associated with brine disposal was considered negligible. The freshwater produced by the desalination facility was then transported inland to the specified location (latitude and longitude coordinates), with the associated transport costs (includes vertical and horizontal cost). For the ZLD scenario, the SWRO brine was treated further —the 7 wt.% brine was first processed using a mechanical vapor compression (MVC) system, where additional freshwater was recovered and the brine salinity was increased to 20 wt.%, which was used in this study as the minimal liquid discharge (MLD) endpoint3-6. The concentrated brine was subsequently sent to an evaporation pond (EP), where the remaining water was extracted to reach saturation (26 wt.%) with salt precipitation. The recovered salt was assumed to be sold to offset the capital and operating costs associated with the ZLD process. A baseline salt selling price of 30 $/ton was used and was varied parametrically, as discussed in Supplementary Note 6.
Unlike SW, BGW and PW are inland feed sources distributed throughout the United States and span a wide range of salinities. Fig. S1 shows a histogram of the salinity distribution for BGW and PW sources. In this analysis, feed salinities between 0.05 and 4.8 wt.% were considered, representing practical operating ranges for commercially available RO systems7,8. For BGW and PW feed sources, three brine management strategies were evaluated: ocean discharge (OD), deep well injection (DWI), and zero liquid discharge (ZLD). For the OD and DWI scenarios, desalination was performed using either brackish water reverse osmosis (BWRO) or SWRO, depending on the feed salinity. Feed streams with salinities between 0.05 and 1.2 wt.% were treated using BWRO at a fixed water recovery of 75%8-12. Feed streams with salinities between 1.2 and 4.8 wt.% were treated using SWRO at a fixed water recovery of 50%12-16. If the 50% recovery resulted in an outlet salinity greater than 7 wt.%, the outlet salinity was fixed at 7 wt.% and the corresponding recovery was recalculated. These constraints were implemented to maintain realistic RO operating conditions and water recovery ratios.
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[bookmark: _Ref232195426]Fig. S1: Histogram showing the salinity frequency distribution for (a) brackish groundwater (BGW) and (b) produced water (PW) across the United States.
After RO, the brine was managed according to the selected strategy. For OD, the brine was transported to the nearest coastline for discharge. For DWI, the brine was injected underground at the location of interest. These two approaches required only a single RO stage prior to disposal. The ZLD configuration required additional concentration stages to increase the brine salinity up to saturation. Depending on the feed salinity, one or more BWRO stages were used to pre-concentrate the feed stream to approximately 3 - 3.5 wt.% before entering an SWRO unit. Each BWRO stage operated at a recovery of 75%, with successive stages applied until the target salinity was achieved. The concentrated stream was then processed using SWRO at a nominal recovery of 50%, with recovery adjusted as necessary to maintain a maximum outlet salinity of 7 wt.%. The resulting brine was subsequently treated using MVC, where the salinity was increased to 20 wt.% with additional recovery of freshwater. Finally, the concentrated brine was sent to an EP, where salt precipitation occurred and the recovered salt was assumed to be valorized to offset ZLD-related costs. The energy consumption and capital costs associated with all BWRO, SWRO, MVC, and EP stages were included in the technoeconomic analysis. These brine management pathways were evaluated at each location across the United States to determine their impact on the levelized cost of water (LCOW), and to identify the most economically favorable brine management strategy for each feed type. 
Coastline Analysis: 
For the OD brine disposal approach, the distance from each location to the nearest coastline was required. This was determined by first identifying the latitude and longitude coordinates corresponding to the coastline outline of North America (dataset is supplied by MATLAB). To ensure accurate distance calculations, inland water bodies, including lakes and other internal surface water bodies, were removed from the continental outline to prevent these features from being incorrectly identified as coastal locations. The resulting set of coastal coordinates served as reference points for determining the nearest coastline to each latitude and longitude evaluated in the analysis. For each location, the distance to all coastal points was calculated, and the minimum distance was selected as the distance to the nearest coastline. The North American coastline outline used in this analysis is shown in Fig. S2.
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[bookmark: _Ref232035142]Fig. S2: Coastal Outline for the North American Continent 
Population Analysis: 
Population data was obtained from the United States Census Bureau17-20. The dataset provided population information at the county level for each state, including the total population and county area in square miles. To enable a spatially resolved analysis, the population within each county was assumed to be uniformly distributed across the county area. This approach allowed a population value to be assigned to each latitude and longitude considered in the technoeconomic assessment. The resulting population distribution was applied to evaluate which brine management strategies and feed sources would serve the largest fraction of the population based on cost. 














Supplementary Note 2 – Assumptions and Input Variables
For the LCOW analysis of the desalination systems and associated brine management strategies, several key assumptions were made. The capital expenditures, operating expenditures, exergetic efficiencies, and parameters for each subsystem are summarized in Table S1. All cost and performance data were obtained from values reported in peer-reviewed literature for comparable desalination and brine management systems. The LCOW formulation was further simplified by expressing system performance in terms of overall water recovery, stage-wise recovery, and unit cost parameters, without explicitly resolving system sizing effects (see Supplementary Note S3 and S4). The cost data adopted from the literature primarily correspond to desalination facilities with a nominal capacity of approximately 1000 m³/day, which was used as the representative, distributed-scale system in this study21,22. Although economies of scale are expected to reduce unit costs for larger facilities, this effect was not included to maintain model consistency and reduce additional complexity across the nationwide analysis. Accordingly, a fixed system size was assumed across all scenarios. One main assumption for the ZLD configuration is that salts recovered from SW, BGW, and PW feeds are fully marketable and can generate revenue.
[bookmark: _Ref232038347][bookmark: _Ref232799256]Table S1: Assumptions for system cost and parameters
	
	Input Parameters 
	Symbol
	Value
	Units
	References and Notes

	Reverse Osmosis
	CAPEX for BWRO
	
	600
	
	23-25

	
	BWRO SEC
	
	0.38 – 2.5
	
	26-29

	
	BWRO Exergetic Efficiency
	
	4.5
	%
	10,23,30-35

	
	BWRO Water Recovery
	
	75
	%
	8-11

	
	CAPEX for SWRO
	
	2500
	
	22,36,37

	
	SWRO SEC
	
	2.7 - 5
	
	22,27,29,38,39

	
	SWRO Exergetic Efficiency
	
	31
	%
	40-46

	
	SWRO Water Recovery
	
	50
	%
	12,13,22

	
	Reference SWRO Inlet Salinity 
	
	3.5
	wt.%
	

	
	Membrane Lifetime
	
	5
	yr
	22

	
	RO Lifetime
	
	30
	yr
	22

	Financial Parameters
	Levelized Cost of Electricity
	LCOE
	0.06
	
	22

	
	Discount Rate
	i
	7
	%
	22

	
	Fixed Operations and Maintenance Cost 
	
	2
	
	22

	
	Membrane Replacement Cost
	
	10
	
	22

	Ocean Discharge (OD)
	Horizontal Transport Cost
	
	13.58×
	
	47

	
	Vertical Transport Cost
	
	5×
	
	47

	
	Horizontal Transport Energy Consumption
	
	11.30×
	
	47

	
	Vertical Transport Energy Consumption
	
	4.30×
	
	47

	Deep Well Injection (DWI)
	Levelized Cost of DWI
	
	1.5
	
	22,48-53

	
	Energy Consumption for DWI
	
	3.39
	
	3,22

	Zero Liquid Discharge (ZLD)
	CAPEX for MVC
	
	8430
	
	22

	
	MVC Lifetime
	
	30
	yr
	22

	
	MVC SEC
	
	27
	
	Inlet and exit salinity are 7 and 20 wt.%22,54-56

	
	MVC Exergetic Efficiency
	
	16
	%
	57-62

	
	MVC Outlet Salinity 
	
	20
	wt.%
	

	
	Levelized Cost of EP
	
	5.375
	
	3,63

	
	Salt Selling Price (Revenue)
	
	30 (0.03)
	
	5,64-66



A baseline salt selling price of 30 $/ton was used throughout the techno-economic analysis presented in the main text. This conservative value was selected to avoid overstating the economic benefits of salt recovery while remaining within the range of reported commercial prices. The selected price is based on a compilation of market values for salts that can potentially be recovered from desalination brines, including sodium chloride (NaCl), mixed salts, calcium chloride (CaCl₂), calcium carbonate (CaCO₃), magnesium chloride (MgCl₂), magnesium hydroxide (Mg(OH)₂), and magnesium sulfate heptahydrate (MgSO₄·7H₂O), as summarized in Table S2. Since the present analysis assumes that the recovered solid product is predominantly composed of NaCl, the baseline value was chosen primarily from the reported market prices of NaCl and mixed-salt products. A sensitivity analysis examining the effect of salt selling price on the levelized cost of water (LCOW) is presented in Supplementary Note S7.
[bookmark: _Ref230568750][bookmark: _Ref233586897]
Table S2: Price of different types of salt found in brine
	Type of Salts
	Price 
	Units 
	Reference/Notes

	NaCl Salts
	30 – 200
	
	5,64-73

	Mixed Salts
	5 – 111
	
	54,65,72,Survey and National Minerals Information 73,74,75

	CaCl2 
	210 – 325
	
	5,64

	CaCO3
	62 – 225 
	
	5,64,66

	Mg(OH)2
	240 – 390 
	
	5

	MgCl2
	175 – 210 
	
	5,64

	MgSO4*7H20
	570
	
	66










Supplementary Note 3 – Specific Energy Consumption Calculation
For SW feed, the inlet and outlet salinities are fixed throughout the analysis at 3.5 wt.% and 7 wt.%, respectively, allowing for a constant SEC  of 5 kWh/m3 to be used22. The energy consumption of the MVC unit is assumed to be 27 kWh/m3, while the evaporation pond (EP) is assumed to have negligible energy consumption because it relies on natural evaporation22. Unlike the SW feed source, BGW and PW exhibit substantial variation in salinity across the United States. As a result, the energy required for desalination varies, and a single fixed value for energy consumption cannot be used. Instead, the specific energy consumption (SEC) must be evaluated based on the inlet and outlet salinities, or equivalently the water recovery, associated with each desalination stage. For this, two quantities are required: (i) the minimum reversible work of separation for a finite recovery, and (ii) the exergetic efficiency of the desalination technology. The minimum reversible work establishes the thermodynamic lower bound for separation, while the exergetic efficiency accounts for irreversibilities and practical operating limitations observed in real systems. The relationship between the minimum reversible work of separation and the actual work of separation to obtain exergetic efficiency is shown in Eq. (S1): 
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 is the exergetic efficiency,  is the minimum reversible work of separation for a finite recovery, and  is the actual work of separation required by the desalination system. By combining the calculated minimum work of separation with exergetic efficiencies for BWRO, SWRO, and MVC systems reported in the literature, the actual energy consumption for each desalination stage can be determined. 
Minimum Work of Separation for Ideal Solution: 
The minimum work of separation has been extensively investigated in the desalination literature. Wang et al. derived an analytical expression for the minimum work of separation under ideal solution assumptions and complete salt rejection76. The resulting expression for the minimum SEC at finite water recovery is given by Eq. (S2):
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In this equation, R is the universal gas constant, T is the absolute temperature, (g/kg) is the feed salinity,  is the molecular weight of sodium chloride,  is the density of liquid water, and  is the water recovery. The factor of 3.6×10⁶ is used to convert the units from J/m³ to kWh/m³. The water recovery, , is defined as the ratio of permeate mass produced to the feed mass entering the desalination system, as shown in Eq. (S5). This relationship can be further expressed in terms of feed and brine salinity using an overall mass balance as shown in Eq. (S3), where , , and  represent the feed, permeate, and brine mass flowrates, respectively. Salinity is defined in Eq. (S4) as the mass fraction of dissolved salt relative to the total solution. For the desalination processes considered in this study, the inlet and outlet salinities are known or can be determined from the operating conditions of each stage. Consequently, Eq. (S2) – (S5) can be used to calculate the corresponding minimum reversible work of separation for each location considered in the technoeconomic analysis. Once the minimum reversible work of separation has been calculated, the next step is to estimate the actual energy consumption of the desalination technologies. 
Exergetic Efficiency of Desalination systems: 
To estimate the actual energy consumption of the desalination technologies in this study, literature values were used for representative exergetic efficiencies for BWRO, SWRO, and MVC systems. Exergetic efficiency provides a measure of how closely a real desalination process approaches its thermodynamic minimum energy requirement and can therefore be used to relate the minimum reversible work of separation to the actual energy consumption of a desalination system. Based on literature, exergetic efficiencies for BWRO systems ranged from 1.2–7.6%10,23,30-35, while SWRO systems exhibited higher exergetic efficiencies ranging from 4–32%40-46. For MVC systems, reported exergetic efficiencies ranged from 10–16%57-62. These values are summarized in Table S3. The range in reported values reflects differences in plant design, operating conditions, feed composition, system size, and energy recovery configurations. For the present analysis, representative exergetic efficiencies of 4.5%, 31%, and 16% were selected for BWRO, SWRO, and MVC systems, respectively to reflect the performance of modern commercial desalination systems equipped with contemporary energy recovery and process optimization technologies. To maintain consistency throughout the nationwide technoeconomic assessment, the exergetic efficiency of each technology was assumed to be constant across the range of operating salinities (Table S3). Although exergetic efficiency will vary with operating conditions, this assumption is reasonable to estimate system performance while avoiding the need for technology-specific performance models at each location. 
[bookmark: _Ref232197157]Table S3: Exergetic efficiency of desalination technologies reported in the literature.
	Desalination Technology
	Exergetic Efficiency (%)
	References

	Brackish Water Reverse Osmosis (BWRO)
	1.2 – 7.6
	10,23,30-35

	Seawater Reverse Osmosis (SWRO)
	4 – 32 
	40-46

	Mechanical Vapor Compression (MVC)
	10 – 16
	57-62



By combining the reversible work of separation calculated in the previous section with the representative exergetic efficiencies presented here, the actual SEC of each desalination stage can be obtained using Eq. (S1). This approach enables the energy requirements of BWRO, SWRO, and MVC systems to be evaluated as a function of feed salinity and recovery, allowing the technoeconomic analysis to account for the substantial spatial variability in BGW and PW salinities across the United States. Consequently, location-specific energy consumption and LCOW values can be calculated without requiring detailed process simulations for each desalination facility considered in the study.







Supplementary Note 4 – LCOW Analysis for Desalination and Brine Management Approaches
Sizing the Desalination System: 
To evaluate the levelized cost of water (LCOW) in $/m3 of freshwater produced for the combined desalination and brine management configurations, it is convenient to express the capacity (size) of each desalination stage in terms of the overall system’s water production and recovery. This formulation allows the LCOW equations to be written independently of the total plant size and instead in terms of recovery ratios and unit costs. The feed flowrate entering the desalination system can be expressed as   where  (m3/day) is the total freshwater production capacity of the system and  (-) is the water recovery of the full treatment train. Some configurations consist of a single desalination stage (i.e., RO) that produces all the freshwater, such as the ocean discharge (OD) and deep well injection (DWI) cases. Consequently, the freshwater production (size) of the desalination unit is equal to that of the total system as shown in Eq. (S6), as is the recovery ratio shown in Eq. (S7):
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The total freshwater production can also be related to the feed flowrate entering the desalination system,  (m3/day) and the recovery of the desalination system as seen with Eq. (S8). For the ZLD configuration comprising multiple treatment steps, individual desalination units produce only a fraction of the total freshwater generated by the overall system, as shown in Eq. (S10). In these cases, the freshwater production of each desalination stage must account for the brine from the previous (upstream) stages and the recovery of the current stage. The freshwater production of the  desalination stage can therefore be expressed in Eq. (S10) as: 
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where  represents the recovery of each upstream desalination stage, and  is the recovery of the current stage. For example, consider a coastal SW desalination system with ZLD consisting of RO, MVC, and EP. To determine the freshwater production of the MVC unit, the recovery of all preceding desalination stages must be considered. In this case, the only preceding stage is RO, which has an inlet salinity of 3.5 wt.% and an outlet salinity of 7 wt.%, corresponding to a water recovery of 50%. The MVC unit then concentrates the brine from 7 wt.% to 20 wt.%, corresponding to a recovery of 65%. Therefore, the freshwater production of the MVC unit, calculated using Eq. (S10), is equal to the feed mass flow rate multiplied by the fraction of flow remaining after RO , and then multiplied by the MVC recovery (). The same approach can be extended to desalination trains with additional upstream desalination stages by accounting for the cumulative recoveries of all preceding units. Within this analysis, all capital, operating, and replacement costs can be expressed on a common basis of $/m3 of total freshwater produced, regardless of the number of desalination stages present in the treatment train.
Operating Cost – Desalination and Brine Management: 
Each desalination technology considered in this study includes three operating cost components: fixed operating and maintenance costs, replacement costs, and variable operating costs. These costs are initially calculated based on individual desalination technology and are subsequently converted to a $/m3 of total freshwater produced. The fixed operating and maintenance cost () is assumed to be 2 percent  of the desalination plant capital expenditure () per year, consistent with values reported in literature22,47,77. Since the LCOW analysis is performed on a daily production basis, the annual operating cost must be converted to an equivalent daily cost by dividing by 365 days per year. The resulting expression is shown in Eq. (S11):
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The replacement cost () accounts for periodic membrane replacement over the lifetime of the RO system. For BWRO and SWRO systems, the membrane replacement cost is assumed to be 10% of the plant capital cost for each replacement cycle. This cost is distributed over the membrane lifetime () and converted to a daily basis according to Eq. (S12):
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The variable operating cost () is assumed to be dominated by energy consumption. It is therefore calculated as the product of the levelized cost of electricity (LCOE) and the specific energy consumption () of the desalination process (see Supplementary Note S3 for more detail on SEC calculations) as shown in Eq. (S13):
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These three operating costs are defined per unit volume of water produced by the individual desalination technology. However, the LCOW is based on the total freshwater production of the overall treatment train. Consequently, each cost contribution must be weighted by the fraction of total freshwater produced (i.e., recovery ratios). Substituting Eq. (S9) and (S10) into Eq. (S11) – (S13) yields the final versions of the operating costs:
	 
	(S14)

	 
	(S15)

	 
	(S16)



Operating Cost - Transportation Cost: 
Another operating cost in this analysis is associated with transporting feed/brine/freshwater, which includes both horizontal and vertical transport components multiplied by their respective distances (transportation costs are found in Table S1). For the SW cases with OD and ZLD as brine management approaches, freshwater is transported from the coast to the desired location inland, with the associated cost () shown in Eq. (S17). For the BGW and PW cases with OD, DWI, and ZLD as brine management approaches, feed is first transported from a well to the desalination facility, with the associated cost () shown in Eq. (S18). For the DWI and ZLD configurations, brine management occurs on-site. However, for the OD configuration, brine is transported from the desalination facility to the coast for disposal with an associated cost () shown in Eq. (S19). Each transport cost is expressed in terms of the specific stream (freshwater/feed/brine) being moved. All transport costs are normalized to units of $/m³ of freshwater produced using the total recovery ratio, , to enable a direct comparison. 
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All cost components in the LCOW formulation must be expressed in units of $/m³ of total freshwater produced. In Eq. (S17), the transportation cost is based on the total freshwater generated by the desalination train and is therefore already expressed in the correct units. As a result, no recovery ratio correction is required. In contrast, without the recovery ratio correction, Eq. (S18) represents the transportation cost in units of $/m³ of feedwater transported. To express this cost per unit volume of freshwater produced, Eq. (S18) is multiplied by the ratio of the feed mass flow rate, (), to the freshwater production rate, (). Simplifying this ratio yields the correction factor (), resulting in the expression shown in Eq. (S18). A similar approach is applied to Eq. (S19). Without the recovery ratio correction, the expression represents the transportation cost in units of $/m³ of brine transported. To convert it to $/m³ of total freshwater produced, Eq. (S19) is multiplied by the ratio of the brine production rate, (), to the freshwater production rate, (). Simplifying this ratio yields the final expression presented in Eq. (S19).
Salt Selling (Revenue): 
Salt selling is considered only for ZLD cases, where dissolved salts in the feed are crystallized and recovered as a solid byproduct. Revenue from salt sales () is used to offset the additional capital and operating costs associated with achieving ZLD. The salt selling contribution is modeled as:
	 

	(S20)



where is the salt selling price ($/kg), is the density of water, and  (g/kg) is the feed inlet salinity as described in Supplementary Note S3. In this analysis,  is parametrized to determine the threshold value at which it makes ZLD economically competitive relative to other brine management strategies. This allows identification of the minimum viable salt market value required to offset the cost of crystallization and mineral recovery. The baseline salt selling price, along with additional details on the selling prices of other salts, is provided in Supplementary Note 2.
Methodology for Calculating LCOW for Seawater Feed: 
This section outlines the full LCOW equation used for each feed and brine management configuration in this analysis. For SW feed, two brine management pathways are considered. For a coastal SWRO system with OD and freshwater transport inland, the total LCOW is:
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For a coastal SWRO system with ZLD, the total LCOW also includes brine concentration () and crystallization () stages, as well as revenue from salt recovery ():
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The MVC cost is formulated analogously to the SWRO cost shown in Eq. (S25); however, it is applied to the residual brine stream exiting RO rather than the full feed stream entering RO. As a result, the effective feed into MVC is reduced by the recovery of upstream processes, represented by the term . The EP cost is obtained from literature, where it is reported on a per unit brine volume basis (i.e., $/m³, brine)3. Therefore, a recovery-based normalization is required to convert this value into the consistent units of $/m³ of freshwater produced. Details on the values for CAPEX, energy consumption, and recovery for SWRO, MVC, and EP can be found in Table S1 in Supplementary Note S2. 
Methodology for Calculating LCOW for Brackish Groundwater and Produced Water Feed: 
The LCOW calculations for BGW and PW feed sources follow a similar approach to that described for the SW case. The main differences arise from (i) the inclusion of feed transport from a well site to the desalination plant, (ii) the inclusion of a brackish water reverse osmosis (BWRO) stage as the first desalination process for lower salinity feed, and (iii) the addition of deep well injection (DWI) as an inland brine management strategy in addition to OD and ZLD. The selection of the first RO stage depends on the feed salinity – BWRO is used for feed salinities below 1.2 wt.%, beyond which SWRO is used. Details on the salinity range and recovery used for BWRO and SWRO are in Supplementary Note S1.  For the OD configuration, the LCOW is composed of the RO desalination with feed transport, and brine transport to the coast for disposal:
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	(S28)


For the DWI configuration, the LCOW includes RO desalination with feed transport, as well as a brine disposal cost associated with DWI:
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Since  is expressed as a levelized cost per unit volume of brine ($/m³,brine), it is converted to a freshwater basis ($/m³,product water) using the cumulative recovery ratio. For the ZLD configuration, the total LCOW includes BWRO (when required) and SWRO, MVC, and EP, along with feed transport and salt recovery revenue:
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The individual component costs are defined as:
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This is a multi-step treatment train in which each subsequent process treats progressively smaller flowrates due to upstream recovery. This is captured through the cumulative recovery term , which reduces the effective flowrate entering each treatment unit. If the feed salinity is sufficiently high (>1.2 wt.%), the BWRO stage is bypassed, and the system begins directly with SWRO followed by downstream concentration processes. Conversely, for lower salinity feeds (<1.2 wt.%), BWRO is required and may be implemented in multiple stages prior to SWRO. For multi-stage BWRO configurations, the capital cost is scaled to reflect the additional installed capacity required to achieve the necessary intermediate salinity for downstream SWRO operation. For example, in the ZLD configuration, if the feed salinity is 0.7 wt.%, a BWRO stage is required before SWRO. The purpose of the BWRO train is to increase the feed salinity into the typical SWRO operating range. With a fixed recovery of 75%, the first BWRO stage increases the salinity from 0.7 wt.% to 2.8 wt.%, which falls within the SWRO operating range but is below the nominal SWRO feed salinity between 3 - 3.5 wt.% used in this study. Therefore, a second BWRO stage is included. Rather than operating this stage at the nominal 75% recovery, the recovery is reduced so that the outlet salinity reaches 3.5 wt.%, corresponding to a recovery of approximately 20%. Although BWRO systems can produce higher outlet salinities, 3.5 wt.% was selected as the transition point because it represents a typical SWRO feed salinity reported in the literature and provides a consistent design condition for the downstream SWRO stage throughout the analysis12-16. After the BWRO train, the brine enters the SWRO stage, where it is concentrated from 3.5 wt.% to 7 wt.%. The concentrate is then treated by the MVC unit, which further increases the salinity to 20 wt.%, followed by the EP, where the remaining brine is concentrated to saturation. This example illustrates how multiple BWRO stages may be required for low-salinity BGW and PW feed sources before transitioning to the downstream ZLD process. Details on the values for CAPEX, energy consumption, and recovery for BWRO can be found in Table S1 in Supplementary Note S2.





Supplementary Note 5 –SEC Analysis for Desalination and Brine Disposal Approaches
Energy Consumption - Transport:
The specific energy consumption (SEC) associated with feed/brine/freshwater transport includes both horizontal and vertical components multiplied by the transport distance. For SW feed, freshwater is transported from the coast to the desired inland location. This is considered for both the OD and ZLD brine management scenarios, as shown in Eq. (S36). For BGW and PW sources, feed is transported from a well (based on the locations shown in Fig. 1 of the main text) to the desired location. This is considered for all three brine management strategies (OD, DWI, and ZLD), as shown in Eq. (S37). Additionally, for the OD pathway for BGW and PW desalination, the brine is transported from the inland desalination facility to the coast for disposal, as shown in Eq. (S38). Like the LCOW equations, the transport-specific energy consumption equations are normalized by the total volume of freshwater produced by including the recovery ratio, as shown below:
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The expressions presented in Eq. (S36) - (S38) follow the same recovery-based formulation as the LCOW expressions in Eq. (S17) - (S18). In Eq. (S36), no recovery ratio term is required because the SEC is already expressed in units of kWh/m³ of freshwater produced. In Eq. (S37), the SEC without the recovery ratio is expressed in units of kWh/m³ of feed transported. Therefore, multiplying by converts the expression to units of kWh/m³ of freshwater produced. Similarly, in Eq. (S38), the SEC is expressed in units of kWh/m³ of brine processed. As a result, the same recovery () ratio used in Eq. (S18) is applied to convert the expression to kWh/m³ of freshwater produced.

Methodology for Calculating Total SEC for Seawater: 
Two brine management methods were evaluated for SW feed: (i) coastal seawater reverse osmosis (SWRO) with OD and (ii) coastal SWRO system with ZLD. For the OD scenario, the total SEC consists of the energy required for SWRO treatment () and the energy required to transport freshwater inland as shown in Eq. (S39). The SWRO system operates at a fixed feed salinity of 3.5 wt.% and a fixed brine salinity of 7 wt.%, resulting in a constant energy consumption of 5 kWh/m³. Energy consumption associated with freshwater transport is calculated using the horizontal and vertical components ( and ) provided in Table S1 and Eq. (S36). 
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Since SWRO is the only desalination system producing freshwater in the OD configuration, RRSWRO = RRtotal = 50% and the expression already accounts for the total freshwater production. However, for the ZLD pathway, the total energy consumption includes contributions from the SWRO unit, MVC unit, and freshwater transport inland. The energy consumption of each desalination unit is first expressed per unit volume of freshwater produced by that subsystem. To express it in terms of the total amount of freshwater produced, the energy consumption of each desalination unit must be multiplied by the ratio of its water recovery to the total recovery from the overall system. This approach is consistent with the methodology presented in Supplementary Note 4 for LCOW. The total specific energy consumption for the ZLD configuration is thus given by:
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Table S1 has the input parameters for  and . 
Methodology for Calculating SEC for Brackish Groundwater and Produced Water: 
For BGW and PW feed sources, Supplementary Note 4 describes the additional considerations for LCOW which are also used for SEC calculations here. For brevity, it is assumed that the feed salinity is sufficiently low such that BWRO serves as the initial desalination technology. For the OD and DWI scenarios, the equations can be modified by replacing BWRO with SWRO based on the feed salinity. For the OD scenario, the SEC consists of the energy required for BWRO desalination, feed transport from the well to the desalination facility, and brine transport to the coast for disposal as shown in Eq. (S41):
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As noted previously, if the feed salinity exceeds the applicable range for BWRO, the  term can be replaced with  without modifying the overall SEC framework. For the DWI scenario, the SEC includes the energy required for BWRO desalination, feed transport, and brine disposal through underground injection () as shown in Eq. (S42):
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The DWI energy consumption is expressed per unit volume of brine treated (kWh/m³-brine). To express this based on total freshwater produced,  is multiplied by the appropriate recovery ratio. In Eq. (S41) and Eq. (S42), the recovery associated with BWRO cancels out because the BWRO recovery is equal to the total system recovery, as BWRO is the only desalination technology in these configurations. For the ZLD configuration on the other hand, the treatment train consists of BWRO (when required), SWRO, MVC, and EP, in addition to the energy required for feed transport as shown in Eq. (S43):
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All the equations presented here for SEC follow a similar methodology to that presented in Supplementary Note 4 for LCOW.


Supplementary Note 6 – Spatial Analysis of Total SEC
Using the equations in Supplementary Note 5, a spatial analysis of the total SEC is obtained across the United States for every feed source and brine management approach. For brevity, only the LCOW results were shown in the main manuscript, and this section shows the corresponding SEC values
Total SEC for Seawater: 
For SW feed, OD was identified as the economically preferred brine management strategy across the United States when a salt selling price of $30/ton was assumed, as discussed in the main manuscript. The primary factor contributing to this result is the higher energy consumption associated with ZLD, as illustrated in Fig. S3. 
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[bookmark: _Ref232349710]Fig. S3: Spatial distribution of specific energy consumption (SEC) for seawater (SW) desalination across the United States using two disposal strategies: (a) ocean discharge (OD) and (b) zero liquid discharge (ZLD). 
For the OD configuration, the maximum SEC is approximately 30 kWh/m³, whereas the ZLD configuration exhibited values as high as 40 kWh/m³. The higher energy demand associated with ZLD is attributed to the additional treatment stages to concentrate the brine up to saturation. The highest SEC values for both brine management strategies were observed in inland regions with higher elevations. This is because a substantial fraction of the total energy is associated with freshwater transport over large vertical distances. Although horizontal transport distances can also be significant, on a per-unit-distance basis, vertical transport requires nearly 1000 more energy. Consequently, elevation change has a larger influence on the total transport energy consumption. 
A breakdown of the SEC is shown in Fig. S4 for the four representative cities discussed in the main manuscript. 
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[bookmark: _Ref232357679]Fig. S4: Specific Energy Consumption (SEC) breakdown for SW desalination systems utilizing ocean discharge (OD) and zero liquid discharge (ZLD) brine management strategies for four U.S. cities: (a) San Diego, California; (b) Denver, Colorado; (c) Atlanta, Georgia; and (d) Phoenix, Arizona.
Variations in the total SEC for both the OD and ZLD scenarios are driven primarily by the energy requirements associated with freshwater transport to each location. For coastal locations such as San Diego with minimal elevation change between the desalination facility and the point of use, the energy required for freshwater transport is negligible. Consequently, the SEC of the ZLD configuration is dominated by the additional energy associated with the MVC unit. In contrast, for inland, high-elevation cities such as Denver, freshwater transport dominates energy consumption. Under these conditions, the total SEC of the OD configuration approaches 25 kWh/m3, while the ZLD configuration exceeds 30 kWh/m3. For inland cities such as Atlanta and Phoenix with intermediate elevation, transport energy requirements are comparable, resulting in similar total SEC values. In these cases, the addition of the ZLD treatment train approximately doubles the SEC relative to the OD configuration because of the increased energy demand associated with brine concentration. Overall, these regional comparisons demonstrate that transitioning from OD to ZLD consistently introduces an energy penalty due to the additional treatment processes needed for salt recovery. The magnitude of this penalty depends strongly on geographic factors, particularly elevation and distance from the coast. These findings highlight the importance of considering both desalination energy requirements and transport energy demand when evaluating the feasibility of alternative brine management strategies.
Total SEC for Brackish Groundwater: 
Next, the brackish groundwater (BGW) scenario was evaluated to examine the spatial distribution of specific energy consumption (SEC) across the United States and to assess the energy requirements for the representative cities discussed in the main manuscript. A nationwide breakdown of the SEC for BGW under the different brine management strategies is presented in Fig. S5.
[image: ]
[bookmark: _Ref232384989]Fig. S5: Spatial distribution of specific energy consumption (SEC) for brackish groundwater (BGW) desalination across the United States using three disposal strategies: (a) ocean discharge (OD), (b) deep well injection (DWI), and (c) zero liquid discharge (ZLD). 
The results presented in Fig. S5 demonstrate that the SEC for BGW exhibits strong spatial variability that depends on the selected brine management strategy. For the OD scenario (Fig. S5a), the SEC remains relatively low across most regions of the United States, typically below 15 kWh/m3. However, pronounced increases in SEC, reaching approximately 40–60 kWh/m3, are observed in inland mountainous and high-elevation regions. In these locations, the energy demand is dominated by the transportation of brine over long horizontal distances and substantial elevation gradients to reach the nearest coastal discharge point. A similar spatial trend is observed for the DWI scenario (Fig. S5b). Although most regions exhibit SEC values comparable to those of the OD configuration, localized hotspots are evident in portions of the central United States, where SEC values increase to approximately 30–40 kWh/m3. These elevated energy requirements are primarily associated with regions where significant pumping energy is required for brine injection and freshwater transportation. In contrast, the ZLD configuration (Fig. S5c) exhibits a markedly different energy profile characterized by relatively high SEC values and limited spatial variability. Under the ZLD scenario, SEC values generally range from 25–45 kWh/m3 across nearly all locations, regardless of proximity to the coast or regional topography. This elevated and spatially uniform energy demand reflects the substantial energy requirements associated with the need to concentrate the brine. Overall, these results indicate that transportation energy dominates the SEC of the OD and DWI configurations, resulting in strong geographic dependencies, whereas the energy demand of the ZLD pathway is governed primarily by the desalination processes themselves. 
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[bookmark: _Ref232554403]Fig. S6: Specific Energy Consumption (SEC) breakdown for BGW desalination systems utilizing ocean discharge (OD), deep well injection (DWI), and zero liquid discharge (ZLD) brine management strategies for four U.S. cities: (a) San Antonio, Texas; (b) Tampa Bay, Florida; (c) Bakersfield, California; and (d) Phoenix, Arizona.
To further examine the spatial distribution of energy consumption across the United States, the representative cities discussed in the main manuscript were evaluated based on their SEC. This city-level analysis provides additional insight into the relative contributions of desalination, transportation, and brine management processes to the total energy demand. As shown in Fig. S6, the OD and DWI scenarios exhibit similar SEC values across all four cities. This similarity is expected because both configurations share identical feedwater transportation and BWRO energy requirements. Consequently, the primary difference between the two approaches arises from the energy associated with brine disposal. For DWI, the disposal energy requirement remains constant at approximately 1.13 kWh/m3 of product water. In contrast, the energy required for OD depends on the distance and elevation between the desalination facility and the nearest coastal discharge location. Therefore, OD becomes the more energy-efficient option when the energy required to transport brine to the coast is less than the fixed energy demand associated with DWI. As expected, the ZLD configuration exhibits the highest SEC among all brine management strategies because of the additional energy required for downstream brine concentration and crystallization processes. However, considering the relatively low-salinity BGW feedwaters in this study, the BWRO system accounts for most of both freshwater production and energy consumption. As a result, only a small fraction of the feed stream is processed by the downstream ZLD units, leading to a relatively modest increase in SEC when expressed per unit volume of total freshwater produced. These findings highlight the importance of feed salinity in determining the overall energy demand of ZLD systems. For low-salinity feedwaters, the primary desalination burden remains with the BWRO stage, while the downstream ZLD units process progressively smaller brine volumes because of the high recovery achieved in upstream stages.
Total SEC for Produced Water: 
The results presented in Fig. S7 illustrate the spatial distribution of SEC for PW desalination across the USA under three distinct brine management strategies. Because PW resources are inherently associated with localized oil and gas production sites, the resulting energy profiles reflect the combined effects of geographic location, transportation requirements, and feedwater salinity. For the OD configuration shown in Fig. S7a, the SEC remains relatively low across most regions of the country but exhibits localized hotspots with SEC values exceeding 50–60 kWh/m3. These elevated values are concentrated in inland regions, where transporting large brine volumes over long horizontal distances and substantial elevation gradients to reach coastal discharge locations results in significant transportation energy demands. In contrast, the DWI scenario shown in Fig. S7b substantially reduces these transportation penalties by utilizing localized subsurface disposal. Consequently, SEC values remain relatively low across most PW locations, generally below 20 kWh/m3. The ZLD configuration shown in Fig. S7c exhibits a more spatially uniform energy profile characterized by consistently elevated SEC values ranging from 20–35 kWh/m3, largely independent of geographic location or proximity to the coast. Overall, these results demonstrate that transportation energy is the primary driver of SEC variability for the OD and DWI configurations, whereas the energy demand of the ZLD pathway is governed predominantly by the desalination processes required to achieve salt recovery.
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[bookmark: _Ref232391909]Fig. S7: Spatial distribution of specific energy consumption (SEC) for produced water (PW) desalination across the United States using three disposal strategies: (a) ocean discharge (OD), (b) deep well injection (DWI), and (c) zero liquid discharge (ZLD).
The results presented in Fig. S8 provide a detailed breakdown of the SEC for the representative cities analyzed in this study, highlighting the relative contributions from feed transportation, desalination, and brine management processes. For San Antonio, Tampa Bay, and Bakersfield, the total SEC for the OD and DWI scenarios remain at or below approximately 10 kWh/m³, indicating that these disposal strategies can achieve relatively low energy requirements when favorable geographic conditions exist. In contrast, Phoenix exhibits SEC values exceeding 10 kWh/m³ due to the larger contributions associated with feed transportation and BWRO operation. Across all cities, OD and DWI exhibit similar SEC values because both configurations share identical feed transportation and BWRO energy requirements; the primary difference arises from the energy associated with brine management. When the energy required to transport brine to the coast is lower than the fixed DWI energy requirement, OD becomes the more energy-efficient option. As expected, the ZLD configuration consistently exhibits the highest SEC owing to the additional energy demands associated with downstream desalination processes. However, the results indicate that BWRO remains the dominant contributor to total energy consumption even under ZLD conditions, as discussed in the previous section for BGW. Consequently, while ZLD eliminates dependence on local disposal infrastructure and surface topography, it introduces a significant process energy penalty that increases the overall SEC across all locations.
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[bookmark: _Ref232393668]Fig. S8: Specific Energy Consumption (SEC) breakdown for PW desalination systems utilizing ocean discharge (OD), deep well injection (DWI), and zero liquid discharge (ZLD) brine management strategies for four U.S. cities: (a) San Antonio, Texas; (b) Tampa Bay, Florida; (c) Bakersfield, California; and (d) Phoenix, Arizona.














Supplementary Note 7 – LCOW Sensitivity Analysis
Impact of Salt Selling Price: 
The LCOW results presented in the main manuscript are based on the input parameter assumptions shown in Table S1. For the ZLD scenarios, a salt selling price (revenue) of $30/ton was assumed, which resulted in OD being the more economically favorable brine management approach as shown in Fig. S9a. As discussed in the main manuscript, for SW desalination with ZLD, a salt selling price of approximately 49 $/ton represents the economic threshold at which the revenue generated from salt recovery offsets the additional costs associated with the MVC and EP units. Above this threshold, the revenue generated from salt sales reduces the overall LCOW by offsetting other system costs. Given the uncertainty in salt price, Fig. S9 shows the impact of salt revenue on LCOW. The results presented in Fig. S9 consider salt selling prices of $30/ton, $60/ton, and $180/ton. The additional values of $60/ton and $180/ton were chosen to span a broader range of commercially relevant salt values while remaining within the price ranges reported for NaCl, mixed salts, and several higher-value salts (Table S2). These values provide a reasonable range for evaluating the sensitivity of the techno-economic analysis to salt selling price without considering unrealistically high market values.
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[bookmark: _Ref232475287]Fig. S9: Spatial distribution of the levelized cost of water (LCOW) for seawater (SW) desalination across the United States for ocean discharge (OD) and zero liquid discharge (ZLD) configurations at salt selling prices of (a) $30/ton, (b) $60/ton, and (c) $180/ton. 

This analysis demonstrates that increasing the salt selling price to 60 $/ton shifts the economically preferred brine management strategy from OD to ZLD as shown in Fig. S9b. At a salt selling price of 180 $/ton, the maximum LCOW decreases from approximately 4.0 $/m³ in the base case to approximately -3.5 $/m³, as shown in Fig. S9c. The negative LCOW means that the revenue generated from salt recovery is sufficient to completely offset the capital and operating costs associated with the entire desalination and brine management system, and the facility generates a net economic benefit (profit). However, achieving a salt selling price of 180 $/ton is highly dependent on the composition and purity of the recovered salts, market demand, and long-term price stability. In many cases, the recovered product is likely to consist of mixed salts with lower market value. Additional separation and purification steps may be required to recover higher-value minerals, which would introduce other capital and operating costs that are not considered in the present analysis. 
A breakdown of the LCOW contributions under varying salt selling prices is shown in Fig. S10 for the specific cities evaluated in this work. As the salt price increases, the revenue generated from salt recovery offsets an increasing fraction of the costs associated with the RO, MVC, and EP units. At sufficiently high salt prices, the revenue generated from salt sales exceeds the combined costs of these desalination processes, as shown in Fig. S10c.
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[bookmark: _Ref232477613]Fig. S10: Breakdown of the levelized cost of water (LCOW) for seawater (SW) desalination systems employing ocean discharge (OD) and zero liquid discharge (ZLD) brine management strategies in four representative U.S. cities: San Diego, California; Denver, Colorado; Atlanta, Georgia; and Phoenix, Arizona. Results are presented for salt selling prices of (a) $30/ton, (b) $60/ton, and (c) $180/ton.

A similar analysis was conducted for BGW feed. Results in Fig. S11 show limited sensitivity of LCOW to salt revenue due to the low salinity of BGW and consequently small amount of salt recovered. At 60 $/ton, Fig. S11a shows that ZLD becomes favorable for 8% of locations, with a corresponding decrease in DWI to 33%, while OD remains unchanged at approximately 59% compared to the base case. At 180 $/ton, Fig. S11b shows that ZLD increases to 17%, while OD and DWI decrease to 53% and 30%, respectively. Overall, OD and DWI remain the dominant disposal options for BGW. 
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[bookmark: _Ref232480289]Fig. S11: Spatial distribution of the levelized cost of water (LCOW) for brackish groundwater (BGW) desalination across the United States for ocean discharge (OD), deep well injection (DWI) and zero liquid discharge (ZLD) configurations at salt selling prices of (a) $60/ton and (b) $180/ton. 
A city-level breakdown is provided in Fig. S12. Across all cities, increasing the salt selling price primarily affects the magnitude of the LCOW offset rather than changing the preferred brine management pathway. At 180 $/ton, LCOW reductions are most notable in Tampa Bay and Bakersfield due to increased salt revenue (grey region). In Bakersfield, LCOW decreases to 1.16 $/m³ for ZLD, compared to 1.18 $/m³ (OD) and 1.30 $/m³ (DWI), indicating near parity. Overall, BGW shows limited responsiveness to salt selling price, and ZLD becomes competitive only in select cases with sufficiently high salt values that may not be practically achievable.
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[bookmark: _Ref232480473]Fig. S12: Breakdown of the levelized cost of water (LCOW) for brackish groundwater (BGW) desalination systems employing ocean discharge (OD), deep well injection (DWI), and zero liquid discharge (ZLD) brine management strategies in four representative U.S. cities: San Antonio, Texas; Tampa Bay, Florida; Bakersfield, California; and Phoenix, Arizona. Results are presented for salt selling prices of (a) $60/ton, and (b) $180/ton.

Lastly, the effect of salt selling price was evaluated for PW feed sources. Results show a strong shift in brine management strategy with increasing salt value. At 60 $/ton, Fig. S13a shows that ZLD becomes dominant, increasing to 58%, while OD and DWI decrease to 22% and 20%, respectively. At 180 $/ton, Fig. S13b shows that ZLD becomes strongly favored, accounting for 86% of cases, while OD and DWI decrease to 9% and 5%. Compared to BGW, PW is more sensitive to salt price due to its higher salinity distribution, which increases the amount of recoverable salt and the associated revenue. 
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[bookmark: _Ref232521723]Fig. S13: Spatial distribution of the levelized cost of water (LCOW) for produced water (PW) desalination across the United States for ocean discharge (OD), deep well injection (DWI) and zero liquid discharge (ZLD) configurations at salt selling prices of (a) $60/ton and (b) $180/ton. 
A city-level LCOW breakdown is provided in Fig. S14. In low-salinity cities such as Tampa Bay, Bakersfield, and Phoenix, the price of salt has minimal impact on LCOW due to limited recoverable salt. This reinforces that salinities below ~1 wt.% provide insufficient revenue to influence ZLD economics. In contrast, San Antonio (2.7 wt.% salinity) shows a significant reduction in LCOW with increasing salt price due to higher salt recovery potential. Overall, these results indicate that ZLD with PW feed becomes increasingly favorable under high salt selling prices, particularly in regions with salinities exceeding ~1 wt.% which represent most locations.
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[bookmark: _Ref232523365]Fig. S14: Breakdown of the levelized cost of water (LCOW) for produced water (PW) desalination systems employing ocean discharge (OD), deep well injection (DWI), and zero liquid discharge (ZLD) brine management strategies in four representative U.S. cities: San Antonio, Texas; Tampa Bay, Florida; Bakersfield, California; and Phoenix, Arizona. Results are presented for salt selling prices of (a) $60/ton, and (b) $180/ton.
Sensitivity Analysis on Feed Sources: 
The main manuscript provided a sensitivity analysis only for PW feed for brevity. A sensitivity analysis for SW is presented in Fig. S15. Transport cost is the dominant driver of LCOW variability across all cities. OD and ZLD exhibit similar transport cost sensitivities because freshwater must be transported inland under both configurations, while ocean disposal incurs negligible transport costs due to the assumption that all SW facilities are located along the coast. Denver exhibits the largest LCOW sensitivity because of its long transport distance from the coast, whereas San Diego shows the smallest sensitivity due to its coastal location. Atlanta and Phoenix display intermediate sensitivities consistent with their comparable inland distances. In contrast, salt selling price and ZLD equipment cost affect only the ZLD configuration and produce identical LCOW shifts across all cities. Increasing salt selling price decreases LCOW by approximately 7 $/m³, while changes in ZLD equipment cost result in LCOW variations of approximately −1.03 to +2.06 $/m³. Overall, the results demonstrate that transportation distance governs the spatial variability in LCOW, whereas salt revenue and ZLD capital cost influence the economic performance of ZLD systems.
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[bookmark: _Ref232526676]Fig. S15: Sensitivity analysis showing the change in levelized cost of water (ΔLCOW) resulting from variations in transportation cost, salt selling price, and ZLD equipment cost for the three brine management strategies: ocean discharge (OD) and zero liquid discharge (ZLD). Results are presented for four representative U.S. cities: (a) San Diego, California; (b) Denver, Colorado; (c) Atlanta, Georgia; and (d) Phoenix, Arizona. Positive values indicate an increase in LCOW, while negative values represent a reduction in LCOW relative to the baseline case. 
A sensitivity analysis for BGW is presented in Fig. S16. Across all cities, transport cost is the dominant driver of LCOW variability. OD exhibits the largest sensitivity range, with the most pronounced variations observed in Bakersfield (−0.81 to 4.07 $/m³) and Phoenix (0.83 to 4.16 $/m³). This strong dependence reflects the central role of inland transport distances in determining overall cost for BGW systems. In contrast, variations in salt selling price and ZLD equipment cost have negligible effects on LCOW across all cities. Changes in equipment cost result in only marginal shifts of a few cents, as ZLD contributions are relatively minor for BGW due to its low salinity. Overall, the results demonstrate that BGW economics are primarily governed by location-dependent transportation costs, while equipment costs and salt market value have minimal influence on overall system performance.
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[bookmark: _Ref232530235] Fig. S16: Sensitivity analysis showing the change in levelized cost of water (ΔLCOW) resulting from variations in transportation cost, salt selling price, and ZLD equipment cost for the three brine management strategies: ocean discharge (OD), deep well injection (DWI), and zero liquid discharge (ZLD). Results are presented for four representative U.S. cities: (a) San Antonio, Texas; (b) Tampa Bay, Florida; (c) Bakersfield, California; and (d) Phoenix, Arizona. Positive values indicate an increase in LCOW, while negative values represent a reduction in LCOW relative to the baseline case. 

Supplementary Note 8 – Brine Disposal Framework for Feed Sources
Framework for Brine Disposal Utilization Based on Feed Sources: 
To better identify the conditions under which each brine disposal strategy is optimal, OD, DWI, and ZLD were mapped as a function of salinity (wt.%) and distance from the coast (km) for BGW and PW feed sources (Fig. S17). The analysis uses the base-case parameters defined in the main text, providing a spatial–salinity decision map for selecting the preferred disposal approach. Across both feed sources, OD is generally favored near the coastline (typically within ~500 km) due to low transportation costs. As distance from the coast increases, the optimal strategy becomes increasingly dependent on salinity. For inland locations, ZLD becomes dominant at higher salinities, while DWI is preferred for lower-salinity brines (generally less than ~1 wt.%). An intermediate region of overlap is observed between OD and DWI for low-salinity cases extending roughly 500–1000 km inland, along with a narrow transition region where ZLD begins to become competitive at salinities around ~0.25 wt.%. Finally, PW spans a broader and higher salinity range compared to BGW, resulting in a wider region of ZLD dominance, whereas BGW remains concentrated at lower salinity, where OD and DWI are more prevalent.
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[bookmark: _Ref232532092]Fig. S17: Brine management strategy map illustrating the optimal disposal pathway: ocean discharge (OD), deep well injection (DWI), or zero liquid discharge (ZLD) as a function of feedwater salinity and geographic distance from the coast. The preferred brine management approach is shown as a function of feed salinity (wt.%) and distance from the coastline (km) for (a) brackish groundwater (BGW) and (b) produced water (PW).
A similar analysis to Fig. S17 is presented in Fig. S18, where the x-axis is replaced by the transportation cost to the ocean ($/m³), while maintaining salinity (wt.%) as the y-axis. The figure evaluates the optimal brine disposal strategy (OD, DWI, ZLD) for BGW and PW as a function of feed salinity and ocean transport cost. Across both feed sources, OD is the preferred option when transportation costs to the coast are low (typically <0.5 $/m³), independent of salinity, due to its strong cost advantage. As transportation costs increase beyond this threshold, the optimal strategy shifts depending on salinity. For low-salinity brines (generally <~1 wt.%), DWI becomes favorable within a narrow cost range (~0.5–1 $/m³). At higher transportation costs (>~1 $/m³) and salinities exceeding ~1 wt.%, ZLD becomes the dominant and most cost-effective option for both BGW and PW. This transition is more pronounced for PW (Fig. S18b), which spans a broader and higher salinity distribution, resulting in a larger region of ZLD dominance across elevated transport costs. Overall, Fig. S18 provides a clear decision map linking salinity and ocean transport cost, enabling rapid identification of the most economical brine disposal strategy for a given site.
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[bookmark: _Ref232533577]Fig. S18: Brine management strategy map illustrating the optimal disposal pathway: ocean discharge (OD), deep well injection (DWI), or zero liquid discharge (ZLD) as a function of feedwater salinity and transportation cost to the coast. The preferred brine management approach is shown as a function of feed salinity (wt.%) and transportation cost to the ocean ($/m³) for (a) brackish groundwater (BGW) and (b) produced water (PW).
The next analysis compares the dominant brine disposal strategy across SW, BGW, and PW feed sources under base-case input parameters, as shown in Fig. S19. The figure presents the spatial coverage of the optimal disposal method across the United States for each feed type. For SW, OD dominates 100% of the study area, reflecting consistently favorable coastal discharge conditions. For BGW, OD remains the most prevalent strategy at approximately 60% coverage, followed by DWI at ~35%, while ZLD accounts for a minor fraction (~5%). This distribution reflects the relatively low salinity of BGW and the continued feasibility of non-ZLD options. In contrast, PW exhibits a more diversified and ZLD-dominant distribution. ZLD becomes the largest single category, covering approximately 40% of the USA. This shift is driven by the higher salinity and more inland distribution of PW sources, which reduces the viability of OD and increases reliance on more intensive treatment pathways. Overall, Fig. S19 highlights a clear transition from OD-dominated systems (SW and BGW) toward ZLD-relevant conditions in PW, governed primarily by salinity and geographic constraints.
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[bookmark: _Ref232534714]Fig. S19: United States geographical coverage breakdown of optimal brine disposal strategies by feed source. The stacked bar chart illustrates the percentage of USA coverage for Ocean Discharge (OD), Deep Well Injection (DWI), and Zero Liquid Discharge (ZLD) when treating Seawater (SW), Brackish Groundwater (BGW), and Produced Water (PW). 
Comparison of Brine Disposal Approaches Across All Feed Sources:
To extend the comparison beyond individual feed sources, all feed–disposal combinations were evaluated simultaneously to identify the most suitable brine management strategy across the United States under base-case conditions, as shown in Fig. S20. The analysis maps LCOW for eight feed-and-disposal configurations (Fig. S20a – h), highlighting the coupled influence of feedwater source and brine management strategy on spatial cost distribution. For BGW, OD provides the lowest LCOW across the widest geographic extent, covering approximately 50% of the United States, particularly in regions with access to coastal discharge. DWI and ZLD (BGW feed source) are more limited, representing ~18% and ~2% of the domain, respectively, and are primarily concentrated in inland regions where ocean disposal is not feasible. For SW, viable deployment is largely restricted to coastal areas due to SW access requirements. Overall coverage is minimal (<1% of the U.S.), reflecting higher salinity and associated cost penalties. In this case, ZLD does not appear as a competitive option (0% coverage), as OD consistently provides lower LCOW under all evaluated conditions. PW exhibits a more spatially heterogeneous distribution that closely follows major production regions. OD remains the lowest-cost option where coastal access exists (~8% coverage), while DWI becomes a strong inland alternative (~14%) because it avoids the long-distance transport required for ocean discharge. ZLD accounts for ~8% coverage, reflecting regions where high salinity and inland constraints make more intensive treatment economically justified despite higher energy demand. Overall, Fig. S20 demonstrates that optimal brine management is strongly location dependent and governed by the combined effects of feedwater source, salinity, transport distance, and disposal infrastructure availability
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[bookmark: _Ref232536283]Fig. S20: Geospatial distribution of the levelized cost of water (LCOW) across the United States for different feedwater sources and brine management strategies. Panels (a) – (c) show LCOW results for brackish groundwater (BGW) with ocean discharge (OD), deep well injection (DWI), and zero liquid discharge (ZLD), respectively. Panels (d) and (e) show seawater (SW) results for OD and ZLD, respectively. Panels (f) – (h) show produced water (PW) results for OD, DWI, and ZLD, respectively.

Supplementary Note 9 – Alternate Approach for Calculating LCOW for Inland Feed Sources
All the results presented in the main manuscript and the SI thus far assume that the LCOW is calculated using the geographically closest available feed source to a given location of interest. In the main text, we mentioned an alternate approach for BGW and PW, in which the LCOW is based on selecting the feed source that provides the lowest cost possible. In this formulation, the analysis prioritizes the economically optimal feed source rather than the nearest one. This approach is motivated by the fact that the closest feed source does not necessarily correspond to the lowest LCOW, since nearby sources may have higher salinity or less favorable geographic characteristics compared to a more distant alternative. In such cases, transporting water from a farther but lower-salinity source can yield a lower overall LCOW. Therefore, this method identifies the minimum cost for a given location and feed source, providing a more comprehensive assessment of the economically optimal supply strategy. This analysis was not applied to SW, since all coastal locations are assumed to have the same salinity of 3.5 wt.%, making source selection redundant under this framework. 
Analysis of Brackish Groundwater Feed:
The results in Fig. S21 demonstrate that selecting the lowest-cost feed source, rather than the geographically closest source, alters the preferred brine disposal strategy for BGW. As shown in Fig. S21a, OD and DWI remain the dominant disposal methods, while ZLD is not identified as the optimal option under any scenario. This indicates that the additional transportation costs associated with sourcing water from more distant locations are outweighed by the economic benefits of accessing lower-salinity feedwaters, which reduce treatment costs and favor less energy-intensive disposal pathways. Under this approach, OD is the preferred disposal strategy for approximately 61% of locations, while DWI accounts for approximately 39% of locations. The absence of ZLD highlights its limited economic viability for BGW under current assumptions and suggests that substantially higher salt selling prices, lower ZLD capital costs, improved energy efficiency, or a combination of these factors would be required for ZLD to become competitive. Compared with the baseline analysis presented in the main text, this alternative source-selection framework substantially reduces LCOW. Specifically, the maximum LCOW for both OD and DWI decrease to approximately 1.5 $/m³, compared with values approaching 5 $/m³ when only the nearest feed source is considered. These results demonstrate that allowing feedwater to be sourced from more distant, lower-salinity locations can significantly reduce overall treatment costs despite increased transportation requirements. Fig. S21(b) presents the corresponding SEC for each disposal strategy. OD and DWI exhibit relatively uniform energy consumption across the United States, with both approaches maintaining SEC values below approximately 10 kWh/m³. DWI generally exhibits the lowest energy consumption, followed by OD, contributing to their economic competitiveness. In contrast, ZLD exhibits substantially higher energy demands, with SEC values reaching approximately 25 kWh/m³. This elevated energy requirement is a primary factor limiting the feasibility of ZLD for BGW applications. Overall, these results demonstrate that optimizing feedwater selection based on minimum LCOW rather than geographic proximity can further reduce treatment costs and decrease the competitiveness of ZLD for BGW systems. 
[image: ]
[bookmark: _Ref232653377]Fig. S21: (a) Geospatial distribution of the levelized cost of water (LCOW) and (b) specific energy consumption (SEC) for brackish groundwater (BGW) desalination across the United States for ocean discharge (OD), deep well injection (DWI) and zero liquid discharge (ZLD) configurations.
Analysis of Produced Water Feed:
A similar analysis was conducted for PW feed sources to evaluate the national cost and energy trade-offs associated with selecting the feed source that minimizes LCOW rather than the geographically closest source. As shown in Fig. S22, this optimization framework significantly alters the preferred brine disposal strategy across the United States. Fig. S22a shows that OD and DWI remain the dominant disposal methods, accounting for approximately 61% and 39% of the study area, respectively. ZLD is selected only in a small number of isolated cases effectively accounting for 0%, indicating that sourcing lower-salinity feedwaters or selecting locations with lower transportation energy requirements can offset the additional costs associated with longer transport distances. Consequently, the reduced desalination costs achieved through optimal source selection outweigh the economic benefits of salt recovery, rendering ZLD largely uncompetitive for PW under the base-case assumptions. Under this approach, the LCOW for both OD and DWI remain below approximately 1.5 $/m³ across all viable regions, representing a substantial reduction compared with the nearest-source framework shown in the main text. The corresponding SEC distributions are presented in Fig. S22b. Both OD and DWI exhibit relatively uniform energy consumption across the country, with SEC values consistently below 10 kWh/m³. DWI demonstrates the lowest overall energy demand, followed closely by OD. In contrast, ZLD exhibits substantially higher energy requirements, with SEC values frequently approaching 25 kWh/m³. This elevated energy intensity further explains the limited economic viability of ZLD for PW applications. Overall, these results demonstrate that optimizing feed source selection based on minimum LCOW rather than geographic proximity can significantly reduce desalination costs and energy consumption while further decreasing the competitiveness of ZLD. 
[image: ]
[bookmark: _Ref232649846]Fig. S22: (a) Geospatial distribution of the levelized cost of water (LCOW) and (b) specific energy consumption (SEC) for produced water (PW) desalination across the United States for ocean discharge (OD), deep well injection (DWI) and zero liquid discharge (ZLD) configurations.
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